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Memo FROM THE SCIENTIFIC EDITOR

If you read the masthead of the Journal you will have noticed that there is an additional 
assistant Scientific Editor. Dr. Stanley Kazeniac has agreed to assist me in the processing of 
manuscripts. Dr. Kazeniac, formerly with the Cambell Soup Company, has had many years of 
experience in research and product development and I welcome his expertise.

You may have noticed that the September-October issue was considerably thinner than pre
vious issues and you may — or may not — have wondered about this. There were just so many 
manuscripts available to the printer at the deadline. Submission of manuscripts continues to be 
as high as it has been in the last year or two, but there are several steps in the processing chain 
that may be contributing to the shortage of manuscripts. In the review process the manuscripts 
generally are returned to the author(s) within two months. However, we have no control over 
the length of time the authors take to revise their manuscripts. While most revisions are re
turned within several months, some authors take much longer, and about 5% of the manuscripts 
are considered withdrawn when we do not receive the revision after a year. Revised manuscripts 
are usually reviewed within two weeks of receipt and are either accepted for publication, sent 
to one of the reviewers again if significant changes have been made, or returned to the autiors 
if further revisions are necessary. The latter two steps do impose an additional time lag in the 
process, but only about 30% of the manuscripts are affected. Finally, galley proofs are sent to 
the authors. These are supposed to be returned within 48 hours of receipt, but authors are not 
always able to comply with this request. Ineffective postal service is another source of delays. 
Thus, an accumulation of time lags can delay the availability of manuscripts.

We urge all reviewers to complete their task as quickly as possible and all authors to handle 
their revisions and galley proofs expeditiously, and we, for our part, will try to reduce even 
further the time that a manuscript is in our possession.

To make possible timely publication of a journal of this size requires the dedicated efforts of 
a number of people. I wish to thank Ruth Zabarsky, in my office. Dr. Kazeniac and Anna May 
Schenck, JFS Assistant Scientific Editors, for the time and care they have devoted. John Klis 
(Director of Publications), Barney Schukraft (Managing Editor) and Gladys Anderson (Editorial 
Department Secretary) of the IFT Publications Office have been very helpful and I am pleased 
to acknowledge their support and assistance.

The Editorial Board has also been very helpful, and I wish to express my thanks to the re
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S t o r a g e  S t a b i l i t y  o f  a  P u f f  P a s t r y  D o u g h  

w i t h  R e d u c e d  W a t e r  A c t i v i t y

H. K. LEUNG, J. P. MATLOCK, R. S. MEYER, and M. M. MORAD

--------------------------------------- A B S T R A C T -----------------------------------------

A  p u f f  p a s t r y  d o u g h  t h a t  r e m a in e d  s t a b l e  a t  r e f r i g e r a t e d  t e m p e r a 
tu r e s  w a s  d e v e lo p e d .  D ry  h e a t  t r e a t m e n t  w a s  u s e d  to  p a r t i a l l y  
d e s t r o y  a m y la s e  a n d  l ip o x y g e n a s e  in  w h e a t  f l o u r .  W a te r  a c t iv i ty  o f  
p u f f  p a s t r y  d o u g h  w a s  r e d u c e d  f r o m  0 .9 8 - 0 .9 0  b y  a d d i t i o n  o f  1 2 g  
s o r b i to l / lO O g  f lo u r .  T h e  a d v e r s e  e f f e c t s  o f  s o r b i to l  o n  b a k in g  
p r o p e r t i e s  o f  p u f f  p a s t r y  w e re  a l l e v ia te d  b y  a d d i t i o n  o f  s o d iu m  
s t e a r o y l  l a c ty l a t e  a n d  g u m  a r a b ic .  T h e  p u f f  p a s t r y  d o u g h  s to r e d  a t  
5 ° C  in  a ir  o r  n i t r o g e n  w a s  s ta b l e  f o r  75  d a y s  w i t h o u t  a n y  s ig n if ic a n t  
lo s s  in  s p e c i f i c  v o lu m e  o r  p a s t r y  h e ig h t  in  c o m p a r i s o n  w i t h  t h e  
f r o z e n  c o n t r o l .

IN T R O D U C T IO N

P U F F  P A S T R I E S  a r e  l a m i n a t e d ,  f l a k y  p r o d u c t s  w i t h  a n  
o p e n  s t r u c t u r e .  A  p u f f  p a s t r y  d o u g h  c o n s i s t s  o f  m a n y  t h i n  
l a y e r s  o f  d o u g h  s e p a r a t e d  b y  f i n e  l a m i n a t i o n s  o f  f a t .  D u r i n g  
b a k i n g ,  t h e  d o u g h  l a y e r s  a r e  e x p a n d e d  d u e  t o  e v a p o r a t i o n  
o f  m o i s t u r e  i n  t h e  f o r m  o f  s t e a m .  T h e  m e l t e d  f a t  i n s u l a t e s  

t h e  d o u g h  l a y e r s  c a u s i n g  t h e m  t o  c o o k  i n d i v i d u a l l y  a n d  l i f t  
o r  p u f f  t h e  p a s t r y .  A s  t h e  g l u t e n  c o a g u l a t e s ,  i t  f o r m s  i n t o  a  
l i g h t ,  o p e n  s t r u c t u r e  w i t h  f i n e  l a y e r s .  R e c i p e s  a n d  p r e p a r a 

t i o n  p r o c e d u r e s  o f  p u f f  p a s t r y  h a v e  b e e n  d e s c r i b e d  i n  t h e  
b a k e r y  t e c h n o l o g y  b o o k s  b y  F r a n c e  ( 1 9 6 9 ) ,  S u l t a n  ( 1 9 6 9 ) ,  
M a t z  ( 1 9 7 2 ) ,  a n d  B a r r o w s  ( 1 9 7 5 ) .  H o w e v e r ,  a  l i t e r a t u r e  
s e a r c h  o n  t h i s  s u b j e c t  y i e l d e d  o n l y  t w o  r e s e a r c h  a r t i c l e s .  
L a g e n d i j k  a n d  V a n  D a l f s e n  ( 1 9 6 5 )  d e v e l o p e d  a  f i r m n e s s  
m e t e r  t o  c l a s s i f y  p u f f  p a s t r y  f a t  b a s e d  o n  d o u g h  f i r m n e s s .  

C o l b u r n  a n d  P a n k e y  ( 1 9 6 4 )  s t u d i e d  t h e  e f f e c t s  o f  f i r m n e s s  
o f  s h o r t e n i n g  a n d  m e t h o d  o f  p r e p a r a t i o n  o n  t h e  c h a r a c t e r 

i s t i c s  o f  t h e  f i n i s h e d  p a s t r i e s .  I n  g e n e r a l ,  l i t t l e  i s  k n o w n  
a b o u t  t h e  e f f e c t s  o f  p r e p a r a t i o n  p r o c e d u r e s  a n d  i n g r e 
d i e n t s  o n  t h e  q u a l i t y  o f  p u f f  p a s t r y .

P r e p a r a t i o n  o f  p u f f  p a s t r y  d o u g h s  i s  a  l a b o r i o u s  p r o c e s s  
i n  w h i c h  t h e  d o u g h s  a r e  r o l l e d  a n d  f o l d e d  r e p e a t e d l y  t o  
b u i l d  u p  h u n d r e d s  o f  a l t e r n a t i n g  l a y e r s  o f  d o u g h  a n d  f a t .  
T h e r e f o r e ,  i t  w a s  n o t  w e l l  a d a p t e d  t o  c o m m e r c i a l  p r o d u c 
t i o n  u n t i l  t h e  R h e o n  C o m p a n y  d e v e l o p e d  a n  e x t r u d e r  t o  
p r o d u c e  a  c y l i n d e r  o f  d o u g h  c o a t e d  i n t e r n a l l y  w i t h  m a r 
g a r i n e  ( e l e v e n  a n d  W e b e r ,  1 9 7 7 ) .  T h i s  p r o c e s s  h a s  b e e n  
s u c c e s s f u l l y  a p p l i e d  i n  t h e  a u t o m a t i c  p r o d u c t i o n  o f  f r o z e n  
p u f f  p a s t r y  d o u g h  ( H a a r s g a a r d ,  1 9 8 0 ) .

T h e  i n t r o d u c t i o n  o f  s e m i - m o i s t  p e t  f o o d  b y  G e n e r a l  

F o o d s  a b o u t  t w o  d e c a d e s  a g o  d e m o n s t r a t e d  t h a t  a n  i n t e r 
m e d i a t e  m o i s t u r e  ( I M )  f o o d  p r o d u c t  c a n  b e  m a d e  s h e l f  
s t a b l e  b y  i n c o r p o r a t i o n  o f  h u m e c t a n t s  t o  l o w e r  i t s  w a t e r  
a c t i v i t y .  E x t e n s i v e  s t u d i e s  h a v e  b e e n  c o n d u c t e d  o n  t h e  p r i n 
c i p l e s  a n d  a p p l i c a t i o n s  o f  IM  f o o d s  i n  r e c e n t  y e a r s  ( D a v i e s  
e t  a l . ,  1 9 7 6 ) .  T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  a p p l y  t h e  IM  
f o o d  t e c h n o l o g y  t o  p u f f  p a s t r y  d o u g h .  T h e  e f f e c t  o f  h u 
m e c t a n t s  o n  w a t e r  a c t i v i t y  a n d  q u a l i t y  o f  p u f f  p a s t r y  d o u g h

A u th o r Leung is affiliated with the Dept, o f  F o o d  Science & Hum an  
Nutrition, Washington State Univ., Pullman, W A 99164-6330. 
A u th o r M atlock 's  present address is E x x o n  Corporation, E. M ill
stone, N J  08873. A u th o r Meyer, formerly affiliated with A rm ou r  
Co., is n o w  with K itchens o f  Sara Lee, Deerfield, IL  60015. A u th o r  
M orad 's  present address is Dept, o f  So il &  Crop Science, Texas A & M  
Univ., College Station, T X  77843.

w a s  i n v e s t i g a t e d .  A l s o  t h e  s t o r a g e  s t a b i l i t y  o f  a  p u f f  p a s t r y  

d o u g h  w i t h  r e d u c e d  w a t e r  a c t i v i t y  ( 0 . 9 0 )  w a s  e v a l u a t e d .

M A T E R IA L S  & M E T H O D S

M a te r ia ls

A  c o m m e r c ia l  s t r a ig h t  g r a d e  b a k e r ’s f l o u r  w i th  a  p r o t e i n  c o n t e n t  
o f  1 1 .7 %  a n d  m o i s tu r e  c o n t e n t s  o f  1 0 -1 2 %  w a s  u s e d  t h r o u g h o u t  th is  
s t u d y .  T h e  H u m k o  b r a n d  p u f f  p a s t r y  s h o r te n in g  w a s  s u p p l ie d  b y  
K r a f t ,  I n c .  (M e m p h is ,  T N ) .  T h e  d o u g h  c o n d i t i o n e r  “ P a n ic r u s t ”  w a s  
o b t a i n e d  f r o m  IT T  P a n ip lu s  ( O la th e ,  K S ) .  C re a m  o f  t a r t a r  w a s  
p u r c h a s e d  f r o m  a  l o c a l  s to r e .  P o ta s s iu m  s o r b a t e  w a s  o b t a i n e d  f r o m  
P f iz e r  C h e m ic a ls  (N e w  Y o r k  N Y ) .  S o r b i t o l ,  g u m  a r a b ic  a n d  b u t y -  
l a t e d  h y d r o x y a n i s o l e  (B H A )  w e re  p u r c h a s e d  f r o m  S ig m a  C h e m ic a l  
C o . ( S t .  L o u is ,  M O ). A l l  c h e m ic a ls  u s e d  w e r e  r e a g e n t  g r a d e .

P r e p a r a t i o n  o f  p u f f  p a s t r y  d o u g h

T h e  “ E n g l is h  M e th o d ”  d e s c r ib e d  b y  F r a n c e  ( 1 9 6 9 )  w a s  m o d i f ie d  
in  th i s  s t u d y .  T h e  s t a n d a r d  f o r m u la  f o r  p u f f  p a s t r y  d o u g h  in c lu d e d  
lO O g h a r d  w h e a t  f l o u r  (1 4 %  m o i s tu r e  b a s is ) ,  3 0 g  w a te r ,  3 5 g  m ix - in  
s h o r te n in g ,  3 5 g  ro l l - in  s h o r t e n in g ,  2 g  s a l t ,  a n d  0 .5 g  c r e a m  o f  t a r t a r .  
A ll  o f  t h e  in g r e d i e n t s  e x c e p t  r o l l - in  s h o r t e n in g  w e re  m ix e d  f o r  3 m in  
in  a  N a t io n a l  M ix o g ra p h  m ix e r  ( N a t io n a l  M fg . C o . ,  L in c o ln ,  N B ) .  
T h e  d o u g h  w a s  r o l l e d  i n t o  a  r e c ta n g le  o f  a b o u t  1 .2 7  c m  ( 0 . 5 " )  th i c k  
a n d  r o l l - in  s h o r te n in g  w a s  s p r e a d  o v e r  t w o - th i r d s  o f  t h e  d o u g h .  T h e  
d o u g h  w a s  t h e n  f o ld e d ,  r o l l e d  a n d  r e f o ld e d  t h r e e  t im e s  t o  b u i ld  u p  
m a n y  la y e r s  o f  d o u g h  la m in a t e d  b e tw e e n  t h i n  s h e e t s  o f  f a t .  T h e  
d o u g h  w a s  r e la x e d  in  t h e  r e f r i g e r a t o r  f o r  2 4  h r  a n d  w a r m e d  t o  r o o m  
t e m p e r a t u r e .  I t  w a s  r o l l e d  a g a in  t o  a  0 .6 4  c m  ( 0 . 2 5 " )  t h i c k  r e c ta n g le  
a n d  c u t  i n t o  f o u r  d is c s  o f  6 .3 5  c m  d i a m e te r  a n d  b a k e d  a t  2 0 4 .4 ° C  
f o r  2 0  m in .  I n  o r d e r  t o  r e d u c e  w a te r  a c t iv i ty  o f  p u f f  p a s t r y  d o u g h ,  
w a te r  w a s  r e d u c e d  f r o m  6 2 .5  g i n  t h e  o r ig in a l  f o r m u la  ( F r a n c e ,
1 9 6 9 )  t o  3 0 g  p e r  lO O g f lo u r .  A ls o ,  t h e  m ix - in  s h o r te n in g  w a s  in 
c r e a s e d  f r o m  1 2 .5 g  t o  3 5 g  p e r  lO O g f l o u r  t o  a l lo w  p r o p e r  m ix in g  
o f  t h e  d r y  in g r e d ie n t s .

T o  s tu d y  th e  e f f e c t  o f  in g r e d i e n t s  o n  d o u g h  p r o p e r t i e s  a n d  
p r o d u c t  q u a l i t y ,  t h e  s t a n d a r d  f o r m u l a  w a s  m o d i f i e d  b y  v a ry in g  
w a te r  c o n t e n t ,  a d d i t i o n  o f  s o r b i to l ,  d o u g h  c o n d i t i o n e r ,  p o t a s s iu m  
s o r b a t e ,  g u m  a r a b ic  a n d  B H A , o r  b y  s u b s t i t u t i n g  r e g u la r  w h e a t  f l o u r  
w i th  h e a t - t r e a t e d  f l o u r .  S o r b i to l ,  p o t a s s iu m  s o r b a t e  a n d  g u m  a r a b ic  
w e re  d is s o lv e d  in  w a te r  b e f o r e  a d d in g  t o  t h e  i n g r e d ie n t s .

E n z y m e  i n a c t iv a t io n  o f  w h e a t  f l o u r

T h r e e  h u n d r e d  t w e n t y  g ra m s  o f  f l o u r  w e re  w e ig h e d  i n t o  1 3 "  x  
9 "  x  2 "  a l u m in u m  p a n s  a n d  h e a t e d  in  a  l a b o r a t o r y  o v e n  ( N a t io n a l  
M fg . C o .,  L in c o ln ,  N B ) .  F l o u r  w a s  h e a t e d  a t  1 4 8 .9 ° C  f o r  0 , 2 0 ,  4 0  
a n d  5 0  m in ,  1 7 6 .7 ° C  f o r  1 , 5 ,  1 0 ,  2 0  a n d  3 0  m in ,  o r  2 0 4 .4 ° C  f o r  
0 ,  5 ,  1 0 ,  15  a n d  2 0  m in .  T h e  f l o u r  w a s  a l lo w e d  t o  r e a c h  r o o m  
t e m p e r a t u r e  b e f o r e  s to r a g e .  M o is tu r e  c o n t e n t  o f  h e a t - t r e a t e d  f l o u r  
w a s  d e t e r m in e d  b y  t h e  A A C C  M e th o d ,  4 4 - 1 6  ( 1 9 8 0 ) .

F o r  t h e  l ip o x y g e n a s e  a s s a y ,  a  c r u d e  e x t r a c t  w a s  p r e p a r e d  f r o m  
a n  u n t r e a t e d  c o n t r o l  a n d  e a c h  o f  t h e  h e a t  t r e a t e d  f l o u r  s a m p le s  b y  
m o d i f i c a t i o n  o f  t h e  m e t h o d  o f  F l u r k e y  e t  a l .  ( 1 9 7 8 ) .  S ix -g ra m  f lo u r  
s a m p le s  a n d  3 0  m L  d i s t i l le d  w a te r  w e re  s t i r r e d  o v e r  a  m a g n e t ic  
m ix e r  f o r  3 0  m in  a t  r o o m  t e m p e r a t u r e .  T h e  s lu r r ie s  w e re  c e n t r i 
f u g e d  a t  1 1 ,4 0 0  x g  a n d  1 0 ° C  f o r  15  m in  in  a  B e c k m a n  M o d e l  J -2 1 C  
c e n t r i f u g e .  T h e  s u p e r n a t a n t ,  w h ic h  w a s  f i l t e r e d  t h r o u g h  W h a tm a n  
N o .  4  p a p e r  u n d e r  v a c u u m ,  w a s  u s e d  a s  t h e  c r u d e  e x t r a c t  a n d  k e p t  
in  ic e  u n t i l  u s e d .  L ip o x y g e n a s e  a c t i v i t y  w a s  d e t e r m in e d  b y  m e a s u r 
in g  t h e  in c r e a s e  i n  a b s o r b a n c e  a t  2 3 4  n m  d u e  t o  t h e  f o r m a t io n  o f  
c o n ju g a t e d  d ie n e  p r o d u c t s  a c c o r d in g  t o  t h e  m e t h o d  o f  B e n -A z iz  e t  
a l .  ( 1 9 7 0 )  a s  m o d i f i e d  b y  M c C u rd y  e t  a l .  ( 1 9 8 3 ) .  O n e  u n i t  o f  l ip 
o x y g e n a s e  a c t iv i ty  w a s  d e f in e d  a s  a n  in c r e a s e  in  a b s o r b a n c e  o f  
0 .0 0 1  p e r  m in  a t  2 3 4  n m .
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L O W  a w P U F F  P A S T R Y  D O U G H  . . .

F o r  t h e  a m y la s e  a s s a y ,  c r u d e  e n z y m e  p r e p a r a t i o n  w a s  s im ila r  t o  
t h a t  f o r  t h e  l ip o x y g e n a s e  a s s a y  e x c e p t  0 .0 0 2 N  g ly c e r o p h o s p h a te -  
H C1 b u f f e r  (p H  6 .0 )  w a s  s u b s t i t u t e d  f o r  d i s t i l l e d  w a t e r  a s  t h e  e x 
t r a c t a n t .  A lp h a -a m y la s e  a c t iv i ty  w a s  d e t e r m in e d  b y  th e  3 ,5 - d in i t r o -  
s a l i c y la te  m e t h o d  (W h e la n ,  1 9 6 4 ) .  O n e  u n i t  o f  a m y la s e  a c t iv i ty  is 
t h a t  a m o u n t  o f  r e d u c in g  s u b s ta n c e s  r e le a s e d  f r o m  s ta r c h  e q u iv a le n t  
t o  1 m g  m a l to s e  in  3 m in .  L ip a s e  a c t iv i ty  o f  u n h e a t e d  w h e a t  f l o u r  
w a s  d e t e r m in e d  b y  t h e  m e t h o d  o f  L a z o -W a se m  ( 1 9 6 1 ) .  O n e  u n i t  o f  
l ip a s e  l i b e r a te s  a n  a m o u n t  o f  f a t t y  a c id  e q u iv a le n t  t o  1 m L  0 .0 5 N  
a lc o h o l ic  N a O H  f r o m  1 m L  o liv e  o i l  in  3 0  m in .

E f f e c t  o f  i n g r e d ie n t s  o n  p a s t r y  q u a l i ty

A n u m b e r  o f  b a k in g  e x p e r im e n t s  w e re  c o n d u c t e d  t o  e v a lu a te  t h e  
e f f e c t s  o f  h e a t  t r e a t e d  w h e a t  f l o u r ,  s o r b i to l ,  d o u g h  c o n d i t i o n e r  
( P a n ic r u s t )  a n d  g u m  a r a b ic  o n  b a k in g  q u a l i t y  o f  p u f f  p a s t r y  d o u g h .  
T h e  d o u g h  w a s  f o r m u l a t e d  b a s e d  o n  t h e  s t a n d a r d  f o r m u la  e x c e p t  
t h a t  t h e  s p e c i f i c  i n g r e d ie n t s  s tu d ie d  w e re  v a r ie d .  T h e  p a s t r i e s  w e re  
c o m p a r e d  w i th  c o n t r o l s  m a d e  w i th  t h e  s t a n d a r d  f o r m u la .  F o u r  
p a s t r i e s  w e re  p r e p a r e d  f o r  e a c h  t r e a t m e n t  a n d  t h e  e x p e r i m e n t  w a s  
r e p e a t e d  th r e e  t im e s .  W e ig h t  a n d  h e ig h t  o f  t h e  p a s t r i e s  w e re  d e t e r 
m in e d  a f t e r  c o o l in g  to  r o o m  t e m p e r a t u r e .  P a s t r y  v o lu m e  w a s  d e t e r 
m in e d  b y  r a p e s e e d  d i s p l a c e m e n t  w i th  a  N a t io n a l  V o lu m e te r  (N a 
t i o n a l  M f g .C o . ,  L in c o ln ,  N B ) .  S p e c i f ic  v o lu m e  ( c .c . /g )  w a s  c a l c u la te d  
f r o m  th e  w e ig h t  a n d  v o lu m e  o f  p a s t r y .  T h e  f i n a l  d o u g h  f o r m u la  
( T a b l e  1 ) w a s  c h o s e n  b a s e d  o n  t h e  c o m b in e d  e f f e c t  o f  a ll  t r e a tm e n t s .

W a te r  a c t i v i t y  ( a w )

T o  e v a lu a te  t h e  e f f e c t  o f  s o r b i to l  o n  w a te r  a c t i v i t y  o f  p u f f -  
p a s t r y  d o u g h ,  s t a n d a r d  f o r m u l a t i o n s  c o n ta in in g  0 , 1 0 ,  1 2 ,  1 4 ,  1 6 , 
a n d  1 8 g  s o r b i to l  p e r  lO O g f l o u r  w e re  p r e p a r e d .  W a te r  a c t i v i t y  w a s  
d e t e r m in e d  w i th  a  v a p o r  p r e s s u r e  m a n o m e t e r  ( L e w ic k i  e t  a l . ,  1 9 7 8 ) ,  
w i th  a H y g r o d y n a m ic s  H y g r o m e te r  (S i lv e r  S p r in g ,  M D ) a n d  b y  
g r a p h ic a l  i n t e r p o l a t i o n .  T h e  i n t e r p o l a t i o n  m e t h o d  o f  L a n d r o c k  a n d  
P r o c t o r  ( 1 9 5 1 )  w a s  m o d i f i e d  b y  in c r e a s in g  t h e  e q u i l i b r a t i o n  t u n e  
f r o m  2  t o  2 4  h r  a n d  b y  s u b s t i t u t i n g  s u l f u r ic  a c id  s o lu t io n s  w i th  s a l t  
s lu r r ie s .  T h e  s a l t  s lu r r ie s  a n d  t h e i r  aw  a t  2 4 ° C  w e re :  p o t a s s iu m  s u l
f a t e  ( 0 . 9 7 ) ,  p o t a s s iu m  n i t r a t e  ( 0 . 9 4 ) ,  b a r iu m  c h lo r id e  ( 0 .9 0 ) ,  p o t a s 
s iu m  c h lo r id e  ( 0 .8 4 )  a n d  a m m o n iu m  s u l f a te  ( 0 .8 1 )  ( S m i th ,  1 9 7 1 ;  
G r e e n s p a n ,  1 9 7 6 ) .

F o r  w a te r  a d s o r p t io n  i s o th e r m  d e t e r m i n a t i o n ,  f iv e  g r o u p s  o f  
s t a n d a r d  p u f f - p a s t r y  d o u g h  w e re  p r e p a r e d  a s  u s u a l  e x c e p t  t h a t  t h e  
m o i s tu r e  c o n t e n t s  w e re  a d ju s t e d  t o  a p p r o x im a te ly  1 8 ,  2 2 ,  2 7 ,  31 
a n d  3 5 %  in  e a c h  o f  t h e  e x p e r im e n ta l  d o u g h  s y s te m s  d u r in g  m ix in g .  
F iv e  g r o u p s  o f  t h e  f in a l  e x p e r im e n ta l  d o u g h  f o r m u la  w i t h  1 2 g  
s o r b i to l  ( T a b le  1)  w e re  p r e p a r e d  s im i la r ly  e x c e p t  t h a t  t h e  m o is tu r e  
c o n t e n t s  w e re  a d ju s t e d  t o  a p p r o x im a te ly  1 4 , 1 8 , 2 2 ,  2 7  a n d  3 1 %  
d u r in g  m ix in g .  M o is tu r e  c o n t e n t  w a s  d e t e r m in e d  b y  K a r l  F i s c h e r  
t i t r a t i o n  u s in g  a  P r e c is io n  S c ie n t i f i c  A q u a t r a t o r  (P r e c i s io n  S c ie n t i f i c  
C o .,  C h ic a g o ,  I L ) .  W a te r  a c t i v i t y  o f  t h e  d o u g h  s a m p le s  w a s  d e t e r 
m in e d  b y  v a p o r  p r e s s u r e  m a n o m e t r y  ( L e w ic k i  e t  a l . ,  1 9 7 8 ) .

S to r a g e  s ta b i l i ty

D o u g h  s a m p le s  w e re  p r e p a r e d  f r o m  t h e  s t a n d a r d  f o r m u la  to  
s e rv e  a s  t h e  e x p e r im e n ta l  c o n t r o l s .  T h e y  w e re  s ta c k e d  b e tw e e n  
la y e r s  o f  w a x e d  p a p e r  i n  u n i t s  o f  e ig h t ,  t h e n  w r a p p e d  in  p la s t i c  a n d  
s to r e d  a t  - 4 0 ° C  in  a i r t i g h t  g la ss  j a r s .  D o u g h  s a m p le s  w e re  a ls o  p re -

Table 7—Final formula of puff pastry dough with reduced water 
activity

Ingredients Weight (g)
Heat treated flour3 (176,7°C, 10 min.) 91.5
Water 39.0
Mix-in shortening 35,0
Roll-in shortening 35.0
Sorbitolb 12.0
Salt 2.0
Dough conditioner (Panicrust) 1.0
Cream of Tartar 0.5
Gum Arabicb 0.5
BHA 0.016
Potassium sorbateb 0.010
3 M o is tu re  con ten t o f f lo u r  = 6%
D Ingred ients d isso lved  in  w ater be fore  m ix ing

p a r e d  f r o m  t h e  f in a l  e x p e r im e n ta l  f o r m u la .  O n e - th i r d  w e r e  s e a le d  
in  l a m in a t e d  p o u c h e s  u n d e r  a ir  a n d  s to r e d  a t  5 ° C .  A n o t h e r  o n e - th i r d  
w e re  s e a le d  u n d e r  n i t r o g e n  u s in g  a  K e n f ie ld  v a c u u m  p a c k a g in g  s e a le r  
a n d  s to r e d  a t  5 ° C ,  w h i le  t h e  f in a l  o n e - th i r d  w e re  s e a le d  u n d e r  n i t r o 
g e n  a n d  s to r e d  a t  1 5 ° C .  T h e  p o u c h e s  w e r e  s u p p l ie d  b y  A r m o u r  C o . 
( P h o e n ix ,  A R )  a n d  w e re  m a d e  o f  l a m in a t e d  p o l y e s t e r  ( 0 .0 5  m _ l), 
a lu m in u m  ( 0 .0 0 3 5  m il)  a n d  p o ly p r o p y l e n e  ( 2 .0  m i l ) .  D o u g h  s a m p le s  
w e re  w i th d r a w n  f r o m  s to r a g e  a t  d i f f e r e n t  t im e  in te r v a l s  f o r  m ic r o 
b ia l  a n a ly s is ,  t o t a l  c a r b o n y l  d e t e r m i n a t i o n  a n d  e v a l u a t io n  o f  b a k in g  
p r o p e r t i e s .

S t a n d a r d  m ic r o b ia l  p l a t e  c o u n t s  o f  t h e  p u f f  p a s t r y  d o u g h  w e re  
p e r f o r m e d  a c c o r d in g  t o  G i l l i la n d  e t  a l. ( 1 9 7 6 ) .  E le v e n -g r a m  s a m p le s  
w e re  p la c e d  in  a  s t e r i le  W a r in g  B le n d o r  w i t h  9 9  m L  s te r i l e  1%  p e p 
t o n e  d i lu e n t  a n d  b l e n d e d  f o r  1 m in  a t  lo w  s p e e d  a n d  1 m in  a t  h ig h  
s p e e d .  F u r t h e r  d i l u t i o n s  w e r e  m a d e  f r o m  th i s  s o lu t i o n .  T o t a l  c o u n t s  
w e re  d e t e r m in e d  u s in g  p o u r  p l a t e  p r o c e d u r e s  w i t h  S t a n d a r d  
M e th o d s  A g a r  ( D if c o  L a b o r a to r i e s ,  D e t r o i t ,  M I) a n d  in c u b a t i o n  a t  
3 2 ° C  f o r  4 8  h r .  A n a e r o b ic  c o u n t s  w e r e  c o n d u c t e d  in  d u p l i c a t e  
a c c o r d in g  t o  t h e  p o u r  p l a t e  p r o c e d u r e  d e s c r ib e d  b y  H a y s  a n d  L y n t
( 1 9 7 6 ) .  T h e  p l a t e s  w e re  p o u r e d  w i th  T h i o g ly c o l l a t e  A g a r  (B E L ,  
D iv is io n  o f  B io Q u e s t ,  C o c k e y s v i l le ,  M D ) a n d  i n c u b a t e d  a t  3 2 ° C  f o r
5 -6  d a y s  a t  3 2 ° C  in  B B L  G a s p a k  s y s te m s .

T o t a l  c a r b o n y ls  o f  t h e  s a m p le s  w a s  d e t e r m i n e d  b y  t h e  m e t h e d  o f  
H e n ic k  e t  a l . ,  ( 1 9 5 4 ) .  F iv e  g r a m  s a m p le s  o f  d o u g h  w e re  e x t r a c t e d  
in  2 0  m L  b e n z e n e .  F iv e  m l  o f  e x t r a c t  w a s  r e a c t e d  w i t h  5 m l  0 .0 5 %
2 ,4 - d in i t r o p h e n y l  h y d r a z in e  in  a  6 0 ° C  w a te r  b a t h  f o r  3 0  m in .  
A b s o r b a n c e  w a s  m e a s u r e d  a t  4 6 0  a n d  4 3 0  n m .  B a k in g  q u a l i t y  o f  t h e  
d o u g h  s a m p le s  w a s  d e t e r m in e d  a s  d e s c r ib e d  e a r l i e r .  H e ig h t  a n d  
s p e c i f i c  v o lu m e  o f  p a s t r i e s  w e r e  e x p r e s s e d  a s  p e r c e n t a g e  o f  t h o s e  
o f  t h e  f r o z e n  c o n t r o l s .

S t a t i s t i c a l  a n a ly s is

A n a ly s is  o f  v a r ia n c e  a n d  D u n c a n ’s m u l t ip l e - r a n g e  t e s t  ( S te e l  a n d  
T o r r i e ,  1 9 8 0 )  w a s  u s e d  t o  d e t e r m in e  a n y  s ig n i f i c a n t  d i f f e r e n c e s  
a m o n g  t r e a t m e n t  m e a n s  f o r  s p e c i f i c  v o lu m e  a n d  h e ig h t  o f  t h e  
p a s t r ie s .

R E S U L T S  & D IS C U S S IO N

Heat treatment of wheat flour
T h e  p u r p o s e  o f  h e a t i n g  w h e a t  f l o u r  w a s  t o  p a r t i a l l y  

i n a c t i v a t e  e n z y m e s  w h i c h  m a y  c a u s e  p o t e n t i a l  p r o b l e m s  i n  
p u f f  p a s t r y  d o u g h  d u r i n g  s t o r a g e .  M o i s t u r e  c o n t e n t  o f  
w h e a t  f l o u r  d e c r e a s e d  w i t h  i n c r e a s i n g  h e a t i n g  t i m e  a n d  
t e m p e r a t u r e .  B r o w n i n g  o f  f l o u r  w a s  v i s i b l e  a f t e r  h e a t i n g  f o r  
2 0  m i n  a t  1 7 6 . 6 ° C  o r  1 0  m i n  a t  2 0 4 . 4 ° C .

T h e  e f f e c t  o f  h e a t  t r e a t m e n t  o f  l i p o x y g e n a s e  a c t i v i t y  i n  
w h e a t  f l o u r  i s  s h o w n  i n  F i g .  1 . L i p o x y g e n a s e  a c t i v i t y  
d e c r e a s e d  r a p i d l y  d u r i n g  t h e  f i r s t  2 0  m i n  o f  h e a t i n g  a t  t h e  
t h r e e  t e m p e r a t u r e s .  T e n  m i n u t e s  o f  h e a t i n g  a t  \ l b . l ° C

Fig. 1— Effect o f  heat treatment on lipoxygenase activity o f  wheat 
flour.
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c a u s e d  a  d e c r e a s e  o f  a b o u t  7 5 %  i n  a c t i v i t y .  A l p h a  a m y l a s e  

w a s  m o r e  h e a t  r e s i s t a n t  t h a n  l i p o x y g e n a s e  i n  w h e a t  f l o u r  

( F i g .  2 ) .  T h e  m o s t  s e v e r e  h e a t i n g  ( 2 0  m i n  a t  2 0 4 . 4 ° C )  

c a u s e d  o n l y  a b o u t  a  7 0 %  d e c r e a s e  i n  a m y l a s e  a c t i v i t y .  
L i p a s e  a c t i v i t y  i n  w h e a t  f l o u r  b e f o r e  a n y  h e a t  t r e a t m e n t  
w a s  n e g l i g i b l e  ( 0 . 0 4  u n i t / g  f l o u r )  a n d ,  t h e r e f o r e ,  w a s  n o t  a  

c o n c e r n  i n  p u f f  p a s t r y  d o u g h .  W i d h e  a n d  O n s e l i u s  ( 1 9 4 9 )  
a l s o  s h o w e d  t h a t  l i p a s e  a c t i v i t y  i n  w h e a t  f l o u r  d o u g h  i s  
i n s i g n i f i c a n t .

H e a t  t r e a t m e n t  w a s  n o t  o n l y  d e t r i m e n t a l  t o  e n z y m e s ,  
b u t  a l s o  b a k i n g  p r o p e r t i e s  o f  w h e a t  f l o u r .  F i g .  3  s h o w s  t h e  
e f f e c t  o f  h e a t i n g  w h e a t  f l o u r  o n  s p e c i f i c  v o l u m e  o f  p u f f  
p a s t r y .  T h e  a d v e r s e  e f f e c t  o f  h e a t i n g  w a s  p r o b a b l y  d u e  t o  
d e n a t u r a t i o n  o f  g l u t e n .  T h e  1 7 6 . 7  C - 1 0  m i n  t r e a t m e n t  w a s  

u s e d  t h r o u g h o u t  t h i s  s t u d y  b e c a u s e  i t  p r o v i d e d  p a r t i a l  
i n a c t i v a t i o n  o f  l i p o x y g e n a s e  ( 7 5 % )  a n d  a m y l a s e  ( 4 0 % )  

w i t h o u t  e x c e s s i v e  l o s s  o f  p u f f  p a s t r y  q u a l i t y .

E f f e c t  o f  s o r b i t o l

W a t e r  a c t i v i t y  o f  p u f f  p a s t r y  d o u g h  d e c r e a s e d  w i t h  i n 
c r e a s i n g  c o n c e n t r a t i o n  o f  s o r b i t o l  ( T a b l e  2 ) .  W a t e r  a c t i v i t y  
v a l u e s  d e t e r m i n e d  b y  v a p o r  p r e s s u r e  m a n o m e t e r  ( V P M ) ,  
e l e c t r i c  h y g r o m e t e r  a n d  g r a p h i c a l  i n t e r p o l a t i o n  w e r e  g e n e r 

a l l y  i n  g o o d  a g r e e m e n t  w i t h  e a c h  o t h e r .  A d d i t i o n  o f  1 0 %

Fig. 2 — Effect o f  heat treatment on  u-amyiase activity o f  wheat 
flour.

s o r b i t o l  ( f l o u r  b a s i s )  l o w e r e d  a w  o f  p u f f  p a s t r y  d o u g h  f r o m  

0 . 9 8  t o  0 . 9 2 .  H i g h e r  s o r b i t o l  c o n c e n t r a t i o n  r e s u l t e d  i n  l e s s  

c h a n g e s  i n  a w . S o r b i t o l  c a n  b e  a d d e d  t o  b a k e d  g o o d s  a t  a  
m a x i m u m  l e v e l  o f  3 0 %  a c c o r d i n g  t o  g o o d  m a n u f a c t u r i n g  
p r a c t i c e  ( F r i e d m a n ,  1 9 7 8 ) .

T h e  e f f e c t  o f  s o r b i t o l  o n  a w  o f  p a s t r y  d o u g h  w a s  f u r t h e r  
d e m o n s t r a t e d  i n  F i g .  4 .  A d d i t i o n  o f  1 2 %  s o r b i t o l  ( f l o u r  

b a s i s )  t o  t h e  d o u g h  r e s u l t e d  i n  m a r k e d  c h a n g e s  i n  t h e  a d 
s o r p t i o n  i s o t h e r m s .  W i t h o u t  s o r b i t o l ,  a  d e c r e a s e  i n  m o i s t u r e  
f r o m  5 2  t o  2 2 %  ( d r y  b a s i s )  r e s u l t e d  o n l y  i n  a  7 %  r e d u c t i o n  
i n  a w  o f  t h e  d o u g h .  S o r b i t o l  w a s  m o r e  e f f e c t i v e  i n  l o w i n g  

a w  o f  p u f f  p a s t r y  d o u g h  a t  l o w e r  m o i s t u r e  c o n t e n t .
W h i l e  s o r b i t o l  w a s  e f f e c t i v e  i n  l o w e r i n g  a w  o f  p u f f  

p a s t r y  d o u g h ,  i t  w a s  d e t r i m e n t a l  t o  d o u g h  h a n d l i n g  p r o p e r 

t i e s  a n d  p a s t r y  q u a l i t y .  W i t h  1 4 %  o r  m o r e  s o r b i t o l ,  t h e  
d o u g h  b e c a m e  g r e a s y ,  w e a k  a n d  d i f f i c u l t  t o  h a n d l e .  T a b l e  2  
s h o w s  t h e  a d v e r s e  e f f e c t  o f  s o r b i t o l  o n  s p e c i f i c  v o l u m e  a n d  
h e i g h t  o f  p u f f  p a s t r y .  I n c r e a s i n g  s o r b i t o l  c o n c e n t r a t i o n  
f r o m  1 0  t o  1 2 %  d i d  n o t  c a u s e  a n y  s i g n i f i c a n t  d e c r e a s e  i n  
s p e c i f i c  v o l u m e  ( P < 0 . 0 5 ) .  H o w e v e r ,  a  f u r t h e r  i n c r e a s e  i n

Table 2 —Effect o f  sorbitol concentration on water activity o f  p u ff  
pastry dough and  quality o f  p u ff  pastry

Sorbitol
(%)a

Water activity of dough Pastry

V.P.M.C
Hygro
meter

Interpo
lation Mean

Sp.
vol.b Height13

0 0.97 0.97 0.99 0.98 100ad 100a
10 0.91 0.92 0.93 0.92 88b 88 b
12 0.90 0.91 0.90 0.90 85b 77c
14 0.90 0.91 0.89 0.90 71c 62 d
16 0.90 0.90 0.88 0.89 - -
18 0.88 0.89 0.87 0.88 - -

® F lo u r  basis (14% m oisture  basis)
°  % C on tro l
b V ap o r Pressure M anonm eter
d Means in the  same co lum n  fo llo w e d  by  d iffe ren t letters are s ign if

ican t ly  d iffe ren t (P < 0.05).

Fig. 3 — Effect o f  heating wheat flour on specific volume o f  p u ff  
pastry. The error bars indicate standard deviations.

Fig. 4 — Effect o f  12%  sorbitol on  water adsorption isotherm o f  p u ff  
pastry  dough at 23° C.
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L O W  aw P U F F  P A S T R Y  D O U G H  . . .

controlcm sorbitol + 
heat treatment

panicrust panicrust + 
gum arabic

Fig. 5 —Puff pastries baked from doughs 
containing heat treated flour, 12%  
sorbitol, 1% Panicrust and/or 0 .5%  gum  
arabic.

CONTROL EXP EXP+PAN EXP
+  PAN 
+  GUM

Fig. 6 — Effect o f  sorbitol, Panicrust and  gum  arabic on specific 
volume and height o f  p u ff pastry. E X P  =  Experim ental Formula, 
P A N  =  Panicrust, G U M  =  Gum  Arab ic

s o r b i t o l  c o n c e n t r a t i o n  f r o m  1 2  t o  1 4 %  r e s u l t e d  i n  a  s i g n i f i 
c a n t  d e c r e a s e  i n  s p e c i f i c  v o l u m e  f r o m  8 5  t o  7 1 %  o f  t h e  
c o n t r o l .

Effect of Panicrust and gum arabic
T o  a l l e v i a t e  t h e  d e l e t e r i o u s  e f f e c t s  o f  s o r b i t o l  o n  p u f f  

p a s t r y ,  v a r i o u s  a d d i t i v e s  w e r e  e v a l u a t e d .  P r e l i m i n a r y  s t u d i e s  
i n d i c a t e d  t h a t  a  c o m m e r c i a l  d o u g h  c o n d i t i o n e r ,  “ P a n i 
c r u s t , ”  a n d  g u m  a r a b i c  w e r e  e f f e c t i v e  i n  i m p r o v i n g  d o u g h  
p r o p e r t i e s  a n d  p a s t r y  q u a l i t y .  P a n i c r u s t  c o n t a i n s  5 0 %  
s o d i u m  s t e a r o y l  l a c t y l a t e  ( S S L )  w h i c h  i s  a p p r o v e d  f o r  u s e  
i n  b a k e d  p r o d u c t s  f o r  u p  t o  0 . 5 %  o n  f l o u r  b a s i s .  T h u s  t h e  
u s e  o f  P a n i c r u s t  ( 5 0 %  S S L )  i n  p u f f  p a s t r y  i s  l i m i t e d  t o  1 %  

o n  f l o u r  b a s i s .  A d d i t i o n  o f  1 %  P a n i c r u s t  f a c i l i t a t e d  i n c o r 
p o r a t i o n  o f  f a t  i n  d o u g h  d u r i n g  m i x i n g .  A s  a  r e s u l t ,  t h e  
d o u g h  w a s  n o t  g r e a s y  a n d  w a s  e a s i e r  t o  h a n d l e .  A l s o  i t  w a s  
o b s e r v e d  t h a t  “ o i l i n g  o u t ”  o f  p u f f  p a s t r y  w a s  g r e a t l y  r e 
d u c e d  d u r i n g  b a k i n g  a f t e r  a d d i t i o n  o f  P a n i c r u s t .  T h e  i m 

p r o v e m e n t  o f  d o u g h  h a n d l i n g  a n d  b a k i n g  p r o p e r t i e s  o f  p u f f  
p a s t r y  w a s  p r o b a b l y  d u e  t o  t h e  e m u l s i f y i n g  p r o p e r i t s  o f  
S S L  ( T e n n e y  a n d  S c h m i d t ,  1 9 6 8 ) .  A d d i t i o n  o f  0 . 5 %  g u m  
a r a b i c  a l s o  i m p r o v e d  t h e  h a n d l i n g  p r o p e r t i e s  o f  t h e  d o u g h  
a n d  f l a k y  s t r u c t u r e  o f  t h e  b a k e d  p r o d u c t .  G u m  a r a b i c  

f u n c t i o n s  a s  a  h y d r o c o l l o i d  a n d  i n c r e a s e s  t h e  v i s c o s i t y  o f  
t h e  a q u e o u s  p h a s e  t o  h e l p  o b t a i n  o p t i m u m  e m u l s i o n  
s t a b i l i t y  ( P o w r i e  a n d  T u n g ,  1 9 7 6 ) .

F i g .  5  a n d  6  d e m o n s t r a t e  t h e  e f f e c t s  o f  P a n i c r u s t  a n d  

g u m  a r a b i c  o n  t h e  b a k i n g  p r o p e r t i e s  o f  p u f f  p a s t r y  d o u g h .  
T h e  c o m b i n e d  e f f e c t  o f  1 2 g  s o r b i t o l  a n d  h e a t  t r e a t e d  L o u r  

( E X P )  d e c r e a s e d  t h e  s p e c i f i c  v o l u m e  o f  t h e  b a k e d  p r o d u c t  
t o  a b o u t  6 2 ± 1 0 % ,  a n d  t h e  p a s t r y  h e i g h t  t o  a b o u t  5 8 ±  11 %  
o f  t h e  c o n t r o l .  A d d i t i o n  o f  1 %  P a n i c r u s t  t o  t h e  e x p e r i 
m e n t a l  f o r m u l a  ( E X P )  s i g n i f i c a n t l y  i n c r e a s e d  t h e  s p e c i f i c  
v o l u m e  ( 8 2 ± 6 % )  a n d  t h e  h e i g h t  ( 8 5 ± 1 0 % )  o f  t h e  p a s t r y .  

A t  t h e  5 %  l e v e l  o f  p r o b a b i l i t y ,  t h e r e  w a s  n o  s i g n i f i c a n t  
d i f f e r e n c e  i n  s p e c i f i c  v o l u m e  o f  p a s t r y  h e i g h t  a m o n g  t h e  

c o n t r o l ,  t h e  s a m p l e  c o n t a i n i n g  P a n i c r u s t ,  a n d  t h e  s a m p l e  

c o n t a i n i n g  P a n i c r u s t  a n d  g u m  a r a b i c .  A l t h o u g h  g u m  a r a b i c  
h a d  n o  e f f e c t  o n  s p e c i f i c  v o l u m e  o f  h e i g h t  o f  t h e  p a s t r y ,  i t  
i m p r o v e d  h a n d l i n g  p r o p e r t i e s  o f  t h e  d o u g h  a n d  l a y e r i n g  
s t r u c t u r e  o f  t h e  p a s t r y .

B a s e d  o n  t h e  a b o v e  o b s e r v a t i o n s ,  1 2 %  s o r b i t o l ,  1 %  P a n i 
c r u s t  a n d  0 . 5 %  g u m  a r a b i c  ( f l o u r  b a s i s )  w e r e  i n c l u d e d  i n  t h e  
f i n a l  e x p e r i m e n t a l  d o u g h  f o r m u l a .  P o t a s s i u m  s o r b a t e  w a s  
a d d e d  a s  a n  a n t i m i c r o b i a l  a n d  b u t y l a t e d  h y d r o x y a n i s o l e  

( B H A )  w a s  a d d e d  a s  a n  a n t i o x i d a n t .  T h e  f o r m u l a  f o r  p u f f  

p a s t r y  d o u g h  w i t h  r e d u c e d  w a t e r  a c t i v i t y  i s  s h o w n  i n  
T a b l e  1 .

Storage stability studies
S p e c i f i c  v o l u m e  o f  t h e  p r o d u c t s  r e m a i n e d  r e l a t i v e l y  

s t a b l e  f o r  d o u g h s  s t o r e d  a t  5  C  i n  a i r  a n d  n i t r o g e n  ( F i g .  7 ) .  
D o u g h s  s t o r e d  a t  1 5  C  i n  n i t r o g e n  e x h i b i t e d  c o n s i s t e n t l y  
l o w e r  s p e c i f i c  v o l u m e  t h a n  t h o s e  s t o r e d  a t  5  C  t h r o u g h o u t  
t h e  s t o r a g e  p e r i o d .  T h e  r e s u l t s  o f  p a s t r y  h e i g h t  ( d a t a  n o t  
s h o w n )  w e r e  s i m i l a r .

T h e  d e t e r i o r a t i o n  o f  t h e  b a k i n g  q u a l i t y  o f  t h e  d o u g h  
s t o r e d  a t  1 5  C  is  p r o b a b l y  r e l a t e d  t o  t h e  c r y s t a l  s t r u c t u r e  
o f  t h e  p u f f  p a s t r y  m a r g a r i n e .  D o u g h  s a m p l e s  f r o m  t h e  1 5  C  
s t o r a g e  w e r e  w e a k e r  a n d  l e s s  f i r m  t h a n  s a m p l e s  h e l d  a t  5 C .  
S l i g h t  o i l i n g  o r  w e e p i n g  o f  s o m e  m e l t e d  p u f f  p a s t r y  m a r 
g a r i n e  i n t o  t h e  p o u c h e s  w a s  a l s o  o b s e r v e d .  T h e  p r o b l e m  o f  
o i l i n g  w a s  e v i d e n t  d u r i n g  b a k i n g  f o r  t h e  s a m p l e s  f r o m  1 5  C  
s t o r a g e ,  a n d  a p p e a r e d  t o  b e c o m e  m o r e  s e v e r e  d u r i n g  t h e  
f i n a l  b a k e s  o f  t h e  s t o r a g e  s t u d y .  T h e  i n t a c t  f a t  l a y e r  s t r u c 
t u r e  o f  p u f f  p a s t r y  d o u g h  is  c r i t i c a l  i n  r e t a i n i n g  w a t e r  v a p o r  
f o r m e d  d u r i n g  b a k i n g  ( L a g e n d i j k  a n d  V a n  D a l f s e n ,  1 9 6 5 ) .  
M i g r a t i o n  o f  f a t  i n t o  d o u g h  l a y e r s  o f  t h e  l a m i n a t e  s t r u c t u r e  
o r  o u t  o f  t h e  d o u g h  d u r i n g  s t o r a g e  a t  1 5  C  m a y  a f f e c t  i t s  
a b i l i t y  t o  r e t a i n  v a p o r  d u r i n g  b a k i n g .  C o n s e q u e n t l y ,  t h e  

p r o d u c t  f a i l e d  t o  r i s e  p r o p e r l y  d u r i n g  b a k i n g .  T h e  p r o b l e m  
m i g h t  b e  r e m e d i e d  b y  u s i n g  a  p u f f  p a s t r y  m a r g a r i n e  w i t h  a  
h i g h e r  m e l t i n g  p o i n t .

T o t a l  c a r b o n y l  c o n t e n t  o f  t h e  d o u g h s  s t o r e d  a t  5  a n d  
1 5  C  s h o w e d  a  g r a d u a l  i n c r e a s e  f r o m  2 . 2  j u m o l e s / g  a t  d a y
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Fig. 7— Effect o f  storing p u ff  pastry doughs on specific volume o f  
the baked products.

z e r o  t o  2 . 8 - 3 . 7  / u m o l e s / g  a t  d a y  5 6 .  H e n i c k  e t  a l .  ( 1 9 5 4 )  
s h o w e d  t h a t  c o r n  a n d  s o y b e a n  o i l  d o  n o t  b e c o m e  r a n c i d  

u n t i l  t h e i r  t o t a l  c a r b o n y l  c o n t e n t s  r e a c h  2 0 - 3 0  f i m o l e s / g .  
T h e  l o w  c a r b o n y l  c o n t e n t  i n  p u f f  p a s t r y  d o u g h  i n d i c a t e d  
t h a t  r a n c i d i t y  w a s  n o t  a  p r o b l e m .

S t a n d a r d  m i c r o b i a l  p l a t e  c o u n t s  f o r  d o u g h  s a m p l e s  

s h o w e d  s o m e  d o w n w a r d  f l u c t u a t i o n  d u r i n g  s t o r a g e  a t  5  a n d  
1 5 C  ( d a t a  n o t  s h o w n ) .  V a r i a t i o n s  i n  s t a n d a r d  p l a t e  c o u n t s  
w e r e  p r o b a b l y  d u e  t o  d i f f e r e n c e s  i n  i n i t i a l  m i c r o b i a l  p o p u 
l a t i o n  o f  d o u g h  s a m p l e s .  S t a n d a r d  p l a t e  c o u n t s  s h o w e d  a  
d e c r e a s i n g  t r e n d  f r o m  3 x 1 0 3 C F U / g  a t  d a y  z e r o  t o  a b o u t  
3 x l 0 2 C F U / g  a t  d a y  6 3 .  T h i s  r a n g e  i s  w e l l  w i t h i n  t h e  a c 
c e p t a b l e  a e r o b i c  p l a t e  c o u n t s  o f  1 0 2 - 1 0 3 C F U / g  f o r  r e 

f r i g e r a t e d  a n d  f r o z e n  d o u g h s  ( H o b b s  a n d  G r e e n e ,  1 9 7 6 ) .  
A n a e r o b i c  p l a t e  c o u n t  e s t i m a t e s  o f  d o u g h  s a m p l e s  v a r i e d  

f r o m  1 , 4 0 0  t o  l e s s  t h a n  1 0 0  C F U / g  t h r o u g h o u t  t h e  s e c o n d  
h a l f  o f  t h e  s t o r a g e  p e r i o d .  T h e r e  a p p e a r  t o  b e  n o  d i f f e r 
e n c e s  i n  m i c r o b i a l  c o u n t s  a m o n g  s a m p l e s  s t o r e d  a t  5  C  a n d  

1 5  C  i n  a i r  o r  n i t r o g e n .

C O N C L U S IO N S

W A T E R  A C T I V I T Y  o f  p u f f  p a s t r y  d o u g h  c o u l d  b e  l o w e r e d  

f r o m  0 . 9 8  t o  0 . 9 0  b y  r e d u c i n g  t h e  n o r m a l  m o i s t u r e  c o n t e n t  

b y  h a l f  a n d  b y  a d d i t i o n  o f  1 2 %  s o r b i t o l  ( f l o u r  b a s i s ) .  T h e  
a d v e r s e  e f f e c t s  o f  s o r b i t o l  o n  d o u g h  h a n d l i n g  p r o p e r t i e s  a n d  
p u f f  p a s t r y  q u a l i t y  w e r e  p a r t l y  a l l e v i a t e d  b y  a d d i t i o n  o f  1 %  

P a n i c r u s t ,  a  d o u g h  c o n d i t i o n e r  c o n t a i n i n g  5 0 %  S S L ,  a n d  

0 . 5 %  g u m  a r a b i c .  S p e c i f i c  v o l u m e  a n d  h e i g h t  o f  p u f f  p a s 
t r i e s  p r e p a r e d  f r o m  d o u g h s  s t o r e d  a t  5 ° C  i n  a i r  o r  n i t r o g e n  

r e m a i n e d  r e l a t i v e l y  s t a b l e  t h r o u g h o u t  t h e  7 5 - d a y  s t o r a g e  
p e r i o d .  N o  m i c r o b i a l  s p o i l a g e  o r  o x i d a t i v e  r a n c i d i t y  o f  t h e  
p r o d u c t s  w a s  o b s e r v e d .  H o w e v e r ,  p u f f  p a s t r y  d o u g h  s t o r e d  
a t  1 5 ° C  s h o w e d  s i g n i f i c a n t  l o s s  i n  b a k i n g  q u a l i t y  a f t e r  3 0  
d a y s  o f  s t o r a g e .  T h e  l o s s  o f  b a k i n g  q u a l i t y  w a s  a t t r i b u t e d  t o  

p a r t i a l  m e l t i n g  o f  p u f f  p a s t r y  m a r g a r i n e .
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E f f e c t s  o f  H a r v e s t i n g ,  T r a n s p o r t a t i o n ,  a n d  C r y o g e n i c  

P r o c e s s i n g  o n  t h e  M i c r o f l o r a  o f  S o u t h e r n  P e a s

S. D. SENTER, IM. A. C O X , J. S. BAILEY, and F. I. MEREDITH

---------------------------------------- A B S T R A C T ----------------------------------------

S a m p le s  o f  s o u t h e r n  p e a s  [V ig iia  u n g u ic u la ta  (L .)  W a lp .,  cv . P u r p le  
H u l l  P in k e y e ]  w e re  o b t a in e d  a t  c r i t i c a l  s ta g e s  i n  a  n o r m a l  h a rv e s t i n g ,  
t r a n s p o r t a t i o n ,  a n d  c ry o g e n ic  p ro c e s s in g  o p e r a t i o n  a n d  m ic r o b io -  
lo g ic a l ly  a n a ly z e d  f o r  t o t a l  p l a t e  c o u n t  (T P C ) ,  E n t e r o b a c t e r i a c e a e  
c o u n t  ( E N T ) ,  a n d  y e a s t  a n d  m o ld  c o u n t s .  M o ld s  w e r e  i d e n t i f i e d  t o  
g e n e r a  w h i le  E N T  w e re  i d e n t i f i e d  t o  s p e c ie s .  O p e r a t io n s  in v o lv in g  
e x t e n d e d  h o ld in g  t im e s  t e n d e d  to  in c r e a s e  a l l  c o u n t s  s ig n i f i c a n t ly ,  
a l t h o u g h  s u b s e q u e n t  p ro c e s s in g  r e d u c e d  th e s e  c o u n t s  t o  a n  a c c e p t 
a b le  le v e l. P r e d o m i n a n t  g e n e r a  o f  E N T  a n d  m o ld s  a p p e a r e d  t o  b e  
s o i l  b o r n e  o rg a n is m s  s u c h  a s  E n te r o b a c te r  agglom erates, E n te ro -  
b a c te r  c lo acae , K leb se lla  p n e u m o n ia e , a n d  S e r ra tia  liq u e fa c ie n s ,  
a n d  F u s a r iu m , C la d is p o riu m , A lte rn a ria ,  P h o m a , a n d  A s p erg illu s , 
r e s p e c t iv e ly .

IN T R O D U C T IO N

S O U T H E R N  P E A S  a r e  s u b j e c t e d  t o  m a n y  h a r v e s t  a n d  p o s t 
h a r v e s t  c o n d i t i o n s  t h a t  f a v o r  m i c r o b i a l  c o n t a m i n a t i o n  a n d  
p r o l i f e r a t i o n .  L a r g e  q u a n t i t i e s  o f  s o i l  a r e  d e p o s i t e d  o n  t h e  
s h e l l e d  p e a s  b y  r o t a r y  d r u m  c o m b i n e s ,  a n d  t h e  p e a s  a r e  

t h e n  h e l d  i n  c o l l e c t i n g  b i n s  f o r  e x t e n d e d  p e r i o d s  p r i o r  t o  
d u m p i n g .  F i e l d s  a r e  c o m m o n l y  l o c a t e d  l o n g  d i s t a n c e s  f r o m  
p r o c e s s i n g  f a c i l i t i e s ,  a n d  l a r g e  o p e n  t r u c k s  a r e  u s e d  f o r  
t r a n s p o r t a t i o n .  C o n s e q u e n t l y ,  l a r g e  q u a n t i t i e s  o f  t h e  c o m 

b i n e d  p e a s  a r e  e x p o s e d  t o  h i g h  t e m p e r a t u r e s  a n d  m e c h a n i 
c a l  d a m a g e  b e f o r e  p r o c e s s i n g .  T h e  h o l d i n g  t i m e s  a n d  h a n d l 

i n g  c o n d i t i o n s  n e c e s s a r y  f o r  p r e p a r a t i o n  o f  t h e  p e a s  f o r  
p r o c e s s i n g  a r e  c o n d u c i v e  t o  m i c r o b i a l  g r o w t h .

S m i t t l e  a n d  K a y s  ( 1 9 7 6 ) ,  S m i t t l e  a n d  H a y e s  ( 1 9 7 9 ) ,  a n d  
S m i t t l e  e t  a l .  ( 1 9 8 1 )  s t u d i e d  t h e  e f f e c t s  o f  h a r v e s t i n g  a n d  
h a n d l i n g  o n  t h e  c h e m i c a l  a n d  s e n s o r y  p r o p e r t i e s  o f  s o u t h e r n  
p e a s  a n d  f o u n d  t h a t  c o m b i n i n g  a n d  t r a n s p o r t a t i o n  o p e r a 
t i o n s  c a u s e d  p h y s i c a l  d a m a g e  t o  t h e  i m m a t u r e  p e a  s e e d s  
a n d  a c c e l e r a t e d  q u a l i t y  d e t e r i o r a t i o n .  D e c r e a s e s  i n  c h l o r o 
p h y l l ,  s u g a r s ,  s t a r c h ,  a s c o r b i c  a c i d ,  a n d  s e n s o r y  q u a l i t y  w e r e  
r e l a t e d  t o  t h e  s t r e s s  c o n d i t i o n s  o f  t h e s e  o p e r a t i o n s .

D e t e r m i n a t i o n  o f  t h e  m i c r o f l o r a  p r e v a l e n t  o n  s o u t h e r n  
p e a s  i n  r e l a t i o n  t o  m o d e r n  m e t h o d s  o f  h a r v e s t i n g ,  t r a n s 
p o r t i n g ,  a n d  c r y o g e n i c  p r o c e s s i n g  h a s  n o t  b e e n  m a d e .  S i n c e  
t h i s  c o m m o d i t y  i s  a  f r o z e n  f o o d  t h a t  i s  q u i c k l y  p r e p a r e d  
f o r  c o n s u m p t i o n  i n  t h e  h o m e ,  c o m p r e h e n s i v e  i n f o r m a t i o n  
o n  t h e  p r e d o m i n a n t  m i c r o f l o r a  a s  a f f e c t e d  b y  t h e  v a r i o u s  
h a r v e s t i n g  a n d  p r o c e s s i n g  p r o c e d u r e s  w o u l d  a s s i s t  i n  p i n 
p o i n t i n g  p r o b l e m s .  T h i s  s t u d y  w a s  c o n d u c t e d  t o  e n u m e r a t e  
t o t a l  a e r o b i c  b a c t e r i a ,  E n t e r o b a c t e r i a c e a e ,  y e a s t s ,  a n d  
m o l d s  a n d  t o  i d e n t i f y  t h e  p r e d o m i n a n t  m i c r o o r g a n i s m s  
e n c o u n t e r e d  a t  d i f f e r e n t  s t a g e s  i n  a  t y p i c a l ,  w e l l - m a n a g e d  

h a r v e s t i n g  a n d  p r o c e s s i n g  o p e r a t i o n  f o r  f r o z e n  s o u t h e r n  
p e a s .

M A T E R IA L S  & M E T H O D S

S a m p lin g

S h e l le d  s o u t h e r n  p e a  ( c o w  p e a )  [ V igna u n g u ic u la ta  (L .)  W a lp  cv . 
P u r p le  H u ll  P in k e y e ]  s a m p le s  w e re  t a k e n  in  a  t y p i c a l  c o m m e r c ia l
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h a r v e s t i n g ,  t r a n s p o r t i n g ,  a n d  c ry o g e n ic  p ro c e s s in g  o p e r a t i o n  in  
s o u t h e r n  G e o rg ia .  S a m p le s ,  c o n s i s t in g  o f  p e a s  t h a t  w e r e  a p p r o x i 
m a te ly  5 0 %  i m m a tu r e  (g r e e n )  a n d  5 0 %  v in e  d r y ,  w e re  t a k e n  in  S e p 
t e m b e r ,  1 9 8 3  d u r in g  t h e  h a r v e s t i n g  o f  a  s in g le  f i e ld  ( c a  2 0 0  h a )  a n d  
w e re  a l i q u o t s  o f  a  s in g le  t r u c k  lo a d  d u r in g  lo a d in g  a n d  h o ld in g ,  
a f t e r  t r a n s p o r t i n g ,  a n d  d u r in g  p r o c e s s in g .  C o m b in in g  o p e r a t i o n s  
b e g a n  a t  a b o u t  1 0  A M  w i th  a  r o t a r y - d r u m ,  a ir  c le a n e d  c o m b in e ,  a n d  
t h e  f i r s t  b in  lo a d  w a s  d u m p e d  i n t o  t h e  t r u c k  a t  1 2  n o o n .  T h e  t r u c k  
lo a d in g  ( c a  1 8 ,0 0 0  k g )  w a s  c o m p le t e d  a t  6 P M  a n d  t h e  l o a d  w a s  
d e l iv e r e d  t o  t h e  p ro c e s s in g  p l a n t  a t  9  P M . T h e  lo a d  w a s  im m e d ia t e ly  
d u m p e d  in t o  r e c e iv in g  p i t s  a n d  c o n v e y e d  t h r o u g h  a ir  c le a n in g  a n d  
w a s h in g  o p e r a t i o n s  f o r  t r a s h  a n d  d i r t  r e m o v a l .  A f t e r  c le a n in g ,  t h e  
p e a s  w e re  c o n v e y e d  t o  h o ld in g  t a n k s  w i t h  w a te r ,  c o v e r e d  w i t h  
a m b ie n t  t e m p e r a t u r e  p o t a b l e  w a te r  a n d  h e l d  f o r  a p p r o x i m a t e l y  10 
h r  f o r  r e h y d r a t i o n  o f  t h e  d r ie d  p e a s .  A f t e r  r e h y d r a t i o n ,  t h e  p e a s  
w e re  c o n v e y e d  t h r o u g h  a  10  s e c  s te a m  b la n c h  f o r  p a r t i a l  e n z y m e  
i n a c t iv a t io n ,  t h e n  p n e u m a t i c a l l y  t r a n s p o r t e d  w i t h o u t  f u r t h e r  w a s h 
in g  t o  i n s p e c t i o n  l in e s  f o r  r e s id u a l  t r a s h  a n d  d e f e c t  r e m o v a l .  T h e  
p e a s  w e re  t h e n  c o n v e y e d  t o  c h a m b e r s  f o r  b la s t - f r e e z in g  w i t h  l i q u id  
N 2 , a n d  p a c k a g e d  in  p o l y e th y le n e - l i n e d  c a r d b o a r d  c o n ta in e r s  f o r  
b u l k  s to r a g e .

S a m p l in g  p o i n t s  (T a b le  1 ) w e re  s ig n i f i c a n t  e v e n t s  a n d  o p e r a t i o n s  
w i th in  h a r v e s t i n g  a n d  p ro c e s s in g ,  a n d  w e re  c h o s e n  b e c a u s e  t h e y  
m ig h t  b e  e x p e c t e d  to  a f f e c t  t h e  m ic r o b ia l  p o p u l a t i o n  o f  t h e  p e a s .  
T h e  in i t i a l  s a m p le  w a s  o b t a i n e d  d u r in g  t h e  f i r s t  u n lo a d in g  o f  t h e  
c o m b in e  w i t h  s u b s e q u e n t  s a m p le s  o b t a i n e d  f r o m  t h e  s a m e  a p p r o x i 
m a te  l o c a t io n  in  t h e  lo a d  tw o  h r  l a t e r  a n d  a t  t h e  t i m e  o f  u n lo a d in g  
a t  t h e  p ro c e s s in g  p l a n t .  S a m p le s  t h e r e a f t e r  w e r e  r e p r e s e n ta t i v e  c o m 
p o s i te s  o f  t h e  e n t i r e  lo a d .

S a m p le s  ( 3 0 0 g )  w e re  t a k e n  a s e p t ic a l ly  in  d u p l i c a t e  a t  t h e  s a m p 
l in g  p o i n t s ,  p la c e d  in  W h ir l-P a c  b a g s ,  a n d  s to r e d  in  c r u s h e d  ic e  u n t i l  
a n a ly z e d .  T im e  f r o m  h a r v e s t  u n t i l  a n a ly s is  w a s  a p p r o x i m a t e l y  2 4  h r .

M ic r o b ia l  a n a ly s is

T w e n ty - f iv e  g ra m s  o f  e a c h  s a m p le  w e re  w e ig h e d ,  p la c e d  in  a  
W a r in g  B le n d o r  j a r  w i t h  2 2 5  m L  s te r i le  p h y s io lo g ic a l  s a l in e  a n d  
b l e n d e d  f o r  1 m in .  A p p r o p r i a t e  s e r ia l  d i l u t i o n s  w e r e  m a d e  u s in g  
s te r i l e  p h y s io lo g ic a l  s a l in e .

Table 1 -Log -coun t/g  o f  total aerobic bacteria {TPC), Enterobac
teriaceae (EN T ), yeasts, and  m olds found  in com m ercial harvesting 
and  processing o f  Southern peas

Sampling point TPC ENT Yeast Mold
Harvesting and transporting

1. Freshly combined 7.4C 4.6bc 4.5ab 4.4a
2. Two hr postharvest 8.3ab 5.6a 5.1a 4.2ab
3. Nine hr postharvest 8.4a 5.3a 4.3b 4.4a

Processing

4. After 1st wash 7.6bc 4 7bc 3.2C 2 gbc
5. After 2nd wash 7.3C 4.2C 2.7cd 2.6C
6. Soak tank, time = 0 hr 7.5C 4.6bc 2.6cde 2.6C
7. Soak tank, time = 10 hr 8.3ab 5.0ab 3.2C 3.0abc
8. After blanching 3.9f 2.6e <19* < 1e*
9. After inspection 5.4d 3.3d 1,4f 0.9de

10. Pre-freezing 4.4ef 2.8de 2.0e 0.9de
11 . Post-freezing 4.8de 2,5e 2 3de 1.7cd

a'9 Means separation by the Duncan 's M u lt ip le  Range and M u lt ip le  F  
test (Duncan, 1955): num bers w ith in  co lum ns fo llo w e d  by a co m 
mon le tter are n o t s ig n ifican tly  d iffe ren t at the 5% level.

* <1 means no vis ib le  co lon ies  appeared on the 10— 1 d ilu tion s .
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Table 2 —Enterobacteriaceae and molds identified  in a com m ercial harvesting and frozen processing operation fo r Southern peas

Sampling point En  terobacteriaceae Molds
Harvesting and transporting

1. Freshly combined E. cloacae, E. agglomerans, S. marcescens Fusarium, Phom a
2, Two hr postharvest E. cloacae, K. pneum oniae, S. liquefacienes Fusarium
3. Nine hr postharvest E. agglomerans, K. pneumoniae, E. cloacae Cladosporlum, Blakeslea, 

Fusarium, Ep icoccum

Processing
4. After 1st wash E. cloacae, S. rubidaea, K. pneum oniae Fusarium, Colletotrichum
5. After 2nd wash E. cloacae, K, pneum oniae Phom opsis, Blakeslea, 

Cladosporium, Alternaría, 
Fusarium

6. Soak tank, time = 0 hr E. gergoviae, K, pneum oniae, E. cloacae, K. oxytoca Fusarium
7. Soak tank, time = 10 hr E. cloacae, K. pneum oniae, E. agglomerans Aspergillus, Fusarium, 

Alternarla, Fusarium
8. After blanching K. pneum oniae, E. cloacae, E. gergoviae, H. alvei, 

S. liquefaciene
9. After inspection E. cloacae, S. liquefaciens, H. alvei, K. pneum oniae

10. Pre-freezing E. cloacae, E. agglomerans, K. pneum oniae
11. Post-freezing E. agglomerans, E. cloacae, K. pneumoniae, 

P. mirabilis, C. freundii Phoma, Pénicillium

F o r  t h e  t o t a l  a e r o b ic  p l a t e  c o u n t  (T P C ) ,  P la te  C o u n t  A g a r  w a s  
t h e  m e d iu m  o f  c h o ic e  a n d  t h e  p l a t e s  w e r e  i n c u b a t e d  in  a n  in v e r te d  
p o s i t i o n  f o r  7 2  h r  a t  2 0 ° C .  T h e  c o u n t s  w e re  r e p o r t e d  a s  l o g a r i th m i c  
a v e ra g e s  a n d  e x p r e s s e d  a s  T P C /g  p r o d u c t .  V i o l e t  R e d  B ile  a g a r  w i th  
1%  g lu c o s e  (V R B G )  w a s  u s e d  to  e s t i m a te  t h e  E n te ro b a c te r ia c e a e  
(E N T )  c o u n t  (M o s s e l  e t  a l . ,  1 9 6 2 ) .  D o u b le - p o u r e d  p l a t e s  w e re  
i n c u b a te d  a t  3 5 °  C  f o r  1 8 -2 4  h r .  C o u n t s  w e r e  r e p o r t e d  a s  l o g a r i th m i c  
a v e ra g e s  a n d  e x p r e s s e d  a s  E N T /g .

P o t a t o  D e x t r o s e  A g a r  (P D A )  w i th  s te r i le  1 0 %  t a r t a r i c  a c id  a d d e d  
(p H  3 .5 )  w a s  u s e d  f o r  e n u m e r a t i o n  o f  y e a s t  a n d  m o ld .  P la te s  w e re  
i n c u b a t e d  a t  2 5 ° C  f o r  7 2  h r  t h e n  c o u n t e d  a n d  e x a m in e d  m ic r o 
s c o p ic a l ly  t o  d e t e r m in e  t h e  a c t u a l  n u m b e r  o f  y e a s t  a n d  m o ld s .  
C o u n ts  w e re  r e p o r t e d  a s  lo g a r i t h m i c  a v e r a g e s  a n d  e x p r e s s e d  a s  y e a s t  
o r  m o ld  c o u n t s  p e r  g.

C o lo n y  f o r m in g  u n i t s  a p p e a r in g  o n  t h e  V R B G  p la te s  w e re  r a n 
d o m ly  s e le c te d  u s in g  a  n u m e r ic a l  g r id  ( C o x  a n d  M e rc u r i ,  1 9 7 8 )  a n d  
a  t a b l e  o f  r a n d o m  n u m b e r s  ( S n e d e c o r ,  1 9 5 7 )  a n d  t r a n s f e r r e d  to  
p l a t e s  o f  B ra in  H e a r t  I n f u s io n  a g a r  t o  a c h ie v e  p u r i t y .  F o l lo w in g  th is ,  
e a c h  i s o la te  w a s  i d e n t i f i e d  t o  g e n u s  a n d  s p e c ie s  w i t h  M ic ro - ID  a n d  
A P I .  T h e s e  tw o  s y s te m s  h a d  b e e n  p r e v io u s ly  s h o w n  t o  b e  v e ry  
a c c u r a t e  f o r  i d e n t i f i c a t i o n  o f  E n te ro b a c te r ia c e a e  i s o la te s  f r o m  r a w  
f o o d s  ( C o x  e t  a l . ,  1 9 8 3 ) .

M o ld  c o lo n ie s  w e re  a ls o  r a n d o m ly  s e le c te d  a n d  id e n t i f i e d  to  
g e n u s  b y  m ic r o s c o p ic  e x a m in a t i o n  o f  m o r p h o l o g ic a l  c h a r a c te r i s t i c s  
a f t e r  g r o w th  o n  o n e - h a l f  a n d  o n e - f o u r t h  s t r e n g th  P D A  a n d  V -8 a g a r .

O n e -w a y  a n a ly s is  o f  v a r ia n c e  w a s  p e r f o r m e d  o n  t h e  d a t a  s e ts  to  
d e t e r m i n e  i f  s ig n i f i c a n t  d i f f e r e n c e s  o c c u r r e d  in  c o u n t s  d u r in g  
h a r v e s t i n g  a n d  p ro c e s s in g  o p e r a t i o n s .  D i f f e r e n c e s  in  m e a n  c o u n t s  a t  
t h e  5 %  p r o b a b i l i t y  le v e l w e r e  t h e n  e v a lu a te d  b y  t h e  M u l t ip le  R a n g e  
a n d  M u l t ip le  F  T e s ts  ( D u n c a n ,  1 9 5 5 ) .  W h e n  s ig n i f i c a n t  d i f f e r e n c e s  
a r e  h e r e a f t e r  i n d i c a t e d ,  s ig n i f ic a n c e  a t  t h e  5 %  le v e l m a y  b e  in f e r r e d .

R E S U L T S  &  D IS C U S S IO N

T O T A L  P L A T E  C O U N T S  w e r e  e l e v a t e d  d u r i n g  h a r v e s t i n g  
a n d  t r a n s p o r t i n g  o p e r a t i o n s  ( T a b l e  1 ) .  T h e  t i m e  i n c u r r e d  
b e t w e n  h a r v e s t  a n d  d e l i v e r y  t o  t h e  p r o c e s s i n g  f a c i l i t i e s  w a s  
9  h r ,  a n d  t h e  p e a s  w e r e  s u b j e c t e d  t o  e l e v a t e d  t e m p e r a t u r e s ,  
m e c h a n i c a l  a g i t a t i o n s ,  a n d  i m p a c t ;  c o n d i t i o n s  w h i c h  i n 

c r e a s e d  t h e  T P C  s i g n i f i c a n t l y  b y  o n e  l o g  c o u n t / g .  T h e  f i r s t  
s t a g e s  o f  p r o c e s s i n g ,  i . e . ,  a i r  c l a r i f i c a t i o n  a n d  w a s h i n g ,  r e 
d u c e d  t h e  T P C  b a c k  t o  t h a t  o f  t h e  f r e s h l y  c o m b i n e d  p e a s .

S i g n i f i c a n t  d i f f e r e n c e s  w e r e  n o t  f o u n d  i n  T P C  d u r i n g  
w a s h i n g  a n d  d e l i v e r y  t o  t h e  s o a k  t a n k ;  h o w e v e r ,  T P C  i n 
c r e a s e d  s i g n i f i c a n t l y  d u r i n g  t h e  1 0  h r  s o a k  i n  p o t a b l e  w a t e r  
t o  t h a t  o f  s a m p l e s  9  h r  p o s t h a r v e s t .  B l a n c h i n g  s i g n i f i c a n t l y  
r e d u c e d  T P C  a p p r o x i m a t e l y  5 l o g / g .  R e c o n t a m i n a t i o n  o f  
t h e  p e a s  d u r i n g  s u b s e q u e n t  i n s p e c t i o n  a n d  c o n v e y i n g  s ig 

n i f i c a n t l y  i n c r e a s e d  T P C ;  t h e  c o u n t  a f t e r  i n s p e c t i o n  w a s  
h i g h e r  t h a n  o n  s a m p l e s  p r i o r  t o  f r e e z i n g  b u t  t h i s  m a y  b e

a t t r i b u t a b l e  t o  v a r i a b i l i t y  w i t h i n  t h e  l o a d .  T h e  c o u n t s  o n  

t h e  f r o z e n  p e a s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  
o b t a i n e d  o n  s a m p l e s  t a k e n  a f t e r  i n s p e c t i o n  o r  b e f o r e  f r e e z 
i n g ,  a n d  w e r e  w i t h i n  t h e  l i m i t s  s p e c i f i e d  b y  t h e  I n t e r n a 
t i o n a l  C o m m i s s i o n  o n  M i c r o b i o l o g i c a l  S p e c i f i c a t i o n s  f o r  
F o o d s  ( I C M S F )  ( 1 9 7 4 )  a n d  t h e  l e v e l s  r e c o m m e n d e d  b y  

S p l i t t s t o e s s e r  a n d  C o r l e t t  ( 1 9 8 0 ) .
E N T  c o u n t s  d u r i n g  h a r v e s t i n g ,  t r a n s p o r t i n g ,  a n d  p r o c e s 

s i n g  f o l l o w e d  e s s e n t i a l l y  t h e  s a m e  t r e n d s  a s  T P C .  C o u n t s  
i n c r e a s e d  s i g n i f i c a n t l y  d u r i n g  t h e  9  h r  i n t e r i m  f r o m  t h e  
t i m e  o f  h a r v e s t  u t n i l  d e l i v e r y  t o  t h e  p r o c e s s i n g  p l a n t ,  a g a i n  
a t t r i b u t a b l e  t o  t h e  e l e v a t e d  t e m p e r a t u r e  a n d  m e c h a n i c a l  
d a m a g e  i n  t h e  c o n v e y i n g  v e h i c l e .  W a s h i n g  s i g n i f i c a n t l y  r e 
d u c e d  E N T  l o a d  b y  a p p r o x i m a t e l y  o n e  l o g  p e r  g .  A f t e r  1 0  
h r  o f  s o a k i n g  f o r  r e h y d r a t i o n ,  t h e  E N T  c o u n t  h a d  i n 
c r e a s e d ,  b u t  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  E N T  
c o u n t  o f  t h e  u n w a s h e d  p e a s  9  h r  p o s t h a r v e s t .  B l a n c h i n g  
s i g n i f i c a n t l y  r e d u c e d  t h e  E N T  c o u n t  b u t  o p e r a t i o n s  w i t h i n  
t h e  p l a n t  r e c o n t a m i n a t e d  t h e  p e a s ,  a n d  a  s i g n i f i c a n t  i n 
c r e a s e  w a s  o b s e r v e d  a f t e r  i n s p e c t i o n .  F r e e z i n g  w a s  s o m e 

w h a t  e f f e c t i v e  i n  r e d u c i n g  t h e  E N T  c o u n t s ;  h o w e v e r ,  
d i f f e r e n c e s  w e r e  n o t  s i g n i f i c a n t  b e t w e e n  t h i s  a n d  t h e  p r e -  
c e e d i n g  s a m p l e  p o i n t .  T h e  p o s t - f r e e z i n g  E N T  c o u n t  w a s  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  E N T  c o u n t  a f t e r  b l a n c h i n g .
E n t e r o b a c t e r i a c e a e  p r e v a l e n t  d u r i n g  h a r v e s t i n g  a n d  

p r o c e s s i n g  w e r e  E n t e r o b a c t e r  a g g l o m e r a n s ,  E n t e r o b a c t e r  

c l o a c a e ,  K l e b s i e l l a  p n e u m o n i a e ,  a n d  S e r r a t i a  l i q u e f a c i e n s ' ,  

o f  t h e  e l v e n  s a m p l i n g  p o i n t s ,  t h e y  a p p e a r e d  a t  5 ,  1 1 ,  1 0 ,  
a n d  3  r e s p e c t i v e l y .  T h e s e  o r g a n i s m s  a r e  f o u n d  f r e q u e n t l y  i n  

s o i l  a n d  h a v e  b e e n  f o u n d  p r e v i o u s l y  o n  r a w  f r u i t s  a n d  
v e g e t a b l e s  ( C o x  e t  a l . ,  1 9 7 9 ) .

Y e a s t  a n d  m o l d  c o u n t s  d i d  n o t  i n c r e a s e  s i g n i f i c a n t l y  
d u r i n g  h a r v e s t i n g  a n d  t r a n s p o r t i n g .  T h e  s i g n i f i c a n t l y  h i g h e r  
y e a s t  c o u n t  t w o  h r  p o s t  h a r v e s t  i s  p r o b a b l y  a n  a b b e r a t i o n  
s i n c e  t h i s  c o u n t  i s  h i g h e r  t h a n  9  h r  p o s t h a r v e s t .  W a s h i n g  o f  
t h e  p e a s  a t  t h e  p r o c e s s i n g  f a c i l i t y  r e d u c e d  y e a s t  a n d  m o l d  

c o u n t s  s i g n i f i c a n t l y ,  b u t  u n l i k e  T P C  a n d  E N T  c o u n t s ,  y e a s t  
a n d  m o l d  c o u n t s  d i d  n o t  i n c r e a s e  s i g n i f i c a n t l y  d u r i n g  t h e  
1 1  h r  r e h y d r a t i o n .  B l a n c h i n g  e l i m i n a t e d  y e a s t  a n d  m o l d s ,  
b u t  r e c o n t a m i n a t i o n  d u r i n g  i n s p e c t i o n  a n d  f r e e z i n g  i n 
c r e a s e d  b o t h  c o u n t s  s i g n i f i c a n t l y .

Y e a s t s  w e r e  n o t  i d e n t i f i e d  t o  g e n u s  a n d  s p e c i e s .  I d e n t i f i 
c a t i o n  o f  m o l d s  s h o w e d  g e n e r a  c o m m o n l y  a s s o c i a t e d  w i t h  
s o i l  b o r n e  c o n t a m i n a t i o n ;  F u s a r i u m ,  C l a d i s p o r i u m ,  A l t e r -  

n a r i a ,  P h o m a ,  a n d  A s p e r g i l l u s  a p p e a r  t o  b e  t h e  m o r e  c o m 
m o n  g e n e r a  a s s o c i a t e d  w i t h  t h e  h a r v e s t i n g  a n d  p r o c e s s i n g  o f  
f i e l d  p e a s  ( T a b l e  2 ) .  — Continued on page 1437
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T i m e  a n d  T e m p e r a t u r e  P a r a m e t e r s  o f  C o r n  P o p p i n g

T. H. ROSHDY, K. HAYAKAWA, and H. DAUN

--------------------------------------- A B S T R A C T -----------------------------------------

H ig h  q u a l i t y  c o m m e r c ia l  p o p c o r n  c o n ta in in g  1 4 .0 %  m o i s tu r e  w a s  
p r o c e s s e d  in  a  c o n t i n u o u s  h o t  a ir  d o m e s t i c  c o r n  p o p p e r .  T h e  t im e  
r e q u i r e d  t o  p o p  in d iv id u a l  k e r n e l s  r a n g e d  f r o m  35  -  1 2 0  s e c ,  w i th  
4 3 %  o f  t h e  c o r n  b e in g  c o o k e d  b e tw e e n  6 0  a n d  7 5  se c . T h e  te m p e r a 
t u r e  o f  t h e  p o p p in g  c h a m b e r  r a n g e d  f r o m  1 9 6  -  2 7 7 ° C .  T h e  a v e ra g e  
t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  k e r n e l s  w h e n  t h e y  b u r s t  w a s  1 8 7 ° C .  
T h e  e m p i r ic a l  p a r a m e te r s ,  f  a n d  j v a lu e s  f o r  h e a t  t r a n s f e r  w e re  d e 
t e r m in e d .

IN T R O D U C T IO N

H E A T I N G  T E M P E R A T U R E  a n d  t h e r m a l  r e s p o n s e s  d u r i n g  
p o p p i n g  g r e a t l y  i n f l u e n c e  t h e  q u a l i t y  o f  p o p p e d  c o r n .  
H o w e v e r ,  t h e r e  i s  n o  i n f o r m a t i o n  o n  t h e s e  p h y s i c a l  p a r a m 
e t e r s  a v a i l a b l e  i n  t h e  l i t e r a t u r e .

T h e  p r e s e n t  s t u d y  w a s  c o n d u c t e d  t o  d e t e r m i n e  t h e  m e a n  

v a l u e s  a n d  s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e  e m p i r i c a l  p a r a m 
e t e r s  o f  h e a t  t r a n s f e r ,  s u c h  a s  j  a n d  f  v a l u e s ;  t h e  p o p p i n g  
t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  p o p c o r n  k e r n e l  a t  t h e  m o 
m e n t  i t  p o p s ;  a n d  t h e  t i m e  r e q u i r e d  f o r  t h e  k e r n e l  t o  p o p .

M A T E R IA L S  & M E T H O D S

P o p p in g  p r o c e d u r e

T h e  h o t  a ir  p o p p e r  u s e d  w a s  a  P r e s to  “ P o p C o r n N o w ”  w h ic h  is  a  
c o n t i n u o u s  c o r n  p o p p e r ,  m o d e l  N o .  0 4 8 1 0 0 1  (F ig .  1 ) .  P o p c o r n  
g r a in s  (O rv i l le  R e d e n b a c h e r ’s G o u r m e t )  w e r e  u s e d  f o r  t h e s e  e x 
p e r im e n ts .

T h e  p o p p e r  w a s  p r e h e a t e d  f o r  1 0  m in .  T h e n  lO O g u n i t s  o f  c o r n  
k e r n e l s ,  e a c h  u n i t  c o n ta in in g  a n  a v e ra g e  o f  7 8 1  k e r n e l s ,  w e re  p o p p e d  
b y  f e e d in g  t h e  p o p p e r  t h r o u g h  i t s  c o r n  b in .  A t  t h e  e n d  o f  t h e  p o p 
p in g  a n  a v e ra g e  o f  4 2  k e r n e l s  r e m a in e d  u n p o p p e d  (5 .4 %  o f  t h e  t o t a l  
k e r n e l s )  w h ic h  h a d  to  b e  r e p la c e d .  T h e  t o t a l  p o p p in g  o p e r a t i o n  
t o o k  b e tw e e n  2 0  a n d  2 5  m in .

P o p p in g  t im e

T o  d e t e r m i n e  t h e  n u m b e r  o f  p o p p e d  k e r n e l s  v e r s u s  t im e ,  t h r e e  
g r o u p s  o f  p o p c o r n  k e r n e l s  w e re  p r e p a r e d .  S ix  r u n s  w e r e  m a d e  w i th  
e a c h  g r o u p  u s in g  2 0 g  s a m p le s  c o n ta in in g  a n  a v e ra g e  o f  1 7 1 .6  k e r n e l s  
o f  p o p c o r n .

T h e  f i r s t  r u n  ( 2 0 g )  o f  e a c h  g r o u p  w e r e  p o p p e d  f o r  4 5  se c . T h e  
n u m b e r  o f  p o p p e d  k e r n e l s  w e re  c o u n t e d  a n d  r e c o r d e d .  T h e  s e c o n d  
r u n  ( 2 0 g ) o f  e a c h  g r o u p  w a s  p o p p e d  f o r  6 0  s e c ,  a n d  t h e  n u m b e r  o f  
p o p p e d  k e r n e l s  c o u n t e d  a n d  r e c o r d e d .  T h e n ,  t h e  t h i r d ,  f o u r t h ,  f i f t h ,  
a n d  s ix t h  r u n s  w e re  p o p p e d  f o r  7 5 ,  9 0 ,  1 0 5 ,  a n d  1 2 0  se c , r e s p e c 
t i v e ly ,  a n d  t h e  p o p p e d  k e r n e l s  c o u n t e d  a n d  r e c o r d e d .

T o  d e t e r m i n e  t h e  p o p p in g  t im e  o f  t h e  f i r s t  k e r n e l ,  e ig h te e n  2 0 g  
s a m p le s  o f  p o p c o r n  w e r e  p r e p a r e d  a n d  p o p p e d .  T h e  t im e  t h a t  t h e  
f i r s t  k e r n e l  p o p p e d  w a s  o b s e r v e d  a n d  r e c o r d e d .  T h e  a v e ra g e  t im e  
f o r  t h e  f i r s t  k e r n e l  t o  p o p  in  e a c h  s a m p le  w a s  c a l c u la te d .

T e m p e r a tu r e  in  t h e  e m p ty  p o p p in g  c h a m b e r

T h e  p o p p e r  w a s  m o d i f i e d  t o  a l lo w  t e m p e r a t u r e  m e a s u r e m e n ts .  
F o u r  1 .6  m m  d ia m e te r  h o le s  2 5 .4  m m  a p a r t  w e r e  d r i l l e d  t h r o u g h  a  
r o u n d  w o o d e n  s t ic k .  A  (T  ty p e )  t e f l o n  c o a t e d  g a u g e d  c o p p e r  c o n -

A u th o rs  Roshdy, Hayakawa, and  D aun  are with the Dept, o f  F o o d  
Science, C ook  College, N ew  Jersey Agricultural Experim ent Station, 
Rutgers Univ., N e w  Brunsw ick, N J  08903.

s t a n t a n  t h e r m o c o u p le  w ir e  ( 0 .2 5 4  m m  d ia m e te r )  w a s  f i x e d  in  e a c h  
h o le  (F ig .  1 ) . T h e  th e r m o c o u p l e  w ir e  f r o m  e a c h  z o n e  w a s  c o n 
n e c t e d  to  a  c h a n n e l  i n  a  d ig i ta l  r e c o r d e r  c o m p u t e r ,  s p e c ia l ly  
e q u ip p e d  f o r  T  ty p e  c o p p e r  c o n s t a n t a n  th e r m o c o u p l e s  ( E s t e r  L in e  
A n g u s  C o .) .

T h e  r e c o r d e r  w a s  t u r n e d  o n  a n d  t h e  t e m p e r a t u r e s  a t  t h e  f o u r  
z o n e s  w e re  m e a s u r e d  f o r  6 0  s e c  in  t h e  e m p t y  p o p p in g  c h a m b e r .  
T h e  a v e ra g e  t e m p e r a t u r e  o f  e a c h  z o n e  w a s  c a l c u l a t e d .

T e m p e r a tu r e  in s id e  a n d  o u t s id e  o f  t h e  c o r n  k e r n e l

I n  o r d e r  t o  d e t e r m in e  th e  t e m p e r a t u r e  in s id e  t h e  k e r n e l s ,  a  
t h e r m o c o u p l e  w ir e  w a s  i n s e r t e d  i n t o  a  s m a l l  h o l e  d r i l l e d  i n t o  a  k e r 
n e l  a n d  s e a le d  w i th  h ig h  t e m p e r a t u r e  s i l ic o n  g lu e  ( G e n e r a l  E l e c t r i c  
C o .) .  T h i r t e e n  k e r n e l s  w e r e  p r e p a r e d ,  e a c h  w i t h  a  t h e r m o c o u p l e  
w ire  in s e r te d  j u s t  b e f o r e  t h e  t e s t  t o  a s s u r e  n o  c h a n g e  in  m o i s t u r e  
c o n t e n t .

T h e  e x p e r i m e n t  w a s  c a r r ie d  o u t  u n d e r  tw o  c o n d i t i o n s :  t h e  f i r s t  
u s in g  t e n  2 0 g  s a m p le s  o f  p o p c o r n  k e r n e l s ,  a n d  t h e  s e c o n d  u s in g  
th r e e  lO O g s a m p le s  o f  p o p c o r n  k e r n e l s .  I n  e a c h  r u n  t h e  k e r n e l  
w i t h  t h e  t h e r m o c o u p le  w a s  l o c a t e d  a n d  f i x e d  in  t h e  s e c o n d  z o n e
5 0 .8  m m  f r o m  th e  b o t t o m  o f  t h e  p o p p in g  c h a m b e r .  T h i s  t h e r 
m o c o u p le  w a s  c o n n e c t e d  to  t h e  c o m p u t e r  c h a n n e l  in  a d d i t i o n  t o  t h e  
o t h e r  f o u r  c h a n n e ls  f o r  m e a s u r in g  t h e  t e m p e r a t u r e s  a t  t h e  f o u r  
z o n e s  a t  t h e  s a m e  t im e .

In  e v e r y  r u n  u n d e r  b o t h  c o n d i t i o n s ,  t h e  t e m p e r a t u r e  i n s id e  t h e  
k e r n e l  w i th  t h e r m o c o u p le  w a s  r e c o r d e d  a s  w e ll  a s  t h e  t e m p e r a -

Fig. 1—Longitudinal section o f  the m odified hot air popper.
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t u r e s  o u ts id e  t h e  k e rn e ls  a t  t h e  f o u r  z o n e s .  T h e  t im e  w h e n  th e  
k e r n e l  w i th  t h e r m o c o u p le  p o p p e d  w a s  o b s e r v e d  a n d  r e c o r d e d .

T h e  m e a n  t e m p e r a tu r e  o f  e a c h  z o n e  w a s  c a l c u la te d  f o r  e a c h  
s e t  o f  c o n d i t io n s .

T h e  m e a n  t e m p e r a t u r e  a t  z o n e  # 2  (w h e r e  t h e  k e rn e ls  w i th  t h e r 
m o c o u p le s  w e re  lo c a t e d )  a n d  th e  m e a n  t e m p e r a t u r e  in s id e  t h e  
k e rn e ls  a t  t h e  t im e  t h e  k e r n e l  w i th  t h e  t h e r m o c o u p l e  w a s  p o p p e d ,  
w e re  c a l c u la te d .

T h e  m e a n  p o p p in g  t im e  o f  t h e  k e r n e l s  w i th  t h e r m o c o u p le s  w a s  
c a l c u la te d .

In  t h e  2 0 g  e x p e r im e n ts ,  t h e  e m p i r ic a l  p a r a m e te r s ,  f  a n d j  v a lu e s  
f o r  h e a t  t r a n s f e r ,  w e re  d e t e r m in e d  a c c o r d in g  to  H a y a k a w a  ( 1 9 7 2 )  
u s in g  th e  d a t a  f r o m  p o p p in g  te m p e r a tu r e s .

S in c e  i t  is  r a t h e r  d i f f i c u l t  t o  d e t e r m in e  a c c u r a t e ly  t b r  a n d  T b r ,  
t h i s  d e t e r m i n a t i o n  w a s  a c c o m p l i s h e d  a s  d e s c r ib e d  b e lo w .

In the 20g experimetns the collected data were used to obtain 
a semilogarithmic temperature history curve of sample kernels, 
which shows a relationship between logjo (T l -  T) and t.

T h e  t e m p e r a t u r e  h i s to r y  c u rv e  s h o w e d  a  b r e a k  p o i n t  a n d  th e  
m a jo r  p a r t  o f  th i s  c u rv e  is  r e p r e s e n te d  b y :

lo g  10 ( T i  -  T )  = m t t  +  b j  w h e n  t  < t b r  (1 )

l o g 10 ( T i  -  T )  =  m 2 t  +  b 2 w h e n  t  > t b r  (2 )

T h e  v a lu e s  o f  b j ,  b 2 , m j ,  a n d  m 2 in  E q .  (1 )  a n d  (2 )  w e re  e s t i 
m a te d  b y  a p p ly in g  a  l in e a r  r e g r e s s io n  a n a ly s is  t o  s t r a ig h t  l in e  p o r 
t io n s  o f  e a c h  t e m p e r a t u r e  h i s to r y  c u rv e .  T h e s e  v a lu e s  w e re  c o r r e 
l a t e d  t o  e m p ir ic a l  c o n s t a n t s  f o r  h e a t  t r a n s f e r  a s  s h o w n  b e lo w :

b i  = l o g i o  [j 1 ( T 1 -  T 0 ) ]  a n d b 2 =  l o g i o  O 2  ( T 1 -  T 0 ) ]

1 1
------=  f i  a n d  -------=  f 2
m j  m 2

T h e  tw o  l in e s  in t e r s e c t e d  a t  t h e  b r e a k  p o i n t  t b r , l o g i o  ( T j  -  
T b r ) .  T h e r e f o r e ,  f r o m  E q .  (1 )  a n d  ( 2 )  w e  h a d :

m l  t b r  +  b l =  m 2 t b r  +  b 2 (3 )

B y  s o lv in g  E q .  ( 3 ) ,  w e  o b ta in e d :

b2 -  bj
t b r = ------------------  (4 )

m i  -  m 2

Then the kernel temperature at the break point Tbr was calculated 
using the following equiation:

l ° g  10  ( T 1 -  T p ) =  — (tp -  tbr)/f2 +  lo g  10  ( T i  -  T b r)

T h e  m e a n  a n d  s t a n d a r d  d e v ia t io n s  w e re  c a l c u l a t e d  f o r  j ,  f j , f 2 , 
Tbr, T p  a n d  tp  v a lu e s .

R E S U L T S  & D IS C U S S IO N

P o p p i n g  t i m e

T h e  t i m e  r e q u i r e d  t o  p o p  i n d i v i d u a l  k e r n e l s  i n  t h e  2 0 g  

e x p e r i m e n t s  r a n g e d  f r o m  3 5  -  1 2 0  s e c .  F o r t y - t h r e e  p e r c e n t  
o f  t h e  k e r n e l s  p o p p e d  b e t w e e n  6 0  a n d  7 5  s e c .  T h e  r e l a t i o n 
s h i p  b e t w e e n  t h e  n u m b e r  o f  p o p p e d  k e r n e l s  a n d  t h e  p o p p i n g  
t i m e  i n  t h e  2 0 g  e x p e r i m e n t s  i s  s h o w n  i n  T a b l e  1 .

T h e  m e a n  p o p p i n g  t i m e  w a s  7 4 . 5  s e c  w i t h  a  s t a n d a r d  
d e v i a t i o n  ( S D )  o f  1 7 . 8  s e c  i n  t h e  2 0 g  e x p e r i m e n t s .

T h e  m e a n  v a l u e  f o r  t h e  f i r s t  k e r n e l  t o  p o p  w a s  3 9 . 2  

s e c  w i t h  a  S D  o f  2 . 9  s e c .

P o p p i n g  t e m p e r a t u r e

T h e  t e m p e r a t u r e  i n  t h e  f o u r  z o n e s  o f  t h e  p o p p i n g  c h a m 

b e r  b e c a m e  h i g h e r  w h e n  2 0 g  s a m p l e s  w e r e  p r o c e s s e d .  T h e  

z o n e  t e m p e r a t u r e s  w e r e  e v e n  h i g h e r  w h e n  lO O g  o f  c o r n  
s a m p l e s  w e r e  u s e d .

W h e n  t h e  c h a m b e r  c o n t a i n e d  2 0 g  o f  k e r n e l s ,  t h e  m e a n  
t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  k e r n e l  w a s  1 8 7 . 0  C  w i t h  
a  s t a n d a r d  d e v i a t i o n  o f  2 . 2  C .  W h e n  lO O g  o f  k e r n e l s  w e r e  
u s e d  t h i s  t e m p e r a t u r e  w a s  1 9 1 . 2  C  w i t h  a  s t a n d a r d  d e v i a 
t i o n  o f  1 9 . 2  C .  T h e  b u r s t i n g  t i m e  o f  t h e  i n d i v i d u a l  k e r n e l s  
w i t h  t h e  t h e r m o c o u p l e s ,  i m m o b i l i z e d  i n  t h e  s e c o n d  z o n e  i n  
t h e  lO O g  e x p e r i m e n t s ,  o c c u r r e d  o n  t h e  a v e r a g e  a f t e r  4 5  s e c  
a n d  i n  t h e  2 0 g  e x p e r i m e n t s  a f t e r  6 1 . 8  s e c ,  w i t h  s t a n d a r d  

d e v i a t i o n s  o f  5 . 2  a n d  9 . 4  s e c ,  r e s p e c t i v e l y  ( F i g .  2 ) .

T h e  t e m p e r a t u r e s  o f  t h e  p o p p i n g  c h a m b e r  d e t e r m i n e d  

i n  o u r  e x p e r i m e n t s  w e r e  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  s t a c k  
r e a d i n g  f o u n d  i n  c o m m e r c i a l  o p e r a t i o n s  ( M a t z ,  1 9 7 6 ) .

T h e  m e a n  v a l u e s  o f  t h e  e m p i r i c a l  p a r a m e t e r s  f o r  h e a t  
t r a n s f e r ,  j ,  f ,  a n d  f 2 , t h e  m e a n  t e m p e r a t u r e  a t  t h e  b r e a k  
p o i n t  ( T b r )  o f  t h e  t e m p e r a t u r e  h i s t o r y  c u r v e ,  t h e  m e a n  
t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  k e r n e l s  w h e n  t h e y  b u r s t  

( T p ) ,  a s  w e l l  a s  t h e  m e a n  p o p p i n g  t i m e  ( t p ) r e q u i r e d  f o r  
k e r n e l s  t o  b u r s t ,  a r e  s h o w n  i n  T a b l e  2 .

E x p e r i m e n t a l  t e m p e r a t u r e  h i s t o r y  c u r v e  ( F i g .  3 )  c o n s i s t s  

o f  t w o  p a r t s ,  w h e n  t  <  t b r a n d  t  >  t b r , r e s p e c t i v e l y .  A  b r e a k  
p o i n t  o c c u r s  w h e r e  t  =  t b r  a n d  t h e  c u r v e  s h o w s  s u d d e n  
c h a n g e  i n  t h e  s l o p e .

Fig. 2 —A m b ient temperatures A  and  B, temperatures at the center 
o f  the kernels C  an d  D, in 100g and  20g  o f  corn pop p ing  experi
ments.

Table 1—N um b er o f  popped  kernels at various time intervals

Sample
no.

Popping time (sec)

30 45 60 75 90 105 120

1 0 2 14 48 80 90 97
2 0 4 16 53 82 89 96
3 0 6 19 76 85 98 108

X 0 4 ± 2.0 16 ± 2.5 59 ± 14.9 82 ± 2.5 92 + 4.9 100 ± 6.7
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T T P  O F  C O R N  P O P P I N G  . . .

T h e  d i f f e r e n c e  b e t w e e n  a m b i e n t  t e m p e r a t u r e  a n d  t h e  
t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  k e r n e l  ( T j  -  T )  d e c r e a s e d  
w i t h  p r o c e s s i n g  t i m e .  T h e  e x p e r i m e n t a l  a n d  p r e d i c t e d  
p o i n t s  o n  b o t h  p a r t s  o f  t h e  t e m p e r a t u r e  h i s t o r y  c u r v e  c o r 
r e l a t e  v e r y  w e l l ,  w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0 . 9 8 6 .

I f  w e  a s s u m e  t h a t  t h e  f o l l o w i n g  a r e  k n o w n :

T 0  =  2 4 . 6 ° C ,  T  i  =  2 3 3 . 3 ° C ,  T b r = 1 4 8 . 2 ° C

T p =  1 8 7 ° C ,  f i =  5 8 . 8  s e c ,  f 2 =  9 3 . 5  s e c

w e  c a n  c a l c u l a t e  t h e  t i m e  a t  t h e  b r e a k  p o i n t  o f  t h e  b r o k e n  
h e a t i n g  c u r v e  ( t b r )  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :

l o g  i o  ( T ,  -  T b r ) =  t  b r  /  f  i  +  l o g 10 [ j ( T  ] -  T 0 ) ]

l o g 1 0 ( 2 3 3 . 3  — 1 4 8 . 2 ) =  - t b r / 5 8 . 8  + l o g 1 0 [ 1 . 2 ( 2 3 3 . 3 - 2 4 . 6 ) ]  

1 . 9 2 9 9 2 9 5 6  =  - t b r / 5 8 . 8  +  2 . 3 9 8 7 0 3 6 9 5

Fig. 3 — Temperature history curve at the center o f  the kernel until 
it bursts.

t b r  =  ( 5 8 . 8 )  ( 0 . 4 6 8 7 7 4 1 3 5 )

=  2 7 . 5 6 9 1 9 1 4  s e c  =  2 7 . 6  s e c

T h e  o b s e r v e d  t i m e  f r o m  t h e  g r a p h  =  2 7 . 8  s e c .
T h e n  w e  c a n  u s e  t h e  t b r t o  e s t i m a t e  t h e  t i m e  r e q u i r e d  

f o r  p o p p i n g  ( t p ) u s i n g  t h e  f o l l o w i n g  e q u a t i o n :

l o g 1 0 ( T ,  -  T p )  = - ( b t p -  t b r ) / f 2  +  l o g j o i T j  -  T b r ) 

l o g 1 0 ( 2 3 3 . 3  — 1 8 7 . 0 )  = - t p  - 2 7 . 6 ) / 9 3 . 5  + l o g 1 0 ( 2 3 3 . 3 - 1 4 8 . 2 )  

1 . 6 6 5 5 8 0 9 9 1  = - ( t p  -  2 7 . 6 ) / 9 3 . 5  +  1 . 9 2 9 9 2 9 5 6

t p  = ( 9 3 . 5 )  ( 0 . 2 6 4 3 4 8 5 6 9 1 )  +  2 7 . 6

=  5 2 . 2 8 0 5 1 0 3 5  s e c  =  5 2 . 3  s e c

T h e  o b s e r v e d  p o p p i n g  t i m e  =  5 1 s e c .
T h e  c a l c u l a t e d  e m p i r i c a l  p a r a m e t e r s  f o r  h e a t  t r a n s f e r ,  

j ,  f i , f 2 a n d  T p c a n  b e  u s e d  t o  d e t e r m i n e  t h e  p o p p i n g  t i m e  
f o r  a n y  i n i t i a l  t e m p e r a t u r e  o f  c o r n  a n d  a t  a n y  a m b i e n t  

t e m p e r a t u r e  l e v e l  a s s u m i n g  t h a t  t h e  a m b i e n t  t e m p e r a t u r e  

i n c r e a s e d  s i m i l a r l y  t o  t h a t  o b s e r v e d  d u r i n g  t h e  e x p e r i m e n t .

C O N C L U S IO N S

T H E  T E M P E R A T U R E  P R O F I L E  o f  t h e  p o p c o r n  k e r n e l s  
d u r i n g  p o p p i n g  s h o w e d  a  b r o k e n  h e a t i n g  c u r v e .  T h e  e m 
p i r i c a l  p a r a m e t e r s  f o r  h e a t  t r a n s f e r ,  j ,  f ]  a n d  f 2 c a n  b e  u s e d  
t o  d e t e r m i n e  t h e  p o p p i n g  t i m e  a n d  t h e  t e m p e r a t u r e  r e 

q u i r e d  f o r  p o p p i n g .  T h e y  c a n  a l s o  b e  u s e d  t o  d e t e r m i n e  
t h e  t i m e  o f  t h e  b r e a k  p o i n t .

A  s i m i l a r  a p p r o a c h  c a n  b e  e s t a b l i s h e d  u s i n g  a n y  o t h e r  
p o p p i n g  o p e r a t i o n .  T h e  a c c u m u l a t e d  d a t a  c o n s t i t u t e  a  
b a s i s  w h i c h  c a n  b e  u s e d  t o  o p t i m i z e  t h e  e q u i p m e n t  a n d  

e v a l u a t e  b o t h  p h y s i c a l  a n d  c h e m i c a l  c h a n g e s  d u r i n g  t h e  
p o p p i n g  o f  c o r n  a n d  s o m e  o t h e r  r o a s t i n g  o p e r a t i o n s .

N O M E N C L A T U R E

b i  =  I n t e r c e p t  o f  t h e  e x t r a p o l a t e d  l i n e  w h e n  t  ^  t b r
b 2 =  I n t e r c e p t  o f  t h e  e x t r a p o l a t e d  l i n e  w h e n  t  >  t b r
f i  =  S l o p e  i n d e x  ( s e c . )  f o r  t  ^  t b r 

f 2 =  S l o p e  i n d e x  ( s e c . )  f o r  t  ^  t b r
j  i =  I n t e r c e p t  c o e f f i c i e n t  o f  t e m p e r a t u r e  h i s t o r y  c u r v e  

w h e n  t  <  t b r

j 2 =  I n t e r c e p t  c o e f f i c i e n t  o f  t e m p e r a t u r e  h i s t o r y  c u r v e  
w h e n  t  t b r

m t =  T h e  s l o p e  o f  s t r a i g h t  l i n e  w h e n  t  <  t b r
m 2 =  T h e  s l o p e  o f  s t r a i g h t  l i n e  w h e n  t  >  t b r
T  =  T e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  k e r n e l  a t  a n y  

t i m e  ( ° C )
T 0  =  I n i t i a l  t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  k e r n e l

( 0 C )
T  j =  C o n s t a n t  a m b i e n t  t e m p e r a t u r e  ( C )
T a =  P h a n t o m  i n i t i a l  t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e

— Continued on page 1418

Table 2—Heat transfer parameters3

Exp.
no.

j
Value

fl
(sec)

f2
(sec)

no
i-H

(C£)
t P

(sec)
1 1.38 62.10 98.97 160.9 186.5 77
2 1.24 54.98 86.52 144.1 186.3 64
3 1.08 62.29 100.11 158.1 188.6 64
4 1.19 69.70 106.00 140.8 183.4 77
5 1.23 57.05 82.47 144.2 188.9 51
6 1.14 51.00 74.36 145.2 189.1 60
7 1.16 60.90 107.10 151.7 189.2 59
8 1.21 62.10 106.24 143.6 188.2 59
9 1.14 52.55 97.24 151.2 186.4 56

10 1.24 55.68 75.60 142.4 183.2 51

X 1.20 ± 0.08 58.33 ± 5.62 93.50 ± 12.70 148.2 ± 6.9 187.0+ 2.2 61.8 ± 9.2

a j -  In tercept co e ff ic ie n t o f tem perature h isto ry  curve; f 2 = S lope index fo r  t <  t b r ; f 2 = S lope index fo r  t > t b r ; T br = Tem pera tu re  at the 
break po in t; T p  = Tem peratu re  at the m om ent the kernel burst; tp  = T im e  requ ired  fo r  popping .
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E v a l u a t i o n  o f  L y e  a n d  S t e a m  P e e l i n g  

U s i n g  F o u r  P r o c e s s i n g  T o m a t o  C u l t i v a r s

D. V. SCHLIMME, K. A. COREY, and B. C. FREY

------------------------------ABSTRACT--------------------------------
F r u i t  o f  f o u r  e a s te r n  t o m a t o  c u l t iv a r s  (c v s )  w e re  p e e l e d  u s in g  e i t h e r  
h ig h  p r e s s u r e  s te a m  o r  a  ly e  b a t h  u n d e r  c o m m e r c ia l  c o n d i t i o n s .  
P e r c e n t  y ie ld  o f  w h o le  f r u i t  a n d  f in i s h e d  p r o d u c t  q u a l i t y  w e r e  d e 
t e r m in e d .  Y ie ld  o f  5 s e c  s te a m - p e e le d  f r u i t  w a s  4 .1 %  g r e a t e r  t h a n  
ly e -p e e le d  f r u i t ;  n o  c v s  d i f f e r e n c e s  w e re  d e t e c t e d .  Q u a n t i t y  o f  b lo s 
s o m -e n d  p e e l  w a s  n o t  a f f e c t e d  b y  p e e l  t r e a t m e n t ,  b u t  d i f f e r e n c e s  
a m o n g  cvs  w e re  s h o w n .  S te a m - p e e le d  t o m a t o e s  a v e r a g e d  6 .2  c m 2 
a n d  ly e -p e e le d  <  1 c m 2 t o t a l  p e e l / c a n .  T h e r e  w e re  n o  d i f f e r e n c e s  
a m o n g  t r e a t m e n t s  o r  cv s  in  s e n s o r y  c o lo r  s c o re s .  D i f f e r e n c e s  in  
s u r f a c e  b L / a  v a lu e s  a m o n g  c v s  a t  t h e  e q u a t o r  r e g io n  o f  f r u i t  w e re  
f o u n d .  A l th o u g h  r e c o v e r y  w a s  g r e a t e r  f o r  s t e a m - p e e le d  t h a n  f o r  ly e -  
p e e l e d  f r u i t ,  c a n n e d  p r o d u c t  q u a l i t y  w a s  b e t t e r  f o r  ly e - p e e le d  f r u i t .

INTRODUCTION
O N  T H E  D E L M A R V A  P E N I N S U L A  v i r t u a l l y  a l l  c a n n e d  
w h o l e  t o m a t o e s  a r e  p e e l e d  u s i n g  h o t ,  s o d i u m  h y d r o x i d e  

s o l u t i o n s .  C u r r e n t l y ,  m o s t  w h o l e  t o m a t o e s  c a n n e d  i n  t h e  
e a s t e r n  U n i t e d  S t a t e s  a r e  l y e - p e e l e d  ( W e a v e r  e t  a l . ,  1 9 8 0 ) .  
T h e  u s e  o f  p r e s s u r i z e d  s t e a m  t o  p e e l  t o m a t o e s  h a s  b e e n  

e v a l u a t e d  a s  a n  a l t e r n a t i v e  t o  l y e  p e e l i n g  i n  b o t h  i n - p l a n t  
a n d  l a b o r a t o r y  s t u d i e s  ( L e a t h e r m a n  a n d  T a n k l a g e ,  1 9 8 4 ;  
W e a v e r  e t  a l . ,  1 9 8 0 ;  T h o m a s  e t  a l . ,  1 9 7 6 ) .  S t e a m  p e e l i n g  
h a s  b e e n  u s e d  i n  E u r o p e  t o  p e e l  t o m a t o e s  f o r  s e v e r a l  y e a r s .  
V a r i o u s  p r e s s u r i z e d  s t e a m  p e e l i n g  m a c h i n e s  a r e  a v a i l a b l e  

i n  t h e  U n i t e d  S t a t e s  f o r  p e e l i n g  f r u i t s  a n d  v e g e t a b l e s  a n d  
s o m e  a r e  i n  c o m m e r c i a l  u s e  i n  C a l i f o r n i a  ( L e a t h e r m a n  a n d  
T a n k l a g e ,  1 9 8 4 ) .

T h e  t o m a t o  c u l t i v a r s  u s e d  b y  t o m a t o  p r o c e s s o r s  i n  t h e  
e a s t e r n  U n i t e d  S t a t e s  a r e  l a r g e l y  m a c h i n e - h a r v e s t e d ,  d e t e r 
m i n a t e  t y p e s  w h i c h  t e n d  t o  s e t  a n d  m a t u r e  a  l a r g e  p r o p o r 
t i o n  o f  t h e i r  f r u i t  a t  o n e  t i m e .  N e v e r t h e l e s s ,  a  l a r g e  n u m b e r  

o f  f r u i t  s h o w i n g  i n c o m p l e t e  r i p e n i n g  a n d  y e l l o w  s h o u l d e r s  
a r e  o f t e n  d e l i v e r e d  t o  t o m a t o  c a n n e r i e s .  T h e  d u r a t i o n  o f  
e x p o s u r e  t o  h o t  c a u s t i c  n e c e s s a r y  t o  a d e q u a t e l y  r e m o v e  

e p i d e r m i s  f r o m  u n r i p e n e d  t o m a t o  t i s s u e  a n d  f r o m  f u l l y  
r i p e  t o m a t o e s  d e v e l o p e d  t o  w i t h s t a n d  t h e  r i g o r s  o f  m e 

c h a n i c a l  h a r v e s t i n g  r e s u l t s  i n  s u b s t a n t i a l  l o s s e s  o f  s u b e p i -  
e r m a l  t i s s u e .

R e e v e  ( 1 9 7 6 )  r e p o r t e d  t h a t  t h e  s k i n  o f  t h e  t o m a t o  is  
c o m p o s e d  o f  a  c u t i n i z e d  e p i d e r m a l  l a y e r  a n d  m o s t  o f  t h e  
c u t i c u l a r  w a x  is  f o u n d  i n  t h e  c e l l u l o s i c  m a t r i c e s  o f  t h e  
o u t e r  a n d  r a d i a l  c e l l  w a l l s .  H e  i n d i c a t e d  t h a t  s t e a m i n g  o r  

s c a l d i n g  i n c r e a s e s  t h e  e a s e  o f  c e l l  s e p a r a t i o n  i n  t h e  s u b e p i -  
d e r m a l  t i s s u e  a n d  n o t e d  t h a t  c u l t i v a r s  l a c k i n g  u n i f o r m  
r i p e n i n g  a r e  n o t  s u i t a b l e  f o r  w h o l e  c a n n i n g  b e c a u s e  o f  t h e i r  
i n f e r i o r  p e e l i n g  q u a l i t i e s .  C h i h - Y u  a n d  T h o m p s o n  ( 1 9 7 2 )  
f o u n d  s e v e r a l  l a y e r s  o f  s m a l l ,  f l a t t e n e d ,  t h i c k - w a l l e d  c e l l s  
b e l o w  t h e  c u t i n i z e d  l a y e r  o f  t o m a t o  e p i d e r m a l  c e l l s .  T h e s e  
h a v e  b e e n  i d e n t i f i e d  a s  c o l l e n c h y m a  c e l l s  a n d  c o m p r i s e  
t h e  h y p o d e r m i s .  B e n e a t h  t h e  h y p o d e r m i s  a r e  s e v e r a l  t o  
m a n y  l a y e r s  o f  m e s o c a r p  w h i c h  a r e  c o m p o s e d  o f  p a r e n 
c h y m a  c e l l s .  V a s c u l a r  b u n d l e s  o f  d i f f e r e n t  s i z e s  a r e  d i s -

A u th o rs  S ch lim m e  a n d  C o re y  are a ff i l ia te d  w ith  th e  D ep t, o f  H o r ti
cu ltu re , a n d  A u th o r  F rey  is a f f ilia te d  w ith  th e  D e p t, o f  A g r icu ltu ra l 
E ngineering, Univ. o f  M arylan d , C o llege  Park, M D  2 0 7 4 2 .

p e r s e d  t h r o u g h o u t  t h e  m e s o c a r p .  T h e  i n n e r m o s t  c e l l s  o f  t h e  

m e s o c a r p  a r e  a d j a c e n t  t o  t h e  s i n g l e - l a y e r e d  e n d o c a r p .
C h i h - Y u  a n d  T h o m p s o n  ( 1 9 7 2 )  f o u n d  t h a t  t o m a t o  m u 

t a n t s  w i t h  t h e  e a s y  p e e l i n g  g e n e  ( e p )  d e m o n s t r a t e  r e a d y  

b r e a k d o w n  o f  t h e  d e l i c a t e  m e s o c a r p  p a r e n c h y m a  c e l l s  

s u b t e n d i n g  t h e  h y p o d e r m i s .  W h e n  m e c h a n i c a l l y  h a r v e s t e d  
t o m a t o e s  a r e  l y e  p e e l e d ,  t h e  e p i d e r m i s  a n d  h y p o d e r m i s  a r e  
r e m o v e d  t o  e x p o s e  t h e  m e s o c a r p  p a r e n c h y m a  w i t h  i t s  

n u m e r o u s  d i s p e r s e d  v a s c u l a r  b u n d l e s  o f t e n  r e f e r r e d  t o  a s  
“ v e i n s . ”

T h e r e  a r e  s e v e r a l  d i s a d v a n t a g e s  a s s o c i a t e d  w i t h  t h e  u s e  
o f  h o t  c a u s t i c  t o  r e m o v e  t o m a t o  e p i d e r m i s .  A m o n g  t h e s e  
a r e :  t h e  s t e a d i l y  i n c r e a s i n g  c o s t  o f  N a O H ,  w a s t e  d i s p o s a l  
p r o b l e m s  a n d  a s s o c i a t e d  c o s t ,  t h e  2 5  -  3 0 %  p e e l i n g  l o s s e s ,  
t h e  c o m p l e x i t y  o f  m e t h o d s  t o  r e c o v e r  p e e l  l o s s  t i s s u e  f o r  

s u b s e q u e n t  b y - p r o d u c t  u t i l i z a t i o n ,  a n d  t h e  a l l e g e d  r e d u c t i o n  
i n  t h e  c o l o r  q u a l i t y  o f  l y e - p e e l e d  f r u i t  a s  a  c o n s e q u e n c e  
o f  t h e  l o s s  o f  m e s o c a r p  p a r e n c h y m a  a n d  e x p o s u r e  o f  
v a s c u l a r  t i s s u e .  C o l o r  e v a l u a t i o n s  o f  w h o l e  c a n n e d  t o m a 

t o e s  h a v e  t r a d i t i o n a l l y  b e e n  p r e s e n t e d  a s  H u n t e r - G a r d n e r  
L ,  a ,  b  v a l u e s  o r  a s  a / b  v a l u e s  o b t a i n e d  f r o m  b l e n d e d  c a n  

c o n t e n t s .  Y e a t m a n  ( 1 9 6 9 )  i n d i c a t e d  t h a t  t h e  v a l u e  b L / a  
p r o v i d e d  a  h i g h  l i n e a r  c o r r e l a t i o n  ( r  =  0 . 9 0 2 )  w i t h  v i s u a l  
c o l o r  s c o r e s  o f  p r o c e s s e d  t o m a t o  j u i c e .

T h e  o b j e c t i v e s  o f  t h i s  s t u d y  w e r e  t o :  ( 1 )  i n v e s t i g a t e  t h e  
p e r c e n t  r e c o v e r y  o f  w h o l e  f r u i t ,  a n d  ( 2 )  e v a l u a t e  f i n i s h e d  
p r o d u c t  q u a l i t y  o f  t o m a t o e s  p e e l e d  b y  b o t h  c a u s t i c  a n d  
h i g h  p r e s s u r e  s t e a m  m e t h o d s  u n d e r  c o m m e r c i a l  c o n d i t i o n s .

MATERIALS & METHODS

T o m a to e s

F r u i t  o f  f o u r  e a s te r n - g r o w n  t o m a t o  c u l t iv a r s  v iz . ‘F M  6 2 0 3 ’, 
‘P e to  7 6 ’, ‘P e to  9 5 ’, a n d  ‘V F  1 3 4 ’ w e re  o b t a i n e d  f r o m  lo c a l  g ro w e r s  
w i th in  1 d a y  o f  h a rv e s t  a t  f o u r  s e p a r a t e  t im e s .  E a c h  l o t  w a s  g r a d e d  
t o  r e m o v e  f r u i t  t h a t  w e r e  u n d e r s iz e ,  im m a tu r e ,  d a m a g e d  a n d  d is 
e a s e d .  G r a d e d  f r u i t  w e re  t h e n  w a s h e d  a n d  2 5  -  3 0  k g  o f  r a w  p r o d u c t  
w e re  w e ig h e d  f o r  e a c h  t r e a t m e n t  c o m b in a t io n .

P e e l in g  t r e a t m e n t s

P e e l in g  t r e a t m e n t s  o n  t h e  f o u r  c u l t iv a r s  w e re  r e p l i c a t e d  in  t im e .  
F r u i t  w e re  s u b je c t e d  to  o n e  ly e  p e e l  o r  tw o  s te a m  p e e l  t r e a tm e n t s .  
T h e  c o n c e n t r a t i o n  o f  N a O H  in  t h e  c o m m e r c ia l  ly e  p e e l e r  (C h is h o lm  
R y d e r  C o .,  I n c .  -  F o x  C a u s t ic  P e e l in g  U n i t ,  A n o n y m o u s ,  1 9 7 1 )  
w a s  m e a s u r e d  o n  a n  a m b ie n t  t e m p e r a t u r e  s a m p le  b y  t i t r a t i o n  w i th  
0 .1 6 2 9 N  H 2 S O 4  a n d  t h e n  a d ju s t e d  t o  a c h ie v e  a n  in i t i a l  c o n c e n 
t r a t i o n  o f  1 3 .0  ± 0 .5 %  (v /v )  N a O H . F a s p e e l  p e e l in g  a id  ( a  s u r f a c t a n t  
o b t a i n e d  f r o m  T h e  M a r y la n d  C h e m ic a l  C o . ( B a l t im o r e ,  M D ) w h ic h  
is  a  p r o p r i e t a r y  m i x t u r e  o f  m e d iu m  t o  lo n g  f a t t y  a c id s  i n  a n  a q u e o u s  
s o lv e n t )  w a s  a d d e d  to  t h e  ly e  b a t h  a t  a  r a t e  o f  3 1  g /M T  o f  r a w  p r o d 
u c t  t h r o u g h p u t .  D w e l l  t im e  o f  r a w  p r o d u c t  in  t h e  ly e  b a t h  w a s  
3 0 + 1  s e c  a t  a  t e m p e r a t u r e  o f  9 9  ± 1 ° C . P r e l im in a r y  s tu d ie s  c o n 
d u c t e d  d u r in g  t h e  1 9 8 2  t o m a t o  c a n n in g  s e a s o n  d e m o n s t r a t e d  t h a t  
th e s e  p e e l in g  p a r a m e te r s  p r o v id e d  a d e q u a t e  p e e l  r e m o v a l  a n d  t e n d e d  
to  h o ld  p e e l  lo s s  t o  a  m in im u m .  A f t e r  e m e rg in g  f r o m  t h e  C R C O -  
F o x  C a u s t ic  P e e lin g  U n i t ,  t h e  p e e l e d  t o m a t o e s  w e re  d is c h a rg e d  
in t o  c o l le c t i n g  b a s k e t s .  T h e  f r u i t  w a s  r in s e d  w i t h  c o ld  t a p  w a te r  a n d  
a l lo w e d  t o  d r a in  b e f o r e  w e ig h in g .  A n y  m i n o r  p e e l  n o t  r e m o v e d  
b y  ly e  t r e a t m e n t  w a s  in c lu d e d  in  t h e  r e c o v e r y  w e ig h t .

S te a m  p e e l in g  t r e a t m e n t s  w e re  c o n d u c t e d  w i th  a  P .K .C . S te a m  
P e e l in g  S y s te m  (M o d e l  4 0 0  3 B , Z i m m e r m a n  &  J a n s e n ,  I n c ;  D e n -  
s h a w ,  P A ) ;  a  4 2 5  l i t e r  c a p a c i ty  v e s s e l  a t  a n  i n l e t  s te a m  p r e s s u r e  o f
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7 .1  a tm  w a s  u s e d .  P r io r  t o  lo a d in g  th e  t o m a t o e s  i n t o  t h e  v e sse l,  it  
r e c e iv e d  tw o  c o m p le t e  c y c le s  o f  p r e h e a t in g  a t  t h e  s e le c te d  s te a m  
p r e s s u r e  t o  t e m p e r  i t  t o  t r e a t m e n t  t e m p e r a tu r e .  T h e  tw o  s te a m  p e e l  
t r e a t m e n t s  u s e d  w e re  o b t a i n e d  as a  r e c o m m e n d a t i o n  f r o m  a  r e p r e 
s e n ta t iv e  o f  t h e  m a n u f a c tu r e r ,  a n d  c o n s i s te d  o f  5 s e c  a n d  7 sec  
d u r a t i o n s  in  t h e  p r e s s u r i z e d  v e ss e l.  F o l lo w in g  th e  s te a m  t r e a tm e n t s  
t h e  t o m a t o e s  w e re  u n lo a d e d  in to  a n  a m b ie n t  w a te r  b a t h  a n d  r e 
m o v e d  f o r  im m e d ia t e  p e e l  r e m o v a l .  P e e l  w a s  r e m o v e d  f r o m  e a c h  
f r u i t  b y  h a n d  in  a  m a n n e r  c o m p a r a b le  to  t h a t  a c h ie v e d  b y  m e c h a n 
ic a l p e e l  e l im in a to r s .  P e e l w a s  f o u n d  to  a d h e r e  t e n a c io u s ly  t o  t h e  
f r u i t  s u r f a c e  o n  r e g io n s  n e a r  t h e  s te m  s c a r  a n d  w h e r e  n o r m a l  o r  
c o m p l e t e  r ip e n in g  h a d  n o t  o c c u r r e d .  C a r e  w a s  t a k e n  n o t  t o  r e m o v e  
p e e l  a g g re ss iv e ly  f r o m  th e s e  a re a s ,  b a s e d  o n  t h e  a s s u m p t io n  t h a t  a  
m e c h a n ic a l  p e e l  e l i m i n a t o r  w o u ld  a lso  n o t  a c h ie v e  re m o v a l .

F o l lo w in g  p e e l  r e m o v a l ,  t h e  r in s e d  a n d  d r a in e d  f r u i t  w e re  
w e ig h e d  a n d  th e  p e r c e n t  r e c o v e r y  o f  i n i t i a l  r a w  p r o d u c t  w a s  c a l
c u l a t e d  f o r  t h e  t h r e e  p e e l in g  t r e a tm e n t s .

P r o c e s s in g

A m b ie n t  t e m p e r a t u r e  j u i c e  w a s  p r e p a r e d  u s in g  a  C R C O  M o d e l  B 
J u i c e  E x t r a c to r - F in i s h e r  ( A n o n y m o u s ,  1 9 7 1 )  f r o m  a  p o r t i o n  o f  
t h e  p e e l e d  f r u i t  f o r  e a c h  s e p a r a te  t r e a t m e n t  l o t .  A  0 .1  c m  s c r e e n  
w a s  u s e d .  O n e  2 .9 g  c a l c iu m ,  a c i d u la n t  A , s a l t  t a b l e t  c o n ta in in g  
1 7 .0 %  (w /w )  c a l c iu m  s u l f a te  d i h y d r a t e ,  1 5 .5 %  ( w /w )  c i t r i c  a c id  a n d  
6 2 .9 %  ( w /w )  N a C l w a s  p la c e d  in  t h e  b o t t o m  o f  e a c h  3 0 3  x 4 0 6  
c a n  p r i o r  t o  a d d i t i o n  o f  6 0  -  9 0  m L  ju i c e .  T h e  c a n  b o d ie s  a n d  e n d s  
w e re  # 0 .2 5  e l e c t r o t i n  p l a t e d  w i th  G L D  e n a m e le d  i n t e r io r s ;  t h e  c a n s  
h a d  w e ld e d  s id e  s e a m s . T o m a to e s  w e re  h a n d p a c k e d  a n d  th e  r e m a in 
in g  c a n  v o lu m e  f i l le d  w i th  t h e  a p p r o p r i a t e  ju i c e .  T h e  f i l l  w a s  a d 
j u s t e d  w i th  a  p a d d le  p a c k e r  to  p r o v id e  a n  a v e ra g e  0 .6  c m  n e t  h e a d -  
s p a c e .  C a n s  w e re  s e a le d  o n  a  C C C  3 0 4 - C R - l ,  s te a m -v a c ,  c lo s in g  
m a c h in e ,  p r o c e s s e d  in  a  F M C  1 .4 m ,  r o u n d  b o t t o m ,  c o n t in u o u s  
c o o k e r  f o r  11 m in  a t  1 0 0 ° C ,  c a s e d  a n d  a i r - c o o le d .  A  t o t a l  o f  2 4  
c a n s  w e re  p r o c e s s e d  f o r  e a c h  t r e a t m e n t  c o m b i n a t i o n  a n d  r e p l ic a 
t i o n .

G r a d in g  p r o c e d u r e

T h e  a v e ra g e  l o t  s iz e  f o r  a  t y p i c a l  e a s t e r n  t o m a t o  p r o c e s s o r  is 
a p p r o x im a te ly  in  t h e  r a n g e  1 2 ,0 0 1  -  3 9 ,0 0 0  3 0 3  x 4 0 6  c a n s .  A c 
c o r d in g  to  U S D A  q u a l i t y  g r a d e  s t a n d a r d s  -  g e n e r a l  r e q u i r e m e n t s ,  a  
l o t  s iz e  in  th i s  r a n g e  r e q u i r e s  1 3  s a m p le  u n i t s  t o  e s ta b l i s h  l o t  g ra d e  
( A n o n y m o u s ,  1 9 8 3 ) .  T h e r e f o r e ,  a  13 u n i t  s a m p le  f r o m  e a c h  2 4 - 
c a n  b a t c h  w a s  e v a lu a te d  f o r  s u r f a c e  c o lo r  a n d  d e f e c t s  a c c o r d in g  to  
U S D A -A M S  m e th o d o lo g y  a n d  g r a d e  sc a le s . C a n s  w e re  d r a in e d ,  
t o m a t o e s  r in s e d ,  a n d  t h e  p e e l  r e c o v e r e d .  T h e  q u a n t i t y  o f  p e e l  a d 
h e r in g  to  t h e  b lo s s o m - e n d  ( o f t e n  r e f e r r e d  to  a s  ta g - e n d  p e e l )  a n d  th e  
r e m a in d e r  o f  t h e  f r u i t  w a s  m e a s u r e d  g r a p h ic a l ly  a c c o r d in g  to  U S D A , 
A M S  m e th o d s .  I n  a d d i t i o n ,  t h e  t o t a l  a r e a s  o f  d i s c o l o r e d  a n d  b l e m 
is h e d  r e g io n s  w e re  m e a s u r e d  b y  t h e  s a m e  m e t h o d .

H u n te r  c o lo r  m e a s u r e m e n ts

S a m p le s  o f  t h r e e  c a n s  f r o m  e a c h  t r e a t m e n t  w e re  t a k e n  f o r  d e t e r 
m in a t io n  o f  H u n te r  L , a , b  m e a s u r e m e n t s  u s in g  th e  P a c i f ic  S c ie n t i f i c  
S p e c t r o g a r d  C o lo r  S y s te m  w i th  s p e c t r a l  r e f l e c t a n c e  in c lu d e d .  T h e  
f o u r  la rg e s t  f r u i t  f r o m  e a c h  c a n  w e re  s e le c te d  a n d  m e a s u r e m e n t s  o f  
L ,  a , a n d  b  w e re  t a k e n  o n  tw o  d i f f e r e n t  s u r f a c e  p o r t i o n s  o f  th e  
e q u a t o r i a l  a n d  s h o u ld e r  r e g io n s  a f t e r  t h e  f r u i t  w e re  r in s e d  in  ta p  
w a te r .  T h e  s e t - u p  p a r a m e te r s  f o r  th e s e  m e a s u r e m e n t s  w e re :  2° 
o b s e r v e r  a n g le ,  I l l u m in a n t  C , a n d  a  2 .2  c m  d ia m  v ie w in g  p o r t .  T h e  
i n s t r u m e n t  w a s  c a l i b r a t e d  w i th  th e  w h i t e  a n d  b la c k  s ta n d a r d s  
p r o v id e d .

M o ld  c o u n t in g  p r o c e d u r e

A  s a m p le  o f  t h r e e  c a n s  w a s  t a k e n  f r o m  e a c h  2 4 -c a n  b a t c h  o f  
r e p l ic a te s  I a n d  IV  f o r  e a c h  p e e l in g  t r e a t m e n t  f o r  t h e  c u l t iv a r s  P e to  
9 5  a n d  P e to  6 2 0 3 .  P a c k in g  m e d ia  t o m a t o  ju i c e  w a s  r e m o v e d  f r o m  
e a c h  c a n  a n d  5 0  f ie ld s  w e re  c o u n t e d  a c c o r d in g  to  e s ta b l i s h e d  p r o 
c e d u r e s  ( A n o n y m o u s ,  1 9 7 8 ) .  T h e  n u m b e r  o f  p o s i t iv e  f ie ld s  w a s  
c o n v e r t e d  t o  a  p e r c e n ta g e .

D a ta  a n a ly s is

A n a ly s is  o f  v a r ia n c e  a n d  m e a n  s e p a r a t i o n  b y  D u n c a n ’s M u lt ip le  
R a n g e  T e s t  ( p  <  0 .0 5 )  w e re  a p p l ie d  t o  t h e  d a t a  t o  o b t a in  s t a t i s t i c a l  
c o m p a r i s o n  o f  t r e a t m e n t s .

S T E A M - P E E L E D  T O M A T O E S .  . .

RESULTS

P e r c e n t  r e c o v e r y

S t e a m  p e e l i n g  f o r  5  s e c  r e s u l t e d  i n  s i g n i f i c a n t l y  h i g h e r  
%  r e c o v e r y  t h a n  l y e  p e e l i n g  f o r  a l l  c u l t i v a r s  ( F i g .  1 ) .  P e r c e n t  

r e c o v e r y  f o r  7  s e c  s t e a m  p e e l  t r e a t m e n t s  w e r e  s i g n i f i c a n t l y  

h i g h e r  t h a n  l y e - p e e l e d  f r u i t  f o r  P e t o  9 5  a n d  V F  1 3 4 .  S t e a m  
p e e l i n g  f o r  7  s e c  r e s u l t e d  i n  i n t e r m e d i a t e  %  r e c o v e r y  f o r  a l l  

c u l t i v a r s  a n d  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  5 s e c  
s t e a m - p e e l  o r  l y e - p e e l  f o r  F M  6 2 0 3  a n d  P e t o  7 6 .  T h e r e  w a s  

n o  s i g n i f i c a n t  m a i n  e f f e c t  o f  c u l t i v a r  o n  %  r e c o v e r y .

Defects
Q u a n t i t y  o f  b l o s s o m - e n d  p e e l  w a s  n o t  a f f e c t e d  b y  p e e l  

t r e a t m e n t  ( T a b l e  1 ) .  T h e r e  w e r e  s i g n i f i c a n t  d i f f e r e n c e s  

a m o n g  c u l t i v a r s  w i t h  V F  1 3 4  h a v i n g  t h e  l e a s t  a n d  F M  
6 2 0 3  h a v i n g  t h e  m o s t  a d h e r i n g  b l o s s o m - e n d  p e e l .  T h e  
q u a n t i t y  o f  n o n b l o s s o m - e n d  p e e l  o v e r  a l l  p e e l i n g  t r e a t 
m e n t s  a v e r a g e d  3 3 0 %  g r e a t e r  t h a n  b l o s s o m - e n d  p e e l .  S t e a m -  
p e e l e d  ( 5  s e c  a n d  7  s e c )  f r u i t  a v e r a g e d  s e v e n  t i m e s  g r e a t e r  
n o n b l o s s o m - e n d  p e e l  t h a n  l y e - p e e l e d  f r u i t .  T h u s ,  t o t a l  p e e l  

f r o m  s t e a m - p e e l e d  f r u i t  w a s  f o u r  t i m e s  g r e a t e r  t h a n  l y e -  

p e e l e d  f r u i t  e v e n  t h o u g h  t h e r e  w a s  n o  s i g n i f i c a n t  e f f e c t  o f  
p e e l  t r e a t m e n t  o n  b l o s s o m - e n d  p e e l .  H o w e v e r ,  t h e r e  w a s  a  

t r e n d  t o w a r d  a  l o w e r  q u a n t i t y  o f  b l o s s o m - e n d  p e e l  f o r  l y e -  

t r e a t e d  f r u i t .
I n  a d d i t i o n  t o  p e e l  d e f e c t s ,  t h e  t o t a l  q u a n t i t y  o f  b l e m i s h  

a n d  d i s c o l o r a t i o n  d e f e c t s  w a s  a l s o  f o u n d  t o  b e  g r e a t e r  i n  
s t e a m - p e e l e d  t h a n  i n  l y e - p e e l e d  p r o d u c t  ( T a b l e  2 ) .  B l e m 
i s h e d  a r e a s  a r e  d e f i n e d  a s  “ a b n o r m a l  a r e a s  t h a t  c o n t r a s t  

s t r o n g l y  i n  c o l o r  a n d / o r  t e x t u r e  w i t h  n o r m a l  t o m a t o  t i s 
s u e ”  a n d  d i s c o l o r e d  p o r t i o n s  r e f e r  t o  “ i m p e r f e c t i o n s  w h i c h  
m a y  o r  m a y  n o t  c o n t r a s t  s t r o n g l y  i n  c o l o r  w i t h  n o r m a l

CD
>
O
o
CD

0 2

C u ltiv a r

Fig. 1—P ercen t re c o v e ry  o f  fo u r  to m a to  cu ltiva rs  fo llo w in g  ly e  an d  
s tea m  p ee lin g  trea tm en ts . Each b a r  re p re sen ts  th e  m ea n  o f  th ree  
rep lica tio n s . C om p a riso n  o f  p e e l  tr e a tm e n t m ea n s w ith in  a c u ltiva r  
is b y  D u n can 's M u ltip le  R ange T es t (P <, 0 .0 5 ) .
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t o m a t o  t i s s u e ,  b u t  w h i c h  d e t r a c t  s l i g h t l y  f r o m  t h e  a p p e a r 

a n c e ”  ( A n o n y m o u s ,  1 9 6 4 ) .  P e t o  7 6  a n d  V F  1 3 4  c o n t a i n e d  

t h e  l e a s t  a m o u n t  o f  b l e m i s h  a n d  d i s c o l o r a t i o n .

T h e  a v e r a g e  q u a n t i t y  o f  v a r i o u s  d e f e c t s  i n  a  l o t  s a m p l e  
w e r e  c o n v e r t e d  t o  U . S .  G r a d e s  ( T a b l e  3 ) .  C o m p a r i s o n  o f  
t h e  r e s u l t s  i n  T a b l e s  1 a n d  2  t o  t h e  g r a d e  l i m i t s  p r e s e n t e d  
i n  T a b l e  3  r e v e a l  t h a t  l y e - p e e l e d  f r u i t  a v e r a g e d  U .S .  G r a d e  

B  f o r  d e f e c t s  a n d  s t e a m - p e e l e d  f r u i t  a v e r a g e d  s u b s t a n d a r d  
f o r  d e f e c t s .

Color evaluations
T h e r e  w e r e  n o  s i g n i f i c a n t  e f f e c t s  o f  p e e l  t r e a t m e n t  o r  

c u l t i v a r  o n  a v e r a g e  U S D A  c o l o r  s c o r e s  ( T a b l e  4 ) .  A l l  
t r e a t m e n t  c o m b i n a t i o n s  a v e r a g e d  U S D A  G r a d e  B  f o r  

c o l o r .  I t  i s  n o t e w o r t h y  t h a t  s t e a m - p e e l e d  V F  1 3 4  f r u i t  h a d  
U S D A  c o l o r  s c o r e s  o f  G r a d e  A .

A n a l y t i c a l  c o l o r  m e a s u r e m e n t s  o f  t h e  e q u a t o r i a l  a n d  
s h o u l d e r  r e g i o n s  o f  a l l  t r e a t m e n t s  a r e  p r e s e n t e d  i n  T a b l e  
5 .  T h e r e  w a s  a  s i g n i f i c a n t  ( P <  0 . 0 1 )  e f f e c t  o f  s u r f a c e  r e g i o n  
o n  H u n t e r  b L / a  v a l u e s .  T h e  o v e r a l l  m e a n  b L / a  v a l u e  f o r  t h e  

e q u a t o r  w a s  7 . 6 4  c o m p a r e d  t o  1 0 . 2 3  f o r  t h e  s h o u l d e r .  T h e  
p o o r e r  c o l o r  v a l u e  o f  t h e  s h o u l d e r  s u r f a c e  t i s s u e  is  p r e s u m 
a b l y  a  c o n s e q u e n c e  o f  t h e  t e n d e n c y  f o r  f r u i t  t o  d e m o n 

s t r a t e  s l o w e r  r i p e n i n g  a n d  f o r  a  h i g h e r  c o n c e n t r a t i o n  o f  
v a s c u l a r  t i s s u e  i n  t h a t  r e g i o n .  P e e l  t r e a t m e n t s  h a d  n o  
e f f e c t  o n  c o l o r  q u a l i t y  a t  e i t h e r  r e g i o n .  T h e r e  w e r e  d i f f e r 
e n c e s  a m o n g  c u l t i v a r s  i n  e q u a t o r i a l  r e g i o n  s u r f a c e  c o l o r .  

V F  1 3 4  e x h i b i t e d  s u p e r i o r  c o l o r  h a v i n g  a  b L / a  v a l u e  1 . 2 6  
u n i t s  l o w e r  t h a n  P e t o  9 5 .  A l t h o u g h  t h e r e  w e r e  n o  d i f f e r 
e n c e s  a m o n g  c u l t i v a r s  i n  b L / a  v a l u e s  m e a s u r e d  o n  t h e  
s h o u l d e r  r e g i o n s ,  V F  1 3 4  s h o w e d  t h e  b e s t  c o l o r  o f  a l l  
c u l t i v a r s  t e s t e d .

Mold counts
T h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  m o l d  c o u n t s  b e 

t w e e n  c u l t i v a r s  o r  a m o n g  t h e  t h r e e  p e e l i n g  t r e a t m e n t s .  T h e  
m e a n  p e r c e n t  p o s i t i v e  f i e l d s  f o r  5  s e c  s t e a m ,  7  s e c  s t e a m  
a n d  l y e - p e e l e d  t r e a t m e n t s  w e r e  1 . 0 ,  1 . 8  a n d  0 . 7 ,  r e s p e c 
t i v e l y .  P e t o  9 5  a v e r a g e d  1 .2 %  a n d  P e t o  6 2 0 3  a v e r a g e d  1 .1 %  
p o s i t i v e  f i e l d s .  L y e  p e e l i n g  d i d  n o t  s i g n i f i c a n t l y  r e d u c e  

m o l d  c o u n t s  a s  c o m p a r e d  t o  s t e a m  p e e l i n g .

T able 1—Q u a n tity  o f  b lo sso m -e n d  p e e l, n o n b lo sso m -e n d  p e e l  a n d  
to ta l  p e e l  o f  cu ltiva rs o f  w h o le  ca n n ed  to m a to e s  a f te r  ly e  a n d  s tea m  
p ee lin g

Peel treatment
Cultivar Peel

treatment
meansPeto 76 Peto 95 VF 134 FM 6203

Blossom-end Peel (cm2/can)ab
Lye 0.50 1.46 0.61 1.89 1.04
Steam 5 s 1.37 2.91 0.15 2.06 1.58
Steam 7 s 0.73 1.22 0.12 4.62 1.40

NS
Cultivar means 0.87 be 1.86 ab 0.29 c 2.85 a

Nonblossom-end Peel (cm2/can)ab
Lye 0.79 0.63 1.19 0.99 0.89 b
Steam 5 s 5.29 6.44 6.57 6.45 6.16 a
Steam 7 s 7.23 6.07 4.40 8.07 6.29 a

Cultivar means 4.44 4.38 4.05 5.17 NS
Total peel (cm2/can)ab

Lye 1.29 2.08 1.80 2.88 1.94 b
Steam 5 s 6.67 9.35 6.72 8.51 7.75 a
Steam 7 s 7.96 7.30 4.52 12.68 7.70 a

Cultivar means 5.30 6.24 4.35 8.02 NS

3 Values represent means o f three rep lica tions. Each observation  was 
ca lcu lated  as the mean o f 13 cans. R o w  means p rov ide  fo r  peel 
treatm ent means that d iffe r  from  a r ithm e tic  means, because F M  
6203 data is based on tw o  rep lications. 

b Means w ith in  each row  or co lum n  fo llo w e d  by the same letter are 
not s ign ifican tly  d iffe ren t (P > 0.05).

DISCUSSION
T H E  T R E N D  I N  P E E L I N G  M E T H O D S  f o r  w h o l e  p a c k  

p r o c e s s i n g  t o m a t o e s  i s  t o w a r d  t h e  u s e  o f  h i g h  p r e s s u r e  

s t e a m  a n d  s c a l d i n g  t r e a t m e n t s .  T h e s e  m e t h o d s  a r e  b e i n g  
c o m m e r c i a l l y  u s e d  i n  C a l i f o r n i a .  H o w e v e r ,  c o m m e r c i a l  
s c a l e  r e s e a r c h  o n  t h e  u s e  o f  s t e a m  p e e l i n g  m e t h o d s  f o r  c u l 
t i v a r s  a d a p t e d  t o  e a s t e r n  c o n d i t i o n s  h a s  n o t  b e e n  r e p o r t e d .  

R e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  r e c o v e r y  o f  h i g h  ( 7  a t m )  
p r e s s u r e ,  s h o r t  e x p o s u r e  t i m e ,  s t e a m - p e e l e d  t o m a t o e s  i s  
g r e a t e r  t h a n  f o r  l y e - p e e l e d  f r u i t .  H o w e v e r ,  t h e  e f f i c a c y  o f  
p e e l  a n d  d e f e c t  r e m o v a l  b y  s t e a m  p e e l i n g  w a s  i n f e r i o r  t o  
t h a t  a t t a i n e d  w i t h  l y e  p e e l i n g  f o r  t h e  p e e l i n g  v a r i a b l e s  

e m p l o y e d .  T h i s  i s  o f  m a j o r  p r a c t i c a l  i m p o r t a n c e  w i t h  r e g a r d  
t o  i n d u s t r y  o b j e c t i v e s .

T h e  q u a n t i t y  o f  d e f e c t s  m e a s u r e d  f o r  t h e  s t e a m - p e e l  

t r e a t m e n t s  p r o v i d e d  s u b s t a n t i a l  p o t e n t i a l  f o r  l o t s  t o  h a v e  
r e c e i v e d  U S D A  s u b s t a n d a r d  g r a d e .  I t  i s  m o s t  i m p o r t a n t  t h a t  
c a n n e d  w h o l e  t o m a t o e s  r e c e i v e  g r a d e s  n o t  l e s s  t h a n  U .S .  
G r a d e  C . T h e  q u a n t i t y  o f  d e f e c t s  f o u n d  i n  t h e  s t e a m -  
p e e l e d  t e s t  p r o d u c t s  w o u l d  h a v e  r e s u l t e d  i n  s u b s t a n t i a l  s u b 
s t a n d a r d  g r a d e  p r o d u c t  i n  a  U S D A  l o t  s a m p l i n g  p r o g r a m .  

I n  o r d e r  t o  a c h i e v e  g r e a t e r  e f f i c a c y  o f  d e f e c t  r e m o v a l ,  
a n d  t h u s  a t t a i n m e n t  o f  h i g h e r  U . S .  G r a d e ,  l o n g e r  d w e l l  

t i m e s  a n d / o r  d i f f e r e n t  s t e a m  p r e s s u r e s  m u s t  b e  u t i l i z e d  
t o  s t e a m  p e e l  t h e s e  t o m a t o e s .  A  p r o b a b l e  c o n s e q u e n c e  o f  
i n c r e a s e d  i n t e n s i t y  o f  s t e a m  p e e l i n g  is  a  d e c l i n e  i n  p e r c e n t  
r e c o v e r y .  H o w e v e r ,  t h e  p o t e n t i a l  f o r  r e c o v e r y  o f  p e e l  a n d  
p u l p  m a t e r i a l  f r o m  s t e a m  p e e l i n g  f o r  s u b s e q u e n t  u s e  i n  
s a u c e  a n d  p u r e e  m a n u f a c t u r e  e x i s t s .  R e c o v e r y  o f  s u c h  m a 
t e r i a l  f o r  u s e  i n  p u r e e  a n d  s a u c e  f r o m  l y e - p e e l e d  f r u i t  i s  

i m p r a c t i c a l ,  e s p e c i a l l y  f o r  s m a l l  e a s t e r n  c a n n e r i e s .  T h u s ,  
g r e a t e r  e c o n o m i c  g a i n  m a y  b e  r e a l i z e d  w i t h  s t e a m  p e e l i n g  
e v e n  i f  r e c o v e r y  o f  w h o l e  t o m a t o e s  i s  e q u i v a l e n t  t o  t h a t  

e x p e r i e n c e d  w i t h  l y e  p e e l i n g .
T h e  a l l e g e d  i m p r o v e m e n t  i n  t h e  s u r f a c e  c o l o r  o f  s t e a m -  

p e e l e d  t o m a t o e s  d u e  t o  a  g r e a t e r  q u a n t i t y  o f  r e m a i n i n g  
m e s o c a r p  t i s s u e  s u b t e n d i n g  t h e  p e e l  t h a n  f o r  l y e - p e e l e d  
t o m a t o e s  w a s  n o t  c o n f i r m e d  i n  t h i s  w o r k .  A l t h o u g h  a  

m i n o r  t r e n d  t o w a r d  i m p r o v e d  c o l o r  f o r  s t e a m - p e e l e d  
t o m a t o e s  w a s  n o t e d  i n  t h e  n a l y t i c a l  c o l o r  d a t a ,  t h e r e  
w a s  n o  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e .  O v e r a l l ,  V F  1 3 4  
e x h i b i t e d  t h e  b e s t  c o l o r  a n d  l e a s t  q u a n t i t y  o f  d e f e c t s .

T able 2 —Q u a n tity  o f  b lem ish  a n d  d isc o lo ra tio n  d e fe c ts  o f  fo u r  c u l t i 
vars o f  w h o le  ca n n ed  to m a to e s  a f te r  ly e  a n d  s te a m  p ee lin g

Blemish and discoloration defects

Peel treatment

(cm2/can)ab
Cultivar

Peel
treatment

meansPeto 76 Peto 95 VF 134 FM 6203

Lye 1.04 0.88 0.74 1.52 1.05 b
Steam 5 s 1.19 2.99 1.85 3.06 2.27 a
Steam 7 s 2.03 2.85 1.60 3.16 2.41 a

Cultivar means 1.42 b 2.24 ab 1.40 b 2.58 a

a Va lues represent means o f three rep lica tions. Each observation  was 
ca lcu la ted  as the mean o f 13 cans.

b Means w ith in  each row  or co lum n  fo llo w e d  by the same letter are 
not s ig n ifican tly  d iffe ren t (P > 0.05).

T able 3 —M axim u m  p e r m it te d  q u a n titie s  o f  d e f e c t  ca teg o r ies  fo r  
U SD A  grades o f  ca n n ed  to m a to e s

Defects (Mean cm2/can)

Grade3 Peel Blemish Discoloration

A 1.27 0.16 0.64
B 2.54 0.32 1.27
C 2.54 0.64 1.90

Substandard >2.54 >0.64 >1.90

a U.S. Standards fo r  grades o f canned tom atoes — e ffective  Ju ly  24, 
1964.
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T able 4 —U SD A  c o lo r  sco re  p o in ts  o f  4  cu ltiva rs  o f  w h o le  ca n n ed  
to m a to e s  a f te r  ly e  a n d  stea m  p ee lin g

USDA color score points30
Peel

treatmentCultivar

Peel treatment Peto 76 Peto 95 VF 134 FM 6203 means

Lye 25.9 25.3 24.9 25.6 25.4
Steam 5 s 26.2 25.5 27.4 25.8 26.2
Steam 7 s 25.5 25.5 27.0 25.9 26.0

Cultivar means 25.9 25.4 26.4 ' 25.8 NS
NS

a Color score points in the range of 27— 30 are classified as U S D A
Grade A f 24— 26 is U S D A  Grade B, 21—23 is U S D A  Grade C, and 
0— 20 is U S D A  Substandard . Ind iv idua l sam ple units fa llin g  in to  
the 24— 26 range lim it  the sample grade to  U S D A  Grade B regard- 
less o f to ta l score.

b Va lues represent means o f three rep lica tions. Each observation  was 
ca lcu la ted  as the mean o f 13 cans.

C u l t i v a r  s e l e c t i o n  i s ,  t h e r e f o r e ,  a n  i m p o r t a n t  c o n s i d e r a t i o n  

f o r  b o t h  g r o w e r  a n d  p r o c e s s o r .  A d d i t i o n a l  t e s t i n g  o f  c u l t i 
v a r  r e s p o n s e  t o  s e v e r a l  s t e a m - p e e l i n g  v a r i a b l e s  w i l l  b e  

n e e d e d .
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TTP OF C O R N  POPPING . . . From page 1414

n e l ,  o b t a i n e d  b y  l i n e a r l y  e x t r a p o l a t i n g  t h e  s t r a i g h t  
l i n e  p o r t i o n  o f  t e m p e r a t u r e  h i s t o r y  c u r v e  w h i c h  is  
p l o t t e d  o n  s e m i - l o g  p a p e r  ( ° C )

T b r =  T e m p e r a t u r e  a t  t h e  b r e a k  p o i n t  ( ° C )
T p =  T e m p e r a t u r e  a t  t h e  m o m e n t  t h e  k e r n e l  p o p s  ( ° C )
t  =  T i m e  v a r i a b l e  ( s e c )

t b r =  T i m e  a t  t h e  b r e a k  p o i n t
t p  =  T i m e  r e q u i r e d  f o r  p o p p i n g  ( s e c )
W  j =  I n i t i a l  w e i g h t  i n  g r a m s  o f  t h e  c o r n  k e r n e l s  s a m p l e  
W j  =  W e i g h t  i n  g r a m s  o f  t h e  c o r n  k e r n e l s  s a m p l e  a t  t h e  

e n d  o f  t h e  d r y i n g  t i m e

W b =  W e i g h t  i n  g r a m s  o f  t h e  c o r n  k e r n e l s  b e f o r e  p o p p i n g  
W a =  W e i g h t  i n  g r a m s  o f  t h e  c o r n  k e r n e l s  a f t e r  p o p p i n g
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A  L a b o r a t o r y  a n d  F i e l d  S t u d y  o f  t h e  R e l a t i o n s h i p  B e t w e e n  

C a l c i u m  S o u r c e s  a n d  B r o w n i n g  i n  A p p l e  J u i c e

R. B. SMITH and R. A. CLINE

-------------------------------ABSTRACT-------------------------------
C h lo r id e  io n s  a d d e d  to  f r e s h ly  p r e s s e d  a p p le  j u i c e  a t  t h e  r a t e  o f  0 .2  
m g /1 0 0  m L  s ig n if ic a n t ly  s lo w e d  b r o w n in g .  L e v e ls  o f  c h lo r id e  c o n 
s id e r a b ly  h ig h e r  t h a n  th i s  w e re  d e t e c t e d  in  j u i c e  p r o d u c e d  f r o m  
a p p le s  o f  t h e  c u l t iv a r  N o r t h e r n  S p y  w h ic h  h a d  b e e n  s p r a y e d  w i th  
C a C l2 ( 4 4 .8  K g /h a ) .  J u ic e  c o n ta in in g  th e s e  c h lo r id e  s p r a y  r e s id u e s  
b r o w n e d  a t  a  s ig n i f i c a n t ly  s lo w e r  r a t e  t h a n  ju i c e  f r o m  a p p le s  o f f  
c o n t r o l  t r e e s .  C h e la te d  C a C l2 s p r a y s  a p p l ie d  a t  c o n s id e r a b ly  lo w e r  
r a t e s  o f  c h lo r id e  io n  ( 1 3 .6  a n d  2 7 .2  K g /h a  o f  f o r m u l a t i o n  c o n 
ta in in g  6 .0 %  c a lc iu m  a n d  1 0 . 1 % c h lo r id e )  a n d  c h e l a te d  C a ( N 0 3)2 
( 1 3 .6  a n d  2 7 .2  K g /h a  o f  f o r m u l a t i o n  c o n ta in in g  6 .0 %  c a l c iu m  a n d  
1 8 .6 %  n i t r a t e )  d id  n o t  s ig n i f i c a n t ly  c h a n g e  th e  le v e l o f  b ro w n in g  
f r o m  t h a t  o f  t h e  c o n t r o l .

INTRODUCTION
I N  T H E  C O M M E R C I A L  P R O D U C T I O N  o f  a p p l e  j u i c e ,  
l i m i t e d  l e v e l s  o f  o x i d a t i v e  e n z y m a t i c  b r o w n i n g  a r e  d e s i r e d  

b y  m a n y  p r o c e s s o r s  a n d  c o n s u m e r s  ( L u t h i ,  1 9 5 3 ) .  P o l y 

p h e n o l  o x i d a s e  c a t a l y z e s  t h i s  o x i d a t i v e  b r o w n i n g  p r o c e s s  i n  

a p p l e  j u i c e  ( M a t h e w  a n d  P a r p i a ,  1 9 7 1 ) .  I t s  a c t i o n  i s  i n h i b 

i t e d  b y  i o n s  s u c h  a s  B r ~  a n d  C l — a n d  b y  c o m p o u n d s  s u c h  
a s  S 0 2 a n d  a s c o r b i c  a c i d  ( J o s l y n  a n d  P o n t i n g ,  1 9 5 1 ;  T a u f e l  
a n d  V o i g t ,  1 9 6 4 ) .  C o m p l e t e  e l i m i n a t i o n  o f  t h e  o x i d a t i v e  

p r o c e s s  c a u s e s  a n  u n d e s i r a b l e  g r e e n i s h  c o l o r  i n  t h e  j u i c e  
( L u t h i ,  1 9 5 3 ) .  A p p l e  j u i c e  w h i c h  h a d  a  g r e e n i s h  c o l o r  a n d  
w o u l d  n o t  b r o w n  w a s  a  p r o b l e m  f o r  o n e  p r o c e s s o r  i n  t h e  

G e o r g i a n  B a y  a r e a  o f  O n t a r i o  i n  1 9 8 0  ( W i l s o n ,  K . ,  p e r s o n a l  
c o m m u n i c a t i o n ) .  S p r a y s  o f  C a C l 2 a p p l i e d  t o  a p p l e  t r e e s  a t  
t h e  a p p r o p r i a t e  t i m e  a r e  e f f e c t i v e  i n  t h e  p r e v e n t i o n  o f  
b i t t e r  p i t  i n  t h e  f r u i t  ( C l i n e ,  1 9 7 5 ) .  T h e  p o s s i b i l i t y  e x i s t e d  
t h a t  t h e  a b s e n c e  o r  r e d u c t i o n  o f  b r o w n i n g  w a s  d u e  t o  t h e  
u s e  o f  C a C l 2 . T h e  o b j e c t i v e s  o f  t h i s  s t u d y  w e r e  t o  d e t e r 

m i n e  t h e  m i n i m u m  c o n c e n t r a t i o n  o f  c h l o r i d e  i o n  w h i c h  

w o u l d  a f f e c t  t h e  b r o w n i n g  p r o c e s s  i n  a p p l e  j u i c e  r e l a t i v e  t o  
c h l o r i d e  i o n  c o n c e n t r a t i o n s  p r e s e n t  i n  a p p l e  j u i c e  p r o d u c e d  
f r o m  a p p l e s  r e c e i v i n g  C a C l 2 s p r a y s .  T h e  e f f e c t  o f  c h e l a t e d  

C a C l 2 a n d  C a ( N 0 3 ) 2 c o m p a r e d  t o  C a C l 2 o n  j u i c e  b r o w n i n g  
w a s  a l s o  s t u d i e d .

MATERIALS & METHODS

A p p a r a tu s

A p p le s  u s e d  in  th e s e  in v e s t ig a t io n s  w e re  e x a m in e d  a f t e r  s to r a g e  
a t  0 ° C  f o r  in te rv a ls  o f  2 - 3  w k  o r  6  m o n th s .  U p o n  r e m o v a l  f r o m  
s to r a g e ,  t h e  a p p le s  w e re  s p r a y  w a s h e d  in  t a p  w a te r  a n d  r in s e d  in  
d is t i l l e d  w a te r .  T h e  f r u i t  w a s  m i l le d  w h ile  c o ld  u s in g  t h e  a p p le  m il l  
o f  a  B u c h e r - G u y e r  T P Z  7 f r u i t  p r e s s .  T h e  p u lp  f r o m  8 k g  a p p le s  w a s  
c o l le c te d  in  3 0  m e s h  h e a v y  d u t y  c h e e s e c lo th  a n d  th e  j u i c e  s q u e e z e d  
b y  h a n d  to  m in im i z e  t h e  in te r v a l  f r o m  m il l in g  to  ju ic in g .  S a m p le s  
o f  j u i c e  f r o m  th e  v a r io u s  t r e a t m e n t  c o m b in a t io n s  w e re  p la c e d  in  a 
2 0 ° C  w a te r  b a th .  T h e  t im e  b e tw e e n  m il l in g  a n d  p la c in g  in  th e  w a te r  
b a t h  w a s  s t a n d a r d i z e d  to  1 .5  m in .  T h e  c o lo r  o f  t h e  j u i c e  w a s  m e a 
s u re d  w i th  a  H u n te r L a b  D 2 5 -3 A  C o lo r  D i f f e r e n c e  M e te r .  D u p l ic a te  
5 0  m L  s a m p le s  w e re  p la c e d  in  s a m p le  c u p s  ( A g t r o n  s a m p le  c u p  
1 1 5 9 5 ) ,  a n d  t h e  c o lo r  r e a d  t h r o u g h  t h e  b o t t o m  o f  t h e  c u p  u s in g  
r e f le c te d  l ig h t .  T h e  f in a l  s t a n d a r d i z a t i o n  o f  t h e  H u n te r  C o lo r  m e te r

A u th o rs  S m ith  a n d  C line are a ff i l ia te d  w ith  th e  H o rticu ltu ra l 
R esearch  I n s titu te  o f  O n ta rio , V in elan d  S ta tio n , O n ta rio , Canada  
LOR 2E0.

w a s  m a d e  o n  th e  y e l lo w  t i le ,  ( L  =  7 7 .4 ,  a  =  - 2 . 1 ,  a n d  b  =  2 3 .0 ) ,  
t h e  f o c u s  w a s  1 0 .3  m m  a n d  th e  p o r t  d i a m e te r  w a s  5 4 .0  m m .

C h lo r id e  io n  d e t e r m in a t io n s  w e re  m a d e  u s in g  th e  p o t e n t i o m e t r i c  
m e t h o d  (A O A C , 1 9 7 5 )  u s in g  5 0 .0  m L  ju i c e  a n d  t i t r a t i n g  w i th  0 .0 1 N  
A g N 0 3 . A  F is h e r  m o d e l  4 2 0  p H / i o n  m e te r  e q u ip p e d  w i th  F i s h e r  
u n iv e r s a l  g la s s  ( 1 6 - 6 3 9 - 3 )  a n d  s ilv e r  b i l l e t  ( 1 6 - 6 3 9 - 1 2 2 )  e le c t r o d e s  
w a s  u s e d  f o r  m a k in g  th e  d e t e r m in a t io n s .  T o t a l  t i t r a t a b l e  a c id s  a n d  
p H  o f  th e  s a m p le s  w e re  m e a s u r e d  u s in g  a  M e t r o h m  D o s im a t  t i t r a t o r  
( m o d e l  E 4 1 5 )  a n d  p H  m e t e r  ( m o d e l  E 5 1 2 ) .  T h e  p e r c e n t  s o lu b le  
s o l id s  w a s  d e t e r m in e d  u s in g  a n  A m e r ic a n  O p t i c a l  M o d e l  1 0 4 5 0  
A b b e  t y p e  r e f r a c to m e te r .

L a b o r a to r y  t e s t s

S to c k  s o lu t io n s  o f  C a C l2 , B a C l2 , C a ( N 0 3 ) 2 , C 6 H 5O H , C H 3 C1, 
c h e l a te d  C a C l2 a n d  c h e l a te d  C a (N 0 3)2  w e re  p r e p a r e d .  S u f f i c i e n t  
q u a n t i t i e s  o f  e a c h  o f  th e s e  s to c k  s o lu t io n s  w e re  p i p e t e d  in to  f la s k s  
to  g iv e  f in a l  c o n c e n t r a t i o n s  o f  5 .0 ,  5 0 .0  a n d  5 0 0 .0  m g /L  f o r  e a c h  
s o u rc e  o f  c h lo r id e ,  n i t r a t e  o r  p h e n y l ic  a c id  w h e n  d i lu t e d  w i th  a p p le  
ju i c e .  A  s to c k  s o lu t io n  o f  HC1 w a s  p r e p a r e d  s o  a s  to  g iv e  a  c h lo r id e  
c o n c e n t r a t i o n  o f  2 .0 ,  2 0 .0  a n d  2 0 0 .0  m g /L .  I m m e d ia t e ly  a f t e r  
p r e s s in g ,  j u i c e  f r o m  N o r t h e r n  S p y  a p p le s ,  w h ic h  h a d  n o t  r e c e iv e d  
p r e  o r  p o s th a r v e s t  t r e a t m e n t s  o f  C a C U ,  w a s  a d d e d  to  t h e  p r e m e a 
s u re d  s to c k  s o lu t io n s .  T h e  c o lo r  o f  t h e s e  s a m p le s  w a s  m e a s u r e d  a f t e r  
3 0  m in  a n d ,  f o r  s o m e  s e le c te d  s a m p le s ,  a f t e r  2 4  h r .  T h e  c o n t r o l  
c o n s i s te d  o f  e q u iv a le n t  v o lu m e s  o f  w a te r .  A f t e r  t h e  s a m e  t im e  
in te r v a l s ,  s ix  s a m p le s  o f  j u i c e  f r o m  s e le c te d  t r e a t m e n t s  w e r e  r a n k e d  
f o r  b r o w n in g  b y  e ig h t  p a n e l i s t s .  T h e  p a n e l i s t s  w e r e  s e le c te d  f r o m  
r e s e a r c h  a n d  te c h n ic a l  s t a f f  t r a in e d  in  s e n s o r y  e v a l u a t io n  t e c h n iq u e s  
( L a r m o n d ,  1 9 7 7 ) .  T h e  s a m p le s  o f  j u i c e  f o r  s e n s o r y  e v a l u a t io n  w e re  
p la c e d  in  A g t r o n  s a m p le  c u p s .  T h e  s a m p le s  w e re  r a n k e d  in  a  n e u t r a l ,  
l ig h t  g r a y  c o lo r  r o o m  w i th  c o n t r o l l e d  i l l u m i n a t i o n  ( F u le k i ,  1 9 7 1 ) .  
T h e  s a m p le s ,  id e n t i f i e d  n u m e r ic a l ly  a n d  p r e s e n te d  in  a  r a n d o m  d is 
p la y ,  w e re  r a n k e d  f r o m  l ig h te s t  t o  d a r k e s t  b y  t h e  p a n e l i s t s .  T h e s e  
r a n k in g s  w e re  c o r r e l a t e d  w i th  H u n te r  L , a ,  b ,  a / L ,  a /b  a n d  h u e  to  
d e t e r m in e  w h ic h  H u n te r  C o lo r  r e a d in g  b e s t  m e a s u r e d  t h e  b r o w n in g  
in  a p p le  ju i c e .  S a m p le s  o f  j u i c e  f o r  c h lo r id e  io n ,  p H  a n d  t i t r a t a b l e  
a c i d i ty  d e t e r m i n a t i o n s  w e re  f r o z e n  a t  - 3 0 ° C  u n t i l  a n a ly z e d .  T h e  
e f f e c t s  o f  s e le c te d  a n io n s  o n  e n z y m a t i c  b r o w n in g  w e re  f u r t h e r  
e v a l u a te d  u s in g  ju i c e  f r o m  th e  c u l t iv a r s  D e l ic io u s  a n d  M c I n to s h .  T h e  
d a t a  w e re  s u b je c t e d  t o  a  3 -w a y  a n a ly s is  o f  v a r ia n c e  f o l l o w e d  b y  r e 
g r e s s io n  a n a ly s is  ( S te e l  a n d  T o r r i e ,  1 9 6 0 ) .

F ie ld  t e s t s

C a lc iu m  c h lo r id e ,  c h e l a t e d  C a C l2 a n d  c h e l a t e d  C a ( N 0 3 )2  w e re  
a p p l ie d  t o  t h e  c u l t iv a r  N o r th e r n  S p y  in  a n  o r c h a r d  in  t h e  G e o rg ia n  
B a y  a r e a  f o r  tw o  s e a s o n s ,  a n d  f o r  o n e  s e a s o n  to  a n  o r c h a r d  n e a r  
S im c o e ,  O n ta r io ,  a s  w e ll  a s  to  s e v e ra l  c u l t iv a r s  g r o w n  a t  t h e  H o r t i 
c u l tu r a l  R e s e a r c h  I n s t i t u t e  o f  O n t a r i o ,  V in e la n d  S t a t i o n .  T h e  C a C l2 
w a s  a p p l ie d  a t  4 4 .8  k g /h a  a s  r e c o m m e n d e d  f o r  t h e  c o n t r o l  o f  b i t t e r  
p i t  (C l in e ,  1 9 7 5 ) .  T h e  c h e l a t e d  C a C U  ( 6 % c a lc iu m  a n d  1 0 .1 %  
c h lo r id e )  a n d  C a ( N 0 3)2  ( 6 %  C a lc iu m  a n d  1 8 .6 %  n i t r a t e )  w e re  
a p p l ie d  a t  1 3 .6  k g /h a ,  t h e  r a t e  c u r r e n t l y  b e in g  e v a l u a t e d  f o r  th e  
c o n t r o l  o f  b i t t e r  p i t  ( S to l l e r  C h e m ic a l  C o .,  H o u s t o n ,  T X )  a n d  a t
2 7 .2  k g /h a .  S in c e  c a l c iu m  is t h o u g h t  t o  b e  m o r e  e f f e c t iv e  in  th e  
c h e l a t e d  f o r m  in  c o n t r o l l i n g  p h y s io lo g ic a l  d i s o r d e r s  t h a n  C a C U  
s a l t ,  le ss  c a l c iu m  w a s  a p p l ie d  w h e n  th e  c h e l a t e d  f o r m  w a s  u s e d  
(C lin e ,  1 9 7 5 ) .  S a m p le s  o f  a p p le s  w e re  r a n d o m ly  s e le c te d  d u r in g  th e  
c o m m e r c ia l  h a r v e s t  w h e n  t h e  f i r m n e s s  o f  t h e  f r u i t  w a s  a t  1 4 4  ± 7 
K P a  (2 1  + 1 p s i)  t o  d e t e r m in e  t h e  a m o u n t  o f  c h lo r id e  io n  p r e s e n t  
a n d  i ts  e f f e c t  o n  b ro w n in g .  T h e  c o lo r  o f  th i s  j u i c e  w a s  d e t e r m in e d  
o b je c t iv e ly  3 0  m in  a n d  2 4  h r  a f t e r  p re s s in g .  S a m p le s  o f  j u i c e  w e re  
f r o z e n  f o r  c h lo r id e  io n ,  p H ,  t i t r a t a b l e  a c i d i ty  a n d  s o lu b le  s o l id s  
d e t e r m in a t io n s .  R a n d o m ly  s e le c te d  s a m p le s  o f  f r u i t  t o  w h ic h  th e  
s ix  f i e ld  s p r a y s  h a d  b e e n  a p p l ie d  w e re  r a n k e d  f o r  b lu s h .  T h e  b lu s h  
w a s  r a n k e d  b y  p a n e l i s t s  u n d e r  t h e  s a m e  c o n d i t i o n s  o f  b a c k g r o u n d
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c o lo r  a n d  l ig h t in g  a s  w a s  u s e d  t o  r a n k  ju i c e  b ro w n in g .  S a m p le s  f r o m  
th e s e  s a m e  tr i a ls  w e re  s u b je c t e d  t o  f i r m n e s s  m e a s u r e m e n t s  u s in g  a  
M a g n e s s -T a y lo r  p r e s s u r e  t e s t e r  w i th  a n  11 m m  d ia m e te r  p r o b e .

RESULTS & DISCUSSIONS
I N  A  V I S U A L  E V A L U A T I O N  o f  s e l e c t e d  j u i c e  s a m p l e s ,  
e a c h  p a n e l i s t  r a n k e d  t h e  s i x  s a m p l e s  i n  t h e  s a m e  o r d e r .  C o r 
r e l a t i o n s  b e t w e e n  t h e s e  v i s u a l  r a n k i n g s  f o r  c o l o r  a n d  H u n t e r  
c o l o r  i n d e x  v a l u e s  L ,  a ,  b ,  a / L ,  a / b  a n d  h u e ,  r e v e a l e d  t h a t  
t h e r e  w a s  h i g h  c o r r e l a t i o n  b e t w e e n  L  v a l u e s  a n d  v i s u a l  
r a n k i n g s  f o r  l i g h t n e s s  o f  j u i c e  s a m p l e s .  T h e  L  v a l u e s  f r o m  
t h e  i n s t r u m e n t a l  m e a s u r e m e n t s  w e r e  i n  t h e  s a m e  o r d e r  f o r  
l i g h t n e s s  a s  t h e  v i s u a l  r a n k i n g  r e s u l t i n g  i n  a  c o r r e l a t i o n  c o e f 

f i c i e n t  o f  1 . 0 .  T h e  c o r r e l a t i o n s  b e t w e e n  t h e  o t h e r  r e a d i n g s  
a n d  v i s u a l  r a n k i n g s  w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  T h u s ,  
H u n t e r  L  v a l u e s  w e r e  u s e d  a s  a  m e a s u r e  o f  b r o w n i n g  i n  
a p p l e  j u i c e  i n  a l l  e x p e r i m e n t a l  e v a l u a t i o n s ;  t h e  h i g h e r  t h e  
L  v a l u e ,  t h e  l i g h t e r  t h e  j u i c e .

T h e  a d d i t i o n  o f  k n o w n  q u a n t i t i e s  o f  c h l o r i d e  i o n  t o  
f r e s h  p r e s s e d  a p p l e  j u i c e  r e s u l t e d  i n  s i g n i f i c a n t l y  ( P  =  0 . 0 1 )  

l e s s  b r o w n i n g  i n  t h e  j u i c e .  S i n c e  t h e  a n a l y s i s  o f  v a r i a n c e  
c o m p a r i n g  t h e  e x p e r i m e n t a l  m e a n s  i n d i c a t e d  t h a t  t h e r e  
w e r e  s i g n i f i c a n t  i n t e r a c t i o n s ,  a n  a n a l y s i s  o f  v a r i a n c e  f o r  

r e g r e s s i o n  w a s  p e r f o r m e d  f o r  e a c h  s o u r c e  o f  i o n .  T h i s  
a n a l y s i s  s h o w e d  t h a t  w h e n  c h l o r i d e  i o n  w a s  p r e s e n t ,  t h e  
j u i c e  b e c a m e  s i g n i f i c a n t l y  l i g h t e r  i n  c o l o r  a s  c o n c e n t r a t i o n  
o f  c h l o r i d e  i o n  i n c r e a s e d .  S a m p l e s  c o n t a i n i n g  C H 3 C1 w e r e  
d i s c a r d e d  s i n c e  t h i s  c o m p o u n d  w a s  i m m i s c i b l e  a n d  n o n i o n 
i z i n g  a n d  d i d  n o t  r e t a r d  t h e  b r o w n i n g  p r o c e s s .  D a t a  o b t a i n e d  

f r o m  j u i c e  t o  w h i c h  c h e l a t e d  c o m p o u n d s  h a d  b e e n  a d d e d  
w e r e  n o t  u s e d  i n  s t a t i s t i c a l  a n a l y s e s  b e c a u s e  t h e  d a r k  b r o w n  
c o l o r  o f  t h e  f o r m u l a t i o n  i m p a r t e d  a n  i n t e r f e r i n g  b r o w n  
t i n g e  t o  t h e  j u i c e .  D a t a  f r o m  a l l  o t h e r  c o m b i n a t i o n s  w e r e  
c o m b i n e d  a n d  a  r e g r e s s i o n  a n a l y s i s  c o n d u c t e d .  T h e r e  w a s  a  
s i g n i f i c a n t  l i n e a r  c o r r e l a t i o n  ( F i g .  1 )  b e t w e e n  t h e  l o g  o f  
c h l o r i d e  i o n  c o n c e n t r a t i o n  a n d  c o l o r  r e a d i n g s ,  s i m i l a r  t o  
t h a t  f o u n d  f o r  s p e c i f i c  c h l o r i d e  i o n  s o u r c e s  ( F i g .  1 ) . T h i s  i n 
d i c a t e s  t h a t  e a c h  s o u r c e  o f  c h l o r i d e  i o n  h a d  a n  e f f e c t  o n  
b r o w n i n g ;  t h e  m a g n i t u d e  w a s  p r o p o r t i o n a l  t o  c h l o r i d e  i o n  
c o n c e n t r a t i o n .

T h e  p o t e n t i o m e t r i c  t i t r a t i o n  m e t h o d  u s e d  g a v e  g o o d  
r e c o v e r y  o f  a d d e d  c h l o r i d e  i o n  u p  t o  2 0  m g / L  ( T a b l e  1 ) .  

T h e  d i s c r e p a n c y  b e t w e e n  a d d e d  a n d  d e t e c t e d  c h l o r i d e  i o n  
i n c r e a s e d  w i t h  l e v e l s  o f  c h l o r i d e  w h e n  a d d i t i o n s  e x c e e d e d  
2 0  m g / L .  L e v e l s  o f  c h l o r i d e  i o n  f o u n d  i n  a p p l e s  f r o m  t r e e s  

s p r a y e d  w i t h  C a C l 2 w e r e  l e s s  t h a n  2 0  m g / L ,  t h u s  t h e  m e t h 
o d  u s e d  s h o u l d  a c c u r a t e l y  r e f l e c t  t h e  q u a n t i t y  o f  c h l o r i d e  
i o n  p r e s e n t  i n  t h e s e  f r u i t s .  T h e  p o t e n t i o m e t r i c  t i t r a t i o n  
m e t h o d  w a s  r e v i e w e d  b y  C a n t l i f f e  e t  a l .  ( 1 9 7 0 )  a n d  w a s  
f o u n d  t o  b e  a c c u r a t e  a n d  s e n s i t i v e .  C h l o r i d e  i o n  d e t e r m i n a 
t i o n s  w e r e  m a d e  o n  u n f i l t e r e d  s a m p l e s ,  a  m e t h o d  r e p o r t e d  
b y  C a n t l i f f e  e t  a l .  ( 1 9 7 0 )  t o  g iv e  t h e  h i g h e s t  c h l o r i d e  i o n  
r e c o v e r y .  I t  i s  p o s s i b l e  t h a t  a t  h i g h  c o n c e n t r a t i o n s ,  s o m e  
c h l o r i d e  i o n  b e c a m e  f i x e d  b y  c h e m i c a l  c o m b i n a t i o n  w i t h  

c o n s t i t u e n t s  i n  t h e  j u i c e  a n d  t h u s  w a s  n o t  t i t r a t e d  w i t h  
A g N 0 3 .

A n a l y s i s  o f  v a r i a n c e  o f  t h e  d a t a  f o r  c o l o r  o f  j u i c e  f r o m  
N o r t h e r n  S p y  a p p l e s  s h o w e d  t h a t  t h e r e  w e r e  s i g n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  t h e  t r e a t m e n t  m e a n s  f o r  j u i c e  f r o m  
a p p l e s  r e c e i v i n g  v a r i o u s  f i e l d  s p r a y s .  C o m p a r i s o n  o f  t h e  
m e a n s  ( T a b l e  2 )  s h o w e d  t h a t  t h i s  e f f e c t  w a s  d u e  t o  C a C l 2 
s p r a y s .  S i m i l a r  t r e n d s  w e r e  o b s e r v e d  f o r  t h e  c u l t i v a r s  
M c I n t o s h  a n d  D e l i c i o u s  r e c e i v i n g  s i m i l a r  f i e l d  s p r a y s .  T h e  
e f f e c t  w a s  m o s t  p r o n o u n c e d  a t  2 0  a n d  3 0  m i n  a f t e r  p r e s s i n g .  
H o w e v e r ,  t h e r e  w a s  s t i l l  a  s i g n i f i c a n t  d i f f e r e n c e  i n  c o l o r  
r e a d i n g s  a n d  v i s u a l  r a n k i n g s  2 4  h r  a f t e r  p r e s s i n g .  I n  s e v e r a l  
t r i a l s ,  t h e  j u i c e  f r o m  a p p l e s  s p r a y e d  w i t h  c h e l a t e d  C a C l 2 
w a s  l i g h t e r  t h a n  t h a t  f r o m  a p p l e s  f r o m  c o n t r o l  a n d  c h e l a t e d  

C a ( N 0 3 ) 2 s p r a y e d  t r e e s ,  b u t  t h e  d i f f e r e n c e s  w e r e  n o t  s t a t i s 

t i c a l l y  s i g n i f i c a n t .  A n a l y s i s  o f  v a r i a n c e  a n d  c o m p a r i s o n  o f

t h e  t r e a t m e n t  m e a n s  f o r  c h l o r i d e  c o n t e n t  s h o w e d  t r e n d s  

s i m i l a r  t o  t h a t  f o r  c o l o r  ( T a b l e  2 ) .
W h e n  c h l o r i d e  i o n  c o n c e n t r a t i o n  w a s  c o r r e l a t e d  w i t h  

c o l o r  r e a d i n g s  ( F i g .  2 )  t h e r e  w a s  a  h i g h l y  s i g n i f i c a n t  ( P  =  
0 . 0 1 )  r e l a t i o n s h i p  b e t w e e n  c h l o r i d e  i o n  l e v e l s  a n d  c o l o r  o f  

j u i c e .  I n  c o n t r a s t  t o  t h e  c o r r e l a t i o n  b e t w e e n  l e v e l s  o f  a d d e d  
c h l o r i d e  i o n  ( F i g .  1 )  a n d  c o l o r  r e a d i n g s ,  t h e  r e l a t i o n s h i p  
w a s  l i n e a r .  A f t e r  6  m o n t h s  i n  s t o r a g e ,  t h e  e f f e c t  o f  t h e  
c h l o r i d e  i o n  o n  b r o w n i n g  w a s  s t i l l  p r e s e n t .  T h e r e  a p p e a r e d  

t o  b e  n o  a l t e r a t i o n  o f  t h e  e f f e c t  o f  C a C l 2 o n  b r o w n i n g  
w h e t h e r  t h e  a p p l e s  w e r e  w a s h e d  o r  u n w a s h e d  b e f o r e  t h e  

j u i c e  w a s  e x t r a c t e d .
I n  m a n y  o f  t h e  l a b o r a t o r y  e x p e r i m e n t s ,  t h e r e  w a s  a  

s t a t i s t i c a l l y  s i g n i f i c a n t  r e p l i c a t e  e f f e c t .  E a c h  r e p l i c a t e  w a s  a  

r a n d o m  s e l e c t i o n  o f  a p p l e s  f r o m  o n e  t r e e .  V a r i a t i o n s  i n  
s t a g e s  o f  m a t u r a t i o n  o f  t h e  f r u i t  a s  a  r e s u l t  o f  t r e e  a n d  f r u i t  
r e s p o n s e  t o  s m a l l  i n - o r c h a r d  a n d  s t o r a g e  f a c t o r s  p r o b a b l y  

a c c o u n t  f o r  t h e  r e p l i c a t e  e f f e c t  ( H a r e l  e t  a l . ,  1 9 6 6 ) .  T h e r e  
w e r e  o n l y  s m a l l  d i f f e r e n c e s  i n  t h e  c h l o r i d e  i o n  c o n t e n t  o f  
f r u i t  r e c e i v i n g  s i m i l a r  t r e a t m e n t s ,  t h u s  w i t h i n  f r u i t ,  c h l o r i d e  
i o n  s h o u l d  n o t  h a v e  b e e n  a  f a c t o r  c o n t r i b u t i n g  t o  t h e  
s i g n i f i c a n c e .  I n  s o m e  i n s t a n c e s ,  w i t h  D e l i c i o u s ,  t h e r e  w e r e  

s i g n i f i c a n t  d i f f e r e n c e s  i n  d e t e c t e d  c h l o r i d e  i o n  a m o n g  t h e  2

T able 1—E ffec ts  o f  a d d in g  various q u a n titie s  o f  sa lts  on  leve ls  o f  
ch lo rid e  ion  a n d  on  b ro w n in g  o f  N o rth ern  S p y  a p p le  ju ice

Treatment

Anion
added
mg/L

Chloride
detected

mg/L

Browning after 
30 min 

(Hunter La)

Control _ 2.4 16.5
Control — 2.7 15.8
■Control - 3.5 16.7
HCI 2.0 5.2 17.3
HCI 20.0 22.6 17.1
HCI 200.0 179.8 19.9
BaCI 2 5.0 8.1 18.1
B 3 C12 50.0 47.5 18.6
BaCI 2 500.0 438.6 20.4
CaCI 2 5.0 8.5 17.0
CaCI 2 50.0 50.1 18.5
CaCI 2 500.0 445.3 20.6
Ca(N03)2 5.0 3.1 16.6
Ca(N03)2 50.0 2.8 16.3
Ca(N03)2 500.0 2.7 16.9b
CaCI2 Chelate 5.0 6.3 17.3
CaCI2 Chelate 50.0 41.5 17.9
CaCI2 Chelate 500.0 449.2 15.0
Ca(N03)2 Chelate 5.0 3.8 16.7
Ca(N03)2 Chelate 50.0 2.8 15.4
Ca(N03)2 Chelate 500.0 3.8 11.4

a Low e r H un te r L  values represent m ore b row n ing. 
b Chelates added co lo r.

'T
2 4 6 8 10 12 14 16 18 20 22 24 26 28

C hlo r id e Ion C o n c e n t r a t i o n  (Log mg/L)

Fig. 1—E ffe c t o f  a d d e d  ch lo rid e  ion  on  b ro w n in g  o f  a p p le  ju ice .
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Table 2 —L evels o f  ch lo rid e  ion  a n d  b ro w n in g  in N o rth ern  S p y  a p p le  
ju ice  p ro d u c e d  from  trees w h ich  h a d  r e c e iv e d  f ie ld  sp ra ys  o f  CaCl2 
a n d  c h e la te d  CaCl2 a n d  C a (N O j)2

Treatment

Rates
applied
Kg/ha

Chloride
ion

applied
Kg/ha

Chloride
ion

detected
mg/L

Browning 
(Hunter La)

30 min 24 hr

CaCI 2 44.8b 28.7 11,8ac 29.10ac 21,07ac
CaCI2 chelated 13.6 1.4 7.0b 23.90b 17.71b
CaCI2 chelated 27.2 2.7 6.7b 23.32b 18.27b
Ca(N03)2 chelated 13.6 0.0 6.5b 23.91b 19.04b
Ca(N03)2 chelated 27.2 0.0 5.4b 22.90b 18.33b
Control 0.0 0.0 6.1b 22.72b 18.20b

® Low est H un te r L  values represent m ost brow n ing.
D C aC l2  — 36% ca lc ium , 64% ch lo r id e; chelated  C a C l2  — 6% ca lc i

um, 10.1% ch lo ride; chelated  Ca(NC>3 ) 2  —  6% ca lc ium , 18.6% 
nitrate.

c N onorthogona l single degree o f  freedom  com parisons: Means f o l
lowed by the same le tte r are n o t s ig n ifica n tly  d iffe ren t at 0.01 
p ro b ab ility  level.

r e p l i c a t e s  w h e n  c h l o r i d e  w a s  a p p l i e d  t o  t r e e s  i n  t h e  o r c h a r d .  

W h e r e  t h e r e  w e r e  s i g n i f i c a n t  d i f f e r e n c e s  a m o n g  r e p l i c a t e s ,

20.0 ■

- * 1 -  - «5 10 15 20
Chloride Ion C once n t r at i on  (mg/L)

Fig. 2 —C o n cen tra tio n  o f  ch lo rid e  ion  d e te c te d  a n d  le v e l  o f  b r o w n 
in g  in ju ic e  fro m  a p p le s  w h ich  h a d  r e c e iv e d  f ie ld  sp r a y s  o f  CaCl2, 
c h e la te d  CaCl2  a n d  c h e la te d  C a (N O j)2.

t h e  c o n c e n t r a t i o n  o f  c h l o r i d e  i o n  b e t w e e n  r e p l i c a t e s  i n  t h e  
c o n t r o l  v a r i e d  c o n s i d e r a b l y .  I n  s o m e  i n s t a n c e s ,  t h e  n a t u r a l  
c h l o r i d e  c o n t e n t  o f  t h e  f r u i t  w a s  a t  a  l e v e l  f o u n d  t o  b e  i n 
h i b i t o r y  t o  b r o w n i n g  i n  l a b o r a t o r y  e x p e r i m e n t s .

T h i s  s t u d y  c o n f i r m e d  t h a t  i f  c h l o r i d e  i o n  i s  a d d e d  t o  
f r e s h  p r e s s e d  a p p l e  j u i c e ,  e n z y m a t i c  b r o w n i n g  w i l l  b e  s u p 
p r e s s e d .  T h e  a p p l i c a t i o n  o f  C a C l 2 a s  a  f i e l d  s p r a y  f o r  t h e  
c o n t r o l  o f  b i t t e r  p i t  h a d  e s s e n t i a l l y  t h e  s a m e  e f f e c t  o n  

c h l o r i d e  i o n  l e v e l s  i n  t h e  j u i c e  a n d  o n  b r o w n i n g  a s  a d d i n g  
c h l o r i d e  i o n  a f t e r  p r e s s i n g .  T h e  c h l o r i d e  i o n  w a s  p r e s e n t  i n  

t h e  j u i c e  f r o m  t h e  a p p l i c a t i o n  o f  C a C l 2 i n  t h e  f i e l d .  T h e  
a v e r a g e  a m o u n t  o f  c h l o r i d e  i o n  f o u n d  i n  t h e  N o r t h e r n  S p y  
j u i c e  s a m p l e s  w h i c h  h a d  r e c e i v e d  C a C l 2 s p r a y s  w a s  1 1 .8  
m g / L  c o m p a r e d  t o  6 . 1  m g / L  i n  t h e  c o n t r o l .  T h i s  l e v e l  o f  
c h l o r i d e  i o n  is  w i t h i n  t h e  c o n c e n t r a t i o n  r a n g e  f o u n d  t o  
i n h i b i t  b r o w n i n g  w h e n  c h l o r i d e  i o n  w a s  a d d e d  t o  j u t c e .  T h e  
l e v e l  o f  c h l o r i d e  i o n  f o u n d  i n  j u i c e  f r o m  s o m e  n o n s p r a y e d  
N o r t h e r n  S p y  a p p l e s  w a s  i n  a  r a n g e  o f  c o n c e n t r a t i o n  f o u n d  
t o  h a v e  a n  e f f e c t  o n  b r o w n i n g  w h e n  c h l o r i d e  w a s  a d d e d  t o  
j u i c e .  I t  i s  p o s s i b l e  t h a t  l e v e l s  o f  c h l o r i d e  i o n  n a t u r a l l y  

o c c u r r i n g  i n  s o i l s  c o u l d  v a r y  a n d  m a y  e f f e c t  t h e  r a n g e  o f  
c o n c e n t r a t i o n  f o u n d  i n  f r u i t  f r o m  d i f f e r e n t  o r c h a r d s  a n d  

t h u s ,  r a t e s  o f  o x i d a t i o n .
T h e  f o r m  o f  t h e  r e s p o n s e  c u r v e  t o  c h l o r i d e  i o n  i n  t h e  

j u i c e  w a s  n o t  s i m i l a r  w h e n  c h l o r i d e  i o n  w a s  a d d e d  a s  c o m 
p a r e d  t o  t h a t  a b s o r b e d  b y  a p p l e s  f r o m  f i e l d  s p r a y s  ( F i g .  1 
a n d  2 ) .  I t  i s  p o s s i b l e  t h a t  t h i s  c h a n g e  i n  r e s p o n s e  w a s  c a u s e d  

b y  d i f f e r e n c e s  i n  m a t u r i t y  s i n c e  t h e  r a t e  o f  b r o w n i n g  o f  
a p p l e  s l i c e s  d e c r e a s e s  a s  t h e  f r u i t  r i p e n s  ( H a r e l  e t  a l . ,  1 9 6 6 ) .  
A l s o ,  l e v e l s  o f  b r o w n i n g  i n  a p p l e  j u i c e  c a n  b e  a l t e r e d  b y  
f a c t o r s  s u c h  a s  t e m p e r a t u r e  a n d  p H  ( J o s l y n  a n d  P o n t i n g ,
1 9 5 1 ) .  T h r o u g h o u t  t h i s  i n v e s t i g a t i o n ,  t h e  h o l d i n g  t e m p e r a 
t u r e  f o r  a l l  j u i c e  s a m p l e s  w a s  2 0 ° C .  E x c e p t  f o r  t h e  a d d i t i o n  
o f  H C 1  w h i c h  c h a n g e d  t h e  p H  a n d  a c i d i t y  s l i g h t l y ,  n o n e  o f  
t h e  a d d e d  s a l t s  o f  f i e l d  s p r a y s  c a u s e d  a  c h a n g e  i n  t h e s e  
v a r i a b l e s .  A  m o r e  l i k e l y  e x p l a n a t i o n  f o r  t h e  d i f f e r e n t  r e 
s p o n s e  i s  t h e  r a n g e  o f  c o n c e n t r a t i o n  o f  c h l o r i d e  i o n  f o u n d  
i n  t h e  j u i c e  w h e n  c h l o r i d e  i o n  w a s  a d d e d  c o m p a r e d  t o  t h a t  
a b s o r b e d  t h r o u g h  f i e l d  s p r a y s .  A  l i n e a r  r e l a t i o n s h i p  c a n  
e x i s t  b e t w e e n  t w o  v a r i a b l e s  w h e n  c o m p a r e d  o v e r  a  l i m i t e d  
r a n g e  a n d  a  n o n l i n e a r  r e s p o n s e  c a n  b e  o b t a i n e d  w h e n  t h e s e  
s a m e  v a r i a b l e s  a r e  c o m p a r e d  o v e r  a  b r o a d e r  r a n g e  ( S t e e l  
a n d  T o r r i e ,  1 9 6 0 ) .  T h e s e  s i t u a t i o n s  e x i s t e d  i n  t h i s  i n v e s t i 
g a t i o n .

T h e  u s e  o f  c h e l a t e d  C a C l 2 s p r a y s  d o e s  r e d u c e  t h e  
a m o u n t  o f  c h l o r i d e  i o n  a p p l i e d  a n d  f o u n d  i n  t h e  j u i c e  c o m 
p a r e d  t o  C a C l 2 s a l t .  W i t h  b o t h  l e v e l s  o f  a p p l i e d  c h e l a t e d  
c a l c i u m  c h l o r i d e  t h e r e  w a s  a  s l i g h t  i n c r e a s e  i n  t h e  l e v e l s  o f

c h l o r i d e  i o n  i n  t h e  j u i c e  w h e n  c o m p a r e d  t o  t h e  c o n t r o l  
( T a b l e  2 ) .  T h e  i n c r e a s e  w a s  n o t  p r o p o r t i o n a l  t o  t h e  a m o u n t  
o f  c h e l a t e d  C a C l 2 a p p l i e d .  T h e  j u i c e  w a s  s l i g h t l y  l i g h t e r  i n  
c o l o r  t h a n  t h e  c o n t r o l  i n  s o m e  i n s t a n c e s ,  b u t  t h e  d i f f e r 
e n c e s  w e r e  n o t  s i g n i f i c a n t .  H i g h e r  r a t e s  o f  a p p l i c a t i o n  
w o u l d  p r o b a b l y  h a v e  c a u s e d  a  s i g n i f i c a n t  i n c r e a s e  i n  c h l o r i d e  
i o n  i n  t h e  j u i c e  b u t  h i g h e r  l e v e l s  o f  c h e l a t e d  c a l c i u m  w e r e  

n o t  n e e d e d  f o r  t h e  c o n t r o l  o f  b i t t e r  p i t .  R a n k i n g  a p p l e s  
f r o m  t h e  s i x  d i f f e r e n t  f i e l d  t r e a t m e n t s  f o r  b l u s h  d e v e l o p 
m e n t  s h o w e d  t h a t  t h o s e  s a m p l e s  r e c e i v i n g  c h e l a t e d  C a (N C > 3 ) 2 
w e r e  a l w a y s  r a n k e d  i n  t h e  f o u r  l o w e s t  p l a c e s ,  n e v e r  i n  t h e  
t o p  t w o .  T h i s  c o u l d  b e  a n  e f f e c t  o f  t h e  i n c r e a s e d  n i t r o g e n  
l e v e l s .  C l i n e  a n d  H u t c h i n s o n  ( 1 9 7 0 )  h a v e  r e p o r t e d  i n c r e a s e d  
s t o r a g e  b r e a k d o w n  i n  a p p l e s  r e c e i v i n g  C a ( N 0 3 ) 2 s p r a y  
a p p l i c a t i o n s .  S p r a y s  o f  c h e l a t e d  C a ( N 0 3 ) 2 c o u l d  b e  u s e d  i n  

p l a c e  o f  c h e l a t e d  C a C l 2 . H o w e v e r ,  b e c a u s e  o f  t h e  p o t e n t i a l  
f o r  l o s s  o f  q u a l i t y ,  c h e l a t e d  C a ( N 0 3 ) 2 s h o u l d  b e  u s e d  w i t h  
c a u t i o n .  I n  t h i s  i n v e s t i g a t i o n ,  t h e  a p p l i e d  s p r a y s  h a d  n o  
e f f e c t  o n  f i r m n e s s  o r  s o l u b l e  s o l i d s  l e v e l  i n  t h e  f r u i t  a t  t h e  

t i m e  o f  h a r v e s t .  I t  h a s  b e e n  s h o w n  ( B r a m l a g e  e t  a l . ,  1 9 7 9 )  
t h a t  a p p l e s  w h i c h  h a v e  r e c e i v e d  s p r a y s  o f  C a C l 2 a r e  f i r m e r  

a f t e r  s e v e r a l  m o n t h s  o f  s t o r a g e  t h a n  a p p l e s  w h i c h  h a v e  n o t  
r e c e i v e d  t h e s e  s p r a y s .

W h e r e  C a C l 2 s a l t  i s  u s e d  f o r  t h e  p r e v e n t i o n  o f  p h y s i o 
l o g i c a l  d i s o r d e r s  i n  a p p l e s ,  t h e r e  w o u l d  l i k e l y  b e  o n l y  s l i g h t  
e f f e c t s  o n  b r o w n i n g  o f  t h e  j u i c e  a s  l o n g  a s  t h e  s p r a y e d  
f r u i t  c o n s t i t u t e s  n o  m o r e  t h a n  2 0 %  o f  t h e  t o t a l  a p p l e  
v o l u m e .  T h e  c o n c e n t r a t i o n  o f  c h l o r i d e  i o n  i n  t h e  j u i c e  f r o m  

a p p l e s  s p r a y e d  w i t h  C a C l 2 , w h i c h  r a n g e d  a s  h i g h  a s  1 9  
m g / L  ( F i g .  2 )  s h o u l d  b e  d i l u t e d  t o  6 . 2 - 9 . 9  m g / L  r a n g e .  
A t  t h i s  l e v e l  o f  c h l o r i d e  i o n ,  p r o c e s s o r s  m a y  h a v e  t o  h o l d  

t h e i r  j u i c e  f o r  s e v e r a l  h o u r s  b e f o r e  p r o c e s s i n g  t o  g i v e  a t  

l e a s t  a  s l i g h t l y  o x i d i z e d  c o l o r .  A l t e r n a t i v e l y ,  p r o c e s s o r s  
d e s i r i n g  a  l i g h t  c o l o r e d  j u i c e  c o u l d  a c h i e v e  t h i s  b y  u s i n g  a  
h i g h  p e r c e n t a g e  o f  C a C l 2 s p r a y e d  a p p l e s .

C a l c i u m  i s  u s e d  f o r  t h e  p r e v e n t i o n  o f  p h y s i o l o g i c a l  d i s 
o r d e r s  i n  a  n u m b e r  o f  a p p l e  c u l t i v a r s  ( C l i n e ,  1 9 7 5 ;  M a s o n  e t  
a l . ,  1 9 7 4 ;  S h e a r ,  1 9 7 5 ;  D r a k e  e t  a l . ,  1 9 7 9 ) .  I f  c h l o r i d e  i o n  
r e s i d u e  i s  a  p r o b l e m  f o r  p r o c e s s o r s ,  C a C l 2 a n d  C a ( N 0 3 ) 2 
c h e l a t e s  o f f e r  a l t e r n a t e  s o u r c e s  o f  c a l c i u m .
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C o n t r o l  S t u d i e s  i n  a n  I n d u s t r i a l  A p p l e  J u i c e  E v a p o r a t o r

J. E. LOZANO, M. P. ELUSTONDO, and J. A. ROMAGNOLI

----------- — --------------- ABSTRACT-------------------------------
R e a L p la n t  d a t a  w e re  p r o c e s s e d  b y  u s in g  tw o  a v a i la b le  s y s te m  i d e n t i 
f i c a t i o n  t e c h n iq u e s  a n d  t h e  a p p l i c a b i l i t y  a n d  l im i t a t i o n s  o f  s u c h  
te c h n iq u e s  i n  a n  i n d u s t r i a l  s c a le  u n i t  w e r e  d is c u s s e d .  E m p i r ic a l  
d y n a m ic  m o d e ls  o b t a i n e d  w e re  u s e d  to  c o m p a r e  a l t e r n a t iv e  c o n t r o l  
c o n f ig u r a t io n s .  P r e d ic t iv e  s t r a te g ie s  t o  c o m p e n s a t e  f o r  d e la y s  a re  
r e c o m m e n d e d  a n d  t h e  u s e  o f  s e c o n d a r y  m e a s u r e m e n t s  w i th  a n  
a d a p t iv e  s e t  p o i n t  c o n f ig u r a t io n  is  p r o p o s e d  f o r  f u t u r e  i m p le m e n ta 
t i o n .

INTRODUCTION
P R O C E S S  C O N T R O L  i s  b e i n g  i n c r e a s i n g l y  a d o p t e d  i n  t h e  

f o o d  i n d u s t r y  t o  p r o d u c e  b e t t e r  p r o d u c t s  a t  a  l o w e r  c o s t ,  
p a r t i c u l a r l y  o n  o p e r a t i o n s  a n d  e q u i p m e n t  i n v o l v i n g  h i g h  

e n e r g y  c o n s u m p t i o n .
M a n y  f o o d  i n d u s t r i e s  r e l y  h e a v i l y  o n  e v a p o r a t i o n  a s  t h e  

c o n c e n t r a t i o n  o p e r a t i o n  t o  f a c i l i t a t e  p r o d u c t  s t o r a g e ,  

p r e s e r v a t i o n  a n d  t r a n s p o r t a t i o n .  S t e a m  e c o n o m i e s  v a r y  

s i g n i f i c a n t l y  a m o n g  i n d u s t r i e s  a s  d i f f e r e n t  t y p e s  o f  e v a p o r a 
t o r s  w i t h  v a r i o u s  n u m b e r s  o f  e f f e c t s  a r e  u t i l i z e d .  U p g r a d i n g  
o f  t h e s e  e v a p o r a t o r s  w i t h  m i n o r  i n v e s t m e n t s  s u c h  a s  a d d i 
t i o n a l  i n s u l a t i o n ,  m a j o r  c a p i t a l  o u t l a y s  f o r  e f f e c t s  o r  d e v e l 
o p m e n t  o f  a l t e r n a t i v e  c o n t r o l  s t r a t e g i e s  c o u l d  h a v e  a n  
e f f e c t  o n  e n e r g y  c o n s u m p t i o n  ( F r o s t ,  1 9 7 7 ;  C a r t e r  a n d  
C h e n ,  1 9 8 0 ;  C a r t e r  a n d  C h e n ,  1 9 8 2 ) .  U s i n g  a  t r i p l e - e f f e c t

The au tho rs  are a f f il ia te d  w ith  P lan ta  P i lo to  de ingen ier ía  Q u ím ica  
(U N S -C O N IC E T ) , 80 0 0  Bah ia  B ianca, A rgen tina .

e v a p o r a t o r  i n  a  s i m u l a t e d  c o m m e r c i a l - s c a l e  a p p l i c a t i o n  

( C h e n  e t  a l . ,  1 9 8 2 )  i t  w a s  f o u n d  t h a t  c o m p u t e r  c o n t r o l  
r e d u c e d  e n e r g y  c o n s u m p t i o n  b y  1 7 % .

T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  o b t a i n  e m p i r i c a l  d y 
n a m i c  m o d e l s  f o r  a n  e x i s t i n g  i n d u s t r i a l  j u i c e  e v a p o r a t o r  a n d  
t o  i m p l e m e n t  a l t e r n a t i v e  c o n t r o l  c o n f i g u r a t i o n s ,  c o m p a r i n g  

c o n v e n t i o n a l  c o n t r o l  l o o p s  w i t h  m o r e  s o p h i s t i c a t e d  s t r u c 

t u r e s  b a s e d  o n  p r e d i c t i v e  s t r a t e g i e s .

MATERIAL & METHODS

D e s c r ip t i o n  o f  t h e  i n d u s t r i a l  u n i t

A  s c h e m a t ic  d ia g ra m  o f  t h e  i n d u s t r i a l  s c a le  t r i p l e  e f f e c t  e v a p o r a 
t o r  is  s h o w n  in  F ig . 1. T h e  p r o c e s s  v a r ia b le s  a r e  a ls o  s h o w n  in  t h e  
f ig u r e  a n d  t h e i r  n o m in a l  s t e a d y - s t a t e  v a lu e s  ( d u r in g  t h e  te s r )  a r e  
g iv e n  in  T a b le  1 . T h e  e v a p o r a t o r  is  n o r m a l ly  o p e r a t e d  w i t h  a  f e e d  
s t r e a m  o f  a p p r o x im a te ly  9 3 6 0  ( L /h r )  w i th  a  1 6 .3 ° B r i x  s t r i p p e d  
j u i c e .  T h e  f e e d  is  p r e h e a t e d  b y  p a s s in g  t h r o u g h  t h e  h e a t e r  s h e lls  
b e f o r e  g o in g  in t o  t h e  f i r s t  e f f e c t .  E a c h  e f f e c t  h a s  t h e  c o n f ig u r a t io n  
o f  a  s h e l l  a n d  t u b e  a r r a n g e m e n t  w i th  tw o  p a s s e s  i n  t h e  t u b e  a n i  o n e  
p a s s  in  t h e  s h e l l ,  t h e  j u i c e  b e in g  t h e  t u b e  f l u i d  w h i le  s te a m  (o r  
v a p o r )  g o e s  t h r o u g h  th e  s h e ll .  P r o d u c t  c o o l in g  is  a c c o m p l i s h e d  in  
t h r e e  p l a t e  h e a t  e x c h a n g e r s .  T h e  e x is t in g  c o n t r o l  s y s te m  c o n s i s t s  o f  
a  s in g le  l o o p  f e e d b a c k  o f  t h e  s te a m  p r e s s u r e  ( f i r s t  b o d y )  u s in g  a  P I  
c o n t r o l l e r .

S y s te m  m o n i to r in g  a n d  d a t a  c o l l e c t i o n

T e m p e r a tu r e s  a n d  p r e s s u re s  w e r e  m e a s u r e d  b y  t h e  e x i s t in g  in d i 
c a t o r s  l o c a t e d  in  t h e  e v a p o r a t o r  a s  s h o w n  in  F ig .  1 . F i n a l  c o n c e n t r a 
t i o n  i n d i c a t io n  a n d  t r a n s d u c i n g  w e re  c a r r ie d  o u t  b y  m e a n s  o f  a n  o n 
l in e  r e f r a c t o m e t e r  m o u n t e d  b e tw e e n  f la n g e s  i n  t h e  p r o d u c t  l in e  j u s t

Fig. 1—Schem atic  d iagram  o f  the in d u s tr ia i scale trip le  e f fe c t  evaporator.
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a f t e r  t h e  c o o lin g  o p e r a t i o n .  C o n c e n t r a t i o n  c h a n g e s  w e r e  c o n t in u 
o u s ly  r e c o r d e d  as ° B r ix  (± 0 . l ° B r i x )  in  a  s t r i p - c h a r t  r e c o r d e r .

S te p s  a n d  p u ls e  s ig n a ls  w e re  i n t r o d u c e d  t h r o u g h  th e  s te a m  p r e s 
s u re  c o n t r o l l e r  s e t  p o i n t  a n d  t h e  m a in  f e e d  v a lv e . M o re  t h a n  2 0  s te p s  
a n d  p u ls e s ,  d i f f e r e n t  in  m a g n i tu d e  a n d  d u r a t i o n ,  w e r e  r u n .  T e s t  
w e re  c a r r ie d  o u t  w i th  a  w id th  o f  t h e  p u ls e s  o f  le s s  t h a n  5 0 - 6 0 %  o f  
t h e  s m a l le s t  t im e  c o n s t a n t  o f  t h e  p r o c e s s .  S te p s  w e re  u p  t o  0 .3  k g /  
c m 2 f o r  t h e  s te a m  p r e s s u r e  a n d  1 0 %  f o r  t h e  f e e d  f lo w  r a te .  E s t im a te d  
e r r o r s  w e re  1%  a n d  5 % , re s p e c t iv e ly .

S y s te m  i d e n t i f i c a t i o n

T w o  e x p e r im e n ta l  t e c h n iq u e s  w e r e  a p p l ie d :  (1 )  a  g r a p h ic a l  a p 
p r o a c h  o n  a  s te p  r e s p o n s e  o f  t h e  in d u s t r i a l  u n i t ;  ( 2 ) p u l s e  te s t in g ,  a  
f r e q u e n c y  d o m a in  m e t h o d  w h ic h  y ie ld s  t h e  f r e q u e n c y  d ia g ra m  o f  
th e  o p e n  lo o p  p ro c e s s .

S te p - t e s t  d a t a  m e t h o d

T h is  t e c h n iq u e  c o n s i s t s  o f  s u b m i t t i n g  t h e  p r o c e s s ,  w h i le  i t  is 
o p e r a t i n g  u n d e r  s te a d y - s t a t e  c o n d i t i o n s  w i th  t h e  f e e d b a c k  c o n t r o l l e r  
in  m a n u a l ,  t o  a  s te p  c h a n g e  in  i n p u t  a n d  r e c o r d in g  t h e  r e s u l t in g  
t r a n s i e n t  r e s p o n s e .  T h e  p l o t  o f  t h e  s te p  r e s p o n s e  o f  a n  o p e n - lo o p  
p r o c e s s  v e rs u s  t im e  is  c a l le d  a  p r o c e s s  r e a c t i o n  c u rv e .  T h e  p l o t  o f  t h e  
t y p ic a l  p r o c e s s  r e s p o n s e  c o r r e s p o n d in g  t o  t h e  i n d u s t r i a l  e v a p o r a t o r  
( f o r  a  s te p  in  th e  s te a m  p r e s s u r e )  u n d e r  a n a ly s is  is  s h o w n  in  F ig .  2. 
T h e  c u rv e  is  t h e  c la s s ic a l  o v e r - d a m p e d  s e c o n d  o r d e r  p lu s  d e a d - t im e  
s y s te m  w h o s e  t r a n s f e r  f u n c t i o n  is  g iv e n  b y  ( S t e p h a n o p o u lo s ,  1 9 8 3 ) :

e x p ( —r d s) K »
G p  (s )  = --------------------------- —

( r  1 s +  l ) ( r 2 s +  1 )
(1 )

w h e r e  G p (s )  is t h e  s o lu b le  s o l id s  c o n t e n t  ( r e s p o n s e )  t o  t h e  s te a m  
p r e s s u r e  ( p e r t u r b a t i o n )  r a t io .

O n  t h e  o t h e r  h a n d  t h e  r e s p o n s e  f o r  a  s te p  in  t h e  f e e d  f lo w  r a t e  
w a s  u n d e r - d a m p e d  a n d  f o l lo w e d  a n  e q u a t i o n  o f  t h e  t y p e  ( S t e p h a n o 
p o u lo s ,  1 9 8 3 ) ,

G p (s )  =
e x p  ( - r d  d )  K p  

( 1/c u p )  s2 +  (2  £ / t j n )  s +  1
(2 )

T h e  o b je c t iv e  is t o  d e t e r m in e  th e  t h r e e  p a r a m e te r s  t d , t j  a n d  
r 2 o r  rp ) , oon  a n d  £ f r o m  th e  r e a c t io n  c u rv e .

M o s t  o f  t h e  a v a i la b le  m e t h o d s  f o r  p a r a m e t e r  e s t i m a t i o n  o f  sec 
o n d  o r d e r  m o d e ls  d e p e n d  o n  t h e  a c c u r a t e  l o c a t io n  o f  t h e  i n f l e c t i o n  
p o in t .  H e re  a  m e th o d o lo g y  w i l l  b e  c o n s id e r e d  t o  o v e r c o m e  th i s  d if f i 
c u l ty .  A s  p o i n t e d  o u t  b y  S u n d a r e s a n  e t  a l .  ( 1 9 7 8 )  t h e  f i r s t  m o m e n t  
o f  t h e  r e s p o n s e  f u n c t i o n  is :

d  G p (s )
m j  = ------------------ r d  +  r 1 + r 2 (3 )

d s  s=0

In  F ig . 2 , m  j  is  t h e  s h a d e d  a r e a .  D i f f e r e n t i a t i n g  t h e  t im e  d o m a in  
s o lu t io n  o f  E q . ( l ) a n d  (2 )  tw ic e ,  a n d  s e t t in g  th e  r e s u l t in g  s e c o n d  
d e r iv a t iv e  t o  z e r o ,  t h e  fo l l o w in g  e x p re s s io n s  a r e  o b t a in e d :

( t m - m l ) M i =

w h e re

p l / f l - h )
--------------- ln  T) i f  e >  1

( n - 1 )

/  X (4 )
C O S  1 £ /  £  \
-------------- - E x p  I ----------------- c o s  * £ I i f  £ <  1
(l-£2)/2 \  (1 -êV 2 /

M ¡ = T71/(1 "l)/ (tj— 1 )cv (5 )

«  =  T1 r 2 / ( T 1 - T 2 )  (6 )

Tab le  1—N o rm a l s teady state values du ring  expe rim en t

Cone 
c (°Brix)

Feed flo w  rate 
Q (1/h)

Temp 
T <°C)

Pressure 
P (K/cm 2 )

Feed 16.3 9,360 45 -

First body 23.2 - 103 0.45
Second body 36.8 - 82 -0 .2 0
Third body 72.0 1,179 44 -0 .8 0

T) - T i / t 2 (7 )

A s  F ig .  2  s h o w s ,  M ; is  t h e  s lo p e  o f  t h e  t a n g e n t  t h a t  p a s s e s  t h r o u g h  
t h e  p o i n t  o f  i n f l e c t i o n  a n d  i n t e r s e c t s  t h e  f m a l  v a lu e  o f  t h e  r e s p o n s e  
a t  t im e  t m . P a r a m e te r  rj (o r  £) c a n  b e  e v a lu a te d  b y  t r i a l  a n d  e r r o r  o n  
E q . (4 ) .

T h e  e q u a t io n s  r e s u l t in g  f r o m  t h e  a p p l i c a t i o n  o f  E q .  ( 3 )  t o  ( 7 )  f o r  
t h e  p a r a m e te r s  u n d e r  c o n s id e r a t i o n  a r e :

T l  = r ) [ b / ( l - r ; ) ] / M i (8 )

r 2 =  tj [1/(1 b )l /M j (9 )

1 1f. V Oi  +  1 / tï)
t j)  -  r r i |  — 7} VO- ??) ----------------------

M
(1 0 )

c o s _ 1 £
“ n  = ------------------------------

l - £ 2 ( t m - m l )
( 1 1 )

2 £
r o  -  m i ---------- ( 1 2 )

P u ls e  t e s t in g  m e t h o d

U n l ik e  t h e  r e a c t i o n  c u rv e  m e t h o d ,  t h i s  a p p r o a c h  is  a  f r e q u e n c y  
d o m a in  m e t h o d  y ie ld in g  a  f r e q u e n c y  r e s p o n s e  d ia g ra m  o f  t h e  o p e n -  
l o o p  p r o c e s s .  I n  t h e  p u l s e - te s t in g  m e t h o d ,  a  p u ls e  o f  a r b i t r a r y  s h a p e  
is  a p p l ie d  a t  t h e  i n p u t  t o  t h e  p r o c e s s  [ F ( s ) ] ,  w h i le  i t  is  o p e r a t i n g  
u n d e r  s te a d y  s t a t e  c o n d i t i o n s ,  a n d  t h e  t r a n s i e n t  o f  t h e  p r o c e s s  is  
r e c o r d e d .  T h e  L a p la c e  t r a n s f o r m  o f  t h e  i n p u t  F ( s )  is  r e l a t e d  t o  t h e  
L a p la c e  t r a n s f o r m  o f  t h e  o u t p u t  C (s )  v ia  t h e  m o d e l  t r a n s f e r  fu n c 
t i o n  G (s ) ;  th u s ,

C (s )
G ( s ) = -------

F ( s )

J  C ( t )  e  s t  d t

J ° °  F ( t )  e ~ s t  d t  
o

(1 3 )

I f  “ to ”  is  s u b s t i t u t e d  f o r  “ s”  t h i s  r e l a t i o n s h ip  c a n  a ls o  b e  e x 
p r e s s e d  as

fnC C ( t )  c o s  to  d t  -  j  f ‘c C ( t )  s in  t o t  d t  A  -  j  B
G (j to )  =  j------------------------------------ -----------------------------= — — ( 1 4 )

/ 0 C F ( t )  c o s  to  d t  -  j  [ J  F ( t )  s in  t o t  d t  C  -  j  D

W h e r e  n u m e r a t o r  a n d  d e n o m in a to r  a r e  t h e  F o u r i e r  t r a n s f o r m a 
t i o n  o f  C ( t )  a n d  F ( t )  r e s p e c t iv e ly ,  o r  e q u iv a le n t ly

G ( j to )  =  R e  G (jc o )  +  j  Im  G (j< o ) ( 1 5 )

F r o m  th i s  e q u a t i o n  t h e  a m p l i t u d e  r a t i o  A R  a n d  t h e  p h a s e  a n g le

A  c o m p u t e r  p r o g r a m  b a s e d  o n  t h e s e  e q u a t io n s  w a s  d e v e lo p e d  
( T o n e l l i  a n d  R o m a g n o l i ,  1 9 8 2 )  f o r  a n a ly z in g  a  p u l s e - t e s t  d a t a .  T h e

t , min

F ig . 2 —Process react ion  curve fo r  a step in  the feed  f lo w  rate.
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I N D U S T R IA L  A P P L E  J U IC E  E V A P O R A T O R  S T U D IE S . .  .

p r o g r a m  p e r f o r m s  t h e  n u m e r ic a l  i n t e g r a t i o n  o f  t h e  in te g r a l s  a p p e a r 
in g  in  E q .  ( 1 4 )  a n d  y ie ld s  d i f f e r e n t  v a lu e s  o f  A , B , C  a n d  D f o r  
s e v e ra l  f r e q u e n c ie s  (cu ). T h e  c o m p le t e  f r e q u e n c y  r e s p o n s e  d ia g ra m  
c a n  b e  p r e p a r e d  f r o m  th e s e .  T h e  p r o g r a m  a ls o  f i t s  th e  p o i n t s  t o  a 
c u r v e  u s in g  a  n o n l in e a r  r e g r e s s io n  r o u t i n e .

t , min

Fig. 3 —C om parison  b e tw e e n  p r e d ic te d  re sp o n se  a n d  th e  a c tu a l p la n t  
da ta  fo r  a s te p  in th e  fe e d  f lo w  ra te  Q (7 .5%  n eg a tive  s te p ), o.
E x p e r im en ta l da ta ; —, P ulse te s t  m e th o d ;  ---- , R e a c tio n  curve
m e th o d .

R E S U L T S  &  D IS C U S S IO N

E Q U A T I O N S  r e p r e s e n t i n g  t h e  t e m p o r a l  r e s p o n s e  o f  t h e  

e v a p o r a t o r  c a n  b e  e x p r e s s e d  a s :
F o r  a  s t e p  c h a n g e  i n  t h e  s t e a m  p r e s s u r e :

C ( t )  =  C 0  +  K p P  

T l

1 + •
' l -(t—td/ti )

U 2 -  f  i ) 

e- ( t - TD/r2)
( t 2 -  I T )

w h e r e  P  =  s t e a m  p r e s s u r e .
F o r  a  c h a n g e  i n  t h e  f e e d  f l o w  r a t e :

w h e r e

C ( t )  =  C 0  +  K p Q

H  ‘

1 -  E x p
t —r D )

I *  W
COfi

( 1 - ? 2 ) I/2
sin [(1  - % 2 ) Vlcon ( t - r ) l

( 1 8 )

+  c o s  [ (  1 —g 2 ) 1/2c o n ( t - T D ) l  ( 1 9 )

a n d  Q  =  F e e d  f l o w  r a t e .
E q .  ( 1 8 )  a n d  ( 1 9 )  w e r e  o b t a i n e d  b y  a n t i - t r a n s f o r m i n g  

E q .  ( 1 )  a n d  ( 2 ) .  F i g .  3  a n d  4  i l l u s t r a t e  t h e  c o m p a r i s o n  b e 

t w e e n  t h e  p r e d i c t e d  r e s p o n s e s  g i v e n  b y  E q .  ( 1 8 )  a n d  ( 1 9 )  

a n d  t h e  a c t u a l  p l a n t  d a t a  o b t a i n e d  b y  e x p e r i m e n t s .  I n  t h e s e  
f i g u r e s  o n l y  a  f e w  e x p e r i m e n t a l  d a t a  o b t a i n e d  f r o m  a  s i n g l e  
s t e p  i n  t h e  f e e d  f l o w  r a t e  a n d  i n  t h e  s t e a m  p r e s s u r e  a r e  

s h o w n .  I n  T a b l e  2  a d d i t i o n a l  v a l u e s  o b t a i n e d  t h r o u g h  t h e  
c o m p u t a t i o n  o f  s e v e r a l  r u n s ,  n o t  p l o t t e d  h e r e ,  a r e  a l s o  g i v e n .  
A s  c a n  b e  r e a d i l y  s e e n ,  t h e  m o d e l  r e p r e s e n t e d  b y  E q .  ( 1 8 )  
a n d  ( 1 9 )  w i t h  t h e  c o n d i t i o n s  g i v e n  i n  T a b l e  1 f o l l o w s  v e r y  
c l o s e l y  t h e  b e h a v i o r  o f  t h e  r e a l  s y s t e m  f o r  t h e  g i v e n  o p e r a t 

i n g  c o n d i t i o n s .

F i g .  5  i l l u s t r a t e s  t h e  c o m p a r i s o n  b e t w e e n  t h e  p r e d i c t e d  
r e s p o n s e  f o r  a  c h a n g e  i n  t h e  v a p o r  p r e s s u r e  o b t a i n e d  w i t h

Fig. 4 —C om p a riso n  b e tw e e n  p r e d ic te d  re sp o n se  a n d  th e  a c tu a l p la n t  
d a ta  fo r  a s te p  in th e stea m  p re ssu re  P /0 .3  k g /c m 2 ). o , E x p e rim en ta l  
da ta ; —, P ulse te s t  m e t h o d ;--- , R e a c tio n  cu rve  m e th o d .

Fig. 5 —C om parison  b e tw e e n  p r e d ic te d  a n d  a c tu a l re sp o n se  fo r  a 
p u lse  in th e  va p o r p ressu re . or E x p e r im en ta l d a ta ; ---, P ulse te s t  
m e th o d ;---- , R ea c tio n  cu rve m e th o d .

T able 2 —E s tim a te d  m o d e l  p a ra m e te rs  resu ltin g  from  th e  a p p lica tio n  o f  the id e n tif ic a tio n  tech n iq u es

Inlet Method Kp
Tr

(sec)
t 2

(sec)
Td

(sec) £
con

(sec-1  )
Steam pressure Reaction curve 34.7 9.56 12.60 64.3 _ _
Feed rate Reaction curve 1.2 - — 54.36 0.74 0.084
Steam pressure Pulse test 34.7 12.0 17.60 64.2 _ _
Feed rate Pulse test 1.2 - - 55.02 0.79 0.080
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t h e  p u l s e  a n a l y s i s  p r o g r a m  a n d  t h e  a c t u a l  e x p e r i m e n t a l  
d a t a .

I n  g e n e r a l ,  t h e  t e s t  w i t h  t h e  s t e p  f u n c t i o n  i s  e a s i e r  t o  

p e r f o r m  t h a n  t h e  p u l s e  t e s t .  I n  b o t h  c a s e s ,  h o w e v e r ,  i t  i s  
n e c e s s a r y  t o  f i n d  t h e  a p p r o p r i a t e  m a g n i t u d e  o f  t h e  c h a n g e  

s i n c e  a  m o d e l  w a s  u s e d  w h i c h  w a s  l i n e a r i z e d  a r o u n d  t h e  
s t e a d y  s t a t e  o p e r a t i n g  l e v e l  f r o m  a  p r o c e s s  w h i c h  i s  i n h e r 

e n t l y  n o n l i n e a r .  I f  t h e  c h a n g e  is  t o o  l a r g e ,  t h e  p r o c e s s  m a y  
b e  d r i v e n  o u t  o f  t h e  l i n e a r  r a n g e .  T h e r e f o r e ,  s e v e r a l  c h a n g e s ,  
d i f f e r e n t  i n  h e i g h t  a n d  s i g n ,  w e r e  t r i e d  t o  d e t e c t  n o n l i n e a r 
i t i e s  i n  t h e  r e s p o n s e .

I n  t h e  c a s e  o f  t h e  p u l s e  m e t h o d ,  t h e  s h a p e  o f  t h e  p u l s e  
s h o u l d  b e  s u c h  t h a t  i t s  f r e q u e n c y  c o n t e n t ,  i . e .  a m p l i t u d e  o f  

t h e  F I T  ( F o u r i e r  I n t e g r a l  T r a n s f o r m ) ,  s h o u l d  b e  f i n i t e  o v e r  
t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t .  F o r  o u r  s y s t e m ,  i t  w a s  
o n l y  p o s s i b l e  t o  p e r f o r m  r e c t a n g u l a r  p u l s e s .  T h e  F I T  o f  a  

r e c t a n g u l a r  p u l s e  o f  w i d t h  D  is :

h
F I T  =  ( h  s i n  o j D ) / o i  — i —  ( 1  — c o s  c o D )  

co

w h e n  t h e  f r e q u e n c y  co  =  2 7 7 /D ,  F I T  g o e s  t o  z e r o  a n d  t h e  

c a l c u l a t i o n  o f  t h e  t r a n s f e r  f u n c t i o n  is  m e a n i n g l e s s .  T h e r e 
f o r e ,  t h e  s m a l l e r  D  c a n  b e  m a d e ,  t h e  h i g h e r  i s  t h e  f r e q u e n c y  
t o  w h i c h  G ( j c o )  c a n  b e  f o u n d .

A n o t h e r  p r a c t i c a l  c o n s i d e r a t i o n  is  t h a t  i n  g e n e r a l ,  i t  is  
e a s i e r  t o  o p e r a t e  o n  t h e  v a p o r  p r e s s u r e  r a t h e r  t h a n  o n  t h e  
f e e d  f l o w  r a t e .  T h e  l a t t e r ,  f o r  t h i s  k i n d  o f  p r o c e s s ,  i s  u s u a l l y  
s e t  t o  t h e  m a x i m u m  v a l u e  t o  w o r k  a t  f u l l  p r o d u c t i o n .  O n  

t h e  o t h e r  h a n d ,  t h e  r e s p o n s e  o f  t h e  v a p o r  p r e s s u r e  ( s t e a m )  
c l o s e d  l o o p  i s  d y n a m i c a l l y  m o r e  f a v o r a b l e  ( f a s t e r  r e s p o n s e )  
m a k i n g  i t  p o s s i b l e  t o  o b t a i n  a n  i n p u t  s i g n a l  c l o s e r  t o  t h e  

i d e a l .

C o n t r o l  s t u d i e s

A l t e r n a t i v e  s c h e m e s  w i l l  b e  p r e s e n t e d  f o r  t h e  a u t o m a t i c  
c o n t r o l  o f  t h e  i n d u s t r i a l  u n i t .  T h e  r e s u l t s  o f  t h e s e  c o m p a r i 

s o n s  p r o v i d e  n e w  e l e m e n t s  f o r  f u r t h e r  i m p r o v e m e n t s  a n d  in  

s e l e c t i n g  t h e  c o r r e c t  c o n f i g u r a t i o n .

C o n t r o l  c o n f i g u r a t i o n  u s i n g  c o n v e n t i o n a l  

f e e d b a c k  r e f r a c t r o m e t r i c  l o o p

T h e  m o d e l  t r a n s f e r  f u n c t i o n  d e v e l o p e d  b e t w e e n  t h e  

i n l e t  s t e a m  a n d  p r o d u c t  c o n c e n t r a t i o n ,  a c c o r d i n g  t o  t h e  

p r e v i o u s  s e c t i o n s ,  w a s  u s e d  t o  d e v e l o p  t h e  c o n v e n t i o n a l  
c o n t r o l  s y s t e m  s h o w n  i n  F i g .  6 . T h e  e m p i r i c a l  m o d e l  w a s  
p r o g r a m m e d  i n  a  P D P  1 1 / 7 0  d i g i t a l  c o m p u t e r  a n d  a n  
a t t e m p t  w a s  m a d e  t o  d e t e r m i n e  s u i t a b l e  P  +  I c o n t r o l l e r  

c o n s t a n t s  b y  s i m u l a t i n g  t h e  c l o s e d  l o o p  s y s t e m .  F o r  t h e  
p u r p o s e  o f  t h i s  s t u d y ,  w e  s i m u l a t e d  t h e  f r e q u e n c y  r e s p o n s e ,  

w i t h  a  Z i e g l e r  a n d  N i c h o l s  s e t t i n g  o f  t h e  c o n t r o l l e r s ,  f r o m  
w h i c h  i t  w a s  a s s i m i l a t e d  t o  a n  o v e r d a m p e d  s e c o n d  o r d e r  

s y s t e m .
T h e r e  i s  a n  i m p o r t a n t  m e a s u r e  f o r  t h e  a t t a i n a b l e  c o n t r o l

Fig. 6 —C o n ve n tio n a l fe ed b a ck  re fra c tro m e tr ic  lo o p .

q u a l i t y  w h e n  t i m e  d e l a y s  a r e  p r e s e n t ,  w h i c h  is  c a l l e d  t h e  
c o n t r o l l a b i l i t y  r a t i o  ( v )  d e f i n e d  a c c o r d i n g  t o  t h e  e q u a t i o n .

r D
v =  —  ( 2 0 )

TP
w h e r e  T p =  ( t 1 +  t 2 )

f o r  t h e  s e c o n d  o r d e r  m o d e l .

F o r  p r o p e r l y  t u n e d  l o o p  g a i n  ( K c K p )  c a n  b e  p l o t t e d  a s  

a  f u n c t i o n  o f  v .  T h i s  l o o p  g a i n  d e c r e a s e s  a s  v  i n c r e a s e s  a n d  
f o r  l a r g e  v a l u e s  o f  v  a p p r o a c h e s  0 . 4 5  f o r  l o o p s  t u n e d  b y  t h e  

Z i e g l e r - N i c h o l s  m e t h o d .  I n  o u r  c a s e ,  s i n c e  v  =  2 . 8 9 ,  t h e  
l o o p  g a i n  s h o u l d  b e  v e r y  l o w  ( K c K p =  7 . 2 3 )  w h i c h ,  f o r  a  

c o n s t a n t  p r o c e s s  g a i n  ( K p  =  3 4 . 7 ) ,  a l l o w s  a  v e r y  l o w  a d m i s 
s i b l e  c o n t r o l  g a i n .  F o r  t h i s  v a l u e  o f  v  t h e  s e t t l i n g  t i m e  

a p p r o a c h e s  9 t j  . T h e s e  c h a r a c t e r i s t i c s  s h o w  “ a  p r i o r i ”  t h a t  
p o o r  c o n t r o l  c a n  b e  e x p e c t e d  i f  c o n v e n t i o n a l  s t r a t e g i e s  a r e  
t o  b e  u s e d .

T h e  s c h e m e  s h o w n  i n  F i g .  6  w a s  i m p l e m e n t e d  a n d  
t u n e d ,  a n d  F i g .  7  g i v e s  t y p i c a l  r e s p o n s e s  o f  t h i s  s i m p l e  

a r r a n g e m e n t  u n d e r  a  l o a d  a n d  s e t  p o i n t  c h a n g e s .  I t  c a n  b e  
r e a d i l y  s e e n  t h a t  t h e  s y s t e m  i s  c o n t r o l l a b l e  b u t  o s c i l l a t o r y  
w h e n  t h e  d i s t u r b a n c e  i s  i m p o r t a n t  e v e n  f o r  v e r y  l o w  v a l u e s  
o f  t h e  g a i n s .  T h i s  i s  m a i n l y  d u e  t o  t h e  i n h e r e n t  t i m e  d e l a y  
a s s o c i a t e d  w i t h  t h e  p r o c e s s .

S i n c e  t h e  j u i c e  g o e s  t o  a n  a c c u m u l a t o r  t a n k ,  t h e  e r r o r  
i n t r o d u c e d  c a n  b e  c o m p e n s a t e d  i n  t h e  f i n a l  m i x t u r e .  H o w 
e v e r ,  t h i s  r e s u l t s  i n  a  w a s t e  o f  e n e r g y  a n d  d e c r e a s e s  p r o d u c 
t i o n .  C o n s e q u e n t l y ,  a l t e r n a t i v e  s c h e m e s  h a v e  t o  b e  c o n 
s i d e r e d .

C o n t r o l  c o n f i g u r a t i o n  u s i n g  p r e d i c t i v e  s t r a t e g i e s

S i n c e  i n  t h i s  c a s e  t h e  p r o c e s s  e x h i b i t s  a p p a r e n t  d e a d  
t i m e  c h a r a c t e r i s t i c s  a n d  s i n c e  d e a d  t i m e  h a s  b e e n  s h o w n  t o  
b e  d e t r i m e n t a l  t o  c o n t r o l ,  t h e r e  i s  a n  i n c e n t i v e  t o  a n a l y z e  

t h e  b e h a v i o r  o f  t h e  s y s t e m  w i t h  c o n t r o l  a l g o r i t h m s  t h a t  c a n  
c o m p e n s a t e  f o r  s u c h  d e l a y s .

T h e  b e s t  k n o w n  o f  t h e  t i m e  d e l a y  c o m p e n s a t i o n  t e c h 

n i q u e s  c u r r e n t l y  i n  u s e  i s  t h e  S m i t h  ( 1 9 5 7 )  p r e d i c t o r  t e c h 
n i q u e .  F e w  e x p e r i m e n t a l  i n v e s t i g a t i o n s  h a v e  d e m o n s t r a t e d  
t h a t  t h e  S P  c a n  r e s u l t  i n  s i g n i f i c a n t  i m p r o v e m e n t s  o v e r  
c o n v e n t i o n a l  P I D  c o n t r o l l e r s .  A  b l o c k  d i a g r a m  o f  t h e  S P  
i s  s h o w n  i n  F i g .  8  w h e r e  G c ( s )  i s  a  c o n v e n t i o n a l  P I  o r  P I D  
c o n t r o l l e r .  I n  t h i s  c a s e  t h e y  c a n  b e  t u n e d  m u c h  m o r e

t, min
Fig. 7—R esp o n se  fo r  a change in  th e  s e t  p o in t  (---- ) a n d  lo a d
(-— ) fo r  th e  co n ven tio n a l c o n tr o l  lo o p  o f  Fig. 16).
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I N D U S T R IA L  A P P L E  J U IC E  E V A P O R A T O R  S T U D IE S .  . .

Fig. 8 —B lo ck  diagram  fo r  a "SP" c o n tr o l con figu ra tion .

Fig. 10—B lo ck  diagram  o f  the p r o p o s e d  c o n tr o l a lte rn a tive .

t i g h t l y  b e c a u s e  o f  t h e  e l i m i n a t i o n  o f  d e a d  t i m e  f r o m  t h e  
l o o p .

F o r  t h e  f e e d b a c k  c o n t r o l  s y s t e m  s h o w n  i n  F i g .  8  t h e  

c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  f o r  l o a d  d i s t u r b a n c e s  i s

C ( s )  _  G c  G p  G l  e - T D

U ( s )  1 + G c ( s )  G p ( s )  H ( s )

T h e  c h a r a c t e r i s t i c  e q u a t i o n  f o r  t h i s  s y s t e m  is  n o w

( 2 1 )

1 + G c ( s ) G p ( s ) H ( s )  =  0  ( 2 2 )

w h i c h  i s  a l s o  t h e  c h a r a c t e r i s t i c  e q u a t i o n  f o r  t h e  s y s t e m  i n  
F i g .  6  w h e n  t h e  t i m e  d e l a y  is  z e r o .  T h u s  b y  u s i n g  t h e  S P  t h e  
t i m e  d e l a y  h a s  b e e n  e l i m i n a t e d  f r o m  t h e  c h a r a c t e r i s t i c  

e q u a t i o n  a n d  c o n s e q u e n t l y  l a r g e r  c o n t r o l l e r  g a i n s  m a y  b e  
u s e d .

S i m u l a t i o n s  w e r e  c o n d u c t e d  f o r  a  s t e p  c h a n g e  i n  s e t  

p o i n t  a n d  a  t y p i c a l  r e s u l t  i s  s h o w n  i n  F i g .  9 .  A s  i t  c a n  b e  
r e a d i l y  s e e n  t h e  S P  g iv e s  s u b s t a n t i a l  i m p r o v e m e n t  o v e r  t h e  
c l a s s i c a l  P 1 D  c o n t r o l l e r  w h e n  u s e d  f o r  c o n t r o l l i n g  t h e  p r o c 
e s s .

A l t e r n a t i v e  c o n t r o l  c o n f i g u r a t i o n

A n  a l t e r n a t i v e  c o n t r o l  c o n f i g u r a t i o n  c a n  b e  i m p l e m e n t e d  
u s i n g  t h e  e a s i l y  a v a i l a b l e  t e m p e r a t u r e  o r  p r e s s u r e  ( a t  a n y  o f  
t h e  s t a g e s )  i n  a n  i n n e r  l o o p  a n d  c o n c e n t r a t i o n  m e a s u r e m e n t s  
i n  a n  o u t e r  l o o p  ( d o n e  i n  a  d i f f e r e n t  t i m e  s c a l e )  t o  c h e c k  

p e r i o d i c a l l y  t h e  s e t  p o i n t s  o f  t h e  c o n t r o l  v a r i a b l e s .  I f  i t  is  
a s s u m e d  t h a t  t h e  t e m p e r a t u r e  o r  p r e s s u r e  a n d  c o m p o s i t i o n  
m e a s u r e m e n t s  a r e  p o s s i b l e  o n  a  d i f f e r e n t  t i m e  s c a l e ,  t w o  
f u n c t i o n s  w i l l  b e  a v a i l a b l e ,  i . e .

T ( s )  =  G 1 ( s ) U ( s )  ( 2 3 )

C ( s )  =  G 2 ( s ) U ( s )  ( 2 4 )

A  c o n t r o l  s c h e m e  c a n  n o w  b e  d e v e l o p e d  w h e r e  t e m p e r a 
t u r e s  o r  p r e s s u r e s  w i l l  b e  c o n t r o l l e d  i n  a n  i n n e r  l o o p  a n d  
c o n c e n t r a t i o n  ( i m p l i c i t l y )  i n  a n  o u t e r  l o o p  b y  a d j u s t i n g  t h e  
s e t  p o i n t s  o f  t h e  t e m p e r a t u r e  o r  p r e s s u r e  c o n t r o l l e r .  T h e

Fig. 9 —R esp o n se  o b ta in e d  using p r e d ic tiv e  s tru c tu re s  (change in  th e  
s e t  p o in t) .

b l o c k  d i a g r a m  o f  t h i s  s c h e m e  is  i l l u s t r a t e d  i n  F i g .  1 0 .
F u r t h e r m o r e ,  f r o m  E q .  ( 2 3 )  a n d  ( 2 4 )  a  d i r e c t  r e l a t i o n  

b e t w e e n  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  c a n  b e  o b t a i n e d  a s  

f o l l o w s :

T ( s )  =  G 1 ( s ) G J 1 ( s )  C ( s )  ( 2 5 )

T h u s ,  w h e n  c o m p o s i t i o n  m e a s u r e m e n t s  a r e  n o t  a v a i l a b l e ,  
t h e  a b o v e  r e l a t i o n  c a n  b e  u s e d  t o  p r e d i c t  t h e  c o m p o s i t i o n  
w h i c h  c a n  t h e n  u p d a t e  t h e  s e t  p o i n t  f o r  t h e  t e m p e r a t u r e  
c o n t r o l l e r .  C u r r e n t l y ,  w o r k  i s  u n d e r w a y  t o  i m p l e m e n t  t h i s  

a d a p t i v e  s e t p o i n t  c o n f i g u r a t i o n  i n  t h e  c o n t e x t  o f  a  d i r e c t  
d i g i t a l  c o n t r o l  o f  t h e  u n i t .

N O M E N C L A T U R E

A  I n t e g r a l  d e f i n e d  i n  E q .  ( 1 4 )
A R  A m p l i t u d e  r a t i o
B  I n t e g r a l  d e f i n e d  i n  E q .  ( 1 4 )
c  C o n c e n t r a t i o n ,  B r i x
C  I n t e g r a l  d e f i n e d  i n  E q .  ( 1 4 )

C l  S o l u b l e  s o l i d s  c o n t e n t  i n d i c a t o r
C ( s )  O u t p u t  o f  t h e  p r o c e s s .

D  I n t e g r a l  d e f i n e d  i n  E q .  ( 1 4 )
F I  F l o w  r a t e  i n d i c a t o r

F ( s )  I n p u t  t o  t h e  p r o c e s s
G ( s )  T r a n s f e r  f u n c t i o n  ( c l o s e d  l o o p )
H ( s )  T r a n s f e r  f u n c t i o n  f o r  t h e  b e e d  b a c k  t r a n s m i t t e r  
I m  I m a g i n a r y  p a r t

j V (-1 )
K  S t e a d y  s t a t e  g a i n
L ( s )  T r a n s f e r  f u n c t i o n  f o r  l o a d  d i s t u r b a n c e  
m j  F i r s t  m o m e n t  o f  t h e  r e s p o n s e  f u n c t i o n ,  d e f i n e d  i n  

E q .  ( 3 )
M j S l o p e ,  d e f i n e d  i n  E q .  ( 5 )  ■
P  P r e s s u r e ,  k g / c m 2
P I  P r e s s u r e  i n d i c a t o r s

P I C  P r o p o r t i o n a l  i n t e g r a l  c o n t r o l l e r
P I D  P r o p o r t i o n a l  i n t e g r a l  d e r i v a t i v e  c o n t r o l l e r

Q  F e e d  F l o w  r a t e ,  %  m a x i m u m
R e  R e a l  p a r t

s  L a p l a c e  o p e r a t o r
S P  S m i t h  p r e d i c t o r
T  T e m p e r a t u r e

T I  T e m p e r a t u r e  i n d i c a t o r
T ( s )  L a p l a c e  t r a n s f o r m a t i o n  o f  T
t  T i m e ,  s e c .
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P r o c e s s
R e s e t  ( i n t e g r a l  a c t i o n )

t m  T i m e  t o  r e a c h  f i n a l  v a l u e  a t  m a x i m u m  s l o p e ,  s e c  p

U ( s )  L o a d  t o  t h e  p r o c e s s  R

G r e e k  l e t t e r s

a  D e f i n e d  i n  E q u a t i o n  ( 6 )
17 T i m e  c o n s t a n t  r a t i o ,  d e f i n e d  i n  E q u a t i o n  ( 7 )

£ D a m p i n g  c o e f f i c i e n t
V C o n t r o l l a b i l i t y  r a t i o ,  d e f i n e d  i n  E q u a t i o n  ( 2 0 )

7 d  T i m e  c o n s t a n t ,  s e c
T D e a d  t i m e ,  s e c .
<f> P h a s e  a n g l e ,  d e f i n e d  i n  E q u a t i o n  ( 1 8 )  

lo F r e q u e n c y  r a d / s e c .

S u b s c r i p t s

c  C o n t r o l l e r
d  D e r i v a t i v e
G  I n l e t  t o  o u t l e t  l o o p  g a i n  r a t i o  

o  S t e a d y  s t a t e
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K i n e t i c s  o f  H y d r o l y s e s  o f  S o r g h u m  M o l a s s e s  w i t h  D i l u t e  

M i n e r a l  A c i d s  a n d  O x a l i c  A c i d  a n d  M e l i b i o s e  w i t h  O x a l i c  A c i d

SUI-SHENG ZHONG, L. T. FAN, and R. W. WISECUP

---------------------------------------- A B S T R A C T ----------------------------------------

I n v e s t ig a t io n s  w e re  c a r r ie d  o u t  o n  th e  k in e t i c s  o f  h y d r o ly s e s  o f  
s o r g h u m  m o la s s e s  w i th  d i lu te  m in e r a l  a c id s  a n d  o x a l ic  a c id  a n d  
m e l ib io s e  w i th  o x a l ic  a c id  a t  r e la t iv e ly  h ig h  te m p e r a tu r e s .  K in e t ic  
e q u a t io n s  f o r  h y d r o ly s i s  o f  s o rg h u m  m o la s s e s  a n d  m e l ib io s e  h a v e  
b e e n  d e r iv e d  f r o m  th e  e x p e r im e n ta l l y  d e t e r m in e d  h y d r o ly s i s  r a te  
c o n s t a n t s  a s  f u n c t i o n s  o f  t h e  a c id  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e .  
I t  h a s  b e e n  s h o w n  t h a t  t h e  h y d r o ly s i s  a c t i v i t y  o f  o x a l ic  a c id  is 
w e a k e r  t h a n  th o s e  o f  h y d r o c h lo r i c  a n d  s u l f u r ic  a c id ,  a n d  t h a t  th e  
s e c o n d  h y d r o g e n  a t o m  in  o x a l ic  a c id  d o e s  n o t  s ig n i f i c a n t ly  p a r t i c i 
p a t e  in  h y d r o ly s i s .

IN T R O D U C T IO N

S O R G H U M  M O L A S S E S  is  a  m i x t u r e  c o n s i s t i n g  o f  s u c r o s e ,  

g l u c o s e ,  a n d  f r u c t o s e  i n  r a t i o s  o f  r o u g h l y  2 : 1 : 1 .  U n f o r 
t u n a t e l y ,  k i n e t i c  s t u d i e s  o f  d i r e c t  h y d r o l y s i s  o f  s o r g h u m  
m o l a s s e s  w i t h  b o t h  m i n e r a l  a n d  o r g a n i c  a c i d s  h a v e  n o t  b e e n  
r e p o r t e d .  I f  t h e  h y d r o l y s i s  o f  s o r g h u m  m o l a s s e s  is  c o n t r o l l e d  
i n  s u c h  a  w a y  t h a t  g l u c o s e  a n d  f r u c t o s e  d o  n o t  d e c o m p o s e  

a p p r e c i a b l y ,  t h e  r a t e  o f  h y d r o l y s i s  o f  s o r g h u m  m o l a s s e s  c a n  

b e  c o n s i d e r e d  e s s e n t i a l l y  a s  t h a t  o f  s u c r o s e .  I t  h a s  b e e n  
r e p o r t e d  t h a t  t h e  h y d r o l y s i s  r a t e  o f  s u c r o s e  p o s s i b l y  c h a n g e s  
a t  a  c o n c e n t r a t i o n  o f  h y d r o c h l o r i c  a c i d  g r e a t e r  t h a n  5 . 6 8 M  

( G o r o k h o v  e t  a l . ,  1 9 7 6 ,  1 9 7 7 ) .  A  h y d r o l y s i s  i s o c a t a l y t i c  
p o i n t  w h e r e  t h e  e f f e c t s  o f  H + a n d  O H ~  a r e  e q u a l  w a s  a l s o  
o b s e r v e d  w h e n  t h e  p H  v a l u e  o f  t h e  h y d r o l y s i s  m e d i u m  w a s  
n e a r l y  8 .  D e c o m p o s i t i o n  o f  t h e  i n v e r t e d  s u g a r s  a t  t h i s  p o i n t  
i n c r e a s e d  a b o u t  t w o  t o  f o u r  t i m e s  w i t h  e a c h  1 0 ° C  i n c r e a s e  
i n  t e m p e r a t u r e  ( S a p r o n o v  a n d  K o l t s c h e v a ,  1 9 7 5 ) .  A c t u a l l y ,

The a u th o rs  are  a f f ilia te d  w ith  th e  D ep t, o f  C h em ica l E ngineering, 
Kansas S ta te  U niv., M an h attan , 6 6 5 0 6 . A u th o r  Z h o n g  is o n  leave  
from  th e  D ep t, o f  C h em ica l E ngineering, T aiyuan  Inst, o f  T ech n o l
o g y , China.

t h e  d e c o m p o s i t i o n  ( S e a m a n ,  1 9 4 5 ;  S h a w  e t  a l . ,  1 9 6 7 ;  

V e l a s c o  a n d  D o w l i n g ,  1 9 7 5 ;  K u s t e r  a n d  T e m m i n k ,  1 9 7 7 )  
a n d  c o n d e n s a t i o n  ( B o g u s l a w ,  1 9 7 8 )  o c c u r r e d  u n d e r  a l m o s t  
a n y  h y d r o l y s i s  c o n d i t i o n ;  a n d  t h u s ,  f l a v o r e d  a n d  c o l o r e d  
c o m p o u n d s  a r e  p r o d u c e d .  I n  s y r u p  p r o d u c t i o n ,  t h e r e f o r e ,  
t h e  t e m p e r a t u r e  a n d  a c i d  c o n c e n t r a t i o n  s h o u l d  b e  s e l e c t e d  
s o  t h a t  t h e  d e c o m p o s i t i o n  o f  i n v e r t  s u g a r s  b e  m i n i m i z e d  
( F l e m i n g  a n d  G r o o t W a s s i n k ,  1 9 7 9 ) .

B o t h  s u c r o s e  a n d  m e l i b i o s e  a r e  d i s a c c h a r i d e s .  S u c r o s e ,  
c o n s i s t i n g  o f  g l u c o s e  a n d  f r u c t o s e  l i n k e d  w i t h  a  g l u c o s y l -  

f r u c t o s y l  b o n d  is  s e n s i t i v e  t o  a c i d s ;  s u c r o s e  is  i n v e r t e d  a s  
i l l u s t r a t e d  i n  F i g .  1 ( J u n k  a n d  P a n c o a s t ,  1 9 7 3 ) .  M e l i b i o s e ,  
c o n s i s t i n g  o f  g a l a c t o s e  a n d  g l u c o s e  l i n k e d  w i t h  a  g a l a c t o s y l -  

g l u c o s y l  b o n d ,  is  h y d r o l y z e d  b y  a c i d s  t o  g a l a c t o s e  a n d  
g l u c o s e  a s  i l l u s t r a t e d  i n  F i g .  2 ;  h o w e v e r ,  t h i s  b o n d  is  h i g h l y  
r e s i s t a n t  t o  h y d r o l y s i s  a c t i o n  ( M o e l w y n - H u g h e s ,  1 9 2 9 ) .  I t  
h a s  b e e n  r e p o r t e d  t h a t  t h e  r a t e  o f  G - F  b o n d  d e s t r u c t i o n  
w a s  a p p r o x i m a t e l y  9 5 5  t i m e s  g r e a t e r  t h a n  t h a t  o f  G a - G  

b o n d  d e s t r u c t i o n ,  w h e n  h y d r o l y s i s  w a s  c a r r i e d  o u t  i n  a  
s o l u t i o n  o f  h y d r o c h l o r i c  a c i d  ( M o e l w y n - H u g h e s ,  1 9 3 4 ;  
S z e j t l i  e t  a l . ,  1 9 7 0 ) .

M i n e r a l  a c i d s ,  s u c h  a s  h y d r o c h l o r i c  a n d  s u l f u r i c  a c i d s ,  

a r e  m o s t  f r e q u e n t l y  u s e d  f o r  t h e  h y d r o l y s i s  o f  b i o m a s s  
b e c a u s e  o f  t h e i r  e f f e c t i v e n e s s  a n d  l o w  c o s t .  A c c o r d i n g  t o  

C o n t i  ( 1 9 5 3 ) ,  t h e  a s h  c o n t e n t s  i n  t h e  f i n a l  p r o d u c t  w e r e  
h i g h e r  w i t h  h y d r o c h l o r i c  a c i d  t h a n  w i t h  o t h e r  a c i d s .  O r g a n i c  
a c i d s ,  s u c h  a s  c i t r i c ,  t a r t a r i c ,  a n d  o x a l i c  a c i d s ,  h a v e  a l s o  
b e e n  u s e d  f o r  s y r u p  p r o d u c t i o n  ( C o n t i ,  1 9 5 3 ;  S a n d k u h l  a n d  
H a l b a c h ,  1 9 5 7 ; G r a n d e l  a n d  N e u m a n n ,  1 9 5 8 ) .

A c c o r d i n g  t o  S z e j t l i  e t  a l .  ( 1 9 7 0 ) ,  t h e  s t u d y  o f  a c i d -  
c a t a l y z e d  h y d r o l y s i s  o f  s u c r o s e  w a s  f i r s t  c a r r i e d  o u t  i n  t h e  
m i d d l e  o f  t h e  1 9 t h  c e n t u r y .  T h e  r a t e s  o f  h y d r o l y s i s  o f  s u 

c r o s e  w i t h  d i f f e r e n t  a c i d s  w e r e  m e a s u r e d  b y  m a n y  i n v e s t i 
g a t o r s  ( A r m s t r o n g  a n d  W h e e l e r ,  1 9 1 1 ;  W o r l e y ,  1 9 1 1 ;  
H a n t z s c h  a n d  W e i s s b e r g e r ,  1 9 2 7 ;  K a u t z  a n d  R o b i n s o n ,
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Fig, 1—P ro d u c ts  o f  su cro se  h y d ro ly s is  
(Junk a n d  P ancoast, 1973).

2 -O-a-D-fructofuronosy I — a-0-qlucopyronoslde 
(Sucrose)

a-D-qlucose a-D-fructose

Fig. 2 —P ro d u c ts  o f  m e lib io se  h y d ro ly s is  
(M oelw yn -H u gh es, 1929).
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1 9 2 8 ;  T i m e l l ,  1 9 6 4 ;  N a r a s a r a j u  a n d  R a o ,  1 9 7 2 ;  Y a m a g u c h i  
a n d  K a w a b u c h i ,  1 9 7 4 ;  M o i s e e v  e t  a l . ,  1 9 7 6 ) .  A  s t a i r c a s e  
n o n i s o t h e r m a l  m e t h o d  w a s  u s e d  t o  m e a s u r e  t h e  r a t e s  o f  

h y d r o l y s i s  o f  s u c r o s e  ( P a n g  e t  a l . ,  1 9 8 1 ) .  T o  c o r r e l a t e  t h e  
h y d r o l y s i s  r a t e  w i t h  a c i d  c o n c e n t r a t i o n  i n  t h e  m e d i u m ,  a  

h y p o t h e s i s  h a s  b e e n  p r o p o s e d  ( H a m m e t t  a n d  D e y r u p ,  
1 9 3 2 ;  H a m m e t t  a n d  P a u l ,  1 9 3 4 ) ,  p o s t u l a t i n g  t h a t  t h e  r a t e  

o f  a c i d - c a t a l y z e d  h y d r o l y s i s  o f  s u c r o s e  i n  a  s t r o n g  m i n e r a l  
a c i d  i s  c l o s e l y  d e p e n d e n t  o n  t h e  s o - c a l l e d  H a m m e t t  a c i d i t y  
f u n c t i o n ,  H 0 , { [ H 0  =  - l o g  ( a H + ) ( f B ) / ( f B H + )}  w h e r e  a H + is  

t h e  h y d r o g e n - i o n  a c t i v i t y  a n d  f B is  t h e  m o l a r - c o n c e n t r a t i o n  
a c t i v i t y  c o e f f i c i e n t ] ,  t h a t  t h e  l o g a r i t h m i c  p l o t  o f  t h e  f i r s t  
o r d e r  h y d r o l y s i s  r a t e  c o n s t a n t ,  k ,  a g a i n s t  H 0 i s  l i n e a r ,  a n d  

t h a t  t h e  r a t i o  o f  t h e  i n c r e m e n t s  o f  t h e s e  q u a n t i t i e s  i s  e q u a l  
t o  u n i t y .  L a t e r  s t u d i e s  h a v e  s h o w n  t h a t  t h e  r e l a t i o n s h i p  
b e t w e e n  I n  k  a n d  H 0  f o r  t h e  h y d r o l y s i s  o f  s u c r o s e  i s  i n 
f l u e n c e d  b y  t h e  t e m p e r a t u r e  ( K r i e b l e ,  1 9 3 5 ;  K r i e b l e  a n d  
R e i n h a r t ,  1 9 3 5 ;  L e i n i n g e r  a n d  K i l p a t r i c k ,  1 9 3 8 a ,  b ;  N a r a 
s a r a j u  a n d  R a o ,  1 9 7 2 ) .  A l t h o u g h  t h e  l o g a r i t h m i c  p l o t s  o f  k  

a g a i n s t  H 0  f o r  m a n y  o t h e r  g l u c o s i d e s  w e r e  a l s o  l i n e a r ,  t h e  
r a t i o s  o f  A i n  k  t o  A H 0  f o r  t h e s e  s u b s t a n c e s  w e r e  n o t  n e c e s 
s a r i l y  e q u a l  t o  u n i t y  ( T i m e l l ,  1 9 6 4 ;  B u n n e t t ,  1 9 6 1 ;  D e -  
B r u y n e  a n d  V a n  W i j n e n d a e l e ,  1 9 6 8 ) .  T h e  H a m m i t t  h y p o t h 

e s i s  i s  n o t  s a t i s f i e d  b y  e x t r e m e l y  w e a k  o r g a n i c  a c i d s  b e c a u s e  
t h e  r a t i o  o f  A i n  k  t o  A H 0  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  1 
( L o n g  a n d  P a u l ,  1 9 5 7 ) .

E x t e n s i v e  s t u d i e s  h a v e  s h o w n  t h a t  a  p l o t  o f  A i n  k  a g a i n s t  
p H  o f  t h e  m e d i u m  o f  s u c r o s e  h y d r o l y s i s ,  i n s t e a d  o f  H 0 , i s  
a l s o  l i n e a r ;  h o w e v e r ,  i t s  s l o p e  d e p a r t s  f r o m  u n i t y  ( T h i e s  e t  
a l . ,  1 9 5 3 ;  B u n t o n  e t  a l . ,  1 9 5 7 ;  S z e j t l i ,  1 9 6 5 a ,  b ,  c ,  1 9 6 8 ;  
S z e j t l i  e t  a l . ,  1 9 7 0 ;  O ’C o n n o r  a n d  B a r n e t t ,  1 9 7 1 ;  K h a r i n ,
1 9 7 3 ) .  S o  f a r  n o  a t t e m p t  h a s  b e e n  m a d e  t o  c o r r e l a t e  t h e  

r a t e  o f  h y d r o l y s i s  o f  e i t h e r  s o r g h u m  m o l a s s e s  o r  s u c r o s e  
w i t h  a c i d  c o n c e n t r a t i o n  i n  t e r m s  o f  v o l u m e  c o n c e n t r a t i o n .

T h e  m a j o r  o b j e c t i v e s  o f  t h i s  w o r k  w e r e  t o  e s t a b l i s h  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  r a t e  o f  h y d r o l y s i s  o f  s o r g h u m  
m o l a s s e s  a n d  m i n e r a l  a c i d  c o n c e n t r a t i o n  i n  t e r m s  o f  v o l u m e  
c o n c e n t r a t i o n ;  t o  d e t e r m i n e  t h e  k i n e t i c  e q u a t i o n s  o f  t h e  

h y d r o l y s i s  o f  s o r g h u m  m o l a s s e s  w i t h  m i n e r a l  a c i d s ;  t o  
d e t e r m i n e  w h e t h e r  t h e  s e c o n d  h y d r o g e n  a t o m  i n  s u l f u r i c  
a c i d  p a r t i c i p a t e s  i n  t h e  h y d r o l y s i s  a s  i n  t h e  c a s e  o f  a c i d -  

h y d r o l y s i s  o f  c e l l u l o s e  ( W e n z l ,  1 9 7 0 ) ;  t o  s t u d y  t h e  k i n e t i c  
c h a r a c t e r i s t i c s  o f  t h e  h y d r o l y z i n g  a c t i o n  o f  o x a l i c  a c i d ;  t o  
e s t a b l i s h  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  r a t e  o f  h y d r o l y s i s  o f  
s o r g h u m  m o l a s s e s  a n d  m e l i b i o s e  a n d  o x a l i c  a c i d  c o n c e n t r a 
t i o n  i n  t e r m s  o f  v o l u m e  c o n c e n t r a t i o n  [ % ( w / v ) ]  ; a n d  t o  
d e r i v e  t h e i r  k i n e t i c  e q u a t i o n s  b a s e d  o n  t h e  i n f o r m a t i o n  

g e n e r a t e d  f r o m  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  k i n e t i c  

p a r a m e t e r s .

M A T E R IA L S  &  M E T H O D S

S o r g h u m  m o la s s e s

S o r g h u m  m o la s s e s  ( d  =  1 .3 7 0 )  w a s  o b t a i n e d  f r o m  a  f a r m  c o o p e r 
a t iv e  l o c a t e d  in  A lm a ,  K S . I t  c o n ta in e d  s u c r o s e ,  g lu c o s e ,  a n d  f r u c 
to s e  i n  r a t i o s  o f  r o u g h ly  2 : 1 : 1 .  A  2 .8 %  m o la s s e s  m e d iu m  w a s  u s e d  
f o r  a c id - c a ta ly z e d  h y d r o ly s i s .  T h e  t o t a l  s u g a r  c o n t e n t  o f  t h e  m e d iu m  
w a s  a b o u t  2% .

M e lib io s e

A  2 .0 %  (w /v )  m e l ib io s e  s o lu t io n  ( s p e c i f ic  r o t a t i o n  n ^ °  = + 1 4 2  
d e g re e s )  p r e p a r e d  f r o m  w h i t e  c r y s ta l l in e  m e l ib io s e  (M .P . 1 8 4 -  
1 8 5 ° C ,  S ig m a  C h e m ic a l  C o m p a n y ) ,  w a s  e m p lo y e d  in  t h e  e x p e r i 
m e n ts .

S u lf u r ic  a c id

S u l f u r ic  a c id  s o lu t io n s  w e re  p r e p a r e d  b y  m ix in g  9 8 %  H 2 S 0 4 
( d  =  1 .8 4 ,  F i s h e r  S c ie n t i f i c  C o m p a n y ,  U .S .A .)  w i th  d i s t i l l e d  w a te r  
i n t o  c o n c e n t r a t i o n s  o f  2 .0 1 5 ,  0 .2 0 1 5 ,  a n d  0 .0 2 0 1 5  g / 1 0 0  m L .  A f t e r  
m ix in g  w i th  t h e  s a m e  v o lu m e  o f  m o la s s e s  s o lu t io n ,  t h e  c o n c e n t r a 
t i o n s  b e c a m e  1 .0 0 7 5 ,  0 .1 0 0 7 5 ,  a n d  0 .0 1 0 0 7 5  g / 1 0 0  m L ,  r e s p e c 
t iv e ly .

H y d r o c h lo r i c  a c id

H y d r o c h lo r i c  a c id  c o n c e n t r a t i o n s  o f  2 .0 ,  0 .2 ,  a n d  0 .0 2  g / 1 0 0  m L  
w e r e  u s e d  f o r  h y d r o ly s i s .  A f t e r  m ix in g  w i th  t h e  s a m e  v o lu m e  o f  
m o la s s e s  s o lu t io n ,  t h e  c o n c e n t r a t i o n s  b e c a m e  1 .0 ,  0 .1 ,  a n d  0 .0 1  
g /1 0 0  m L , r e s p e c t iv e ly .

O x a lic  a c id

O x a l ic  a c id  s o lu t io n s  o f  0 .4 ,  0 .8 ,  1 .6 ,  3 .2 ,  a n d  6 .4 %  (w /v )  w e re  
p r e p a r e d  f r o m  c r y s ta l l in e  o x a l ic  a c id ,  H 0 0 C C 0 0 H - 2 H 2 0  ( F i s h e r  
S c ie n t i f i c  C o m p a n y ) .  A f t e r  m ix in g  w i t h  t h e  s a m e  v o lu m e  o f  e i t h e r  
s o r g h u m  m o la s s e s  o r  m e l ib io s e  s o lu t io n ,  t h e  a c id  c o n c e n t r a t i o n s  in  
h y d r o ly s i s  m ix tu r e s  b e c a m e  0 .2 ,  0 .4 ,  0 .8 ,  1 .6  a n d  3 .2 %  ( w /v ) ,  
r e s p e c t iv e ly .

H y d ro ly s is

H y d r o ly s i s  w a s  c a r r ie d  o u t  i n  a  2 0 0  m L  th r e e - n e c k  f la s k  r e a c t o r  
w i th  a  m ix e r  a n d  a  t h e r m o m e t e r .  A n  a c id  s o lu t io n  (2 5  m L ) ,  p r e 
p a r e d  in  a n  a p p r o p r i a t e  c o n c e n t r a t i o n ,  w a s  p la c e d  i n t o  t h e  r e a c t o r  
a n d  w a r m e d  t o  t h e  d e s i r e d  t e m p e r a t u r e  o f  6 0 ,  7 0 ,  8 0 ,  9 0 ,  o r  1 0 0 ° C .  
T w e n ty - f iv e  m ill i l i t e r s  o f  m o la s s e s  s o lu t io n  (C  =  2 .8 % ) ,  w h ic h  h a d  
b e e n  w a r m e d  t o  t h e  s a m e  t e m p e r a t u r e ,  w e r e  t h e n  p o u r e d  i n t o  th e  
r e a c t o r .  S a m p le s  ( 2  m L )  w e re  w i th d r a w n  a t  r e g u la r  in te rv a ls ,  n e u 
t r a l i z e d ,  a n d  t h e n  p la c e d  i m m e d ia t e ly  i n t o  a n  ic e -b a th .

A n a ly s is

S u c r o s e ,  g lu c o s e ,  a n d  f r u c t o s e  w e r e  m e a s u r e d  b y  a  V a r ia n  M o d e l  
5 0 2 0  h ig h  p r e s s u r e  l iq u id  c h r o m a to g r a p h y  (H P L C )  e q u ip p e d  w i th  
a n  A m in e x  io n  e x c h a n g e  r e s in  c o lu m n  (H P X - 8 7 H , B io -R a d  L a b o r a 
to r i e s ) .  F o r  p r o t e c t i o n ,  t h e  c o lu m n  w a s  p r e c e d e d  b y  a  M ic ro -g u a rd  
c o lu m n  w h ic h  w a s  p a c k e d  w i t h  i o n  e x c h a n g e  r e s in  ( A m in e x  H P X - 
8 5 H , B io -R a d  L a b o r a to r i e s ) .  T h e  M ic r o g u a r d  c o lu m n  w a s  r e p la c e d  
r o u t i n e l y  a f t e r  e v e r y  1 0 0  in je c t i o n s .  T h e  s u g a r  w a s  a n a ly z e d  b y  a  
r e f r a c t iv e  i n d e x  d e t e c t o r  (W a te r s  M o d e l  4 0 1 ) .  T h e  t e m p e r a t u r e  o f  
t h e  c o lu m n  w a s  k e p t  a t  4 5 ° C  d u r in g  a n a ly s is .  A  0 .0 1 N  s u l f u r ic  a c id  
s o lu t io n  w a s  u s e d  a s  t h e  m o b i le  p h a s e  a t  a  f lo w  r a t e  o f  0 .9  m L /m in .  
n -P r o p a n o l  w a s  u s e d  a s  t h e  i n t e r n a l  s t a n d a r d .

R E S U L T S  &  D IS C U S S IO N

T H I S  I N V E S T I G A T I O N  w a s  d i v i d e d  i n t o  t w o  p h a s e s .  T h e  
f i r s t  i n v o l v e d  h y d r o l y s i s  u s i n g  d i l u t e  m i n e r a l  a c i d s  a n d  t h e  

s e c o n d  u s i n g  o x a l i c  a c i d .

M i n e r a l  a c i d s

T h e  h y d r o l y s i s  c u r v e s  o f  s o r g h u m  m o l a s s e s  w i t h  d i l u t e  
s u l f u r i c  a n d  h y d r o c h l o r i c  a c i d s  a r e  i l l u s t r a t e d  i n  F i g .  3  a n d  

4 ,  r e s p e c t i v e l y .  T h e  f i r s t - o r d e r  h y d r o l y s i s  r a t e  c o n s t a n t s  
o b t a i n e d  t h r o u g h  l i n e a r  r e g r e s s i o n  a n a l y s i s  o f  t h e s e  d a t a  
a r e  l i s t e d  i n  T a b l e  1 .

E f f e c t s  o f  a c i d  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e .  T h e  r a t e  
a n d  e x t e n t  o f  t h e  h y d r o l y s i s  o f  s o r g h u m  m o l a s s e s  a r e  d e 
p e n d e n t  o n  t h e  a c i d  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  ( F i g .  3  
a n d  4 ) .

Fig. 3 —H y d r o l y s i s  c u r v e s  o f  s o r g h u m  m o l a s s e s  w i t h  s u l f u r ic  ac id .
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Fig. 4—H y d r o ly s is  cu rves o f  sorgh u m  m o la sses  w ith  h y d ro c h lo r ic  
acid.

A  l o g a r i t h m i c  p l o t  o f  t h e  f i r s t - o r d e r  h y d r o l y s i s  r a t e  

c o n s t a n t ,  k ,  i n  T a b l e  1 a g a i n s t  t h e  a c i d  c o n c e n t r a t i o n ,  C ,  a t  

t h r e e  t e m p e r a t u r e  l e v e l s  y i e l d e d  t h r e e  a p p r o x i m a t e l y  p a r a l 
l e l ,  l i n e a r  c o r r e l a t i o n s  ( F i g .  5 )  i n d i c a t i n g  t h a t :

k  =  k ' C m  ( 1 )

f o r  e a c h  a c i d ,  w h e r e  k '  a n d  m  a r e  e m p i r i c a l  c o n s t a n t s .  T h e  
m a g n i t u d e  o f  t h e  s l o p e  o f  e a c h  p l o t ,  o r  m ,  i n d i c a t e s  t h e  
e x t e n t  o f  t h e  i n f l u e n c e  o f  t h e  a c i d  c o n c e n t r a t i o n  o n  t h e  

r a t e  o f  h y d r o l y s i s .  V a r i o u s  i n v e s t i g a t o r s  h a v e  f o u n d  I n  k  t o  
b e  a  l i n e a r  f u n c t i o n  o f  H 0  a n d  p H  ( H a m m e t t  a n d  D e y r u p ,  
1 9 3 2 ;  H a m m e t t  a n d  P a u l ,  1 9 3 4 ) .

P l o t t i n g  t h e  l o g a r i t h m s  o f  h y d r o l y s i s  r a t e  c o n s t a n t s  i n  
T a b l e  1 a g a i n s t  t h e  r e c i p r o c a l  o f  a b s o l u t e  t e m p e r a t u r e  f o r  
t h r e e  d i f f e r e n t  a c i d  c o n c e n t r a t i o n s  h a s  y i e l d e d  t h r e e  a p 
p r o x i m a t e l y  p a r a l l e l ,  l i n e a r  c o r r e l a t i o n s  ( F i g .  6 ) ,  i n d i c a t i n g  
t h a t  t h e  d e p e n d e n c e  o f  t h e  h y d r o l y s i s  r a t e  c o n s t a n t  o n  t h e  
t e m p e r a t u r e  o b e y s  t h e  c l a s s i c a l  A r r h e n i u s  e q u a t i o n :

k  =  A  e x p ( — E / R T )  ( 2 )

Fig. 5 —D ep e n d e n c e  o f  th e  h y d ro ly s is  ra te  c o n s ta n t o n  th e  a c id  co n 
cen tra tio n .

Reciprocal of absolute temperature,^ x lc f fK

Fig. 6 —D ep en d en ce  o f  th e  h y d r o ly s is  ra te  c o n s ta n t on  th e  tem p era 
ture.

T able 1—F irst-o rd er  h y d ro ly s is  ra te  c o n s ta n ts  fo r  th e  h y d r o ly s is  o f  m o la sses  w ith  m in era l a c id s in  d if fe r e n t c o n c e n tra tio n s  a t  various tem p era 
tu res

Temp
°C
(K)

Sulfuric acid 
Concentration k, min 1 Temp

°C
(K)

Hydrochloric acid 
Concentration k, min 1

% (w/v) (pH) Observed Calculated3 Calculated0 % (w/v) (pH) Observed Calculated0 Calculated0
60 0.01008 2.80 0.000209 0.000239 0.000236 60 0.01 2.80 0.000762 0.000862 0.000863

(333.15) 0.10075 2.34 0.001801 0.001805 0.001860 (333.15) 0.10 2.00 0.010828 0.010593 0.010601
1,0075 1.90 0.014131 0.013617 0.013414 1.00 1.20 0.133470 0.130236 0.130271

80 0.01008 2.80 0.002157 0.002051 0.001986 70 0.01 2.80 0.002712 0.002575 0.002577
(353.15) 0.10075 2.34 0.015944 0.015209 0.015669 (343.15) 0.10 2.00 0.034913 0.031653 0.031664

1.0075 1.90 0.126351 0.114742 0.113026 1.00 1.20 0.394230 0.389172 0.389100
100 0.01008 2.80 0.014122 0.013511 0.013313 80 0.01 2.80 0.007488 0.007231 0.007234

(373.15) 0.10075 2.34 0.101947 0.101977 0.105061 (353.15) 0.10 2.00 0.085215 0.088900 0.088891
1.0075 1.90 0.658380 0.769360 0.757858 1.00 1.20 1.012730 0.914895 0.915458

3 Ca lcu la ted  from: k -  1.70 x IO 1® C H 2 S 0 4 exP(—2 4 ,913 /R X ). c C a lcu la ted  from: k = 3.988 x 1 0 17 C ^ ®  exp(— 2 4 ,8 6 1 /R T ) .

b Ca lcu la ted  from: k = 1.5 x l o t s  e x p [ - (4 .4 9 p H  + 24^ 13)]. d Ca lcu la ted  from k = 1.14 x 1 0 17 e x p [ - (3 .1 4 p H  +
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( 7 )

w h e r e  A  is  t h e  p r e - e x p o n e n t i a l  f a c t o r ,  E  t h e  a c t i v a t i o n  
e n e r g y  ( c a l / g - m o l e ) ,  T  t h e  t e m p e r a t u r e  ( ° K ) ,  a n d  R  t h e  g a s  
c o n s t a n t  ( c a l / g - m o l e , 0 K ) .

K i n e t i c  e q u a t i o n s .  B y  c o m b i n i n g  E q .  ( 1 )  a n d  ( 2 ) ,  t h e  

k i n e t i c  e q u a t i o n s  d e s c r i b i n g  t h e  h y d r o l y s i s  o f  s o r g h u m  
m o l a s s e s  w i t h  m i n e r a l  a c i d s ,  w h i c h  t a k e  i n t o  a c c o u n t  t h e  
e f f e c t s  o f  t h e  a c i d  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e ,  c a n  b e  

d e t e r m i n e d .  T h i s  y i e l d s :

k  =  k 0 C m  e x p ( — E / R T )  o r  I n  k  =  I n  k G +  m  I n  C  -  E / R T

( 3 )

w h e r e  k 0  i s  a n  e m p i r i c a l  c o n s t a n t ,  C  t h e  a c i d  c o n c e n t r a t i o n  
( g / m L ) ,  a n d  m  a n  e m p i r i c a l  c o n s t a n t .  A  l i n e a r  l e a s t - s q u a r e  
f i t t i n g  o f  E q .  ( 3 )  t o  t h e  e x p e r i m e n t a l  d a t a  h a s  y i e l d e d :

k  =  1 . 7 0  x  1 0 16 c f ,® g Q  e x p ( —2 4 , 9 1 3 / R T )  ( 4 )

f o r  s u l f u r i c  a c i d ,  a n d :

k  =  3 . 9 9 8  x  1 0 17  C ^ - g f  e x p ( — 2 4 , 8 6 1 / R T )  ( 5 )

k  =  1 . 5 0  x  1 0 18 e x p < - ( 4 . 9 4 p H  +
2 4 , 9 1 3 )}

f o r  s u l f u r i c  a c i d ,  a n d :

k  =  1 . 1 4  x  1 0 17 e x p  1 - 3  , 1 4 p H  +

ff
( 8 )

f o r  h y d r o c h l o r i c  a c i d .  T h e  v a l u e s  o f  k  c a l c u l a t e d  f r o m  E q .  
( 4 ) ,  ( 5 ) ,  ( 7 ) ,  a n d  ( 8 )  a r e  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  v a l u e s  i n  T a b l e  1.

T h e  m a g n i t u d e s  o f  a c t i v a t i o n  e n e r g y  o b t a i n e d  i n  t h i s  
w o r k  a r e  e s s e n t i a l l y  i n  a g r e e m e n t  w i t h  t h o s e  o f  o t h e r  i n v e s 
t i g a t o r s  ( T a b l e  2 ) .  S t a t i s t i c a l  a n a l y s i s  o f  t h e  a v a i l a b l e  d a t a  
h a s  y i e l d e d  E  =  2 5 , 5 5 0  ±  2 6 0  c a l / g - m o l e  ( V u k o v ,  1 9 6 5 ;  

S z e j t i l i  e t  a l . ,  1 9 7 0 ) .  N o t e  t h a t  t h e  R 2 , m e a s u r i n g  t h e  

e x t e n t  o f  v a r i a t i o n  i n  t h e  d e p e n d e n t  v a r i a b l e  a t t r i b u t a b l e  t o  
t h e  m o d e l ,  i s  0 . 9 9 8 7  w i t h  s u l f u r i c  a c i d  a n d  0 . 9 9 9 1  w i t h  
h y d r o c h l o r i c  a c i d .

f o r  h y d r o c h l o r i c  a c i d .  W h e n  t h e  a c i d  c o n c e n t r a t i o n  is  e x 
p r e s s e d  i n  t e r m s  o f  p H ,  t h e  e x p r e s s i o n  o f  d e p e n d e n c e  o f  t h e  

h y d r o l y s i s  r a t e  c o n s t a n t  o n  t h e  a c i d  c o n c e n t r a t i o n  a n d  t e m 

p e r a t u r e  b e c o m e s :

k  =  k ;  e x p j - ^ n p H  +  — o r  I n  k  =  I n  k '  — n p H  -  —
R T

( 6 )

w h e r e  k ^  a n d  n  a r e  e m p i r i c a l  c o n s t a n t s ,  a n d  a H + t h e  a c t i v 

i t y  o f  h y d r o g e n  i o n  i n  t h e  h y d r o l y s i s  m e d i u m .  L i n e a r  l e a s t -  
s q u a r e  f i t t i n g  o f  E q .  ( 6 )  t o  t h e  d a t a  h a s  r e s u l t e d  i n :

O x a l i c  a c i d

T h e  s u c r o s e  c o n t e n t  i n  t h e  s o r g h u m  m o l a s s e s  m e d i u m  
d u r i n g  h y d r o l y s i s  b y  o x a l i c  a c i d  a n d  t h e  f r a c t i o n  o f  g l u c o s e  
p r o d u c e d  i n  t h e  m e l i b i o s e  m e d i u m  d u r i n g  h y d r o l y s i s  a r e  
s h o w n  i n  F i g .  7  a n d  F i g .  8 ,  r e s p e c t i v e l y .  I t  c a n  b e  s e e n  t h a t  

t h e s e  s e m i - l o g a r i t h m i c  p l o t s  a r e  e s s e n t i a l l y  l i n e a r ,  g i v i n g  r i s e  
t o  t h e  f i r s t  o r d e r  r a t e  e x p r e s s i o n s .  U p o n  i n t e g r a t i o n ,  t h e y  
y i e l d :

T able 2 - A c t i v a t io n  en erg y  fo r  th e  a c id -c a ta ly ze d  h y d ro ly s is  o f  su crose

Investigator Acid (cone)
Temp

°C
Activation energy 

Cal/mole

Jones and Lewis (1920) H2S 0 4 (0.1 N) 20- 50 26,400
Moelwyn-Hughes (1929) HCI (aH+ = 1.0) 60 25,830
Heidt and Purves (1938) HCl (0.00965N) 30- 60 25,700
Leiningerand Kilpatrick (1938a) HCl (1.1235M) 0- 10 26,200
Leiningerand Kilpatrick (1938a) HCl (4.822M) 0- 10 24,200
Leininger and Kilpatrick (1938b) HCl (1.0M) 30- 40 25,160
Bodamer and Kunin (1951) 0.001 Na 25- 50 28,200
Bodamer and Kunin (1951) 0.18 Na 25- 50 30,000
Timell (1964) H2S 0 4 (0.01M, 0.5M) 30- 60 24,400
Lund et al. (1969) HCl (1.48N) 12- - 7 26,000
Szejtli et al. (1970) HCI (0.001-1.ON) 30- 60 25,541
Present work HCI (0.01-1.0 g/100 mL) 60- 80 24.756
Present work H2S04 (0.01-1.0 g/100 mL) 60-100 25,054

a By using cation exchange resin.

Fig. 7—H y d ro ly s is  cu rves o f  sorgh u m  m o la sses w ith  o x a lic  acid. Fig. 8 —H y d ro ly s is  cu rves o f  m e lib io se  w ith  o x a lic  acid.
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f o r  s o r g h u m  m o l a s s e s ,  a n d :

f o r . m e l i b i o s e  w h e r e  k  i s  t h e  f i r s t - o r d e r  h y d r o l y s i s  r a t e  c o n 

s t a n t  ( m i n - 1 ) ,  C ^ 0  a n d  ^ A t  t h e  s u c r o s e  c o n c e n t r a t i o n s  [%  
( w / v ) ]  a t  t h e  b e g i n n i n g  a n d  a t  t i m e  t ,  r e s p e c t i v e l y ,  t  t h e  
h y d r o l y s i s  t i m e  ( m i n ) ,  a n d  p  t h e  f r a c t i o n  o f  g l u c o s e  p r o 
d u c e d  u p  t o  t i m e  t .  T h e  f i r s t - o r d e r  h y d r o l y s i s  r a t e  c o n s t a n t s ,  
k ,  w e r e  d e t e r m i n e d  f r o m  t h e  d a t a  b y  m e a n s  o f  r e g r e s s i o n  
a n a l y s i s .  T h e  r e s u l t a n t  v a l u e s  o f  k  a r e  l i s t e d  i n  T a b l e  3 .

A  c o m p a r i s o n  b e t w e e n  o x a l i c  a c i d  a n d  t h e  m i n e r a l  a c i d s  
s h o w s  t h a t  t h e  t h r e e  a c i d s  w e r e  d i f f e r e n t  i n  t h e i r  h y d r o l y z 
i n g  a c t i o n  ( T a b l e  4 ) .  A t  t h e  s a m e  c o n c e n t r a t i o n ,  i n  t e r m s  o f  
m o l a r i t y ,  t h e  s p e c i f i c  r a t e s  o f  h y d r o l y s i s  w i t h  t h e  t h r e e  
a c i d s  w e r e  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e ,  i n d i c a t i n g  t h a t  
t h e  s e c o n d  h y d r o g e n  a t o m  i n  o x a l i c  a c i d  a s  w e l l  a s  t h a t  i n  

s u l f u r i c  a c i d  p l a y  a n  i n s i g n i f i c a n t  r o l e  i n  h y d r o l y s i s .  T h i s  is  
p r o b a b l y  d u e  t o  t h e  l o w  d i s s o c i a t i o n  c o n s t a n t s  o f  t h e i r  
s e c o n d  h y d r o g e n  a t o m s .  S u l f u r o u s  a n d  p h o s p h o r i c  a c i d s  
a l s o  h a v e  l o w  d i s s o c i a t i o n  c o n s t a n t s  a n d ,  t h u s ,  a r e  o n l y  
s l i g h t l y  c a t a l y t i c a l l y  a c t i v e  i n  h y d r o l y s i s  o f  c e l l u l o s e  ( W e n z l ,
1 9 7 0 ) .

Effects of acid concentration and temperature. T h e
e f f e c t  o f  o x a l i c  a c i d  c o n c e n t r a t i o n  o n  t h e  h y d r o l y s i s  r a t e s  
o f  s o r g h u m  m o l a s s e s  a t  t h r e e  t e m p e r a t u r e  l e v e l s  i s  s h o w n  i n  

F i g .  9 .  A t  a  g i v e n  t e m p e r a t u r e ,  t h e  h y d r o l y s i s  r a t e  c o n s t a n t ,  
k ,  i s  r e l a t e d  t o  t h e  a c i d  c o n c e n t r a t i o n ,  C o x a ijc , a s :

k = k c C o x a lic  o r  I n  k  =  m  I n  C oxaU c +  I n  k c  ( 1 1 )  

w h e r e  m  is  t h e  s l o p e  a n d  I n  k c  t h e  i n t e r c e p t  o f  a  l o g a r i t h 

m i c  p l o t  o f  k a g a i n s t  C o x a uc . T h i s  r e s u l t  i s  v e r y  s i m i l a r  t o  
t h o s e  o b t a i n e d  b y  e a r l i e r  i n v e s t i g a t o r s  ( R e v a  e t  a l . ,  1 9 7 5 ;

T able 3 —O b served  a n d  ca lc u la te d  firs t-o rd e r  h y d r o ly s is  ra te  c o n 
s ta n ts  fo r  h y d r o ly s is  o f  sorgh u m  m o la sses a n d  m e lib io se  b y  o x a lic  
a c id

Temp
° c

Oxalic acid 
concentration 

%(w/v)

Molasses 
k x 103 (min- 1 )

Melibiose 
k x 104 (min- 1 )

Observed Calculated3 Observed Calculated0
60 0.2 2.401 2.365 - —

0.4 5.167 5.197 - -

0.8 12.26 11.42 - -

70 0.2 6.987 7.244 — _

0.4 16.13 15.92 - -

0.8 36.14 34.99 - -

80 0.2 22.87 20.83 _ _

0.4 46.48 45.77 — -

0.8 97.35 100.6 0.98 1.064
1.6 - - 1.96 2.057
3.2 - - 4.44 3.977

90 0.8 - - 6.81 5.620
1.6 — - 10.92 10,86
3.2 - 23.42 21.00

100 0.8 — _ 27.10 27.14
1.6 - - 55.78 52.47
3.2 - 90.83 101.4

a  C a l c u l a t e d  f r o m :  k  = 1 . 3 0 6  x  1 0 1 7  C i , I a b  e x p ( — 2 5 , 4 0 7 / R T ) .
O X211C

b  C a l c u l a t e d  f r o m :  k  = 1 . 7 9 6  x  1 0 2 4  C 0 , 9 ^.1 e x p ( — 4 2 , 3 6 8 / R T ) .
o  x a  I ic

T able 4 —C o m p a riso n  o f  th e  ra te s  o f  th e  h y d ro ly s is  o f  sorgh u m  
m olasses in various ac id s le x p e r im e n ta l c o n d itio n s:  a c id  co n e  0 .1  
m o la r , tem p  8 0 ° C)

Oxalic Sulfuric Hydrochloric
Item acid acid acid

Rate constant, min- 1 0.112210 0.126351 0.359073
Activity of the acids 0.31 0.35 1.00a

a The activity of hydrochloric acid to invert sucrose is taken as 1.00.

M u r o  e t  a l . ,  1 9 7 6 )  w h e n  h y d r o l y s i s  o f  s u c r o s e  w a s  c a r r i e d  
o u t  i n  a  s y s t e m  b u f f e r e d  w i t h  i n v e r t e d  s u g a r s .  T h e  l o g a r i t h m  
o f  t h e  h y d r o l y s i s  r a t e  o f  s u c r o s e  w a s  f o u n d  t o  b e  l i n e a r  

w i t h  r e s p e c t  t o  t h e  p H  o f  t h e  r e a c t i o n  m i x t u r e .
A r r h e n i u s  p l o t s  i l l u s t r a t i n g  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  

t h e  h y d r o l y s i s  r a t e  o f  s o r g h u m  m o l a s s e s  a n d  m e l i b i o s e  a t  

t h r e e  o x a l i c  a c i d  c o n c e n t r a t i o n s  i s  s h o w n  i n  F i g .  1 0 .  T h e  
h y d r o l y s i s  r a t e s  o f  s o r g h u m  m o l a s s e s  a n d  m e l i b i o s e  i n c r e a s e  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  a n d  a c i d  c o n c e n t r a t i o n .  I n 
c r e a s i n g  t h e  t e m p e r a t u r e  1 0  C  w a s  a p p r o x i m a t e l y  e q u i v a 
l e n t  t o  d o u b l i n g  t h e  a c i d  c o n c e n t r a t i o n  f o r  s o r g h u m  m o l a s s e s  
a n d  i n c r e a s i n g  t h e  t e m p e r a t u r e  1 0  C  w a s  a p p r o x i m a t e l y  

e q u i v a l e n t  t o  q u a d r u p l i n g  t h e  a c i d  c o n c e n t r a t i o n  f o r  m e l i 
b i o s e .  T h e  h y d r o l y s i s  r a t e  c o n s t a n t ,  k ,  i s  e x p o n e n t i a l l y  
d e p e n d e n t  o n  t h e  r e c i p r o c a l  o f  a b s o l u t e  t e m p e r a t u r e ;  ( F i g .  
1 0 ) :

k  =  A  e - E / R T  o r  I n  k  =  I n  A ( 1 2 )

w h e r e  E  i s  t h e  a c t i v a t i o n  e n e r g y  ( c a l / g - m o l e ) ,  R  t h e  g a s  c o n 

s t a n t  ( c a l / g - m o l e  K ) ,  T  t h e  a b s o l u t e  t e m p e r a t u r e  ( ° K ) ,  a n d  

A  t h e  A r r h e n i u s  c o n s t a n t .
Kinetic equations. C o m b i n i n g  E q .  ( 1 1 )  a n d  ( 1 2 )  g iv e s  

r i s e  t o  t h e  k i n e t i c  e q u a t i o n s  f o r  h y d r o l y s i s  o f  s o r g h u m  

m o l a s s e s  a n d  m e l i b i o s e  w i t h  d i l u t e  o x a l i c  a c i d ,  w h i c h  t a k e s  
i n t o  a c c o u n t  t h e  a c i d  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e .  T h e  
r e s u l t a n t  e x p r e s s i o n  i s

o r

k  =  k o  C ™ alic e x p ( —E / R T )

E
I n  k  =  I n  k 0  +  m  I n  C o x a l i c --------

R

( 1 3 )

A  l i n e a r  r e g r e s s i o n  o f  E q .  ( 1 3 )  t o  t h e  e x p e r i m e n t a l  d a t a  h a s  
y i e l d e d :

k  =  1 . 3 0 6  x  1 0 17 C 1̂ «  e x p ( — 2 5 , 4 0 7 / R T )  ( 1 4 )

f o r  s o r g h u m  m o l a s s e s ,  a n d :

k  =  1 . 7 9 6  x  1 0 2 4  C ^ 1 e x p ( — 4 2 , 3 6 8 / R T )  ( 1 5 )

f o r  m e l i b i o s e .  F o r  c o m p a r i s o n ,  t h e  v a l u e s  o f  k  c a l c u l a t e d  
f r o m  E q .  ( 1 4 )  a n d  ( 1 5 )  a r e  a l s o  l i s t e d  i n  T a b l e  3 .

A c i d  C o n c e n t r a t i o n  in  S o l u t i o n ,  C (%)

Fig■ 9—D ep en d en ce  o f  th e h y d r o ly s is  ra te  c o n s ta n t on  th e  o x a lic  
a c id  co n cen tra tio n .

1432 -JO U RN A L O F  FO OD  SC IENCE-Vo lum e 49 (1984)



T h e  a c t i v a t i o n  e n e r g y  o f  2 5 , 4 0 7  c a l / g - m o l e  f o r  s o r g h u m  
m o l a s s e s  i s  c l o s e  t o  t h o s e  r e p o r t e d  b y  e a r l i e r  i n v e s t i g a t o r s  
f o r  h y d r o l y s i s  o f  s u c r o s e  m o s t l y  b y  h y d r o c h l o r i c  a c i d .  F o r  
e x a m p l e ,  f r o m  t h e  r e s u l t s  o f  n u m e r o u s  i n v e s t i g a t o r s ,  V u k o v
( 1 9 6 5 )  a n d  S z e j t l i  e t  a l .  ( 1 9 7 0 )  o b t a i n e d  a v e r a g e  v a l u e s  o f  
t h e  a c t i v a t i o n  e n e r g y  o f  2 5 , 9 2 0  c a l / g - m o l e ,  a n d  2 5 , 5 5 0  ±  
2 6 0  c a l / g - m o l e ,  r e s p e c t i v e l y .  T h e  a c t i v a t i o n  e n e r g y  o f  

4 2 , 3 6 8  c a l / g - m o l e  f o r  m e l i b i o s e  i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  
t h e  v a l u e s  o f  3 8 , 5 9 0  a n d  3 3 , 8 0 0  c a l / g - m o l e  o b t a i n e d  b y  

M o e l w y n - H u g h e s  ( 1 9 2 9 )  a n d  T i m e l l  ( 1 9 6 4 ) ,  r e s p e c t i v e l y  
( T a b l e  2 ) .  S i n c e  h y d r o c h l o r i c  a c i d  w a s  e m p l o y e d  b y  t h e  
e a r l i e r  i n v e s t i g a t o r s ,  t h i s  d i f f e r e n c e  i s  n o t  s u r p r i s i n g .  S t a t i s 

t i c a l  a n a l y s i s  o f  t h e  d a t a  f r o m  t h i s  p h a s e  o f  i n v e s t i g a t i o n  
h a s  s h o w n  t h a t  t h e  R 2 w a s  n e a r l y  1 . 0 ,  i n d i c a t i n g  t h a t  t h e  
k i n e t i c  e q u a t i o n s  d e r i v e d  a r e  a c c u r a t e .

C O N C L U S IO N S

T H E  P L O T S  o f  I n  k  o b t a i n e d  f r o m  h y d r o l y s i s  o f  s o r g h u m  
m o l a s s e s  b y  d i l u t e  s u l f u r i c  a n d  h y d r o c h l o r i c  a c i d s  a g a i n s t  I n  
C  a r e  l i n e a r  a s  i n  t h e  c a s e s  o f  p l o t s  o f  I n  k  v e r s e s  H 0  o r  I n  k  

v e r s u s  p H  a s  r e p o r t e d  b y  e a r l i e r  i n v e s t i g a t o r s .  T h e  k i n e t i c  
e q u a t i o n s  f o r  h y d r o l y s i s  o f  s o r g h u m  m o l a s s e s  b y  d i l u t e  
m i n e r a l  a c i d s  h a v e  b e e n  d e t e r m i n e d .  A  c l o s e  a g r e e m e n t  
b e t w e e n  t h e  o b s e r v e d  r a t e s  a n d  t h o s e  c a l c u l a t e d  f r o m  t h e  

p r e s e n t  k i n e t i c  e q u a t i o n s  i n d i c a t e s  t h a t  t h e  s l i g h t  d i f f e r 
e n c e s  a m o n g  t h e  v a l u e s  o f  a c t i v a t i o n  e n e r g y  a t  v a r i o u s  a c i d  
c o n c e n t r a t i o n s  a r e  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .

S u l f u r i c  a n d  h y d r o c h l o r i c  a c i d s  a p p e a r  t o  b e  d i f f e r e n t  i n  

t h e i r  h y d r o l y z i n g  a c t i o n .  A t  t h e  s a m e  m o l a r i t y ,  t h e  s p e c i f i c  
r a t e s  o f  h y d r o l y s i s  w i t h  b o t h  a c i d s  a r e  o f  t h e  s a m e  o r d e r  o f  
m a g n i t u d e .  T h e  v a l u e  o f  k  i s  0 . 1 2 6 3 5 1  f o r  s u l f u r i c  a c i d  a n d  

0 . 3 5 9 0 7 3  m i n - 1  f o r  h y d r o c h l o r i c  a c i d  i n  a  0 . 1 M  a c i d  

m e d i u m  a t  8 0  C . T h i s  i m p l i e s  t h a t  t h e  s e c o n d  h y d r o g e n  
a t o m  i n  s u l f u r i c  a c i d  p l a y s  a n  i n s i g n i f i c a n t  r o l e  i n  t h e  h y 
d r o l y s i s .  A t  8 0 ° C ,  s o r g h u m  m o l a s s e s  c a n  b e  h y d r o l y z e d  
e s s e n t i a l l y  c o m p l e t e l y  i n  a  1 . 0  g / 1 0 0  m L  s u l r u f i c  a c i d  o r  
0 . 1  g / 1 0 0  m L  h y d r o c h l o r i c  a c i d  s o l u t i o n  w i t h i n  1 2  o r  1 6  
m i n ,  r e s p e c t i v e l y ,  w i t h  o n l y  s l i g h t  d e c o m p o s i t i o n  o f  b o t h  
g l u c o s e  a n d  f r u c t o s e .

H y d r o l y s i s  o f  s o r g h u m  m o l a s s e s  a n d  t h a t  o f  m e l i b i o s e  
i n  d i l u t e  o x a l i c  a c i d  o b e y  t h e  l a w  o f  f i r s t - o r d e r  r e a c t i o n .  

T h e  h y d r o l y s i s  r a t e  c o n s t a n t  d e p e n d s  o n  t h e  o x a l i c  a c i d  
c o n c e n t r a t i o n  i n  t e r m s  o f  %  ( w / v ) ;  t h i s  d e p e n d e n c y  c a n  b e  
e x p r e s s e d  a s  k  =  k Q C m . T h e  k i n e t i c  e q u a t i o n s  f o r  h y d r o l y 
s i s  o f  s o r g h u m  m o l a s s e s  a n d  m e l i b i o s e  w i t h  o x a l i c  a c i d  h a v e  
b e e n  d e r i v e d .  T h e s e  e q u a t i o n s  t a k e  i n t o  a c c o u n t  t h e  e f f e c t  
o f  t e m p e r a t u r e  a n d  o x a l i c  a c i d  c o n c e n t r a t i o n  o n  h y d r o l y s i s .  
T h e  h y d r o l y z i n g  a c t i o n  o f  o x a l i c  a c i d  i s  d i f f e r e n t  f r o m  t h a t  
o f  h y d r o c h l o r i c  a c i d .  T h e  s e c o n d  h y d r o g e n  a t o m  i n  o x a l i c  
a c i d  d o e s  n o t  a p p e a r  t o  p a r t i c i p a t e  i n  h y d r o l y s i s .  T h e  d e 
s t r u c t i o n  o f  G - F  b o n d  o f  s u c r o s e  i n  s o r g h u m  m c l a s s e s  is  
a p p r o x i m a t e l y  9 9 3  t i m e s  f a s t e r  t h a n  t h a t  o f  G a - G  b o n d  i n  
m e l i b i o s e  u n d e r  t h e  s a m e  c o n d i t i o n  w h e n  h y d r o l y s i s  is  

c a r r i e d  o u t  i n  t h e  s o l u t i o n  o f  o x a l i c  a c i d .
T h e  a c t i v a t i o n  e n e r g i e s  o f  d e s t r u c t i o n  o f  G - F  b o n d  i n  

m o l a s s e s  a r e  2 5 , 4 0 7  c a l / g - m o l e  w i t h  o x a l i c  a c i d ,  2 4 , 8 6 1  
c a l / g - m o l e  w i t h  h y d r o c h l o r i c  a c i d ,  a n d  2 4 , 9 1 3  c a l / g - m o l e  
w i t h  s u l f u r i c  a c i d .  T h e s e  v a l u e s  a r e  a p p r o x i m a t e l y  e q u a l ,  

i n d i c a t i n g  t h a t  t h e  r u p t u r e  o f  G - F  b o n d  i n  m o l a s s e s  i s  i n d e 
p e n d e n t  o f  t h e  k i n d  o f  a c i d s .  T h e  h y d r o l y s i s  r a t e s  a r e  d i f 
f e r e n t  i n  v a r i o u s  a c i d  m e d i a  a t  t h e  s a m e  s e t  o f  c o n d i t i o n s ,  
i n d i c a t i n g  t h a t  t h e i r  a c t i v i t i e s  a r e  d i s t i n c t .  T h e  a c t i v i t y  o f  
o x a l i c  a c i d  i s  w e a k e r  t h a n  t h o s e  o f  h y d r o c h l o r i c  a c i d  a n d  

s u l f u r i c  a c i d .

N O M E N C L A T U R E

A  p r e - e x p o n e n t i a l  f a c t o r  i n  t h e  A r r h e n i u s  e q u a t i o n  

( m i n - 1 )

a n +  h y d r o g e n - i o n  a c i t i v i t y  ( g / m L )

Fig. 10—D ep en d en ce  o f  th e  h y d r o ly s is  ra te  c o n s ta n t on th e tem p er
a tu re  in h y d ro ly s is  w ith  o x a lic  acid.

C  a c i d  c o n c e n t r a t i o n  ( g / m L )

C A o  s u c r o s e  c o n c e n t r a t i o n  i n  h y d r o l y s i s  s o l u t i o n  a t  t h e  

b e g i n n i n g  [%  w / v ) ]
C A t s u c r o s e  c o n c e n t r a t i o n  i n  h y d r o l y s i s  s o l u t i o n  a t  t i m e  

t  [ % ( w / v ) ]

C o x a iic o x a l i c  a c i d  c o n c e n t r a t i o n  i n  h y d r o l y s i s  s o l u t i o n  
( g / m L )

E  a c t i v a t i o n  e n e r g y  ( c a l / g - m o l e )

f g  m o l a r - c o n c e n t r a t i o n  a c t i v i t y  c o e f f i c i e n t s  ( d i m e n 

s i o n l e s s )
H 0  a c i d i t y  f u n c t i o n  ( g / m L )
k  f i r s t - o r d e r  h y d r o l y s i s  r a t e  c o n s t a n t  ( m i n - 1  )
k '  e m p i r i c a l  c o n s t a n t  i n  E q .  ( 1 )
k Q e m p i r i c a l  c o n s t a n t  i n  E q .  ( 3 )  a n d  ( 1 3 )  
k j ,  e m p i r i c a l  c o n s t a n t  i n  E q .  ( 6 )
k c  e m p i r i c a l  c o n s t a n t  i n  E q .  (  1 1  )
M  m o l a r  c o n c e n t r a t i o n  ( m o l e s  o f  s o l u t e  p e r  l i t e r  s o l u 

t i o n )
m  e m p i r i c a l  c o n s t a n t  ( d i m e n s i o n l e s s )
n  e m p i r i c a l  c o n s t a n t  i n  E q .  ( 6 )  ( d i m e n s i o n l e s s )
p  f r a c t i o n  o f  p r o d u c e d  g l u c o s e  a t  t i m e  t  ( d i m e n s i o n 

l e s s )
R  g a s  c o n s t a n t  ( c a l / g - m o l e * ° K )
t  r e a c t i o n  t i m e  ( m i n )
T  a b s o l u t e  t e m p e r a t u r e  (  K )
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K U R T  A N T H O N E Y , D A N IE L  ENNIS, and PE T E R  COOK

---------------------------------- A BSTR AC T------------------------------------
The ability to use the Hunter Citrus Colorimeter D45 for the objec
tive measurement of lemon juice color was studied. The correlation 
coefficient between 25 panelists’ visual ranking of lemon juice 
lightness to darkness and the colorimeter D45 color scores was
0.98. This paper presents the methods used in preparing the lemon 
juice sample for color measurement and the implication of the 
sensory results for the potential use of the Hunter Citrus Colori
meter D45 for lemon juice color measurement by the citrus industry.

INTRODUCTION

THE COLOR OF FOODS and beverages is an important 
component of total product acceptability and value. Over 
the years, objective color measurements have been devel
oped for a number of foods and beverages. The need for a 
simple, objective instrument to measure juice color was 
reported by Hunter in 1967. At the request of the Florida 
Citrus Commission, Hunter Associates Laboratory devel
oped a Citrus Colorimeter prototype and calibration pro
cedure for the objective color measurement of frozen con
centrated orange juice. Subsequent improvements of the 
initial prototype colorimeter led to the development of the 
Model D45 Citrus Colorimeter (Wenzel and Huggart, 1969). 
The instrument color scores correlated well with the average 
grade color scores of skilled human observers. The instru
ment has been primarily used for the objective color 
measurement of orange juice and with the additional capa
bility of measuring other citrus juices including lemon juice 
(Hunter, 1967).

Two color scales were developed by Hunter: Citrus 
Redness (CR), and Citrus Yellowness (CY). The citrus 
colorimeter color score value, N is derived from a linear 
equation for the best fit between color scores Citrus Red 
(CR) and Citrus Yellow (CY) and the USDA color scores 
for reconstituted frozen orange juice. The color score value, 
N (N = 22.51 + 0.165 CR + 0.111 CY) represents a color 
score which fits into the yellow-orange region of the Hunter 
Rd., a, b color space (Hunter, 1975). Wenzel and Huggart
(1969) reported a squared correlation coefficient between 
visual panel scores and the citrus colorimeter D45 color 
scores values, N of 0.98, for reconstituted orange juice. 
Additional studies by Hunter gave correlation coefficients 
between visual panel scores and the citrus colorimeter color 
scores of 0.80-0.94 for reconstituted orange juice (Hunter,
1967).

Currently, the citrus industry does not have an industry 
accepted standard for an objective method of measuring 
lemon juice color. During lemon juice pasteurization and 
concentrating procedures, the resulting lemon juice concen-

Author Anthoney is with the R&D Dept., Seven-Up Foods, 2325 
Vista Del Mar Drive, Ventura CA 93002. Author Ennis is with 
the Product Evaluation Division, R&D Dept., Philip Morris, Com
merce Rd., Richmond VA 23261. Author Cook is affiliated with 
Consulting Statisticians, Inc., 20 William Str., Wellesley Hills, MA  
02181.

trate can be darkened to an undesirable and unacceptable 
brown-yellow color. Typical commercial pasteurization 
time and temperature prior to evaporation is 30 sec at 77 C. 
Although lemon juice varies in its enzyme activity, heat 
treatment of this temperature and duration is generally 
required to achieve denaturation of lemon juice enzymes 
and stabilization of lemon juice cloud (Swisher and Swisher,
1971).

The objective of this study was to examine and verify 
the ability of using the Hunter Citrus Colorimeter D45 to 
objectively measure the color of reconstituted lemon juice 
from lemon concentrate.

MATERIALS & METHODS

Preparation of lemon juice for color measurement

Thirty-two samples of 9.0 ± 0.2°Brix lemon juice were prepared 
from a single original production lot of California lemon concen
trate. Twenty-nine varying shades of lemon juice color were pre
pared by browning a portion of the original lemon concentrate 
by direct heat and adding volumetric proportions of the darkened 
lemon concentrate back to the original lot of lemon concentrate. 
An additional three color sample of lemon juice concentrate of 
varying shades of color were prepared by the oxidation browning of 
the original lemon concentrate for 3, 5, and 10 days at 24°C.

The 32 lemon concentrate samples were diluted to 9.0 ± 0.2° 
Brix with water. Fifty milliliters of each sample were centrifuged at 
1310 rpm using an International SBV  centrifuge with a 15 inch 
arm diameter. The supernatant was decanted into the colorimeter 
sample tube, gently inverted three times and immediately placed 
into the Hunter Citrus Colorimeter D45 sample port for the color 
score value, N measurement. The Citrus Colorimeter had previously 
been calibrated with the Hunter white standard calibration tube 
immediately prior to the 32 lemon juice sample color measure
ments. The lemon juice samples were allowed exactly 1 min equili
bration within the colorimeter sample port prior to the recording 
of the color score values, N.

Preparation of samples for sensory studies

Each sample was contained in a 1-oz screw top glass vial, 3.75 
inches in length and 0.75 inches in diameter. All thirty-two samples 
were presented to the panelists horizontally against a white backing 
under white lights. The 32 samples were prepared and the color 
scores were measured immediately prior to presentation to each of 
the 26 panelists. The vials were filled completely to eliminate any 
air bubbles within the vial. Each panelist was isolated from the other 
panelists during the sensory evaluation. The sensory testing was con
ducted in two sets under identical conditions. The twenty-six panel
ists were not pre-screened or trained. Those panelists with corrective 
lenses were requested to wear them during the experiment. The 
panel consisted of 13 males and 13 females, all under the age of 30 
years. The lemon juice samples were presented in random order and 
the panelists’ task was to rank the vials of lemon juice from lightest 
to darkest.

RESULTS & DISCUSSION

Panel homogeneity
For each vial, the average rank across subjects and the 

average normal score was computed. The normal scores for 
each subject are the expected values of the rank-order 
statistics from a standard normal distribution. The normal
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scores are the standardized values expected if the assigned 
rankings are to be maintained. In all of the analyses con
ducted, both the average ranks and average normal scores 
were used.

For each vial, there was an average rank computed 
across subjects and each subject was compared to this 
average ranking by computing the Euclidean distance across 
vials. A subject whose ranking agreed with the average 
ranking would have a small distance and a subject whose 
ranking differed greatly from the average would have a large 
distance. Table 1 gives the Euclidean distances from the 
average rankings for each subject. Subject 9 was the fur
thest from the mean and subjects 3 and 26 showed more 
than average deviation. In order to further explore these 
differences, plots for each subject of the assigned rank and

Table 1 —Euclidean distance o f vial scores from the mean for each 
subject

Subject R ank  score distance Norm al score distance

1 8.26 1.04
2 10.41 1.38
3 23.10 3.00
4 8.96 1.35
5 11.12 1.43
6 17.74 2.41
7 17.90 2.14
8 8.53 1.18
9 33.88 3.79

10 11.76 1.75
11 9.01 1.36
12 16.29 2.48
13 12.96 1.91
14 9.26 1.27
15 9.43 1.17
16 10.71 1.44
17 13.98 1.66
18 9.15 1.40
19 8.36 1.21
20 12.06 1.70
21 10.65 1.46
22 14.23 1.82
23 9.08 1.19
24 13.62 1.56
25 9.45 1.22
26 21.16 2.78

Mean 13.12 1.73
Standard deviation 5.86 0.67

30

25

20
Panelist Ntsnber 9 15

Assigned 
Rank-Order

10

5

5 10 15 20 25
Panelists' Rank Average

30

Fig. 1—Sensory rank-order comparison o f panelist number 9 vs the 
paneI average.

the average rank were generated and correlations were com
puted. Fig. 1 shows that subject 9 appears to be using 
quite different criteria to establish the rank-order for the 
vials than the average panelist. The correlation coefficient 
for most subjects between average between average rank 
and assigned rank was 0.90-0.96, but subject 9 ranks were 
correlated only at 0.78, Subject 9 was omitted from further 
analyses.

Differences among the vials

An analysis of variance on the normal scores for the re
maining 25 panelists indicated a highly significant differ
ence between the vials (p <  0.001). There was no effect on 
the scores evident due to the test set, the sex of the subject 
or whether corrective lenses were used. Since the vials ex
hibited substantially varying standard deviations in their 
assigned ranks, a weighted analysis of variance was con
sidered appropriate. The weights were computed as the 
reciprocal of the standard deviation so that vials with high 
standard deviations received a smaller weight in the analy
sis. Table 2 shows the colorimeter value, N average normal 
scores and average ranks for each vial along with the Dun
can groupings (p < 0 .0 1 ).

Table 2—Duncan multiple range test groupings for panel testing 
results (using P  < 0.01) for 32 lemon juice samples o f varying color 
score N  values

Average ranks Norm al scores
N Duncan grouping Mean Duncan grouping Mean

29.6 A 31.440

30.0 B 30.280

29.6

29.1

C
C
C

B
B 30.000

29.000

28.9 E D 27.760

28.4 E
E

D
D 27.120

28.2 F 26.200

28.3
F
F 25.920

27.9 G 23.720

27.8 G 23.480

27.3 H 21.720

27.1
Fl
H

20.920

27.5 I 20.120

26.6 J 18.600

27.0 J
J 17.720

26.2 J 17.600

25.9 K 15.720

25.8
K
K 14.680

25.9 L 11.800

25.8 M
L
L 11.080

25.5 M
M N 10.440

25.7 M
N
N 10.360

25.8 N 9.640

25.5 O 7.600

25.5 O
O 7.560

25.1 O 7.400

25.5
P
P

O
6.960

25.3 P Q 6.240

25.1 R Q
5.400

25.1
R

S 4.760

24.5 T
T

S
S 3.840

24.4 T 2.920

K 
K 
K
K M 
K  M  
K  M  
K  M  
K  M  

M

Q
Q
Q
Q

E
E
E
E
E

H
H
H
H
H
H
H
H
H

L
L
L
L
L
L
L
L
L
L
L
L

P
P
P
P
P
P

1.8500

1.5555

1.4866

1.2395

1.0549

0.9704

0.8526

0.8228

0.5957

0.5739

0.4182

0.3513

0.2860

0.1644

0.0954

0.0859

-0 .0 6 1 2

-0 .1 7 6 5

-0 .4 0 8 5

-0 .4 6 9 2

-0 .5 4 6 1

-0 .5 6 7 3

-0 .5 8 2 3

-0 .7 9 6 2

-0 .8 1 2 3

- 0 . 8 1 3 0

-0 .8 8 6 5

-0 .9 5 9 1

-1 .0 6 0 6

-1 .3 1 9 3

-1 .3 3 7 7

- 1 . 6 0 7 5
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Fig. 2 —Relationship between panel average normal scores and 
instrumental color score, N values.

Sensory /colorimeter correlations
The correlation between N value and the sensory mea

sures was 0.98 for the average rank and 0.97 for the normal 
score. These are both significant correlations at p <  0.001. 
Fig. 2 is a plot of the normal scores versus the N values with 
the calculated regression equation, Normal Score = —14.15 
+ 0.53 (N value).

Detectable difference in N value
From Table 2 it can be seen that there was considerable 

overlap in the Duncan groups for the average normal score

M I C R O F L O R A  O F  S O U T H E R N  P E A S . .  . From page 1411 

CONCLUSION

DATA on microbial populations normally encountered 
during the harvesting and processing of southern peas are 
provided in the present study and can serve as a baseline to 
evaluate and compare sanitary conditions in similar plants 
and operations. While microorganisms of public health 
significance were not encountered among the isolates in 
this study, this does not preclude the possibility of en
countering organisms under adverse conditions that would 
be significant to public safety. However, isolates of Entero- 
bacteriaceae from southern peas would normally be those 
associated with soil and not considered pathogenic to 
humans.

REFERENCES

Cox, N.A. and Mercuri, A.J. 1978. Comparison of two minikits 
(API and R-B) for identification of Enterobacteriaceae isolated 
from poultry and meat products. J. Food Prot. 41: 107.

Cox, N.A., Mercuri, A.J., Carson, M.O., and Tanner, D.A. 1979. 
Comparative study of Micro-ID, Minitek, and conventional 
methods with Enterobacteriaceae freshly isolated from foods. J. 
Food Prot. 42: 735.

Cox, N.A., Bailey, J.S., and Thomson, J.E. 1983. Evaluation of five

and the average rank measures. Apparently, the panel 
is not able to distinguish between the vials when the colori
meter scores were within about 0.3 or 0.4N value units of 
each other. When they were further apart than this, 0.5 
units or more, discriminiation appeared to be possible.

CONCLUSIONS

RANK-ORDERING of lemon juice samples in glass vials on 
the basis of lightness to darkness appears to be extremely 
well related to the Citrus Colorimeter value, N. Based on 
the means of 25 panelists’ rankings, the panel appears to 
be able to discriminate between varying shades of lemon 
juice color which differ by 0.5 units of N or more, but con
fusion between the varying shades of lemon juice color 
begins to occur when the samples differ by 0.3-0.4 units 
of N or less. There was good general agreement between 
panelists on the ranking of the vials with the exception of 
one panelist, who was not included in the analysis. The 
relevance of lemon juice color to consumer perception of 
lemon juice “quality” needs to be researched further.
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O r a n g e  J u i c e  A d u l t e r a t i o n :  D e t e c t i o n  a n d  Q u a l i t y  E f f e c t s  

o f  D i l u t i o n ,  A d d e d  O r a n g e  P u l p w a s h ,  T u r m e r i c  a n d  S o r b a t e

D. R. PETR U S , P. J. F E L L E R S , and H. E. A N D ERS O N

---------------------------------- A BSTR AC T-----------------------------------
Adulteration of frozen concentrated and single-strength orange 
juices with orange pulpwash (PW) have been detected regularly in 
samples obtained from the North American retail market. This 
practice is a direct economic fraud on the consumer and to the 
legitimate grower, processor and distributor. The addition of PW to 
frozen concentrated or single-strength orange juices may have a pro
found detrimental effect on the juice flavor and other quality 
factors. Turmeric, as colorant, alone and in combination with PW 
has been found in concentrated orange juice for manufacturing 
imported by some Florida processors. Sorbate preservative has been 
detected in single-strength orange juices from concentrate obtained 
from the retail market and packed out of Florida.

INTRODUCTION

THE QUALITY of reconstituted frozen concentrated 
orange juice (FCOJ) and single-strength orange juice (SSOJ) 
is directly related to quality of fruit used and to the process
ing variables involved during juice extraction.

There is an attempt to assure quality of FCOJ and SSOJ 
by many Florida Rules (Official Rules Affecting the Florida 
Citrus Industry, 1975) and Federal regulations (Code of 
Federal Regulations, 1980; United States Standards for 
Grades, 1976). To further assure product quality, United 
States Standards for Grades (1983) of various orange juice 
products have been established. The quality standards 
cover flavor, color, and defects. The analytical standards 
cover minimum degrees Brix, minimum and maximum 
degrees Brix to percent acid ratio and maximum recover
able oil.

The rules and regulations presented are only a part of 
those established to help assure quality of orange juice 
products. However, in spite of all the rules and regulations 
present, Petrus and Attaway (1980) reported gross adultera
tion of U.S. retail FCOJ and SSOJ (packed outside Florida) 
with orange pulpwash (PW) and/or by dilution (water or 
sugar solutions) of these products.

PW is a byproduct of the citrus processing industry. The 
product may also be denoted as WESOS (water-extracted 
soluble orange solids), OWP (orange washed pulp) or WEOS 
(water extraction of orange solids). After extraction of 
juice from oranges the juice is separated from the rag, ex
cess pulp, seeds and other components. These products 
contain adsorbed orange juice solids, and are further 
processed by washing with water (to extract the adhered 
juice) using one or a number of washing stages and concen
trating the washings to 45-65° Brix. The resulting product 
is concentrated PW. Department of Citrus Rule 20-64.07 
(Official Rules Affecting the Florida Citrus Industry, 1975. 
amended 1982) prohibits the addition of PW to FCOJ and 
concentrated orange juice for manufacturing (COJFM) 
packed in Florida. Rule 20-69.02(1) (d) states that an im-

Authors Petrus, Fellers and Anderson are with the Florida Depart
ment o f Citrus, Scientific Research Dept, and Univ. o f Florida 
Citrus Research & Education Center, 700 Experiment Station Road, 
Lake Alfred, F L  33850.

ported product to be used in the production of FCOJ in 
Florida cannot contain PW. However, Code of Federal 
Regulations, section 146.146, does permit the use of PW 
in FCOJ or COJFM (packed outside of Florida) as long as 
the PW and orange juice, prior to concentrating, are ob
tained from the same batch of oranges. The final product 
would contain about 6 % and at most 10% PW (Petrus and 
Attaway, 1980). There are no established standards for PW 
production.

Fellers (1984) determined the flavor characteristics of 
242 samples of PW product commercially produced in 
Florida during late season 1979 and throughout the 1979- 
80 citrus season. He concluded, flavor scores of late-season 
(Valencia variety) PW samples were significantly better than 
for early-mid season (Hamlin, Pineapple varieties) PW sam
ples. Seventy-three percent of the samples possessed some 
bitterness characteristics from extremely bitter to slightly 
bitter. However, some samples (27%) possessed flavor 
characteristics of orange juice either slightly, moderately, 
or very much. In many instances there were significant 
plant-to-plant flavor differences due to the processing or 
fruit variations. Mean hedonic flavor score for all samples 
was 2.5 or between “dislike very much” and “dislike 
moderately.”

The purpose of this investigation was to evaluate the 
effects of orange juice adulteration on flavor, color, spectral 
characteristics, degrees Brix, percent acid, degrees Brix to 
percent acid ratio and limonin.

MATERIALS & METHODS

Model system

A model system was developed to investigate the effects on 
orange juice quality and other analyses by the addition of PW and/ 
or by dilution of the product. A U.S. Grade A  (United States Stan
dards, 1976) Florida-produced FCOJ and a commercial Florida- 
produced late-season PW sample were obtained and reconstituted to 
approximately 12.0° Brix (corrected for temperature and acid). 
Various amounts of orange juice and PW were mixed. Some samples 
were also diluted with a sugar solution (approximately 12.0° Brix 
cane sugar solutions). The Grade A orange juice used had a color 
number of 37.3 (better than required minimum color score of 36) 
and a mean flavor score of 6 .2 , or the upper end of the “like slight
ly” flavor category. The late-season PW sample had a color number 
of 35.1 and a flavor score of 3.7 (low end of the “dislike slightly” 
category), or the sample was somewhat above average flavor-wise for 
a 100% PW product as determined by Fellers (1984).

Sample preparation

Sample preparation for instrumental analysis was as described by 
Petrus and Attaway (1980).

Analyses

Visible and ultraviolet absorption were determined with a Perkin 
Elmer Model 124 recording spectrophotometer, and fluorescence 
with a Farrand Mark 1 spectrofluorometer. See Petrus and Attaway
(1980) for detailed instrumental settings and attenuations.

Flavor scores were determined by 27 experienced panelists rating 
reconstituted (approximately 1 2 .0 °Brix) samples on a 9 -point 
hedonic scale, where 9 was “like extremely” and 1 was “dislike 
extremely.” Samples were evaluated three at a time in individual
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booths equipped with red light to eliminate color bias. Sample score 
sheets contained an area headed “Comments” for panelists’ com
ments. Statistical evaluation of flavor scores and comparison of 
sample means was by analysis of variance and the method of least 
significant differences.

Color number was determined with a Hunterlab Color/Differ- 
ence Meter D45D2.

Degrees Brix was determined with a table-model Bausch and 
Lomb Refractometer.

Percent acid was determined by titration with standard alkali 
and calculated as grams anhydrous citric acid per 1 0 0  grams.

Limonin was determined by R. L. Mansell (Mansell and Weiler,
1980).

RESULTS & DISCUSSION

TABLE 1 revealed progressively lower color numbers and 
acid percentages, and higher degrees Brix to percent acid 
ratios, which are related to maturity standards (Official 
Rules Affecting the Citrus Industry, 1975; United States 
Standards for Grades, 1976) and limonin (bitter principle) 
contents with increasing amounts of added PW (samples 1, 
2, 3 and 7). A similar trend existed for samples 4, 5 and 6  
having added PW and also dilution (with approximately 12 
Brix cane sugar solution). In this system samples 4 through 
6 resulted in minimum U.S. Grade A color score of 36. 
Samples 1, 2, 3 and 7 exhibited a trend to lower mean 
flavor scores with increasing amounts of PW. Samples 4, 5 
and 6  with increasing amounts of PW accompanied by 
dilution revealed a similar trend.

Fig. 1 is a plot of the mean flavor scores and 95% confi
dence intervals obtained from the model system samples. 
The trend of lower mean flavor scores with increasing 
amounts of added PW is readily apparent, even in diluted 
samples 4, 5 and 6 . From the plot (Fig. 1) and analysis of 
variance of the data (Table 2) significant differences in 
flavor preferences were revealed. Comparison of the means 
(by the method of least significant differences) showed 
significant flavor differences between any sample combina
tion of 1, 2 or 3 and 4, 5, 6  and 7 (e.g. 1 and 4, 1 and 5, 1 
and 6 , 1 and 7, etc.). There were no significant differences

between samples 1, 2 and 3 or 4, 5 and 6 . Samples 1 
through 6  were highly significantly different from sample 7.

Table 3 revealed that the number of individual flavor 
scores below 5 (neither like nor dislike) increased with 
increasing amounts of added PW. Authentic Florida-pro
duced orange juice had two individual flavor scores below 5 
whereas 100% PW had 22 flavor scores below 5 of a total of 
27 per sample. Total negative comments also increased with 
increasing PW concentration, showing 15 negative com
ments for pure orange juice and 46 negative comments for 
100% PW. Samples 1, 2 and 3 were about even in flavor 
scores below 5 and in negative comments. The summarized 
comments for samples 1, 2 and 3 were very similar, except

OJ/PU OR OJ/PU/DILUTION
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Fig. 7—Mean flavor scores and 95% confidence intervals o f various 
combinations o f percent orange juice (OJ), pulpwash (PW! or dilu
tion o f samples 1 through 7.

Table 1—Flavor and analytical results o f mode! system samples

C o lo r F lavor Degrees % B rix  to  acid

Sam ple O J/P W /D ila num ber score0 B r lx c A c ld d ratio L im o n in e

1 100/ 0/ 0 37.3 6.2 12.12 0.73 16.6 2.1
2 85/ 15/ 0 37.1 5.9 12.12 0.71 17.1 2.8
3 80/ 20/ 0 37.0 5.9 12.21 0.70 17.4 3.2
4 50/ 30/20 36.0 5.1 12.18 0.54 22.6 2.8
5 30/ 60/10 35.8 4.9 12.29 0.56 21.9 4.3
6 25/ 65/10 35.6 5.0 12.29 0.55 22.3 5.5
7 0/100/ 0 35.1 3.7 12.29 0.57 21.6 7.1

f* Percentage orange ju ice, pu lpw ash  and d ilu t io n  o f sample, respectively
9 -Po in t hed on ic  flavor score: 9 = L ik e  extrem e ly , 5 = N e ither like  nor d is like , 1 = D is like  extrem ely .
Degrees B r ix  corrected  fo r  tem peratu re  and acid
A s  c it r ic  acid

e A s  determ ined  b y  Mansell, U n ive rs ity  o f Sou th  F lo r id a , Tam pa  (Mansell and W eiler, 1980)

Table 2 - Model system flavor scores -- levels o f significance as determined using analysis o f variance

Sam ple (Mean fla v o r score) 1 (6.2) 2 (5.9) 3 (5.9) 4 (5.1 ) 5 (4.9) 6 (5.0) 7 (3.7)

1 (6.2) NS NS * * * * * * *•* * ** *

2 (5.9) —  — NS * * * * ** *

3 (5.9) — — - * * * * * * *

4 (5.1) — — - - NS NS

5 (4.9) — — - - - NS * **

6 (5.0) -  - - - -
7 (3.7) -  “ — —

*  S ign i f ican t ly  dif ferent at the  9 5 %  con f idence  level 
* *  S ign i f ican t ly  dif ferent at the  9 9 %  con f idence  level 
* * *  S ign i f ican t l y  dif ferent at the 9 9 . 9 %  c on f idence  level 
N S  = N o t  s ign if icant ly  dif ferent at 9 5 %  con f idence  level
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Table 3—Model system flavor comments

Sample OJ/PW/Dila
Mean flavor 

score*3
Individual flavor 
scores below 5

Total negative 
comments Summarized comments

1 100/ 0/ 0 6.2 2 15 Very slightly below average- 
flavored Florida commercial 
juice, slightly on the bland side

2 85/ 15/ 0 5.9 2 13 Very slightly below average- 
flavored Florida juice with very 
slight heated or processed flavor.

3 80/ 20/ 0 5.9 3 15 Same as above with 3 panelists 
also commenting on presence of 
nondescript off-flavor.

4 50/ 30/20 5.1 9 22 Too sweet, bland, and watery w in  
2 nondescript off-flavor comments.

5 30/ 60/10 4.9 11 33 Very bland, moderately too swee , 
and slightly too watery. Other 
comments: atypical orange juice 
(4 panelists), tastes like pulp- 
wash (3), peculiar mouth feel (3), 
and several other diverse nega
tive comments.

6 25/ 65/10 5.0 13 27 Moderately bland, slight heated o- 
processed flavor, slight watery 
and several other diverse negative 
comments.

7 0/100/ 0 3,7 22 46 Off-flavored (11 nondescript off- 
flavor comments), very bland (10 
comments), heated (8) product and 
17 other diverse negative commerts.

a Percent o range juice, pu lpw ash  and  d i lu t ion  o f  sample  
“ F o r  27 taste paneli sts/sample

that sample 3 with 20% added PW had three comments on 
the presence of nondescript off-flavor. Dilutions (with sugar 
solutions) of samples 4, 5 and 6  were evident in the panel
ists’ comments of too sweet and watery. One-hundred 
percent PW (sample 7) having the greatest number of nega
tive comments and flavor scores below 5 did not have the 
severe off-flavor comments that might have been expected, 
especially as related to bitterness and harshness which 
Fellers (1984) found in 73% of the PW samples studied. 
This may be due in part to the PW sample possibly being 
derived from a late-season variety with lower limonin con
centrations in more mature fruit. Fellers (1984) pointed 
out the significantly better flavor (but still of poor flavor 
quality) of late-versus early-mid season PW products.

Fig. 2 presents the visible and ultraviolet (VIS/UV) ab
sorption curve obtained from sample 1 (100/0/0). Visible 
absorption appeared normal with good resolution (Petrus 
and Attaway, 1980). Ultraviolet absorption appeared nor
mal with slight resolution at 280 nm and a slightly weak 
245 nm absorbance. Absorption at 221 nm appeared nor
mal. VIS/UV absorption appeared characteristic of orange 
juice obtained mainly from the Florida Valencia variety. 
Sum of absorbance (at 444, 325 and 280 nm) was 2.421 
and ratio of absorbance (at 444/325 nm) was 0.137 or 
about average for Florida-produced orange juice (Petrus and 
Attaway, 1980).

Fig. 3 presents the VIS/UV absorption curve for sample 
4 (50/30/20). Visible absorbance appeared slightly weak 
and lacked resolution as compared to the curve in Fig. 2. 
Ultraviolet absorption revealed a well-resolved peak at 283 
nm, and a shift from 221 to 218 nm. Qualitatively, the 
absorption curve was typical of PW addition accompanied 
by dilution (shift to 218 nm) of the product. However, the 
sum of absorbance was 2.426 absorbance units or about 
average for Florida-produced orange juice (Petrus and 
Attaway, 1980). This resembles orange juice that had been

CM
CM

Fig■ 2 —Visible and ultraviolet absorption curve obtained from sam
ple 1.

carefully adulterated with PW so that the numerical sum of 
absorbance would remain well within the range observed 
for an authentic orange juice. The ratio of absorbance was 
0.088 and appeared somewhat low indicating PW addition.

Fig. 4 presents the absorption curve obtained from sam
ple 7 (0/100/0). The curve was typical of PW having weak, 
unresolved visible absorbance and strong ultraviolet ib-

1440—JO U RN A L O F  FO O D  SC IENCE-Vo lum e 49 (1984)



00
(NJ

WAVELENGTH, nm

Fig. 3—Visible and ultraviolet absorption curve obtained from sam
ple 4.
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Fig. 4 —Visible and ultraviolet absorption curve obtained from sam
ple 7.

sorbance with a well resolved peak at 283 nm. The sum of 
absorbance was 3.595 absorbance units and ratio of ab
sorbance was 0.041 or about average for 100% PW (Petrus 
and Attaway, 1980).

Fluorescence excitation spectra obtained from samples 
1, 4 and 7 are presented in Fig. 5. The emission maximum 
was determined and monochromator set at 340 nm. The 
excitation curve was then obtained by scanning from 2 0 0  

to 350 nm. Other spectra (Petrus and Attaway, 1980) were 
also obtained and are important for sample characteriza

Fig. 5—Fluorescence excitation curves obtained from samples 1, 4 
and 7 with emission monochromator at 340 nm.

tion, but for brevity only one (292 nm excitation with 340 
nm emission) of the excitation spectra will be discussed.

Qualitatively, fluorescence excitation curve for sample 
1 (100/0/0) was characteristic (maximum at 292 nm, 
slight inflection at 270 nm, and fluorescence decreasing 
smoothly to an inflection at 302 nm) of authentic Florida- 
produced orange juice and indicated the product to have 
been derived mainly from the Valencia variety. Qualitative
ly both the fluorescence excitation and VIS/IJV absorption 
curves indicated authentic product derived mainly from the 
Valencia variety.

Qualitatively, the fluorescence excitation curve obtained 
for sample 7 (0/100/0) was characteristic (maximum at 273 
nm, minimum at 285 nm and high 302 nm inflection) of 
PW containing orange juice, and indicated the product to 
have been derived mainly from the Valencia variety.

Qualitatively, the fluorescence excitation curve for 
sample 4 (50/30/20) revealed a strong shoulder at 275 nm. 
The curve appeared deformed when compared to sample 1. 
This was typical of PW addition to orange juice products. 
The qualitative evaluations of the fluorescence and VIS/UV 
absorption curves were complementary, both indicating PW 
addition.

Spectra of the remaining model-system samples were 
similarly evaluated with comparable results.

Analysis of the model system has shown that the flavor, 
color number, percent acid, degrees Brix to percent acid 
ratio, limonin, and absorption and fluorescence spectral 
characteristics of an orange juice product change with in
creasing amounts of added PW.

Other Types of Adulteration
Florida processors import large quantities of bulk non- 

Florida concentrated orange juice for manufacturing which 
may be blended in the production of Florida FCOJ and 
other products.

Fig. 6  presents the VIS/UV absorption curve of a se
lected COJFM imported product. The sample showed fairly 
strong visible absorption, but lacked resolution. Ultraviolet 
absorption appeared similar to a product obtained from the 
Valencia orange variety. The sample had an absorbance sum 
of 2.437 and ratio of 0.157, well within the ranges for pure 
orange juice (Petrus and Attaway, 1980). However, maxi
mum visible absorption at 425 nm, slightly too much reso
lution at 279 nm, and a shift to 216 nm (indicating dilu
tion), did not fit the established characteristics (Petrus and
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Attawya, 1980). Investigation of the fluorescence curves 
also indicated Valencia characteritsitcs. The excitation 
curve (excitation at 295 with emission at 340 nm) pre
sented in Fig. 7 was typical of PW or PW addition, showing 
a very deformed curve with maximum at 272 nm and a 
strong shoulder at 302 nm.

(D

Fig. 6 —Visible and ultraviolet absorption curve obtained from bulk 
concentrated orange juice for manufacturing imported by some 
Florida processors.

WAVELENGTH, nm
Fig. 7—Fluorescence excitation curve obtained from bulk concen
trated orange juice for manufacturing imporated by Florida proces
sors with emission monochromator at 340 nm.

The absorbance sum of 2.437 (about average for pure 
orange juice, Petrus and Attaway, 1980) may be explained 
by sample dilution, except for the relatively high absor
bance ratio of 0.157. Further investigation produced the 
fluorescence excitation and emission curves labelled ;‘B” 
presented in Fig. 8 . Curves labelled “A” were normal 
fluorescence background excitation and emission curves 
obtained for pure orange juice. Research of the fluores
cence characteristics of the colorant turmeric (curcumin) or 
turmeric-spiked orange juice, produced fluorescence curves 
almost identical to the “B” curves, with excitation at 435 
nm and emission maximum at 520 nm. The relatively high 
absorbance ratio of 0.157 could then be explained by the 
addition of color to the product. It was concluded that the 
imported bulk product (and many others investigated) was 
adulterated with PW and added colorant.

Fig. 9 revealed another type of adulteration; namely ad
dition of an undeclared preservative. The sample investigated 
was a single-strength orange juice from concentrate 
obtained from the U.S. retail market packed outside Flori
da. Visible absorption appeared normal. Ultraviolet absor
bance at 325 nm appeared weak (indicating dilution). 
Absorbance at 280 and 245 nm were obscured by the 
strong absorbance at 254 nm. Previous investigations 
(Petrus, unpublished data) have identified the absorbance at 
254 due to added sorbate preservative. Confirmation of the 
presence of sorbate preservative in this sample was made at 
the United States Department of Agriculture, Winter 
Haven, Florida using a high performance liquid chromatog
raphy method (Fisher, 1983).

CONCLUSIONS

THE RESULTS showed that the addition of PW (with or 
without accompanying dilution) to FCOJ, in a model

LD

Fig. 8 —Turmeric fluorescence excitation (435 nm) and emission 
(520 nm) curves obtained from bulk concentrated orange juice for 
manufacturing imported by Florida processors.
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Fig. 9—Visible and ultraviolet absorption curve obtained from retail 
single-strength orange juice from concentrate showing sorbate 
preservative absorption at 254 nm.

system, in general lowered the flavor scores, lowered the 
color numbers and percent acid and increased degrees Brix 
to percent acid ratios and limonin concentration.

Significant differences between mean flavor scores of 
samples were evident. Individual flavor scores below 5 
(neither like nor dislike) and number of negative comments 
per sample increased with increasing amounts of added PW

to the orange juice regardless of dilution with sugar solu
tions. It was also observed that addition of 30, 60 and 65% 
added PW to FCOJ accompanied by dilution with sugar 
solutions may result in unacceptably flavored products. It 
was observed in this system that starting with a good- 
colored product, various combinations of orange juice, PW 
and dilution still resulted in a U.S. Grade A color score of 
36. Visible and ultraviolet absorption, and fluorescence 
spectral characteristics indicated the presence of PW and 
dilution of the products in the model system.

Bulk concentrated orange juice for manufacturing im
ported by some Florida processors was determined to 
contain added PW and turmeric as a colorant, by VIS/UV 
and fluorescence characteristics.

A retail SSOJ from concentrate produced outside Flori
da was found (by VIS/UV absorption characteristics) to 
contain sorbate preservative. There was no label declaration 
of the added preservative.
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P r e p a r a t i o n  o f  a  Y o g u r t - l i k e  P r o d u c t  C o n t a i n i n g  E g g  W h i t e

J. C. C. LIN and F. E. C U N N IN G H A M

-------------------------------ABSTRACT-------------------------------
The fermentation of liquid egg white by lactic acid bacteria, Lacto
bacillus bulgaricus and Streptococcus thermophilus, to develop a 
new yogurt-type product has been studied. Egg white was prepared 
by pasteurization, blending, and neutralization to minimize anti
microbial activity, and by combining additives to make the media 
more suitable for growth of lactic acid bacteria. Skim milk, gums 
(guar gum, CMC, xanthan gum), soymilk, and glucose were studied. 
Optimum results were obtained when 47.4% egg white was com
bined with 28.4% alkali treated soymilk, 19.0% skim milk, 1.9% 
glucose, 2.8% sucrose, 0.5% xanthan gum, and 0.01% vanilla extract. 
The composition per 100 gram of the final product included 7.52% 
protein, 0.57% fat, and 62 calories. Microbiological and sensory 
tests showed the product to be free of pathogens and to have an 
extended shelf life at refrigeration temperature.

INTRODUCTION
FERMENTATION of egg products for desugaring before 
drying has long been practiced by the egg industry. How
ever, fermentation of liquid egg white with Lactobacillus 
bulgaricus and Streptococcus thermophilus for developing 
a yogurt type product has not been extensively researched.

Stewart et al. (1943) fermented egg white with a pure 
culture of Streptococcus, and noted some flavor changes; 
however, the inoculation of whole egg with lactic Strepto
cocci showed better results (Hopkins et al., 1947). Many 
suggestions have been made for improving egg white fer
mentation, such as adding a high inoculum of resting cells 
(Kaplan et al., 1950), enriching the egg white with yeast 
extract (Ayres, 1958), and lowering the pH to 5 to achieve 
better fermentation (Bean et al., 1963).

In order to ferment an egg white product successfully, 
the antimicrobial activity of egg white must be negated. 
Seideman et al. (1963) found that when egg white at pH 9 
or above was heated to 60 C for 3 min a significant de
crease in activity of lysozyme occurred. Nath and Baker
(1973) explained that dilute egg white had less antimicro
bial activity because the dilution made more nutrients 
available, not because the concentrations of conalbumin 
and lysozyme were lowered. According to Yadav and 
Vadehra (1977), in fresh egg white the physical structure of 
its protein was probably a primary barrier to bacterial 
growth, besides the other factors such as lysozyme, avidin, 
and lack of free water and nutrients.

In a recent study, Cunningham and Francis (1982) 
diminished the antimicrobial activity of egg white and pro
duced a successful egg-cheddar cheese product by ferment
ing whole egg or egg white and low-fat milk. Their results 
pointed out the feasibility of developing a new product 
through fermentation of egg white.

The objective of this study was to develop a high protein, 
low calorie yogurt-like snack food containing egg white.

Authors Lin and Cunningham are affiliated with the Dept, o f A n i
mal Sciences & Industry, Kansas State Univ., Manhattan, KS 66506.

MATERIALS & METHODS

Preparation of egg white
Eggs were obtained from Kansas State University’s poultry 

farm and were cleaned, broken, and separated using a hand sepa
rator. After the separation of albumen from yolk, the chalazae cords 
were removed with tweezers and discarded to prevent high lyso
zyme content (Baker et al., 1959). The pH of the liquid egg white 
was between 8.9 and 9.3.

Egg white was heat treated in a sterile Erlenmeyer flask fitted 
with a rubber stopper and a thermometer. A thermomagnetic stirrer 
(Fisher Thermix) was equipped with a water bath for pasturization. 
The egg white was stirred vigorously during heating with a mag
netic stirring batr. Temperature was increased within 30 min to 
60°C and held for 3 min (Cunningham et al., 1965). Following 
heat treatment, the flask was placed in an ice water bath and cooled 
to room temperature. Pasteurized egg white was blended for 15 
sec in a sterile Waring Blendor (Yaday and Vadehra, 1977), and neu
tralized by adding lactic acid (85%) drop by drop until a pH of
7.00 ± 0.02 or 6.80 ± 0.02 was obtained. A pH meter (Fisher Ac- 
cumet pH meter, Model 292) was used for the pH measurement.

Culture and media
Lactobacillus bulgaricus NRRL B-548 and Streptococcus ther

mophilus ATCC 14485 were used as starter cultures, which were 
maintained in sterile 12% reconstituted skim milk by transferring 
1% inoculum every other week. A 2% inoculum of each strain con
taining from 1.0 x 109 to 3.0 x 109 CFU/mL was prepared for this 
study.

Glucose enrichment
Aliquots (80 mL) of treated egg white (pH 7.0) were dispensed 

into sterile beakers (100 mL) and separated into two parts. One 
part was mixed with 3.2 mL sterile glucose solution (50% w/v) to 
obtain a 2% glucose enrichment, the other aliquot, without glucose 
served as controls. The 2% pure cultures were added to both parts 
and incubated at 37°C for 24 hr. Portions of egg white were re
moved periodically (4 hr) and plated on MRS agar and Lee’s agar 
(Sandine et al., 1976), and the pH of the solution was measured 
also.

Addition of liquid skim milk to egg white
Skim milk powder was obtained from Mid-America Farms 

(Springfield, MO) and reconstituted to 12% total solid skim milk, 
pasteurized at 71°C for 15 sec, cooled to room temperature and 
mixed with treated egg white (pH 6 .8). Samples were prepared in 
which the ratios of egg white to the skim milk were as follows: 
100:0, 80:20; 60:40; 50:50; 40:60; 20:80; 0:100.

Starter cultures were inoculated into each group and mixed well 
and incubated at 37°C. After 6 to 20 hr fermentation, pH, viscos
ity (determined by a Brookfield viscometer 1LVF type), and appear
ance of the egg-product were monitored.

Addition of gums as texture improver
Three different gums were used individually in this study to ad

just product firmness. Sodium carboxymethylcellulose (CMC,
E.I. Du Pont De Nemours and Co. Grade: p-75-L), guar gum, and 
xanthan gum (Kelco Co.) were used at 0.1%, 0.5%, and l .0% level. 
Treated egg white was mixed with pasteurized skim milk at a ratio 
of 50:50 (v/v). Gum powder was added and stirred until com
pletely dissolved. Starter cultures were added to the mixture. After 
6  hr fermentation at 37°C, samples were refrigerated for 4 hr, then 
evaluated for appearance of the curd, pH, and viscosity.
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Addition of soymilk
Nitrogen-packed 1-lb bags of soybeans were obtained from Ar

rowhead Mill Inc. (Hereford, TX). Soymilk was prepared according 
to the method Hackler and co-workers (1965) and heated at 93° C 
for 60 min and cooled to 37°C. The treated egg white (pH 6 .8) 
was mixed with soymilk in the following proportions: 80:20; 60:40; 
50:50; 40:60; 20:80. Two percent glucose was added to each set of 
samples, starter cultures were added, and samples were tested after 
fermentation.

Addition of skim milk and soymilk
The treated egg white (pH 6 .8 ), reconstituted skim milk (12% 

total solids), and heated soymilk were prepared as previously de
scribed and combined in the proportions shown in Table 1. All 
sets of samples contained 2% glucose with or without 0.5% xan- 
than gum. Starter cultures were added to each set and samples were 
incubated at 37°C for 6  hr, before noting pH, viscosity, and appear
ance of curd.

Addition of skim milk and alkali treated soymilk
Egg white was pasteurized and acidified with citric acid (32.6%, 

w/w) to pH 6 . 8  and mixed with skim milk (12% total solids) and 
alkali treated soymilk. Alkali treated soymilk was prepared using 
Badenhop and Hackler’s (1970) method. Blends of egg white:skim 
milk:soymilk were prepared as follows: (1) 50:10:40; (2) 50:20:30;
(3) 50:30:20. Sample treatments were the same as previously 
described.

Addition of flavoring and sweetener
The addition of skim milk and alkali treated soymilk study was 

modified by adding 0.01% vanilla extract (alcohol 35%, Virginia 
Dare Extract Co., Inc., Brooklyn, NY) and 3% sucrose as a sweet
ener.

Sensory evaluation
Three sets of samples were prepared containing a combination of 

47.4% egg white, 28.4% soymilk, 19.0% skim milk, 1.9% glucose, 
2.8% sucrose and 0.01% vanilla extract. One set of samples con
tained alkali-treated soymilk; a second set contained traditional 
soymilk (both sets contained 0.5% xanthan gum). A third set of 
samples was the same as the first set except that they contained
1.0% added xanthan gum rather than 0.5%.

The taste panel was composed of six panelists experienced in 
dairy product evaluation in the Animal Sciences & Industry Dept., 
KSU. The panelists were asked to rate the samples on a nine-point 
hedonic scale in which 9 = “like extremely” and 1 = “dislike” ex
tremely,” and to write comments about the product to reflect 
acceptability. The samples were presented in random order, and 
coded with random three-digit numbers according to suggestion 
published by IFT Sensory Evaluation Division (1981). All data 
were analyzed using the analysis of variance procedures of Snedecor 
and Cochran (1980).

Composition analysis
The composition of samples containing alkali treated soymilk 

*and 0.5% xanthan gum were analyzed by AOAC methods (1980)

Table 1—Ratio o f treated egg white (pH 6 .8), reconstituted skim 
milk (12% total solids), and heated soymilk (93°C for 60 min) for 
sample preparation

Sample Egg White % Skim Milk % Soymilk %

1 50 10 40
2 50 20 30
3 50 30 20
4 50 40 10
5 60 10 30
6 60 20 20
7 60 30 10
8 70 10 20
9 70 15 15

10 70 20 10
11 80 10 10

to determine the content of moisture, protein, fiber, ash, and fat. 
The carbohydrate value was calculated by subtraction.

Test for salmonella and product stability
The samples containing alkali-treated soymilk and 0.5% xanthan 

gum were diluted 10X in lactose broth, transferred into tetrathio- 
nate broth, then incubated for 24 hr at 37°C. Samples were streaked 
onto brilliant green agar and incubated at 37°C for 24 hr to test for 
Salmonella (Difco Manual, 1977). After 7, 14, and 21 day’s storage 
at refrigeration temperature (4°C), the flavor, appearance, pH, and 
mouth feel were also examined.

RESULTS & DISCUSSION

Growth of Lactobacillus bulgaricus and Streptococcus 
thermophilus in egg white

Growth rate curves of L. bulgaricus and S. thermophilus 
in egg white are shown in Fig. 1, 2 and 3. Viable cells of
L. bulgaricus NRRL B-548 (Fig. 1) increased rapidly during 
4 to 16 hr incubation and the pH dropped significantly 
after 8  hr. The addition of 2% glucose did improve growth 
and acid production. The final pH of the fermentation egg 
white with 2% glucose was 4.8. The numbers of viable cells 
of S. thermophilus ATCC 14485 decreased during 24 hr 
fermentation (Fig. 2). Adding 2% glucose to egg white did 
not improve growth or acid production. However, when the 
2 strains were combined (Fig. 3) the total numbers of 
S. thermophilus increased after 16 hr. This probably was 
due to the pH drop in the medium caused by L. bulgaricus, 
making the environment more suitable for S. thermophilus 
to grow. Similar results were reported by Bean et al. (1963), 
who suggested that egg white be adjusted to pH 5 to 
achieve better fermentation.

Fig. 1—Growth curve and acid production o f L. bulgaricus N R RL  
B-548 in pasteurized, neutralized egg white at 37° C.
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Addition of liquid skim milk to egg white
The results of combining egg white with skim milk at 

different ratios and fermenting the mixtures are shown in 
Fig. 4 and Fig. 5. Samples 5 and 6  showed a better curd 
formation than the other blends. After 10 hr incubation 
there was no significant improvement in the appearance, or 
viscosity of the test samples, but the pH values dropped 
slightly. Fig. 5 shows the viscosity of the fermented egg 
white-skim milk blends. Only samples 6  and 7 became 
viscous. After 10 hr incubation, samples 6  and 7 showed a 
drop in viscosity (Fig. 5), probably due to the low pH 
which caused formation of whey.

Since the cultures employed in this study are custo
marily used for making yogurt, it is understandable that 
samples with more skim milk had lower pH and higher 
viscosity. In order to develop a suitable product, contain-

Table 2—Influence o f gum on viscosity, flavor, and pH  o f egg white/ 
skim milk:50/50 fermented at 37° C for 6  hr3

Gum Level % Viscosity (cps) Flavor pH

Guar 0.1 700 plant odor 4.9
Guar 0.5 1300 strong plant odor 4.8
Guar 1.0 4000 strong plant odor 4.9
CMC 0.1 800 odorless 4.9
CMC 0.5 300 odorless 4.8
CMC 1.0 1200 odorless 4.9
Xanthan 0.1 900 yogurt-like flavor 4.7
Xanthan 0.5 1500 yogurt-like flavor 4.7
Xanthan 1.0 2500 xanthan gum's flavor 4.8

a 2 %  L. bu lgar icus  and  2 %  S.  the rm o p h i lu s  were inoculated  fo r  the 
fe rmentation.

ing at least 50% egg white, some method must be used to 
increase viscosity and improve curd formation in the fer
mented product.

Addition of gums to improve texture
The results of adding gums to egg white viscosity, flavor, 

and pH are shown in Table 2. Adding gums at 1% gave high
er viscosities, but when the level was reduced to 0.5% only 
xanthan gum produced a product with satisfactory vis
cosity. The pH of the samples with added gum ranged from
4.7 -4 .9 .

Addition of soymilk to egg white
The fermentation of combined soymilk and egg white 

resulted in only a slight pH drop, however, the more soy
milk added, the lower the final pH (Fig. 6 ). In sample 5, 
the final pH was 4.3 which was the lowest value achieved. 
The high soymilk content also produced a firmer product. 
In Fig. 7, sample 5 showed a very high viscosty; however, 
when the soymilk content was less than 50%, the products 
were watery. In order to improve viscosity and lower pH, 
a combination of egg white, soymilk, and skim milk were 
subsequently used.

Addition of skim milk and soymilk to egg white
The pH values and viscosities of egg white combined 

with skim milk, soymilk, and 2 % glucose after fermentation 
for 6  hr at 37 C are shown in Table 3. The egg white content 
affected the final acidity and viscosity. The samples con
taining 50% egg white achieved low pH and satisfactory 
consistency. Adding 0.5% xanthan gum did improve the 
curd and pH. Although the samples 1, 2, 3, and 1A, 2A,

— Text continued on page 1448

10.0

5 . 0

4 . 0

32O-

Fig. 2—Growth curve and acid production ofS. thermophilus ATCC  
14485 in pasteurized, neutralized egg white at 37°C.

Fig. 3—Growth curve and acid production o f L. bulgaricus N R R L  
B-548 and S. thermophils A TC C  14485 in pasteurized neutralized 
egg white with 2% glucose at 37° C.
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Group 1 100% EW
Group 2 80% EW + 20% SM
G roup 3 6 0 % EW + 40% SM
G roup 4 5 0% EW + 50% SM
Group 5 40% EW + 60% SM
G roup 6 20% EW + 80% SM
Group 7 100% SM

O G roup 1

G roup 7

4 6 8 10

TIME (HOURS) TIME (HOURS)

Fig. 4—pH value o f the combination o f egg white (EWI and skim 
milk (SM) when fermented with 2% L. bulgarlcus and 2% S. thermo- 
philus at 37° C.

Fig. 6 —pH value o f the combination o f egg white (EW), soymilk 
(SBM) and 2% glucose fermented by 2% L. bulgarlcus and 2% S. 
thermophils at 37° C.

Fig. 5—Viscosity o f the combination o f egg white (EW) and skim 
milk (SM) when fermented with 2% L. buigaricus and 2% S. thermo- 
philus at 37° C.

Fig. 7—Viscosity o f the combination o f egg white (EW), soymilk 
(SBM) and 2% glucose fermented by 2% L. buigaricus and 2% S. 
thermophilus at 37° C.
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Table 3—pH  value and viscosity o f fermentation o f egg white (EW) 
with the combination o f skim milk (SM), soymilk (SBM) and 2% 
glucose at 37° C for 6  hr2

Sam ple

Com bination Results

E W % S M % S B M % pH V iscosity  (cps)

1 50 10 40 4.9 1,500
2 50 20 30 4.9 1,000
3 50 30 20 4.9 700
4 50 40 10 5.0 450
5 60 10 30 5.2 475
6 60 20 20 5.1 550
7 60 30 10 5.2 375
8 70 10 20 5.4 250
9 70 15 15 5.5 220

10 70 20 10 5.2 330
11 80 10 10 5.9 150

1 a “ 50 10 40 4.7 2,200
2 A 50 20 30 4.6 2,150
3 A 50 30 20 4.7 1,200
4 A 50 40 10 4.8 725
5 A 60 10 30 5.0 1,200
6 A 60 20 20 4.9 1,150
7 A 60 30 10 5.1 525
8 A 70 10 20 5.1 425
9 A 70 15 15 5.1 425

10 A 70 20 10 5.1 425
11A 80 10 10 5.5 400

a 2 %  L. bulgaricus and 2 %  S. therm ophilus were inoculated for the
fe rm enta tion
" A ”  series represent the ad d it ion  o f  0.5% xanthan  gum.

3 A in Table 3 showed lower pH and better viscosity than 
the other samples, the mouth feel of those products were 
astringent. In order to eliminate these objectionable charac
teristics, citric acid was used as an acidifying agent for egg 
white (Galluzzo et al., 1974) and soymilk was treated with 
NaOH (Badenhop and Hackler, 1 970).

Addition of skim milk and alkali-treated soymilk 
to egg white

Fermentation of samples containing egg white, skim 
milk and alkali treated soymilk resulted in products free of 
the soy flavor (Table 4). The higher pH and lower viscosi
ties were due to the sodium hydroxide treatment of the 
soymilk.

Sensory evaluation
Sensory evaluations for flavor of 3 sets of samples of the 

egg white fermented product described in Materials & Meth
ods, are shown in Table 5. The first set, prepared with 
28.4% alkali treated soymilk, had a higher panel score than 
the other samples; the second set made with traditional 
soymilk was scored down for flavor; the third set was the 
same as the first set except that 1 .0 % of xanthan gum was 
added.

Composition analysis
A yogurt-like egg product was prepared, containing egg 

white (47.4%), alkali treated soymilk (28.4%), skim milk 
(19%), sucrose (2.8%), xanthan gum (0.5%) and vanilla 
extract (0.1%). The product contained 7.52% protein, 
6.74% carbohydrates (mainly mono- and di-saccharides), 
0.57% fat, 0.26% fiber, and 0.77 ash. There were 62 cal
ories per lOOg product.

Test for samonella and product stability
Salmonella tests of the new fermented product were all 

negative. The storage test at refrigeration temperature (4°C) 
showed no significant difference in flavor, appearance,

Table 4—pH value and viscosity o f egg whitea (EW) combined with 
skim milk (SM), soymilk0 (SMB) and 2% glucose fermented0 at 
37° C for 6  hr

Sam ple

Com bination Results

E W % S M % S B M % pH V iscosity  (cps)

1 50 10 40 4.9 1,100
2 50 20 30 5.0 700
3 50 30 20 4.9 750
1 A d 50 10 40 4.8 1.400
2 A 50 20 30 4.7 1,450
3 A 50 30 20 4.8 1.000

a Egg w h ite  was a c id if ie d  by c itr ic  acid.
“ S o y m ilk  was treated by Badenhop  and H ack le r's  m ethods (1970). 
c 2% L. bu lgaricus and 2% S. th e rm oph ilu s  were in o cu la ted  fo r  the 

fe rm enta tion .
° “ A ”  series represent the add it ion  o f 0.5% xanthan gum.

Table 5—Average sensory scores o f  new egg white fermented prod
u c t

Samples Panel score

1st set“ 6.3e ± 1.2f
2nd setc 4.8 ± 1.6
3rd set“ 3.7 ± 0.8

a Score 9 fo r  sam ple was “ liked  ex trem e ly ,”  score 5 was “ ne ithe r 
liked  nor d is lik e d ,”  score 1 was "d is lik e d  ex trem e ly .”

“  Prepared w ith  28.4% a lka li treated soym ilk .
“ Prepared w ith  28.4% trad ition a l soym ilk .
“  M od if ie d  g roup 1 w ith  1.0% xanthan gum.
® Mean value (n = 6).
‘ Standard dev iation  o f mean (n -- 6).

pH, and mouth feel after 7 and 14 days. A slight syneresis 
after 2 1  day’s storage was observed as a small amount of 
whey-like liquid on top of the product. These tests indicate 
that the quality of the product can be assured for 3 wk of 
storage.

REFERENCES
AOAC. 1980. “Official Methods of Analysis,” 13th ed. Association 

of Official Analytical Chemist, Washington, DC.
Ayres, J.C. 1958. Methods for depleting glucose from egg albumen 

before drying. Food Technol. 12: 186.
Badenhop, A.F. and Hackler, L.R. 1970. Effects of soaking soy

beans in sodium hydroxide solution as pretreatment for soymilk 
production. Cereal Sci. Today 15: 84.

Baker, R.C., Hartsell, S.E., and Stadeiman, W.J. 1959. Lysozyme 
studies on chicken egg chala/.ae. Food Res. 24: 529.

Bean, M.L., Ijichi, K., Sugihara, T.F., Meehan, J.J., and Kline, L. 
1963. Effects of modified processing techniques on the perform
ance of egg white solids. Cereal Sci. Today 8 : 127.

Cunningham, F.E. and Francis, C. 1982. Fermented liquid eggs 
used in Cheddar cheese. Poultry Tribune. 88(5): 12, 14. 

Cunningham, F.E., Garibaldi, J.A., Ijichi, K., and Lineweaver, H. 
1965. Pasteurization of liquid egg white. World’s Poultry Sci. J 
21: 365.

Difco Co. 1977. “Difco Manual of Dehydrated Culture Media and 
Reagents for Microbiological and Clinical Laboratory Procedures,” 
9th ed. Difco Co., Detroit, MI.

Galluzzo, S.J., Cotterill, O.J., and Marshall, R.T. 1974. Fermenta
tion of whole egg by heterofermentative streptococci. Poultry Sci. 
53: 1575.

Hackler, L.R., Van Buren, J.P., Steinkraus, K.H., El Rawi, I., and 
Hand, D.B. 1965. Effect of heat treatment on nutritive value of 
soymilk protein fed to weanling rats. J. Food Sci. 30: 723. 

Hopkins, E.W., Josh, G.J., and Harriman, L.A. 1947. Preparing 
dried egg products. U.S. Patent 2,427,726.

IFT Sensory Evaluation Division. 1981. Guidelines for the pre
paration and review of papers reporting sensory evaluation data. 
Food Technol. 35(4): 16.

Kaplan, A.M., Soloway, M., Osborne, W.W., and Tubiash, H. 1950. 
Resting cell fermentation of egg white by Streptococci. Food 
Technol. 4: 474.

Nath, K.R. and Baker, R.C. 1973. Factors affecting the growth of 
Pseudomonas fluorescens in liquid egg white. Appl. Microbiol. 
25: 442.

Sandine, W.E., Hill, W.H., and Thompson, H. 1976. Acid producing 
microorganisms. In “Compendium of Methods for the Microbio
logical Examination of Foods,” (Ed.) Speck, M.L., p. 215. Ameri
can Public Health Association, Washington, DC.

—Continued on page 1552

1448 -JO U RN A L O F  FO O D  SC IENCE-Vo lum e 49 (1984)



I m p e d i m e t r i c  E s t i m a t i o n  o f  C o i i f o r m s  i n  D a i r y  P r o d u c t s

R. F IR STEN B ER G -ED EN , M. L. V A N  SISE, J. Z INDULIS, and P. K A H N

-----------------------------------ABSTRACT-----------------------------------
An impedance method was developed for the estimation of coii
forms in raw and pasteurized milk, heavy cream, and ice cream mix. 
Impedance detection times (IDTs) in CM, a medium developed for 
the impedimetric detection of coiiforms, were compared to con
firmed Violet Red Bile Agar (CVRBA) plate counts. Correlations of 
0.91-0.95 between the two methods were obtained for the four 
dairy products. The line equations of these relationships were simi
lar for all products. An IDT shorter than 9 hr was indicative of coli- 
form levels >10/mL, while an IDT longer than 12 hr was indicative 
of levels <10/mL.The impedimetric estimation of coiiforms provided 
the same information as CVRBA counts from dairy products, offer
ing a savings in time and labor.

INTRODUCTION

THE OCCURRENCE of coiiforms in dairy products has 
received considerable attention. Although the standard 
methods of coliform enumeration are well established, the 
applicability of the fecal indicator concept itself in foods is 
still being discussed (Krumperman, 1983). This is due in 
part to the ubiquitous nature of the coiiforms in the en
vironment, which places some constraints on their signifi
cance in foods. Nevertheless, the food industry has a need 
to monitor the microbial safety of its products and has 
adopted the coliform test as one means of fulfilling this 
need.

The different methods used to monitor coiiforms in 
foods have several problems. The errors of the plate count 
are well known (Fowler et al., 1978), and the use of Violet 
Red Bile Agar (VRBA), the recommended medium for 
dairy products (Marth, 1978), further suffers from the 
requirement to discriminate colonies on the basis of size. 
The effect of elevated temperature on stressed coiiforms 
as a result of the pour plating procedure is another problem. 
This problem has been avoided with the use of membrane 
filtration. However, vacuum filtration may itself be a poten
tial cause of stress. The MPN procedure has fewer stress- 
related problems, but is logistically awkward. While several 
methods exist to avoid these problems (Ray and Speck, 
1978; Brodsky etal., 1982), they also add to the complexity 
of the procedure. This complexity is an important consider
ation since coliform tests are frequently done in stages; i.e., 
presumptive, confirmed, completed, and the everyday user 
needs to monitor many samples in as short a time as possi
ble.

Several alternatives to the standard methods of coliform 
analysis are currently available. One method employs a 
hydrophobic grid-membrane filtration (Brodsky et al.,
1982). A second method detects enterotoxigenic if. coli by 
DNA colony hybridization (Hill et al., 1983). Another 
method combines MPN with impedance measurements 
(Martin and Selby, 1980).

Recently, a new coliform medium (CM) was developed 
specifically for use with impedance measurements (Firsten- 
berg-Eden and Klein, 1983). The impedance method with

The authors are affiliated with Bactomatic, A  Division o f Medical 
Technology Corp., P.O. Box 3103, Princeton, N J 08540.

CM provides earlier coliform detections than standard 
methods and is specifically designed to monitor large num
bers of samples with less labor than standard methods. CM 
provides better impedance signals than conventional coli
form media and is more selective than lauryl tryptose broth 
and Violet Red Bile Agar. Tests with meat indicate a favor
able comparison between detections in CM and plate 
counts on VRBA that were confirmed by inoculation into 
Brilliant Green Bile broth.

The dairy industry would appear to benefit from a short
ened, automated test for coiiforms. The purpose of this 
study was to test the feasibility of using CM with an im
pedimetric protocol to monitor coiiforms in several dairy 
products, and to compare the impedance method with the 
standard presumptive and confirmed coliform tests.

MATERIALS & METHODS

Samples
Pasteurized heavy cream and pasteurized milk were purchased 

from local markets. Commercial samples of ice cream mix were 
obtained directly from a manufacturer. Whole raw milk samples 
from 14 New Jersey farms were collected from a local dairy. Raw 
milk was incubated at an abuse temperature of 18°C, 25°C, or 32°C. 
Pasteurized cream and milk were held at room temperature, and ice 
cream mix was held at 32°C. All products were temperature abused 
for different lengths of time (several hours to 3 days), to obtain a 
wide range of coliform concentrations. The correlation curves com
paring impedance detection times to plate counts included a mini
mum number of 50 independent samples for each of the products 
tested in this study.

Media
Violet Red Bile Agar (VRBA) (Difco) was used for counting coii

forms. Brilliant Green Bile Broth (BGB) (Difco) was used to confirm 
typical colonies from the VRBA plates. CM, described by Firsten- 
berg-Eden and Klein (1983), was used for the impedimetric detec
tion of coiiforms in raw and pasteurized milk and ice cream mix. 
CM, with 0.1M Tris buffer (final concentration, pH 7.0), was used 
for the impedimetric detection of coiiforms in pasteurized cream.

Plate count procedure
The procedure used for counting coiiforms on VRBA followed 

that of Marth (1978). Two or more dilutions of each sample were 
plated. The plates were incubated at 35°C for 24 hr. After counting, 
ten of the typical dark red colonies, 0.5 mm or more in diameter, 
were randomly selected for confirmation. Individual colonies were 
transferred from the VRBA plates to BGB tubes using a sterile 
Pasteur pipet. A colony could easily be picked up inside the tip of 
the pipet and could then be blown out into the BGB tube. If none 
of the ten colonies produced gas in BGB within 48 hr, ten more 
colonies were selected for confirmation. The fraction of positive 
confirmations was multiplied by the total VRBA count to arrive at 
the corrected VRBA count (CVRBA).

Impedance measurement
Instrumentation. Impedance measurements were carried out on 

the BACTOMETER® Microbial Monitoring System M120SC (Bac
tomatic, A Division of MTC, Princeton, NJ). This instrument has 
been described by Firstenberg-Eden (1983) and Firstenberg-Eden 
and Tricarico (1983). The conductance signal (Gsol) was monitored 
in this study.
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Sample preparation. A 1:10 dilution of each sample of raw and 
pasteurized milk was made in a bottle containing 90 mL CM. Pas
teurized heavy cream was diluted similarly in mCM. Ice cream mix 
was diluted 1:10 in a bottle containing 45 mL CM. The bottles were 
shaken using 25 complete up and down motions of about 1 ft in 
7 sec and incubated for 3 or 4 hr in a 35° C waterbath.

Sample loading. After the 3 or 4 hr incubation period, each di
luted sample was again shaken, and 1.5 mL were aseptically dis
pensed into duplicate module wells. Once the modules were inserted 
into the instrument, continuous automatic data collection was 
started. Impedance was monitored for 20-24 hr at 35°C.

Data analysis. The impedance detection times (IDTs) for the 
duplicate wells showing a dye change indicative of coliforms (Firs- 
tenberg-Eden and Klein, 1983) were averaged. All IDTs represent 
the sum of the 3-4 hr incubation time and the instrument detection 
time. Linear regression analysis was performed with averaged IDTs 
and averaged CVRBA plate counts for each of the four dairy prod
ucts. At selected coliform levels, 95% confidence limits were calcu
lated from the scatter around the line.

RESULTS & DISCUSSION

Raw milk
The raw milk samples obtained from the 14 local farms 

had counts in the range of 20-500 coliforms/mL. Higher 
coliform counts were obtained after the sample was temper
ature abused. When 10 typical colonies of each plated sam
ple were confirmed in BGB, gas production from all 10 
colonies occurred in only 39% of the samples. The remain
der of the samples were divided between 0 and 90% BGB 
confirmation. This low percentage of BGB confirmation 
was probably caused by the presence of noncoliforms 
which were able to produce colonies comparable in color 
and size to those of coliforms in VRBA (Hartman, 1960; 
Rosen and Levine, 1970; Firstenberg-Eden and Klein,
1983). The distribution of confirmations obtained suggests 
that a better prediction of coliform levels in raw milk 
would be obtained by multiplying the VRBA counts by the 
percentage of BGB confirmations, than by relying on 
VRBA counts alone. The result of this correction was 
called the CVRBA plate count. The correlation obtained 
between the impedimetric method and coliform plate 
counts (r = 0.93, n = 89) suggests that the estimation of 
coliforms by the impedance method and by CVRBA plate 
counts was similar (Fig. 1). Thus, a concentration of 103 

coliforms/mL in raw milk was detected in about 7 hr. 
Applying the sample classification method reported by 
Firstenberg-Eden and Klein (1983) to a specification of 103 

coliforms/mL, samples with detections in 6.1 hr or less con
tained unacceptable coliform levels. Samples with detections

Fig. 1-Scattergram relating impedance detection times in modules 
and corrected violet red bile agar plate counts for raw milk samples.

between 6.1 and 8.0 hr were close to 103 coliforms/mL but 
were not definitively categorized.

Pasteurized milk
Pasteurized products contained very low numbers of 

coliforms. Classification of these products above or below 
a specified level of coliforms was simpler than enumeration. 
Neither impedimetric detection nor colony formation on 
VRBA was observed in the majority of samples tested. 
Therefore, they were classified as “clean” by both meth
ods. In seventy of 100 unabused-pasteurized samples, typi
cal colonies in VRBA plates were not observed nor did the 
impedimetric method show their presence. In twelve sam
ples late IDTs (>12 hr) were observed, and no colonies 
appeared on the plates. With temperature abuse the concen
tration of coliforms in these products was elevated to a 
level at which CVRBA plate counts and IDTs were com
pared with high correlation (r = 0.88, n = 123) (Fig. 2). 
Abused and unabused pasteurized milk samples were classi
fied according to the method of Firstenberg-Eden and Klein
(1983). If a specification of 10 coliforms/mL is chosen 
(Jay, 1978), samples with detections in 9.5 hr or less con
tained unacceptable coliform concentrations. Samples with 
detections after 12.5 hr were acceptable. Only one sample 
of approximately 2 0 0  abused and unabused samples was 
misclassified. Although the majority of the colonies from 
the VRBA plates (60%) had 100% confirmation, 15% of 
the samples did not give a positive reaction in BGB. This 
suggests that numbers of coliforms in these samples were 
not properly assessed from the VRBA plates, and confirma
tion of typical colonies from VRBA was necessary for this 
product.

Errors in estimating numbers of bacteria from plates 
were increased when the numbers of colonies on the plates 
were below 30. This was expected since samples with low 
cell numbers show larger variation about the true mean den
sity than samples with high cell numbers (Velz, 1951). 
Similar variation was associated with the impedance meth
od. An impedimetric procedure employing bottles which 
can hold a large volume of medium and sample was adopted 
to try to reduce the variation. Impedance was monitored 
directly in the bottles with wire electrodes. An analogous 
strategy (increased sample volume) was used with plate 
counts by dispensing ten mL volumes among three plates. 
When this method was employed with 97 samples of pas
teurized milk, the correlation rose from 0 . 8 8  in the mod
ules to 0.93 in the bottles (Fig. 3). Agreement between the 
two methods improved greatly for samples with less than

Fig. 2—Scattergram relating impedance detection times in modules 
and corrected violet red bile agar plate counts for pasteurized milk 
samples.
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Fig. 3—Scattergram relating impedance detection times in bottles 
and corrected violet red bile agar plate counts for pasteurized milk 
samples.

Fig. 4—Scattergram relating impedance detection times in modules 
and violet red bile agar plate counts for ice cream mix.

Fig. 5—Impedance curves from pasteurized heavy cream in CM and 
CM + 0 .1M Trls-HCI showing the improved baseline in the modified 
medium.

102  CFU/mL (Fig. 2 and 3), indicating that some of the 
sampling error associated with low coliform levels was 
reduced by using larger sample volumes. The 3-4 hr incuba
tion step used with small sample volumes could be omitted 
when the bottle method is used.

Ice cream mix
With the ice cream mix, as with the pasteurized milk, 

very low numbers of coliforms were found in the product. 
Therefore, all the unabused samples could easily be classi
fied as having above or below 10 coliforms/g. Twelve of the 
79 samples examined contained no coliforms as determined 
by plate counts on VRBA and the impedimetric method. 
Linear regression analyses of 75 samples with coliforms 
showed a correlation of 0.95 for the two methods (Fig. 4). 
Ice cream mix with a coliform concentration above 10/mL 
could be screened out within 8.9-10.4 hr. At least 90% of 
the colonies which appeared on the VRBA plates from the 
ice cream mix were confirmed as coliforms in BGB. Confir
mation for this product was therefore unnecessary.

Heavy cream
The pasteurized heavy cream necessitated a medium 

modification to alleviate a drift problem in the impedance

Fig. 6 —Scattergram relating impedance detection times in modules 
and violet red bile agar plate counts for pasteurized heavy cream 
samples.

curves (drift refers to a deviation from a horizontal base
line, before IDT) (Fig. 5). The addition of 0.1 M Tris buffer 
at pH 7.0 to CM improved the impedance curves. The rea
son for the reduction in drift upon the addition of Tris is 
not known, although it has been shown that Tris increases 
cell membrane permeability (Irvin et al., 1981). The addi
tion of Tris buffer to the medium could have altered the 
permeability of the fat globule membranes in the product. 
Tris, also neutralizes negative charges in solution (Schindler 
and Teuber, 1978). These effects could be responsible for 
the change in the impedimetric drift.

As with the other pasteurized dairy products, most 
(70-80%) of the heavy cream samples contained very low 
(<1.0/mL) levels of coliforms. Impedimetric detection of 
the organisms did not occur, and changes in the color of 
CM were not observed. Eighty-nine samples, most of which 
were temperature abused, contained more than 1 . 0  organ- 
ism/mL, and detection times were obtained with these 
samples. Linear regression analysis of these samples showed 
a correlation of 0.91 for the two methods (Fig. 6 ). As with 
the ice cream mix, confirmation of coliforms in BGB was 
found to be unnecessary because 6 6 % of the samples had 
100% confirmation, and 20% of the samples had 90% con
firmation.
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SUMMARY

ALL PASTEURIZED DAIRY PRODUCTS tested in this 
study had low coliform concentrations (<1 coliform/mL). 
It was therefore difficult to assess coliform numbers by 
either plate counts on Violet Red Bile Agar (VRBA) or 
impedimetric detections in CM. These samples were cate
gorized above or below a specified level of coliforms.

Temperature abuse of the pasteurized products and raw 
milk increased the coliform numbers. High correlation be
tween impedimetric detection times (IDTs) in CM and plate 
counts on VRBA were obtained with these samples, and 
similar line equations were obtained for all the products 
tested. An IDT shorter than 9 hr was indicative of coliform 
levels >10/mL, while an IDT longer than 12 hr was indica
tive of levels <10/mL. Since there was error associated with 
both methods, i.e., scatter of points around the regression 
line, a sample with coliforms detecting between 9 and 12 hr 
was not definitively classified above or below 1 0  coliforms/ 
mL. Higher levels of coliforms were usually found in raw 
milk. An IDT shorter than 6  hr indicated coliform levels 
>10 3 /mL.

The confirmation of typical colonies from VRBA plates 
in BGB was necessary when a product was first examined. 
Confirmation was found to be unnecessary in pasteurized 
heavy cream and in ice cream mix. Raw milk and pasteurized 
milk required confirmation and correction of the VRBA 
plate counts to obtain a true correlation between imped
ance detection times and plate counts.

Some of the sampling errors associated with low coli
form numbers could be reduced by the use of larger sample 
volumes. Bottles containing 10 mL of sample improved 
the sensitivity of the impedance method.

The high correlation between IDTs in CM and CVRBA 
plate counts indicates that impedance can provide the same 
coliform estimation as confirmed results from VRBA for 
raw and pasteurized milk, ice cream mix, and pasteurized 
cream. A savings in time and labor is possible with the 
impedance method.
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----------------------------------- ABSTRACT-----------------------------------
Physical, sensory, microbiological and chemical analyses were carried 
out on jack mackerel during 23 days of storage in ice. Sensory 
results indicate that jack mackerel used in this trial had a shelf-life 
of 7 days. Aerobic plate counts never exceeded 106/g flesh during 
the first 11 days. The K value reached 20% after 7 days. Trimethyl- 
amine, total volatile base, pH and thiobarbituric acid andyses were 
not good indicators of changes in quality during the shelf-life. Proxi
mate analyses were carried out on representative samples of the fish.

INTRODUCTION

JACK MACKEREL (Trachurus novaezelandiae and T. 
declivis) are sufficiently common and widespread through
out N.Z. waters to allow an annual sustainable yield esti
mated at 50,000-187,000 tonnes (Robertson and Eggle
ston, 1979). Potential markets exist for quality chilled 
and frozen jack mackerel (Best, 1979) in a number of coun
tries such as Japan, West Germany and Korea. However, 
quality criteria such as fat content, size and freshness need 
to be ascertained and met.

Virtually no studies have investigated the changes oc
curring during storage in ice of species of the genus Trach
urus. Ehira (1976) considered horse mackerel (Trachurus 
japonicus) as part of his biochemical study on the freshness 
of fish and concluded from investigations of the nucleotide 
breakdown that horse mackerel had a shelf-life of 3-6 days.

The purpose of this study was to determine the shelf-life 
of jack mackerel in ice by use of sensory, microbiological 
ar.d chemical assessment. Further, it was intended to iden
tify those analyses which could be used to monitor changes 
in jack mackerel during its shelf-life in ice.

MATERIALS & METHODS

Sample preparation
Jack mackerel used in this study were caught in November 1981 

at a depth of 80m in Area 010 (Lat. 37° 42' S Long. 177° 40' E) by 
purse seining. They were taken from the deck immediately and 
packed into fish bins with an equal volume of ice. The fish were 
transported to our laboratories and were less than 2 days old on 
arrival. The fish were then placed in an insulated container and the 
ice:fish ratio maintained for the duration of the trial.

Sampling
Days of ice storage were counted from the day cf catching. 

Fish were first sampled at day 0, on the boat, when the physical 
characteristics and raw sensory attributes were determined. Samples 
for microbiological and chemical analysis were also taken and held 
at -60°C until reaching the laboratory. Subsequently, fish were 
sampled every 2-3 days until day 23. At each sampling time, micro
biological analyses were carried out on 5 randomly chosen fish. 
These were then filleted and 3 of the fillets were used for cooked 
sensory analysis while the remaining 2 were left in reserve at -30°C.
Authors Buisson, Scott, and Fletcher are affiliated with the Division 
o f Horticulture and Processing, Dept, o f Scientific & Industrial 
Research, Private Bag, Auckland, New Zealand. Author Ryder, 
is also affiliated with DSIR, but may be reached at the Dept, o f 
Food Science & Technology, Nutrition & Dietetics, Univ. o f Rhode 
Island, Kingston, R l 02881.

N. SCOTT, and G. C. F LE T C H E R

Sensory raw assessment was carried out on a further 5 randomly 
chosen fish which were then weighed, sexed, measured to the fork 
of the tail and filleted. Five fillets from these fish were used for 
cooked sensory assessment while the remaining 5 were used for 
chemical analysis.

Proximate analysis
The protein, ash, oil and moisture contents were determined for 

6 fish of the storage trial according to Vlieg (1982). Samples were 
taken at day 4.

Sensory analyses
Attributes of raw fish: The fish were examined for changes in 

general appearance. This included describing the eyes, surface slime, 
surface color, elasticity and gills. The gill odor was also described. 
Each fish was described by at least 3 people experienced in fish 
quality evaluation.

Attributes of cooked fish: Fillets were skinned by hand and a 
sample (approximately 3 cm x 5 cm) which included a portion of 
dark meat was removed from the anterior dorsal region of each of 8 
fish. Samples were placed in individual 250 ml lidded casserole 
dishes, steamed for 15 minutes in a water bath and presented in 
these dishes to the panelists.

The sensory evaluation panel consisted of 8 members of the 
research staff who were experienced in sensory evaluation of fish. 
Panelists, seated at individual tasting booths, were initially required 
to describe the odor, flavor and texture for one cooked sample from 
a list of terms provided or others that seemed appropriate, and then 
rate each descriptive term used for intensity, according to the 4 
point category scales of Vaisey Genser et al. (1977). The degree of 
liking was rated using a 5 point hedonic scale (5 = like very much; 
4 = like slightly; 3 = neither like nor dislike; 2 = dislike slightly; 1 = 
dislike very much). Mean scores for intensity and degree of liking 
were determined for each term.

Microbiological analyses
Two samples were taken from the anterior dorsal region of each 

of 5 fish. Firstly, 10 cm2 skin was swabbed to enumerate surface 
microorganisms. The swabs were shaken in 100 mL peptone water 
(0.1% Difco). Secondly, using sterile scalpels and forceps, the skin 
was removed and approximately lOg flesh excised. This was homog
enized in peptone water using a sterile shaft (TP 18/2N) on an Ultra- 
Turrax T 45 disperser to give a 10-fold dilution (w/w) which was 
used to enumerate microorganisms in the flesh.

Enumeration of total aerobes was by the pour plate method 
using 1 mL of appropriate dilutions (0.1% peptone water) in Me
dium B of Simudu and Hasuo (1968). Enumeration of sulphide 
producing bacteria was by the same method using the Peptone-Iron 
agar of Sumner and Gorczyca (1981). Colony-forming units (C.F.U.) 
were counted after 4 days aerobic incubation at 25°C, and the 
logarithmic mean calculated. Black colonies on the Peptone-Iron 
agar were recorded as sulphide-producers.

Chemical analyses
Skinned fillets from each of 5 fish were packed in individual 

plastic bags and frozen at -30°C until analysis.
Frozen skinned fillets were sampled in the anterior dorsal region 

for nucleotide analysis. (The remainder of each fillet was vacuum 
packed with nitrogen gas flushing and left to thaw overnight at 
4°C). Five grams frozen muscle were homogenized with 50 mL 
chilled 0.6M perchloric acid at 0°C for 1 min using an Ultra-Turrax 
disperser. The homogenate was centrifuged at 3000 x g for 10 min 
and the pH of 10 mL supernatent was adjusted to 6.5-6.8 with 
0.1M potassium hydroxide. After standing at 4°C for 30 min, the
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neutralized extract was made to 20 mL, filtered and stored at 
-70°C until analyzed by high pressure liquid chromatography. 
Thawed extracts were passed through 0.45 /am Millipore filters and 
20 ML aliquots were injected in duplicate on to a Waters m Bondapak 
Cl8 column. The mobile phase was 0.04M potassium dihydrogen 
orthophosphate and 0.06M dipotassium hydrogen orthophosphate 
with a flow rate of 2 mL/min. Eluted compounds were detected by 
their absorbance at 254 nm. Baseline separation of adenosine 
5'-triphosphate (ATP) and its degradation products was accomplished 
with in 20 min (Ryder, 1984). K value (the proportion of hypoxan
thine and inosine in the total pool of ATP and its degradation prod
ucts) was determined according to Saito et al.. (1959).

Thawed fillets were diced finely using a sharp knife and mixed 
thoroughly. Twenty gram subsamples from the diced fillets were 
subsequently used for determination of trimethylamine (TMA) and 
total volatile bases (TVB) using the Modified Dyer Picrate method 
and steam distillation method respectively (Analytical Methods

Table 1—Proximate composition o f jack mackerela

Mean Range
Standard
deviation

Length (cm) 37.2 34 -40 2.1
Weight (kg) 0.72 0.58- 0.86 0.11
Sex All female
Protein (% w/w) 20.0 18.9 -20.9 0.7
Oil (% w/w) 2.0 1.1 - 4.2 1.1
Ash (% w/w) 0.9 0.8 - 1.0 0.1
Moisture (% w/w) 77.1 74.4 -78.5 1.5

a six fish were used.

Committee, 1979). A 20 gram subsample was used for the deter
mination of the thiobarbituric acid number (TBA No) by the 
method of Vyncke (1970). Ten grams diced fillet were homogenized 
with 20 mL distilled water and the pH of the resulting suspension 
measured at ambient temperature.

RESULTS & DISCUSSION 

Proximate analyses
Proximate analyses for 6  fish are shown in Table 1 and 

agree closely with results of Vlieg (1982). The fat content is 
low, as would be expected in fish caught in months other 
than August, when fat content rises to approximately 14% 
w/w (Vlieg, 1982).

Physical characteristics
Of the 35 fish examined, the mean weight of jack mack

erel for this trial was 639g (range 479-883g) and the mean 
fork length 36.4 cm (range 31.5-40 cm). These results, and 
the area and method of catching suggest the fish were T. 
novaezelandiae (Robertson, 1977). Eighty three percent of 
the fish were female.

Sensory analyses
Raw fish. Changes in the attributes of the raw fish 

during storage in ice are shown in Table 2. During the 16 
days of sensory assessment the fish underwent noticeable 
changes in the eyes, surface slime, gill appearance and gill

Table 2—Changes in appearance, odor and texture o f raw jack mackerel during storage in icea

Days in ice

0 1 2 5 7 9 12 14 16

Eyes Pupil Black VS misty VS misty S misty Cloudy Cloudy Cloudy Cloudy Reddened
Cornea Clear Clear — — — —  — Bloodshot Reddened
Shape Convex Convex Flattening Flat Flat Flat S sunken Sunken Sunken

Slime Consistency None None None Watery Watery — Watery Thin Thick
Color None None None Clear S cloudy — Brown Brown Brown

Elasticity V firm Rigid Firm M firm M firm M firm M firm Firm Resilient
Pliable (Rigor) (No rigor) Elastic Resilient L resilient

Gills- Color Rose red Wine red Scarlet Brown/red Brown/red Brown — Dark brown Dark brown
Appearance Mucus Thin Thin Cloudy brown Thick - Brown Bloody Dark brown/thick Thick

Bleach -  - Slight Mottled Mottled -
Gills- Seaweedy Fresh Briney Rancid Oily Rancid S fruity Strong stale Rancid
Odor Neutral Celery Salty Oily Rancid Oily Briney Rancid Stale

Metallic Salty Briney Stale Metallic Sweet Rotting
Metallic Briney

a Each descriptor was used by 1 to 3 panelists, where V = very; M = moderately;S = slightly; VS = very slightly and L = less.

Table 3—Changes in odor, flavor and texture o f cooked jack mackerel during storage in ice

Days in ice

2 5 7 9 12 14 16

Odor Brineya (4.0)b Briney (3.6) Fishy (3.0) Toffee (4.0) Fishy (3.0) Sour (1.8) Sour (1.5)
Sweet (4.3) Fishy (3.5) Oily (2.2) Meaty (4.0) Briney (3.0) Fishy (2.0) Stale (1.5)
Oily (3.0) Oily (2.2) Sour (2.0) Sour (1.5) Cardboard (1.5) Smokey (1.5)

Fishy (3.3) Smokey (3.6)
Flavor Meaty (4.3) Meaty (3.8) Meaty (3.5) Oily (2.0) Flat (2.5) Sour (2.0) Sour (1.2)

Sweet (4.5) Neutral (3.0) Oily (1.8) Astringent (2.0) Sour (2.3) Oily (2.0) Salty (2.0)
Bland (3.3) Salty (4.5) Sour (2.6) Metallic (2.0)

Texture
Moistness Moist (4.2) Moist (4.2) Moist (4.3) Moist (4.0) Dry (1.5) Dry (2.0) Dry (1.5)
Mouthfeel Soft (5.0) Soft (3.6) Soft (3.7) Mealy (2.3) Soft (3.6) Sticky (1.0) Mushy (1.7)

Mealy (2.7) Firm (3.5) Mealy (2.0) Fibrous (2.5) Mealy (2.0) Soft (2.8) Sticky (1.5)

a 1—\ - - ...
Short (3.0) Sticky (1.0) Chewy (1.5)

a Descriptive terms shown were used by at least 2 panelists and had a mean intensity of greater than 2.0. Terms are in decreasing order of 
b intensity.

Figures in brackets represent mean scores for degree of liking where: 5 = like very much; 1 = dislike very much.
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odor. After 7 days the eyes had changed from convex with 
a black pupil to flat with a cloudy pupil. In the same period 
a slightly cloudy slime had developed on the surface of the 
fish. The gills were initially rose-red with a thin mucus but 
after 5 days were brown-red and bleached in parts with a 
thick brown mucus. The gills developed oily and rancid 
odors after only 5 days in ice.

The changes that occurred in the eyes and gills of jack 
mackerel during its shelf-life have potential for use in the 
quality assessment of whole jack mackerel.

Cooked fish. Table 3 shows the changes in the attributes 
of cooked fish during storage in ice. Fresh jack mackerel 
(stored up to 2  days in ice) were described by the panel as: 
briney, sweet and oily in odor; meaty, sweet and bland in 
flavor; and soft, mealy and moist in texture. The oily odor 
and flavor, and the mealy texture were disliked by some 
panelists. These attributes, however, are characteristic of 
jack mackerel throughout its shelf-life and cannot be re
garded as spoilage characteristics.

After 7 days the fish had not developed any spoilage 
characteristics and on average the odor, flavor and texture 
were liked as indicated by degree of liking scores (Table 3).

After 9 days the first sourness was detected in the odor 
and flavor. This, along with an astringent flavor and fibrous 
texture, were attributes disliked by the panel. From 12 to 
16 days sourness became progressively more intense and the 
texture became dry, soft and sticky.

The shelf-life was taken to be the time elapsed prior to 
the development of spoilage characteristics disliked by the 
panel. Thus the jack mackerel used in this trial had a shelf- 
life of 7 days in ice.

Microbiological analyses
Fig. 1 shows the results of the microbiological analyses. 

All plate counts exhibited approximately logarithmic in
crease throughout the trial, with the exception of the sur
face aerobic plate count (APC).

Recommendations set by the International Commission 
on Microbiological Specifications for Foods (ICMSF) are 
met during the shelf-life, in that the flesh APC did not 
exceed 106/g wet weight in more than 2 of 5 samples and 
never exceeded 107 /g. The last sampling time these recom
mendations were met was day 9.

Counts of sulphide-producing bacteria have been used as 
indicators of fish spoilage (Scott et al., 1983). Fig. 1 shows 
that during the first 16 days of storage in ice, the percent
age of sulphide-producers in jack mackerel was relatively 
constant at about 1% of the APC for both surface and flesh

Fig. 1—Changes in microbial counts o f jack mackerel during storage 
in ice.

counts. This percentage increased to 12% on the surface 
and 5% in the flesh on day 23.

Other workers have found that sulphide-producing bac
teria often constitute a major proportion of the microflora 
of spoiling fish (Chai et al., 1968; Jensen et al., 1980; 
Sumner and Gorczyca, 1981), the predominant sulphide 
producing bacterium being Alteromonas putrefaciens 
(Levin, 1968). In this trial the relatively low numbers 
(1.1 x 1 03 /g) of sulphide-producers at day 9, when jack 
mackerel had begun to spoil according to sensory evalua
tion, indicate that A. putrefaciens did not play a major role 
in the spoilage of jack mackerel.

Chemical analyses
Nucleotide analyses. Fig. 2 shows the levels of ATP 

breakdown products at the time of capture (day 0 ) through 
to the end of the trial at day 23. ATP, adenosine 5' diphos
phate (ADP), and adenosine 5' monophosphate (AMP) con
centrations are not shown because they were consistently 
found to be present at very low concentrations (less than
0 . 2  /rmoles/g wet weight flesh).

The concentrations of both inosine and hypoxanthine 
increased gradually over the period. During the shelf-life, 
the rate of these increases were too slow to be useful as 
indices of freshness.

Inosine 5' monophosphate (IMP) concentrations de
creased relatively rapidly during the same period but the 
decline slowed after 12 days. This is similar to changes of 
IMP concentrations found in gurnard by Vyncke (1980) 
and in other species as reviewed by Martin et al. (1978). 
IMP concentration may be of value as an indicator of fresh
ness in jack mackerel stored in ice during the shelf-life period.

Fig. 3 shows a near linear increase of the K value of jack 
mackerel during the 23 day storage in ice from 2% to over 
60%. By the end of the Shelf-life, the K value had reached 
20%. This compares favorably with Japanese work on horse 
mackerel (Trachurus japonicus) where K values of approxi
mately 1 0 % after 2  days in ice and 28% after 1 0  days in 
ice were obtained (Ehira, 1976). This worker reported a 
limit for high quality fish (destined for sashimi use) of 2 0 % 
and noted that by 60% fish were unfit for human consump
tion. The K value for jack mackerel used in this trial ex
ceeded 20% after 7 days when also sensory analyses indi
cated the end of the shelf-life. This supports the use of the 
20% K value as an indicator of acceptance for sashimi grade 
fish, and demonstrates its potential as an indicator of fresh
ness of jack mackerel during its shelf-life.

Fig. 2—Changes in inosine monophosphate, inosine and hypoxan
thine concentrations in jack mackerel flesh during storage in ice. 
Each point represents the mean o f 5 samples.
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Fig. 3—Changes in K  value o f jack mackerel flesh during storage in 
ice. Each point represents the mean o f 5 samples.

Fig. 5—Changes in pH  o f jack mackerel flesh during storage in ice. 
Each point represents the mean o f 5 samples.

Trimethylamine and total volatile base analyses. The
TMA levels remained low (less than 2 mg TMA-N/lOOg wet 
weight flesh) during the shelf-life of jack mackerel, but 
increased rapidly after day 12 (Fig. 4). This increase in 
TMA concentrations correlated with the APC of 106/g wet 
weight flesh at day 12, emphasizing the use of TMA as an 
indicator of the onset of bacterial spoilage rather than an 
indicator of freshness.

TVB concentrations were determined at day 0 and day
12. During this period they had risen from 21.9 to 28.3 mg 
TVB-N/lOOg wet weight flesh. This minimal increase sug
gests that measurement of TVB concentrations is not a 
good indicator of freshness.

Thiobarbituric acid number. The increase in TBA No. 
from day 2 to day 7 (Fig. 4) coincided with the detection 
of oily odors and flavors in the sensory evaluation of the 
cooked fish, and the development of rancid and oily odors 
of the gills. However, these oily odors and flavors were not 
indicative of spoilage during the initial period of storage. 
Therefore, the increase in TBA No. did not imply loss of 
acceptability and so was not useful for assessing the end of 
the shelf-life.

pH measurement. The pH changes with time during stor
age in ice, are shown in Fig. 5. During the initial storage 
period, the pH was consistently low (less than pH 6.1). 
After 12 days it increased linearly reaching pH 6.5 at the

DAYS IN ICE

Fig. 4—Changes in trimethylamine concentration and thiobarbituric 
acid number in jack mackerel flesh during storage In ice. Each point 
represents the mean o f 5 samples.

end of the trial. The observed increase in pH was probably 
due to production of basic volatiles by bacteria during the 
spoilage process. Purse-seining is a relatively gentle method 
of catching and fish were taken directly from the net for 
sampling. This would have resulted in high concentrations 
of glycogen immediately postmortem and subsequently 
high levels of lactic acid explaining the low initial pH (Mac- 
Cullum et al., 1967).

CONCLUSIONS

THE SHELF-LIFE of whole jack mackerel stored in ice was 
found to be 7 days. On the 9th day of storage the fish had 
developed spoilage characteristics which were disliked by 
the panel. Oily odor, oily flavor and mealy texture are 
characteristic of cooked jack mackerel and not indicative 
of spoilage.

The microbiological counts did not exceed the limits 
recommended by the ICMSF until day 12, well after the 
shelf-life determined by sensory evaluation. Sulphide pro
ducing bacteria were a small percentage of the microflora 
during the trial and thus did not play a major role in the 
spoilage of jack mackerel.

The loss of sensory quality in this species was not deter
mined by bacterial spoilage so much as by the changes due 
to autolytic degradation. Thus the determination of IMP 
concentration and K value, which are primarily measures 
of autolytic degradation, were good indicators of loss of 
freshness during the shelf-life of jack mackerel in ice. The 
bacterial metabolic end products (TVB and TMA), as found 
previously by Spinelli et al. (1964), were less useful as ob
jective measurements of freshness.

The pH was not a good indicator of early storage changes 
and TBA No. could not be used to determine loss of accept
ability or end of shelf-life.
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E f f e c t s  o f  V a c u u m  a n d  A t m o s p h e r i c  F r e e z e - D r y i n g  o n  Q u a l i t y  

o f  S h r i m p ,  T u r k e y  F l e s h  a n d  C a r r o t  S a m p l e s

OSEI B O EH -O CAN SEY

-----------------------------------ABSTRACT-----------------------------------
To assess a technique of freeze-drying at atmospheric pressure, the 
quality of shrimp, turkey flesh and carrot freeze-dried by the 
conventional method in vacuo, was compared to that of the same 
products freeze-dried under atmospheric conditions. Shrinkage, 
ability to rehydrate, water retention, and color change as well as 
sensory analyses were used as indices to evaluate the effect of 
processing conditions. The atmospheric process induced greater 
quality loss than freeze-drying in vacuo. However, process techniques 
to improve upon the quality of the atmospheric freeze-dried prod
ucts are discussed.

INTRODUCTION

INTEREST in freeze-drying at atmospheric pressure has 
increased in recent times. The underlying objective has been 
to reduce the cost of the freeze drying operation by elimi
nating vacuum creating equipment.

Meryman (1959) pioneered research in this area by 
freeze-drying histological samples at -30°C  using drying 
agents in a fixed bed at atmospheric pressure. Other re
searchers including Lewin and Mateles (1962), Woodward 
(1963), Sinnamon et al. (1968) also attempted with varying 
degrees of success to freeze dry food samples without 
vacuum. The general observation was that this approach 
necessitated very long drying periods. Malecki et al. (1969, 
1970) attempted to reduce drying time by reducing sample 
sizes and using fluidized beds. However, very low tempera
tures (—34°C) were required in subsequent trials with apple 
juice in order to overcome melting. Some amount of 
interstitial melting is tolerated in practice so far as quality 
is not sacrificed while allowing a considerable reduction 
in drying time and operational costs (Boeh-Ocansey, 1979). 
Other workers such as Heldman and Hohner (1974), Ku 
et al. (1977), Zarkarian and King (1978) have provided 
information on the analysis of the mechanisms involved 
in the freeze-drying process.

In this work, a method of atmospheric freeze-drying 
in a fluidized bed of adsorbant particles was developed. In 
order to assess the process, a study of quality was under
taken comparing food samples freeze-dried in vacuo to the 
same products freeze-dried at atmospheric pressure.

MATERIALS & METHODS
T H R EE  FOOD TYPES -  carrot, shrimps and turkey chest muscles 
-  of, respectively, 89.5%, 82.5% and 72.0% water content (wet 
weight basis) were cut to units weighing (on the average) 2.1g, 1.5g 
and 2.0g, respectively. The carrot samples were cut into discs 22 
mm diameter, 4 mm thick and frozen at -35°C. Commercially quick 
frozen shrimp (10 mm maximum diameter) and turkey flesh pieces 
36 x 72 x 6 mm3 were stored in a freezer at -35°C. Two hundred 
grams of each frozen sample were dried to constant weight in a 
freeze-drier (SE R A IL  RP3V) which, under optimum conditions, 
operates at a vacuum of 0.3 mm Hg, or in an atmospheric drier 
(Boeh-Ocansey, 1983). The atmospheric drier consisted princi
pally of a cylindrical column, a refrigeration unit and an air blower. 
The drying chamber, a vertical cylindrical column 10 cm in diameter

Author Boeh-Ocansey is affiliated with the Dept o f Food Science & 
Technology, Univ. o f Nigeria, Nsukka, Nigeria.

and 100 cm high, contained 1 kg of alumina particles (0.4 mm 
average diameter) in which the food sample to be dried was im
mersed. This column was joined below to a similarly shaped arrange
ment linked to the refrigeration unit and thereby constituting a heat 
exchange system (cooling section). Air from the blower (Fougal 
HD40A), at a flow rate one and one-half times the minimal flui
dizing velocity of the alumina particles (0.11 m/s), is introduced 
into the drying chamber after having been cooled in the lower 
column. The air, making its exit at the upper end of the drying 
chamber, is purified by passing it through a dust separator or cyclone 
before it is recycled back to the blower. Drying was followed by 
measuring changes in the weight of food products with time. The 
temperature of the drying medium was monitored continuously 
using copper-constantan thermocouples while an electrolytic 
hygrometer (Beckman) was used to measure the relative humidity 
of the air. During drying the relative humidity of the air was main
tained at all times below 20 ppm. At the end of drying, immersed 
food products were recovered by the help of a cylindrical sieve 
placed inside the drying chamber -  an arrangement that did not 
hinder the free circulation of fluidizing material during drying. The 
dried food products were thereafter stored in a freezer at -35°C  
until they were required for quality assessment. The following 
determinations were made to monitor quality changes.

Shrinkage

Using carrot discs, changes in thickness were measured; a coef
ficient of shrinkage, r, was defined as the ratio of the difference 
in thickness of the sample to its initial thickness (r = AL/L0).

Rehydration

Ten grams of the freeze-dried product were immersed in 200 mL 
distilled water for varying periods of time. Excess water was drained 
off using filter paper. By weighing, the quantity of water absorbed 
was determined. A  rehydration curve was established by plotting the 
amount of water absorbed in grams per unit weight of dry matter as 
a function of rehydration time, tR. A rehydration coefficient, R, 
representing the ratio of water absorbed to unit weight of initial 
freeze-dried sample was determined.

Water retention

Twenty grams of sample were placed in a tubular-shaped metal 
gauze whose neck was fixed to a centrifuge tube in a manner as to 
allow exudation of water during centrifuging at varying speeds for 
10 min. (The centrifuge used was a Jouan-Paris model K-63F.). The 
exuded water was weighed.

Exudation of water results when, during centrifugation, the 
internal capillary forces of the food material are not sufficient to 
overcome the centrifugal force applied. When the weight of water 
extracted upon centrifuging food samples, and expressed as a per
centage of the food’s initial water content, was plotted against the 
corresponding centrifugal force, or more simply against the corre
sponding rotational speed (rpm), the resulting diagrams illustrate 
the food material’s ability to retain water.

Color measurements

Fat-soluble pigments in the shrimp and carrot samples (caro
tenoids) were extracted using the method of Moore, Ely and Macleod 
recommended by the Association of Vitamin Chemists (Joslyn, 
1970). In the presence of 70 m L petroleum ether (60-70°) and 
100 mL ethyl alcohol (95%), lOg of the raw, thawed or rehydrated 
product were disintegrated in a Waring Blendor. The mixture was 
transferred into a separating funnel where 50 mL petroleum ether 
was first added followed by 25 m L ethyl alcohol. The mixture was 
shaken carefully, releasing pressure periodically. After allowing the
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layers to settle, the aqueous phase, containing a lot of suspended 
matter, was transferred into another separating funnel where the 
remaining fat soluble fraction was extracted by washing twice with 
50 mL (90%) methyl alcohol. The ether extract was washed three 
times, each time with 30 mL 3% sodium sulphate solution. The 
layers having settled, the aqueous portion was decanted and the 
ether extract was dried by adding a teaspoonful of anhydrous so
dium sulphate. The extract was stored in a cold room.

Depending on the pigment intensity, the extract was either 
diluted with petroleum ether or concentrated using a rotary vacuum 
evaporator. Absorption spectra were then plotted using a scanning 
spectrophotometer in the wavelength range of 550-350 nm for the 
carrot extract and 350-600 nm for the shrimp extract.

For turkey chest muscles, the water soluble pigments were ex
tracted by macerating lOg of sample in 70 mL distilled water at 
10°C. The extract and residue were separated by centrifuging. The 
pigment extract was concentrated at low temperatures under 
vacuum as above and absorption spectra plotted over the range 
320-500 nm.

Fig. 1— Variations o f temperature during freeze-drying under vacuum.

Fig. 2—Freeze-drying o f carrots in vacuo and at atmospheric pressure 
by temperature programming and at constant temperature (-10°C). 
Lower curve is the temperature history.

Sensory evaluation
A taste panel comprising 10 experienced subjects was organized 

to compare the freeze-dried products to their fresh, raw or thawed 
analogues. All the different samples of the same food product were 
cooked in an identical manner, with due regard to traditional 
cooking practices. Samples of each product were presented simul
taneously to the panel members in well-lit (white light) partitioned 
booths. The test subjects were asked to evaluate the quality attri
butes of each sample with respect to texture, color, flavor, appear
ance and overall quality on a 5-point hedonic rating scale where 5 
denoted like very much, and 1 represented dislike very much. Vari
ance was analyzed and Student’s t-test was used to compare the 
mean scores for the samples. Since sample sizes were not greater 
than 1 0 , test samples were combined to obtain normal distributions 
and significance of the equality of means tested at 5%.

RESULTS & DISCUSSION

FIG. 1 PRESENTS the temperature profiles during a typical 
freeze-drying operation under a vacuum of 0.3 mm Hg 
where the only source of heat was ambient temperature, 
constant at +23°C. The initial temperature of drying cham
ber and food sample (center) was — 20°C. During the drying 
operation, the temperature of the carrot disc rose in parallel 
with the rising temperature of the chamber except for a 
period when it appeared to have stabilized around —5°C. 
The temperature difference between the drying chamber 
and carrot remained relatively constant at 10°C for about 
2Vi hr. Towards the end of drying the difference decreased 
gradually while food sample temperature rose to that of the 
drying chamber.

Fig. 2 presents curves for both atmospheric and vacuum 
drying of carrots. Atmospheric drying at a constant temper
ature of — 10°C or less required very long periods (exceeding 
2 0  hr), whereas the drying time for the vacuum process 
was around 10 hr. In order to improve upon the rather slow 
drying rates observed at low temperatures, a temperature 
programming technique simulating the temperature evolu
tion under vacuum (Fig. 1) was adopted for the drying 
operation at atmospheric pressure such that at least 50% of 
the total water in the food sample was removed at temper
atures around —10°C; about 70-80% of total water was 
removed at —5°C; 90% total water removed around 0°C; 
and the remaining 1 0 % removed at temperatures greater

Fig. 3 - Freeze-drying o f shrimp and turkey flesh at atmospheric 
pressure by temperature programming technique. Lower curves are 
the temperature history.
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Table 1 —Biophysical and biochemical analyses o f frozen and freeze-dried food samples

Carrots Shrim p Turkey flesh

Freeze-dried Freeze-dried Freeze-dried

Test Frozen Vacuum  Atm ospheric Frozen Vacuum  Atm ospheric Frozen Vacuum  Atm ospheric

Shrin kagea

% - 0.44 0.74 — — _ _ _ _

r2 - 0.28 0.36 — — _ _ _ _
Rehydration
R 0.21 0.08 0 0
^Rim iri) - 27 24 - 10 15 — _ —
Color content
(relative)
B-carotenes 1.00 0.99 0.98
astacene - - — 1.00 0.33 0.27 _ _ _
Water-soluble
pigments - - - - — — 1.00 0.63 0.56

3 rj = after freeze drying; r2 = after rehydration ; —  = not determined

than 0°C but never exceeding 20°C. The programming was 
undertaken in a stepwise gradual fashion avoiding severe 
and sharp increments. Temperature changes were made 
especially when the drying rates tended to fall. This temper
ature programming technique permitted a drying time of 11 

hr for carrots and around 17 hr for shrimp and turkey flesh 
(Fig. 20 to be obtained.

Quality indices
The principal results of the objective quality tests are 

presented in Table 1.
Shrinkage is a parameter measured by comparing the 

final volume of product to the initial volume or in a simpler 
way, by following linear changes in the product’s dimen
sions. Owing to its more regular shape, carrot was used as 
the ideal product for studying shrinkage after freeze-drying 
(r[) and after rehydration of the freeze-dried product (r2); 
freeze-drying at atmospheric pressure induced greater 
shrinkage (rj = 0.74) than freeze-drying in vacuo (iq = 
0.44). However, upon rehydration the products regained 
much of their original form: r2 = 0.28 for atmospheric and 
r2 = 0.36 for vacuum freeze-drying.

The rehydration coefficient R measured the ability of 
the dried product to reconstitute well. Rehydration was 
judged complete when the water content of the raw product 
was obtained. All the freeze-dried products reconstituted 
well upon rehydration (R 0.21) and in good time, t^  was 
between 10-27 min.

The absorption spectra used for the evaluation of color 
are shown in Fig. 4, 5, and 6 . B-carotene, the principal pig
ment in carrots exhibited a peak at 450 nm (Fig. 4). The 
absorption spectrum for shrimp pigments (Fig. 5) was 
characterized by a peak at 475 nm and a minimum at 390 
nm; the principal pigment in shrimp is astacene. A peak at 
407 nm and a minimum at 368 nm characterized the ab
sorption spectrum (Fig. 6 ) of the water-soluble pigments 
of turkey flesh where myoglobin and its derivatives consti
tute the major coloring matter. Large changes in pigment 
concentration can be followed by visual or qualitative com
parison of absorption spectra but for quantitative evalua
tion of major changes more precise procedures are required. 
Goldblith et al. (Rey, 1964) proposed that the ratio of 
absorbance of astacene at 475 nm (peak) to that at 390 nm 
(minimum) gave a measure of shrimp color which was inde
pendent of pigment concentration. This reasoning was 
applied to the measurement of carrot pigmentation where a 
color index was defined as the ratio of absorbance at 450 
nm to that at 465 nm. Similarly, the color of turkey flesh 
was evaluated quantitatively, using a color index of the 
ratio of absorbance at 410 nm to that at 370 nm. Table 1

presents color retention data of samples, expressed as the 
color content of sample relative to that of the frozen ana
logue. The results demonstrate that while carrot pigments 
were hardly affected by freeze-drying conditions, shrimp 
pigments were most sensitive, with color degradation of 
about 73%, computed as 100 less percent color content. 
For turkey flesh, color loss was 44%. Atmospheric freeze
drying consistently produced slightly higher color loss than 
drying under vacuum.
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In applications of centrifugation, such as the method 
described above for the determination of a food material’s 
ability to retain water, the centrifugal force, F(g), is com
monly expressed in multiples of the standard force of 
gravity. The centrifugal force varies with the speed of rota
tion (n, revolutions per minute) and with the radial distance 
from the center of rotation, d. When d is measured in

Wave Le ngth (nm)

Fig. 6 —Spectra! analyses o f water-soluble pigments o f turkey flesh.

inches, the centrifugal force is computed from the relation
ship (Perry and Chilton, 1973): = 1.42n2d x 10- 5 .
Water retention plots, which present mass of exuded water 
as a function of rotational speed, are shown in Fig. 7 and 8 
for carrot and shrimp, respectively, from which the follow
ing observations can be made. The fresh food retained prac
tically all its water even when a higher centrifugal force, 
corresponding to 2700 rpm, was applied. Samples freeze- 
dried in vacuo retained water better than samples freeze- 
dried at atmospheric pressure, or samples thawed.

Unlike the carrot samples, initially frozen at -~35°C and 
stored at the same temperature, the shrimp and turkey flesh 
samples were obtained commercially quick frozen then 
stored at —35°C. These conditions were good for promotmg 
ice crystal formation and growth, which in turn could have 
induced changes in the food samples’ internal structure. 
But, since samples of the same food type were purchased at 
the same time and stored at the same temperature for the 
same length of time prior to drying and experimentation, it 
is safely assumed for purposes of comparison that any 
damages inflicted on the internal structure of samples 
were of equal magnitude in all samples of the same food 
product. The ability of a freeze-dried material to retain 
water when rehydrated reflects changes in the bonding 
relations between the macromolecules which constitute the 
material’s dry matter and water. Reconstituted water does 
not recombine with the dry matter in a manner akin to that 
occuring in the raw fresh food prior to freezing. The water 
no longer forms an inherent part of the food materials 
microstructure, it simply fills the porous structure created 
as a result of the sublimation of ice-crystals. Such water is 
held by relatively weaker internal capillary forces. Conse
quently, it is more easily extracted upon centrifuging. It is 
reasonable to infer from Fig. 7 and 8  that freeze-drying at 
atmospheric pressure induced interstitial melting to a 
greater degree than freeze-drying under vacuum.

In Table 2 are presented the results of the taste panel 
assessment of the quality of the food samples: shrimp and 
turkey flesh were judged unacceptable when freeze-dr'ed

Fig. 7-Water retention plots for fresh, frozen and freeze-dried carrot 
samples.
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Sample

Freeze dried

Table 2—Mean scoresd fo r individual quality attributes and t-test analysis comparing atmospheric-dried products to frozen/vacuum-dried ana
logues

Product Quality Fresh Frozen Vacuum Atmospheric

Carrot Appearance 3.40 4.10 3.20 3.20a
Color 3.90 3.90 3.40 3.50
Texture 4.60 3.50 2.80 2.80a
Flavor 4.30 2.60 2.10 2.30
Acceptability1" 4.05 3.53 2.88 2.95

Shrimp Appearance — 3.30 4.05 1,50ab
Color - 3.40 4.15 1.50ab
Texture — 3.50 3.75 2.40b
Flavor — 3.20 3.45 1.90ab
Acceptability0 - 3.35 3.85 1.83

Turkey flesh Appearance — 4.20 3.30 2.10ab
Color - 4.20 3.50 1,80ab
Texture - 4.10 3.50 2.70ab
Flavor - 3.85 3.30 3.00
Acceptability0 - 4.09 3.40 2.40

a Denotes significant difference at 5% level (p = 0.05) when atmospheric freeze-dried product is compared to frozen sample. 
b Denotes significant difference at 5% level (p = 0.05) when atmospheric freeze-dried product is compared to vacuum freeze-dried sample.
0 Means of taste panel acceptability scores for cooked carrots, shrimp and turkey flesh prepared from fresh, frozen and freeze-dried samples. 
a Scale; 5 = like very much; 1 = dislike very much

by the technique at atmospheric pressure. The mean scores 
for the individual quality attributes, appearance, color, tex
ture and flavor are also presented in Table 2 for the fresh, 
frozen and freeze-dried samples. Also presented in Table 2 
are the results of a t-test analysis comparing the mean 
scores of the individual quality attributes for the frozen/ 
vacuum freeze-dried products and their analogues freeze 
dried under pressure. Appearance, color and texture were 
the quality attributes of the atmospheric freeze-dried prod
uct which markedly affected its acceptability score. Since 
appearance is a derived property very dependent upon 
color, color and texture could be identified as the primary 
attributes of quality that affected the acceptability scores 
directly.

Degradation of color was caused mainly by oxidation of 
pigments and interstitial melting affected texture. Evidence 
of interstitial melting were shrinkage and inability to retain 
water both of which were observed to be greater for the 
atmospheric-dried product than for the vacuum dried sam
ple. Oxidation also had adverse effects on flavor. Drying 
under an inert gas atmosphere such as nitrogen or helium 
would necessarily obviate the adverse effects of oxidation 
and a better programming of drying temperatures would 
also minimize interstitial melting. Even if drying times for 
the atmospheric freeze-dried products became appreciably 
longer than for the vacuum dried samples, a cost analysis 
would still show the process to be acceptably competitive 
as Woodward (1961) has indicated.

0» i  ---- i---------- 1--------- i ' l l—500 1000 1500 2000 2500 3000
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Fig. 8 - Water retention plots for frozen and freeze-dried shrimp 
samples.
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----------------------------------- ABSTRACT----------------------------------
Frankfurters, with and without 0.5% sodium tripolyphosphate 
(STPP). containing 3.5% vital wheat gluten (VWG), calcium reduced 
nonfat dry milk (RNFDM ) and soy protein concentrate (SPC) were 
processed to an internal temperature of 72° or 82°C and compared 
to an all-meat control. Processing yields, textural profile analysis 
(TPA) and sensory textural attributes were not different among 
protein treatments, but SPC and VWG contributed slight-to-moderate 
off-flavor. VWG and SPC franks were acceptable, but slightly less 
desirable than the control and RN FDM  treatments. Franks processed 
to 82°C were more desirable, but at the expense of reduced yields. 
STPP did not affect yields, but increased sensory firmness and TPA 
fracturability and hardness. VWG, RN FD M  and SPC were compar
able to the control for most traits studied, but alterations in spice 
formulation are needed to improve VWG and SPC flavor.

INTRODUCTION

MOST NONMEAT PROTEIN BINDERS and extenders 
used in sausages, such as frankfurters and bologna, are de
rived from soybeans or milk and serve to enhance some 
functional characteristic of the product while reducing 
costs. Proteins from blood, cottonseeds, eggs, peanuts, 
single-cell organisms, sunflowers and wheat have been incor
porated into meat formulations with varying degrees of 
success. Several studies utilizing soy proteins as binders in 
frankfurters or similar products have found them to be 
compatible with chopped meat systems (Smith et al., 1973; 
Sofos and Allen, 1977; Sofos et al., 1977; Terrell and Stan- 
iec, 1975; Terrell et al., 1979). Among the plant proteins 
currently marketed, vital wheat gluten (VWG) also appears 
to offer potential as a nonmeat binder in these products. It 
is approved by the USDA for binding nonspecific meat 
loaves, poultry rolls and boneless meat pieces from the 
same muscle group. However, its incorporation into finely 
comminuted meats is limited by the lack of information 
concerning its functional characteristics in these types of 
products. Aref and Tape (1966) concluded that VWG and 
dried egg albumen were satisfactory binders for meat pieces 
because of their ability to produce intact turkey loaves with 
good slicing qualities. Siegel et al. (1979) used beef semi- 
tendinosus pieces to test the adhesion properties of various 
nonmeat proteins and found VWG and egg white to exert 
the strongest binding force in the presence of 8 % sodium 
chloride (NaCl) and 2% sodium tripolyphosphate (STPP). 
In a similar study, Terrell et al. (1982) observed plasma 
protein and egg albumin to have higher viscoelastic proper
ties than isolated soy protein (ISP) or VWG at 72°C, but 
when VWG was heated to 93°C, it had the highest visco
elastic value. Hand et al. (1981) reported restructured beef 
steaks containing 3.6% VWG or 3.2% ISP to be similar in 
overall desirability, but slightly less desirable than all-meat 
controls. The addition of seasonings (containing 0.44%

Author Keeton is affiliated with the Dept, o f Animal Science, 346 
Kleberg Center, Texas A & M  Univ., College Station, TX  77843-2471. 
Authors Foegeding and Patana-Anake are affiliated with the Dept, 
o f Food Science, North Carolina State Univ., Raleigh, NC 27695- 
7624.

NaCl, 0.25% STPP and 0.31% hydrolyzed vegetable protein) 
increased overall desirability of all samples, but the control 
remained slightly more desirable. Randall et al. (1976) 
reported increased product yields in a meat emulsion by 
substituting up to 80% of the beef component with devi
talized wheat gluten, ISP and egg white, but undesirable 
textural changes were apparent at the 40% replacement 
level.

Among the treatments that alter textural and flavor 
characteristics of meat products, alkaline phosphates appear 
to be the most practical from the standpoint of labeling and 
economic considerations. Hamm (1970) reported poly
phosphates to increase water-binding capacity (WBC) in 
meat products as a result of: an increase in pH and ionic 
strength; chelation of divalent metal ions; binding to the 
myofibrillar proteins and dissociation of actomyosin. Trout 
and Schmidt (1983) have shown that WBC in meat increases 
until the total ionic strength is greater than 0.6 and the pH 
more the 6.0. They also concluded that disodium phos
phate, tetrasodium pyrophosphate and sodium tripoly
phosphate were the most effective for increasing ionic 
strength, pH and WBC in meat. Puolanne and Ruusunen
(1980) found these effects to be enhanced when com
bined with 1-2% NaCl. Combinations of NaCl and alkaline 
phosphates have been reported to act synergistically in beef 
and pork products to improve WBC, stabilize color and to 
increase meat particle binding and cooking yields (Ellinger, 
1972; Huffman et al., 1981; Moore et al., 1976, Neer and 
Mandigo, 1977; Rongey and Bratzier, 1966; Sherman, 
1961a, b; Swift and Ellis, 1957). Sensory characteristics 
of the products from these studies were also enhanced. 
Schwartz and Mandigo (1976) found a 0.75% NaCl/0.1 25% 
STPP combination to be optimum for use in restructured 
pork while Pepper and Schmidt (1975) reported a 2.0% 
NaCl/0.5% phosphate combination to have the highest cook 
yield in beef rolls. Shults et al. (1972) reported a blend of 
75% STPP and 25% sodium hexametaphosphate (SHMP) to 
be the most effective combination for increasing water
holding capacity (WHC) in beef samples, while Vollmar 
and Melton (1981) found processing yields of hams to be 
greatest with a blend of 95% STPP and 5% SHMP. For 
wieners, Puolanne and Matikkala (1980) determined that a 
combination of 2.0% NaCl/0.3% pyrophosphate increased 
the pH to 6.1 and thus enhanced WBC.

Because of the limited information available concerning 
the use of VWG and alkaline phopshates in comminuted 
meats, this study was initiated to determine the effects of 
incorporating VWG, soy protein concentrate (SPC) calcium 
reduced non-fat dry milk (RNFDM) and STPP in a frank
furter product. Two processing temperature end points 
were selected to evaluate the thermosetting properties of 
the nonmeat proteins.

MATERIALS & METHODS
FRO ZEN  BO NELESS BEEF, 80% lean pork, 50% lean pork and 
80% pork fat trimmings were purchased from local suppliers. Meat 
trimmings were ground through a 0.79 cm plate, packaged in freezer 
wrap, frozen at -30°C  and used within 1 month. Percent moisture 
and tat (AOAC, 1980) were determined on all raw materials and
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43.6 kg batches formulated on a 40/60 beef/pork basis. Frankfurter 
formulations were calculated on the basis of a finished product 
analysis of 54% moisture, 28% fat, 10-13% total protein and 5-8% 
nonmeat ingredients such as NaCl, dextrose, plant proteins and 
spices. Treatments consisted of VWG, SPC and RNFDM, substituted 
at 3.5% of the final product weight (Table 1 and 2), with an all-meat 
frankfurter serving as a control. Since STPP is the predominant 
polyphosphate in most phosphate blends and has been shown to 
have a large influence on WBC (Shults et al., 1972; Trout and 
Schmidt, 1983), its use was deemed appropriate for this study. Each 
formulation was made with and without 0.5% STPP and processed 
to an internal temperature of 72° C. Additional formulations without 
STPP were processed to 82°C and the experiment replicated four 
times. Vital wheat gluten was obtained from four processors (Henkel 
Corp., Minneapolis, MN; Industrial Grain Products, Montreal, Que
bec; Manildra Milling Corp., Shawnee Mission, KS; Mid West Sol
vents, Atchison, KS) and equal portions blended to form a composite 
sample. Soy protein concentrate (GL-301, Griffith Laboratories, 
Alsip, IL), calcium reduced nonfat dry milk (Savortex, Mid America 
Farms, Springfield, MO) and sodium tripolyphosphate (Flavorphos, 
Flavorite Laboratories, Inc., Horn Lake, MS) did not require addi
tional blending. Tempered (-2° to -1°C) beef and lean pork, salt, 
STPP (if required) and one-half the ice were chopped in a Hobart 
VCM-40 bowl chopper for 3 min followed by a rest period of 
approximately the same duration to allow for partial extraction of 
the salt-soluble proteins. The remainder of the ingredients were then 
added and chopped 3 min to an end point temperature of approxi
mately 16°C with 1 min intermittent rest intervals to allow for 
hydration of the nonmeat proteins. The finished meat batter was 
stuffed into 26 mm No Jax® casing (Union Carbide Corp., Chicago, 
IL) from a Vemag (Robert Reiser Co., Inc., Boston, MA) vacuum 
stuffer, linked 13.3 cm in length and randomized by treatments on 
smoke sticks prior to processing in a Dry-Sys smokehouse. Heating 
rates were monitored by a potentiometer, fitted with iron-constantan 
thermocouples placed in the geometric center of at least two or 
more samples. Franks were processed using a step-wise heating 
schedule to an internal temperature of 72°C or 82°C, and then 
showered with cold water to 38°C. After chilling overnight to 4.5°C, 
samples were peeled, vacuum packaged in Cryovac® pouches (clear 
std gauge, P850, W.R. Grace and Co., Duncan, SC) and held at 2°C 
for further analyses. Since the primary factors of this investigation 
were textural and sensory characteristics rather than microbiological 
quality during storage, the samples were held no longer than two 
weeks before evaluation. Processing losses and yields were based 
upon the chilled, peeled weights prior to vacuum packaging.

Chemical analyses and emulsion stability
Raw emulsion and cooked products samples were analyzed for 

percent moisture and fat (AOAC, 1980). Emulsion stability (ES) 
(Townsend et al., 1968) was determined by measuring the moisture 
and fat released from a 30g sample after incremental heating in a 
water bath to simulate the smokehouse schedule. Triplicate samples 
were heated in polycarbonate centrifuge tubes and covered with 
aluminum foil to avoid excessive evaporation.

Sensory and textural evaluation
A descriptive sensory panel consisting of 15 members evaluated 

four samples per session using a structured, 8-point attribute scale. 
Springiness, firmness, flavor intensity, off-flavor and desirability 
were the descriptors considered and intensity of each increased with 
corresponding numeric values, e.g., 1 = not springy . . . 8 = extreme
ly springy. Panelists were initially selected on the basis of triangle

Table 1—Composition o f nonmeat binders used in frankfuter formu
lations

Vital wheat 
gluten

Soy protein 
cone

Ca reduced 
nonfat dry milk

Protein 70.0%a 67.5%b 36.0%
Moisture 5.0-8.0 5.0 4.5
Fat 0.5-1.5 0.5 1.5
Ash/Carbohydrate 20.5-24.5 7.5 59.6C

a Protein =  (N  X  5.7) on  a m ois tu re  free basis  or  7 5 .0 -8 0 .0 %  crude 
protein.

b P rotein  =  7 1 . 0 %  on  a m o is tu re  free basis. 
c Lactose  = 5 1 .0 % ;  M ine ra ls  =  8 . 2 % ;  C a lc ium  = 0 .4% .

tests (AMSA, 1978) and previous experience with judging frank
furter products. Four training sessions were held at which a broad 
range of frankfurters were compared to a standard item. Each 
attribute was discussed and testing initiated after the panelists 
agreed with the scale on the ballot. Panelists varied in age from mid- 
20’s to mid-50’s. Partitioned booths with controlled lighting (red 
filter) accommodated panel members and these were located adja
cent to the test kitchen. Samples were prepared by steeping 7 min in 
hot water (approx 92°C), draining the liquid and holding on a 
warming tray in covered sauce pans for no longer than 30 min. Sec
tions approximately 6 cm in length, were served individually and 
order of presentation randomized among panelists. Tap water was 
supplied to the panelists for rinsing between samples.

Texture profile analysis (TPA), as described by Bourne (1978), 
was performed with the Instron Universal Testing Machine (Model 
1130, Instron Corp., Canton, MA). Four, 13 mm frankfurter sec- 
tions/sample were equilibrated to room temperature after heating 
and compressed to 25% of their original height through a two-cycle 
compression sequence. Force-time curves were obtained at a cross
head speed of 100 mm/min and chart speed of 200 mm/min. Tex
ture variables from the force and area measurements were: Fp/g = 
force required to fracture; Fj/g = maximum force required for the 
first compression; Aj/g = total energy required for the first com
pression; F2/g = maximum force required for the second compres
sion; A2/g = total energy required for the second compression; 
springiness = height that the sample recovered between the end of 
the first compression and start of the second; gumminess = Ft x 
A2/Ap chewiness = Fj x A2 /Aj x S; and cohesiveness = A2 /Aj.

Statistical analysis
Treatments were arranged in a split-plot design and randomized 

within each replication. Data were analyzed with the general linear 
model program of the Statistical Analysis System (Helwig and Coun
cil, 1979) and mean separation was accomplished by the Waller- 
Duncan K-ratio T test.

RESULTS & DISCUSSION

REPLICATION EFFECTS were different (P <  0.05) for 
some parameters measured, but interactions between main 
effects of nonmeat proteins, processing temperature end 
point and STPP were not different (P >  0.05). Data for all 
protein treatments were therefore pooled to allow for 
within treatment comparisons of end point temperature 
and addition of STPP (Table 3).

Kalin (1979) reported that VWG proteins coagulate ir
reversibly at approximately 85°C yielding a firm, resilient 
gel. Therefore, frankfurters were heated to an 82°C end 
point to determine if the thermosetting properties of non
meat proteins resulted in textural changes in the product. 
In comparison, STPP was incorporated into formulations 
to evaluate yield and textural parameters at normal proc
essing temperatures (72°C).

Means for the ES test are shown in Table 3. The volumes 
of water and total fluid released during heating of meat

Table 2-Formulations for all meat and protein added frankfurtersa

Ingredients
Control

kg

With
protein

kg

Beef lean trim (80/20) leamfat ratio 4.36 4.17
Regular pork trim (50/50) 3.73 2.91
Fat pork trim (20/80) 2.81 3.33
Added water 3.33 3.69
Protein source (VWG, RNFDM or SPC), 3.5% 0.48

a a

NaCl, 2.25% 306.8 306.8
Dextrose, 2.0% 272.7 272.7
NaN02, 156 mg/kg meat 1.7 1.6
Ne erythorbate, 546 mg/kg meat 6.0 5.7
Spices, 6.23 g/kg 85.1 85.1

a A l l  treatments  were made w ith  and  w i th ou t  0 . 5 %  sod iu m  t r ip o ly 
phosphate.
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batters were not different among the protein treatments. 
Fat release from RNFDM samples was greater than other 
protein treatments indicating a reduced capacity for RNFDM 
to stabilize the lipid phase. Percent ES yields were greatest 
(P <  0.05) for VWG and RNFDM, intermediate for SPC 
and least for the all-meat control. Heating to 82°C increased 
moisture loss and total fluid release, but not lipid release, 
thus decreasing yield by 3.68%. Conversely, the addition of 
STPP decreased moisture loss and total fluid released while 
increasing yields by 4.95%. Heating to 82°C and the addi
tion of STPP did not affect lipid release. Although the ES 
test does not duplicate the heating environment of commer
cial processing conditions, potential changes in meat systems 
as a result of treatments may be monitored. ES trends indi
cate some advantage in frankfurter yields with the addition 
of 3.5% VWG, RNFDM or SPC. However, the consequence 
of increasing processing temperature to 8  2 °C appears 
detrimental to yields, while the addition of STPP may be 
advantageous.

Chemical analyses of processed frankfurters are given in 
Table 3. Percent moisture of the raw meat batter and fin
ished product yields were not different among protein 
treatments. Yields from the ES test for protein treatments 
were similar to those from processing, except for the con
trol. Moisture losses were greater for RNFDM and SPC

treatments, followed by VWG and least for the all-meat 
control. Fat losses, however, were less for each protein 
treatment than for the control. This difference can be seen 
by combining the moisture and fat values to give 81.95, 
78.39, 78.75 and 73.23% for the control, VWG, RNFDM 
and SPC treatments, respectively. The lower values for the 
nonmeat proteins appear to be the result of the protein’s 
inability to prevent water loss from the product or a re
duced capacity in the meat protein’s ability to retain this 
constituent. In a similar study, Smith et al. (1973) observed 
increased emulsion stability and decreased fatting-out of 
frankfurters containing 34-35% fat and 3.5% SPC, These 
researchers attributed this stability to reduced interfacial 
tension between the protein additive and oil droplets when 
examined microscopically. However, in their study, 3.5% of 
the protein additive was added to the same meat block, but 
in this study, 3.5% of the meat block was substituted with 
the appropriate nonmeat protein. This in effect reduced the 
total meat protein available for interacting with the lipid 
and moisture components. These observations indicate that 
a critical muscle protein level is required when using non
meat protein sources. Percent yield was not different 
among treatments and was most likely due to the residual 
protein and carbohydrate remaining after fat and moisture 
losses. Randall et al. (1976) reported that drip losses were

Table 3 —Emulsion stability and chemical analyses meansa o f franks by protein, temperature and phosphate treatments

Control

Protein (3.5%) Endpo int temp

Sod ium
tripolyphosphate

(0.5%)

V W G R N F D M SPC 72° C 82° C W ithout Added

Emulsion stability (ES)
Vo lum e  (m L) of water released/1 OOg 9 .9 5 b 8 ,07b 7.42b 9 .19b 6.69° 10.62b 6 .6 9 b 2.23°
V o lum e  (m L) of lipid released/1 OOg 0.34c 0.34c 0.78b 0.36° 0.48b 0 .43b 0 .48b 0.31 b
Total (m L) of fluid released/100g 10.29b 8 .40b 8.11 b 9 .5 6 b 7.18° 10.99b 7.18b 2.53°
E S  Y ie ld  (%) 86 .53c 89 .0 8 b 38 .7 3 b 87.51 b|° 89 .80b 86.12° 89.80° 94 .7 5 b

Chemical analysis (Product)
Moisture, raw (%) 56 .38b 56.12 b 56 .23b 55 .62b 56.12 b 56 .05b 56.12° 56 .7 3 b
Moisture, cooked (%) 50 .18b 4 9 .3 3 b,c 48 .9 9 c 48.39° 50 .16b 48.54° 50.16° 50 .7 6 b
Fat, cooked (%) 31 .7713 29 .06c 29.76° 29.34° 29 .67b 30 .29b 29 .6 7 b 28.80°
Yie ld  (%) 88 .7 3 b 88 .8 2 b 89 .3 5 b 8 8 .6 2 b 89 .64b 88.23° 89 .6 4 b 89 .7 9 b

^ n = 8 for protein source; n = 16 for endpoint temperature; n = 12 for phosphate treatment.
M e an s  in r ow s  and w ith in  treatments fo l low e d  b y  the same superscr ipt  are not  s ign i f icant ly  d ifferent (P > 0 .0 5 ) .

Table 4—Texture profile analysis and sensory evaluation meansa by protein. temperature and phosphate treatments

Protein (3.5%) Endpo int temp

Sod ium
tripolyphosphate

(0.5%)

Control V W G R N F D M SPC 72°C 82° C W ithout Added

Textural profile analysis (TPA)
Fracturability (Fp), N f 54 .87b 6 1 ,40b 6 6 .7 9 b 60.31 b 56.39° 65 .20b 56.39° 6 2 .8 6 b
First bite hardness (F j),  N 84 .2 6 b 82 .45b 80 .9 3 b 97 .62b 79.53° 93 .0 9 b 79 .53b 8 7 .0 7 b
Second bite hardness ( F 2 ), N 59 .62b 60 .0 9 b 59 .9 3 b 68 .1 3 b 57.18° 66 .7 1 b 57.18° 63 .5 3 b
Cohesiveness (A 2/ A j ) 0.18 b 0 .19b 0 .19b 0 .18b 0.18 b 0 .19b 0.18 b 0 .19b
Springiness (S), mm 10.96b 11.15 b 1 1.39b 10 .60b 11 ,09b 10 .95b 11.09b 10.78b
Gum m iness F j  X  A 2/ A j 15.39b 15.56b 15.30b 17.79b 14.65° 17 .38b 14 .65b 17.15 b
Chewiness F : X  A ^ A j  X  S 166 .54b 173.8 5 b 175.6 9 b 188.2 2 b 161.81° 190.3 3 b 161 .81b 188 .04b

Sensory panel evaluation®
Springiness 4 .01b 4 .2 3 b 4 .61b 4 .18b 4 .1 4 b 4 ,3 8 b 4.14 b 4 .4 5 b
Firm ness 3 .83b 3 .85b 4 .5 5 b 3.89b 4 .03b 4 ,03b 4.03° 4 .4 0 b
Flavor intensity 4 .9 9 b '° 5 .00b '° 5.17 b 4.77° 4 .89b 5 .08b 4 .8 9 b 4 ,8 8 b
Off-flavor 1.61e1 3 .81b 1.40d 3.41° 2.55b 2.57b 2 .55b 2.25b
Desirab ility 5.1 5 b 2.92° 5 .58b 3.21° 3.97° 4 .48b 3 .97b 4 .3 1 b

?  n = 8 fo r  p rote in  source; n = 16 fo r  e n d p o in t  temperature; n = 12 fo r  p ho sp ha te  treatment.
' ,a M e an s  in r ow s  and  w ith in  treatments  fo l low ed  by  the same superscr ipt  are not  s ign i f icant ly  dif ferent (P > 0 .0 5 ) .  

* S e n s o r y  scale in tens ity  increased w ith  num er ic  value, e.g. 1 = N o t  spr ingy.  . . 8 = E x t r e m e ly  spr ingy.
T N  = N ew ton s .
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largely accounted for by the nonlipid fraction of meat emul
sions containing up to 80% of VWG, ISP or egg white 
binders. Further study of these components is warranted to 
identify the influence of various nonmeat proteins. Proc
essing to an 82°C endpoint did not affect percent fat, but 
decreased percent moisture 1.62% and product yield by 
1.41%. Similar results were observed for the ES test. The 
addition of STPP reduced moisture losses, but with a corre
spondingly greater fat loss resulting in no change in overall 
yield. Although the ES test indicated that greater yields 
were possible with STPP addition, this observation probably 
represents the difference in moisture retention due to stop
pered, plastic centrifuge tubes versus a porous cellulose 
casing.

As shown in Table 4, TPA values for the protein treat
ments were not different from the control. In studies with 
high levels of textured soy protein (25-30%, Sofos et al.,
1977) or VWG (40%, Randall et al., 1976), textural quality 
decreased. Increasing the temperature endpoint to 82°C, 
resulted in higher values for force to fracture (Ff ) first and 
second bite hardness (F1; F2) gumminess and chewiness. 
STPP addition increased the force to fracture (Fp) and 
second bite hardness, but had no effect on other TPA 
parameters. Franks with STPP appeared to have stronger 
skin formation which would have contributed to their resis
tance to fracture.

Sensory panel evaluations (Table 4) were not different 
for springiness or firmness of frankfurters containing VWG, 
RNFDM and SPC. These observations agree with those 
values from TPA. Flavor intensity was evaluated at the 
same spice level because the addition of nonmeat proteins 
often tends to contribute a bland or off-flavor to meat 
products. VWG and RNFDM flavor intensity was not differ
ent (P >  0.05) from the control, nor was the SPC different 
(P >  0.05) from the control and VWG. However, flavor in
tensity was greater for RNFDM franks in comparison to the 
SPC treatment. Off-flavor was slight to moderate for VWG 
franks, slightly detectable with SPC and at the threshold 
level for RNFDM and control treatments. Overall desirabil
ity tended to follow the same trend as flavor with VWG and 
SPC franks being slightly desirable and RNFDM and control 
franks moderately desirable. Hand et al. (1981), Seideman 
et al. (1982a, b) and Terrell et al. (1979) also reported 
VWG, SPC or ISP at levels greater than 3.0% to reduce 
flavor and desirability of restructured poultry steaks, re
structured beef steaks and frankfurters, respectively. Since 
off-flavor, rather than textural differences was the primary 
factor influencing desirability scores for VWG and SPC 
franks, spice formulations could be developed to make 
these products more compatible with meat systems. The 
higher end point temperature increased TPA fracturability 
(brittleness), hardness, gumminess and chewiness while 
STPP increased fracturability and hardness. Processing to 
82°C increased desirability and the addition of STPP in
creased frank firmness, respectively, but neither had an 
effect on other sensory parameters. This is in agreement 
with Puolanne and Terrell (1983) and Rongey and Bratzler
(1966) who also reported increased firmness in sausages 
with the addition of phosphates. Although STPP did not 
enhance most sensory properties in this study, its inclusion 
could be advantageous for increasing resiliency or “bite” of 
frankfurters.

Correlation coefficients for selected sensory and texture 
profile values are given in Table 5. No correlations were 
significant between TPA and sensory evaluations for the 
nonmeat protein treatments and only small, but significant 
values were observed for heating end points. For STPP, 
fracturability (Ff ) accounted for 5 3 and 55% of the varia
tion in sensory firmness and springiness, respectively. How
ever, because of the low correlations, the TPA and sensory 
panel appear to be measuring different textural attributes.

Table 5—Selected correlation coefficients for texture profile analysis 
and sensory evaluation

T reatments T P A  parameters

Sensory evaluation 
parameters

Springiness Firmness

Endpoint Fracturability ( F f ), N a 0 .4 5 * *
temp Springiness (S), mm -0 . 3 8

ST PP Fracturability (Fp ), N a 0 .7 4 * * 0 .7 3 * *
Gum m iness (F j  X  A 2/ A 2 ) 0 .41 *
Chewiness ( F 2 X  A 2/ A 2 X  S) 0 .5 3 * *

3 N e w to n s  
*  P « 0 . 0 5  
* *  P < 0 . 0 1

CONCLUSIONS
ES TESTS indicated that the addition of 3.5% VWG, 
RNFDM or SPC to frankfurter formulations could increase 
yields. However, actual processing yields were not differ
ent even though moisture and fat losses were greater for 
each of the protein treatments (except for VWG moisture). 
Maintenance of processing yields was attributed to the re
sidual nonmeat protein and carbohydrate components, but 
further investigation is needed to identify the influence of 
these components for binding moisture and fat. No textural 
differences were apparent among protein treatments, but 
SPC decreased flavor intensity slightly while VWG and SPC 
contributed some off-flavor. VWG and SPC franks were 
acceptable, but less desirable overall than all-meat or 
RNFDM franks. Since off-flavor appears to influence the 
desirability of VWG and SPC treatments, consideration 
should be given to altering the spice formulation to improve 
desirability and expand the potential application of these 
proteins. Franks processed to 82°C were rated more desir
able by the sensory panel, but at the expanse of reduced 
yields. This high temperature would also be, undesirable 
from the standpoint of increased energy consumption. No 
thermosetting effects were noted for VWG, SPC or RNFDM. 
Addition of STPP increased ES yields by 4.95%, but did 
not affect processing yields. Sensory firmness and TPA 
fracturability and hardness were increased by STPP, but 
other textural and sensory parameters were not affected. 
Based on these results, other phosphate blends and nonmeat 
proteins should be investigated to determine their effects 
on physical and sensory properties of frankfurters.
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----------------------------------- ABSTRACT-----------------------------------
Paired halves of 32 lamb carcasses were either electrically stimulated 
(ES) or not (NES), then assigned to one of the following treatments:
(1) hot-boned, cooked prerigor, frozen and reheated (HB-PRC); (2) 
conventionally chilled and boned, cooked, frozen and reheated 
(CB-ARC); (3) hot-boned, frozen and cooked (HB); and (4) cold
boned, frozen and cooked (CB). Electrical stimulation lowered (P < 
0.05) peak force (PF) of chops from CB-ARC, HB and CB treat
ments. Nonstimulated HB-PRC chops had a lower (P < 0.05) PF 
than ES, HB-PRC chops. Lower (P < 0.05) compression values were 
noted for HB-PRC and CB-ARC chops than for HB and CB chops. 
Electrical stimulation reduced (P < 0.05) PF regardless of cooking 
method. Chops cooked in the microwave had lower (P < 0.05) 
work values than chops cooked in the convection oven.

INTRODUCTION

THE MEAT INDUSTRY is highly labor and energy inten
sive and recent research has focused on methods that reduce 
labor and energy input. Because of the realization that post
mortem factors such as electrical stimulation, hot-boning 
and prerigor cookery influence meat palatability more than 
antemortem factors (Cross, 1979), the use of alternative 
processing methods has been studied. Accelerated process
ing has been shown to increase product turnover, reduce 
chill time, conserve space, reduce product shrinkage and 
reduce labor costs (Henrickson, 1975).

Accelerated processing includes electrical stimulation, 
hot-boning and prerigor cookery. Numerous studies involv
ing the effects of these methods upon muscle tissue and the 
feasibility of their commercial use have been conducted 
(Kastner et al., 1973; Crystall and Hagyard, 1976; Gilbert 
and Davey, 1976; Ray et al., 1980a and b, 1982, 1983; 
Berry et a l, 1981). Most research in this area has been with 
beef as opposed to lamb.

This study was conducted to examine the effects of 
electrical stimulation, hot-boning and prerigor cookery on 
the tenderness of lamb loin chops cooked or reheated by 
three different methods as measured by Instron® textural 
analyses.

MATERIALS & METHODS

Carcass preparation
Thirty-two market lambs of similar weights and ages were 

slaughtered. Carcasses were split longitudinally. One half of each 
carcass was electrically stimulated (ES) with 100 impulses (1 second 
on, 1 second off, A.C., 100V, 1-2 amps) while the paired half was 
not electrically stimulated (NES). Electrical stimulation was done 
45 min post-exsanguination. One stimulator probe was inserted 
medial to the scapula and thoracic vertebrae and one probe inserted 
into the semimembranosus muscle parallel to the femur bone. Loin 
roasts (13th rib to anterior portion of ilium) from the paired halves 
were then assigned to one of four treatments: (1) hot-boned, cooked 
prerigor, frozen and reheated (HB-PRC); (2) conventionally chilled 
(24 hr, 2°C) and boned, cooked, frozen and reheated (CB-ARC); 
(3) hot-boned, frozen and cooked (HB); and (4) conventionally

A ll  authors are affiliated with the Animal & Range Sciences Dept., 
New Mexico State Univ., Box 3-1, Las Cruces, N M  88033.

chilled and boned, frozen and cooked (CB). Weights, before and 
after treatment, for all experimental groups of loin roasts were 
recorded.

Water bath cooking schedule
Roasts from HB-PRC and CB-ARC treatments (treatments 1 and

2) were put in cooking bags and heated in a water bath according to 
a 6-hr schedule. Initial water temperature was 46°C. The tempera
ture was increased to 51.5°C at the end of the first hour, to 57°C 
at the end of the second hour, to 62.5°C at the end of the third 
hour, to 68°C at the end of the fourth hour and to 79°C at the end 
of the fifth hour. Thermocouples were inserted into the geometric 
center of each roast. Internal temperatures of the roasts were con
tinually monitored with a potentiometer (Honeywell®). Roasts 
were removed from the water bath upon reaching an internal tem
perature of 68°C. Cooking times and cooked weights were recorded. 
Roasts from all treatments were vacuum packaged and frozen in a 
blast freezer (~29°C).

Sample preparation
Each of the 64 loins was cut while frozen into six 1-inch-thick 

chops, thawed overnight (1.1°C), and the bones removed. Frozen, 
thawed and boneless weights were recorded. Thaw loss and percen
tage thaw loss were determined. The first two successive chops re
moved from the rib end of each loin were cooked or reheated in a 
Blodgett®, forced air convection oven at an operating temperature 
of 149°C, the next two on a Farberware® broiler, and the last two 
in a microwave oven (Amana® Touchmatic, 482.6W cooking power). 
Precooked chops (treatments 1 and 2) were reheated to an internal 
temperature of 49°C while the uncooked chops were heated to an 
internal temperature of 68°C. Temperatures were monitored with a 
Koch® meat thermometer, inserted in the geometric center of each 
chop. Percentage cooking loss for each chop was determined. Per
centage cooking losses during precooking and reheating for chops 
from treatments 1 and 2 were combined to produce total cooking 
loss. Percentage cooking loss during cooking of chops from treat
ments 3 and 4 was also designated as total cooking loss. Chops were 
cooled to room temperature. Three cores (1.3 cm) were obtained 
from one chop for each cooking or reheating method for Instron® 
(Model 1122, 500 kg load cell) Wamer-Bratzler Shear analysis. A
1-centimeter-thick sample was also obtained from one chop for each 
cooking or reheating method for Instron compression analysis.

Instron analysis
Warner-Bratzler measurements. A blade, with a blunt-edged tri

angular hole containing the core, was pulled past the blade guide at 
a rate of 250 mm/min. Force-deformation curves were recorded 
with a load scale setting of 10 kg and 500 mm/min chart speed. 
Integrator values were recorded to determine total work done. Each 
core for Warner-Bratzler testing was sheared three times. Parameters 
evaluated included peak force (PF) and total amount of work needed 
to shear the core or Warner-Bratzler Work Done (WBWD).

Compression measurements. A 0.70 cm-diameter rod was driven 
0.80 cm into the 1.0 cm thick samples at a compression rate of 50 
mm/min (CPFA). Fibers were aligned perpendicular to the rod 
travel. The rod was withdrawn and driven to the same depth into 
the damaged area (CPFB). A force-deformation curve was recorded 
for both compressions with a 10 kg load scale setting and 200 mm/ 
min chart speed. Integrator values for each penetration were re
corded to determine work done.

Each compression sample was evaluated on three separate areas. 
Parameters evaluated for compression testing included peak force 
for each compression, (CPFA, CPFB) and work done for both com
pressions (WCA, WCB). Other parameters evaluated were cohesive
ness, which was the ratio of WCB to WCA, and chewiness, which 
was obtained by multiplying cohesiveness of CPFA.
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S ta t is t ic a l  a n a ly s is

D a ta  w e re  a n a ly z e d  b y  a n a ly s is  o f  v a r ia n c e  o f  t r e a t m e n t  b y  
c o o k in g  m e t h o d  b y  s t im u la t io n  ( 4 x 3 x 2  f a c to r i a l ) .  M e a n s  w e re  
s e p a r a te d  b y  le a s t  s ig n i f i c a n t  d i f f e r e n c e  ( S n e d e c o r  a n d  C o c h r a n ,  
1973).

RESULTS & DISCUSSION

E l e c t r i c a l  s t i m u l a t i o n  b y  t r e a t m e n t

A n  e l e c t r i c a l  s t i m u l a t i o n  b y  t r e a t m e n t  i n t e r a c t i o n  w a s  

n o t e d  f o r  P F ,  C P F A ,  C P F B ,  c h e w i n e s s ,  W B W D , W C A  a n d  
W C B  ( T a b l e s  1 ,  2 ,  a n d  3 ) .  T h e  t h r e e - w a y  i n t e r a c t i o n  o f  

e l e c t r i c a l  s t i m u l a t i o n  b y  t r e a t m e n t  b y  c o o k i n g  m e t h o d  w a s  
n o t  s i g n i f i c a n t  f o r  t h e s e  p a r a m e t e r s .  T h e r e f o r e ,  t h e  d a t a  
p r e s e n t e d  i n  T a b l e s  1 a n d  2  w e r e  p o o l e d  o v e r  c o o k e r y  

m e t h o d  a n d  t h e  d a t a  i n  T a b l e  3  w e r e  p o o l e d  o v e r  t r e a t m e n t .  
E l e c t r i c a l  s t i m u l a t i o n  l o w e r e d  ( P  <  0 . 0 5 )  P F  o f  C B - A R C ,  
H B  a n d  C B  c h o p s  ( T a b l e  1 ) .  P e a k  s h e a r  f o r c e  v a l u e s  h a v e  

b e e n  d e m o n s t r a t e d  t o  b e  a n  i n d i c a t o r  o f  m y o f i b r i l l a r  t o u g h 

n e s s  ( B o u t o n  e t  a l . ,  1 9 7 5 ) .  H e n c e ,  r e d u c e d  p e a k  f o r c e  
v a l u e s  f o r  c h o p s  f r o m  e l e c t r i c a l l y  s t i m u a l t e d  C B - A R C ,  H B  

a n d  C B  t r e a t m e n t s  i n d i c a t e  t h a t  e l e c t r i c a l  s t i m u l a t i o n

T able 1—L e a s t squ ares m ean s o f  W arn er-B ra tzler p a ra m e te rs  fo r  
e lec tr ica l s tim u la tio n  b y  tre a tm e n t

Treatment

Parameter HB-PRCf C B -A R C 9 H Bh CB '

Peak force 
(kg/1.27 cm) 

Electrical stimula
tion (ES) 2.11a 2.10a 2.63b 2.95b

Nonelectrical 
stimulation (NES) 1.71e 3.81 d 4.16d 5.37e

Warner-Bratzler work done (joules) 
ES 17.70ab 18.25b 20.53bc 23.40c
NES 14.47a 30.31d 33.21d 43.04e

abcde Means With in  param eters in same row  o r same co lu m n  w ith  a 
d iffe ren t superscript le tte r d iffe r  (P < 0.05).

T Hot-boned , cooked  p rerigor, frozen , reheated.
9 C onven tio na lly  ch ille d  and boned , co o ked , frozen , reheated.
. H ot-boned , frozen , cooked .
1 Co ld-boned, frozen , cooked .

d e c r e a s e d  m y o f i b r i l l a r  t o u g h n e s s  w h e n  c o m b i n e d  w i t h  a f t e r  
r i g o r  c o o k e r y ,  h o t - b o n i n g  o r  c o l d - b o n i n g .  N o n s t i m u l a t e d  

c h o p s  f r o m  H B - P R C  t r e a t m e n t  h a d  a  l o w e r  ( P  <  0 . 0 5 )  P F  

t h a n  e l e c t r i c a l l y  s t i m u l a t e d  H B - P R C  c h o p s ,  i n d i c a t i n g  t h a t  
E S  m a y  n o t  b e  n e c e s s a r y  w h e n  c o o k i n g  p r e r i g o r  m e a t .  I t  is  
l i k e l y  t h a t  E S ,  w h i c h  i n c r e a s e s  t h e  r a t e  o f  r i g o r  o n s e t ,  
c o m b i n e d  w i t h  h e a t  i n d u c e d  s a r c o m e r e  c o n t r a c t i o n ,  c a u s e d  
t h e r m a l  d e n a t u r a t i o n  o f  t h e  m u s c l e  p r o t e i n s  t o  o c c u r  w h i l e  
t h e  s a r c o m e r e s  w e r e  i n  a  h i g h l y  c o n t r a c t e d  s t a t e .  C o n v e r s e 

l y ,  N E S  s a m p l e s  d i d  n o t  h a v e  a n y  o f  t h e  s t i m u l a t e d - i n d u c e d  
s h o r t e n i n g  a n d ,  t h e r e f o r e ,  t h e  s a r c o m e r e s  w e r e  l o n g e r  a t  t h e  
t i m e  o f  p r o t e i n  d e n a t u r a t i o n .

C h o p s  f r o m  t h e  n o n s t i m u l a t e d ,  C B  t r e a t m e n t  h a d  t h e  
h i g h e s t  ( P  < 0 . 0 5 )  P F  v a l u e s .  T h e  a p p l i c a t i o n  o f  h o t - b o n i n g ,  
p r e r i g o r  c o o k e r y  a n d  e l e c t r i c a l  s t i m u l a t i o n ,  a l o n e  o r  i n  

c o m b i n a t i o n ,  p r o d u c e d  l o w e r  ( P  <  0 . 0 5 )  P F  v a l u e s .

W a r n e r - B r a t z l e r  w o r k  d o n e  ( T a b l e  1 ) ,  t h e  t o t a l  w o r k  
n e e d e d  t o  s h e a r  t h e  s a m p l e ,  w a s  h i g h e r  ( P  <  0 . 0 5 )  f o r  
e l e c t r i c a l l y  s t i m u l a t e d  C B  c h o p s  t h a n  f o r  e l e c t r i c a l l y  s t i m 
u l a t e d  H B - P R C  a n d  C B - A R C  c h o p s  i n d i c a t i n g  t h a t  p r e r i g o r  

a n d  a f t e r  r i g o r  c o o k e r y  u s e d  i n  c o m b i n a t i o n  w i t h  E S  p r o 
d u c e d  a  m o r e  t e n d e r  p r o d u c t  t h a n  w h e n  u s i n g  E S  i n  c o n 
j u n c t i o n  w i t h  t h e  c o n v e n t i o n a l  p r o c e s s i n g  m e t h o d .  N o n 

s t i m u l a t e d ,  C B  c h o p s  h a d  t h e  h i g h e s t  ( P  <  0 . 0 5 )  W B W D  
a n d  E S  l o w e r e d  ( P  <  0 . 0 5 )  W B W D  o f  C B - A R C ,  H B  a n d  
C B  c h o p s .  T h i s  c o n c u r s  w i t h  P F  d a t a  a n d  i t  a p p e a r s  t h a t  E S  

s h o u l d  b e  u s e d  i n  c o m b i n a t i o n  w i t h  p o s t r i g o r  c o o k e r y ,

T ab le  3 —L e a s t squ ares m ean s o f  p e a k  fo rce  (PF) a n d  W arner-B ratzler  
w o rk  d o n e  (W BW D ) fo r  e le c tr ica l s t im u la tio n  b y  c o o k in g  m e th o d

Parameter

Cooking method

Convection Farberware Microwave

Peak force (kg/1.27 cm)
Electrical stimulation 2.56a 2.42a 2.37a
Nonelectrical stimulation 4.39b 3.56c 3.34°

Warner-Bratzler work done (joules)
Electrical stimulation 21.32b 20.58ab 18.01a
Nonelectrical stimulation 36.02d 28.58° 26.17°

abcd Means w ith in  parameters in same row  o r same co lum n  w ith  a 
d iffe ren t superscript le tte r d iffe r  (P <  0.05).

T able 2 —L e a s t squ ares m ea n s o f  co m p ress io n  p a ra m e te rs  fo r  e le c tr ica l s t im u la tio n  b y  tr e a tm e n t

Treatment

Parameter H B-PRCe C B -A R C f H B9 C Bh

Peak Force, First Compression (kg) 
Electrical Stimulation (ES) 
Non-electrical Stimulation (NES)

3.17a
2.89a

2.49b 
2 s o ab

3.93°
4.40d

4.12cd
3.82°

Peak Force, Second Compression(kg) 
ES 
N ES

2.71b
2.45ab

2.16a
2.35a

3.46°d
3.73d

3.53cd
3.34°

Chewiness
ES
NES

1.40b
1.27ab

1.11a
1.13a

1.93°d
2.06d

2.01cd 
1.83°

Cohesiveness
ES
N ES

0.44b
0.44b

0.44b
0.40a

0.49°
0.48°

0.49°
0.48°

Work Done, First Compression(joules) 
ES 
NES

7.55b
6.48ab

5.28a
6.44ab

9.75cd
11.82e

9.85d
8.04bc

Work Done, Second Compression (joules) 
ES 
NES

3.34bc
2.81ab

2.32a
2.57a

4.74d
5.40d

4.76d
3.81°

at,ccl Means w ith in  param eters in  same row  or same co lum n  w ith  a d iffe ren t superscrip t le tte r d iffe r  (P < 0.05). 
® Hot-boned , cooked  prerigor, fro zen , reheated. 
f C onven tio na lly  ch ille d  and boned , cooked , frozen , reheated.
9 Hot-boned , fro zen , cooked .
"  C o ld -boned , frozen , cooked .
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E L E C T R I C A L  S T I M U L A T I O N  O F  L A M B  . . .

h o t - b o n i n g  a n d  c o l d - b o n i n g  p r o c e s s i n g  p r o c e d u r e s .  P h y s i c a l  
d i s r u p t i o n  o f  m y o f i b r i l s  r e s u l t i n g  f r o m  m a s s i v e  c o n t r a c t i o n s  

d u r i n g  e l e c t r i c a l  s t i m u l a t i o n  m a y  h a v e  r e s u l t e d  i n  l o w e r  

v a l u e s  f o r  W a r n e r - B r a t z l e r  t e n d e r n e s s  m e a s u r e m e n t s  ( S a v e l i  
e t  a l . ,  1 9 7 8 ) .  C o n t r a c t u r e  b a n d s  a n d  b r o k e n  o r  s t r e t c h e d  
s a r c o m e r e s  h a v e  b e e n  n o t e d  f o r  e l e c t r i c a l l y  s t i m u l a t e d  s a m 
p l e s  b y  n u m e r o u s  w o r k e r s  ( D u t s o n  e t  a l . ,  1 9 8 0 ;  G e o r g e  

e t  a h ,  1 9 8 0 ;  W i l l  e t  a h ,  1 9 8 0 ) .
T a b l e  2  p r e s e n t s  l e a s t  s q u a r e s  m e a n s  o f  c o m p r e s s i o n  

p a r a m e t e r s  f o r  e l e c t r i c a l  s t i m u l a t i o n  b y  t r e a t m e n t  i n t e r 
a c t i o n s .  P e a k  f o r c e  f o r  t h e  f i r s t  a n d  s e c o n d  c o m p r e s s i o n s  

w a s  s i g n i f i c a n t l y  l o w e r  ( P  <  0 . 0 5 )  f o r  H B - P R C  a n d  C B - A R C  
c h o p s  t h a n  f o r  H B  a n d  C B  c h o p s ,  i n d i c a t i n g  t h a t  c o o k i n g ,  
f r e e z i n g  a n d  r e h e a t i n g  i n c r e a s e d  t e n d e r n e s s  o v e r  t h e  m o r e  
c o n v e n t i o n a l  t r e a t m e n t s  o f  f r e e z i n g  a n d  c o o k i n g .  A  l o w e r  
( P  <  0 . 0 5 )  C P F A  v a l u e  w a s  n o t e d  f o r  e l e c t r i c a l l y  s t i m u l a t e d ,  
H B  c h o p s  t h a n  f o r  n o n s t i m u l a t e d ,  H B  c h o p s .  T h a w  r i g o r  
a n d  i t s  s e v e r e  t o u g h e n i n g  e f f e c t  o n  m u s c l e  is  t h e  m a j o r  
d i s a d v a n t a g e  t o  f r e e z i n g  h o t - b o n e d ,  p r e r i g o r  m e a t  ( M a r s h  
e t  a h ,  1 9 6 8 ) .  T h e s e  d a t a  i n d i c a t e  t h a t  e l e c t r i c a l  s t i m u l a t i o n  
m a y  b e  u s e d  t o  r e d u c e  t e n d e r n e s s  d i s a d v a n t a g e s  d u e  t o  
t h a w  r i g o r .  T h e s e  r e s u l t s  a g r e e  w i t h  o t h e r  s t u d i e s  w h i c h  
h a v e  i n d i c a t e d  a  t e n d e r n e s s  a d v a n t a g e  u s i n g  e l e c t r i c a l  s t i m 
u l a t i o n  i n  c o n j u n c t i o n  w i t h  h o t - b o n i n g  ( G i l b e r t  e t  a h ,  

1 9 7 6 ;  B o u t o n  e t  a h ,  1 9 8 0 ;  K a s t n e r  e t  a h ,  1 9 8 0 ;  R a s h i d  e t  
a h ,  1 9 8 3 ) .  T h e  c a r c a s s  c o n d i t i o n i n g  p e r i o d  m a y  b e  r e d u c e d  
o r  e l i m i n a t e d  w h e n  h o t - b o n i n g  e l e c t r i c a l l y  s t i m u l a t e d  c a r 
c a s s e s  b e c a u s e  t h e r e  w a s  a  r a p i d  d e c l i n e  i n  p H  a n d  a  r a p i d  
d e p l e t i o n  o f  m u s c l e  a d e n o s i n e  t r i p h o s p h a t e  ( S a v e l i  e t  a h ,  

1 9 7 7 ;  W h i t i n g  e t  a h ,  1 9 8 1 ) .  O t h e r  s t u d i e s  i n d i c a t e d  e l e c 
t r i c a l  s t i m u l a t i o n  d i d  n o t  p r o d u c e  a n y  t e n d e r n e s s  i m p r o v e 
m e n t  i n  h o t - b o n e d  m e a t  ( K a s t n e r  e t  a h ,  1 9 8 0 ;  R a y  e t  a h ,  

1 9 8 2 ;  L y o n  e t  a h ,  1 9 3 8 ) .
B o u t o n  a n d  H a r r i s  ( 1 9 7 2 a )  r e p o r t e d  t h a t  c h e w i n e s s  

v a l u e s  w e r e  s t r o n g l y  i n f l u e n c e d  b y  t h e  c o n n e c t i v e  t i s s u e  

c o m p o n e n t  o f  t e n d e r n e s s .  L o w e r  c h e w i n e s s  v a l u e s  i n d i c a t e  
g r e a t e r  c o n n e c t i v e  t i s s u e  d e g r a d a t i o n .  B o u t o n  a n d  H a r r i s  

( 1 9 7 2 b )  r e p o r t e d  a  r e d u c t i o n  i n  c h e w i n e s s  v a l u e s  w i t h  i n 
c r e a s i n g  c o o k i n g  t i m e .  C h e w i n e s s  v a l u e s  ( T a b l e  2 )  w e r e  
l o w e s t  ( P  <  0 . 0 5 )  f o r  t h e  H B - P R C  a n d  C B - A R C  s a m p l e s .  
T h i s  w a s  p r o b a b l y  d u e  t o  t h e  s l o w ,  m o i s t  h e a t  c o o k i n g  
c y c l e .

C o h e s i v e n e s s  v a l u e s  i n d i c a t e  t h e  s t r u c t u r a l  d a m a g e  t h a t  
o c c u r s  d u r i n g  c o m p r e s s i o n .  S a m p l e s  w i t h  h i g h  c o h e s i v e n e s s  
v a l u e s  h a v e  u n d e r g o n e  l e s s  d a m a g e  a n d ,  t h e r e f o r e ,  a r e  m o r e  
l i k e l y  t o  r e t u r n  t o  t h e i r  o r i g i n a l  s h a p e  a n d  r e q u i r e  m o r e  
w o r k  f o r  t h e  s e c o n d  c o m p r e s s i o n .  H a y w a r d  e t  a h  ( 1 9 8 0 )  
r e p o r t e d  t h a t  b l a d e  t e n d e r i z e d  s t e a k s  h a d  l o w e r  c o h e s i v e 

n e s s  v a l u e s  t h a n  n o n b l a d e  t e n d e r i z e d  s t e a k s .  T h e  H B - P R C  
a n d  C B - A R C  h a d  l o w e r  c o h e s i v e n e s s  v a l u e s  t h a n  t h e i r  H B

T able 4 —L e a s t squ ares m ean s fo r  cer ta in  p a ra m e te rs  fo r  c h o p s  
c o o k e d  in th e  c o n v e c tio n  o ven , on  th e  fa rberw are  b ro ile r  o r  in  the  
m ic ro w a v e  oven

Cooking method

Parameter Convection Farberware Microwave

Peak force,
First compression (kg) 3.68a 3.30b 3.39b

Peak force.
Second compression (kg) 3.18a 2.83b 2.90b

Chewiness 1.68a 1.51b 1,56ab

Work done,
First compression (joules) 9.19a 7.42b 7.86b

Work done,
Second compression 4.15a 3.35b 3.67b

ab Means w ithin parameters in same row  with a different superscript 
letter differ (P <  0.05).

a n d  C B  c o u n t e r p a r t s .  T h i s  a g a i n  i n d i c a t e s  t h a t  t h e  s l o w  
m o i s t  h e a t  c o o k i n g  c y c l e  c a u s e d  m o r e  s t r u c t u r a l  d a m a g e .

T h e  W a r n e r - B r a t z l e r  d a t a  ( T a b l e  1 ) ,  e x c e p t  f o r  t h e  e l e c 

t r i c a l l y  s t i m u l a t e d  H B - P R C  t r e a t m e n t ,  c o n s i s t e n t l y  s h o w e d  

a  s i g n i f i c a n t  ( P  <  0 . 0 5 )  a d v a n t a g e  i n  t e n d e r n e s s  d u e  t o  e l e c 
t r i c a l  s t i m u l a t i o n .  H o w e v e r ,  t h e  c o m p r e s s i o n  d a t a  ( T a b l e  2 )  

d i d  n o t  s h o w  t h i s  e l e c t r i c a l  s t i m u l a t i o n  a d v a n t a g e .  I n s t e a d ,  
t h e  c o m p r e s s i o n  d a t a  s e p a r a t e d  t h e  H B - P R C  a n d  C B - A R C  

f r o m  t h e  H B  a n d  C B  t r e a t m e n t s .  O b v i o u s l y ,  t h e  W a r n e r -  

B r a t z l e r  s h e a r  a n d  t h e  c o m p r e s s i o n  r o d  w e r e  m e a s u r i n g  t w o  
d i f f e r e n t  p a r a m e t e r s  o f  t e n d e r n e s s .  B o u t o n  e t  a l .  ( 1 9 7 5 )  

r e p o r t e d  t h a t  s h e a r  v a l u e s  w e r e  s t r o n g l y  i n f l u e n c e d  b y  t h e  
m y o f i b r i l l a r  p r o t e i n s  w h i l e  B o u t o n  a n d  H a r r i s  ( 1 9 7 2 a )  

r e p o r t e d  t h a t  c o m p r e s s i o n  m e a s u r e m e n t s  w e r e  m o s t  s t r o n g l y  
i n f l u e n c e d  b y  c o n n e c t i v e  t i s s u e .  I t  c a n  b e  c o n c l u d e d  t h a t  

e l e c t r i c a l  s t i m u l a t i o n  c a u s e d  a n  i n c r e a s e  i n  m y o f i b r i l l a r  
t e n d e r n e s s  w h i l e  t h e  s l o w ,  m o i s t  h e a t  c o o k e r y  o f  t h e  H B -  
P R C  a n d  C B - A R C  t r e a t m e n t s  c a u s e d  a n  i n c r e a s e  i n  c o n n e c 
t i v e  t i s s u e  t e n d e r n e s s .

L o w e r  ( P  <  0 . 0 5 )  W C A  a n d  W C B  v a l u e s  w e r e  n o t e d  f o r  
e l e c t r i c a l l y  s t i m u l a t e d ,  H B - P R C  a n d  C B - A R C  c h o p s  t h a n  
f o r  e l e c t r i c a l l y  s t i m u l a t e d ,  H B  a n d  C B  c h o p s .  N o n s t i m u 

l a t e d ,  H B  c h o p s  h a d  t h e  h i g h e s t  ( P  <  0 . 0 5 )  W C A  a n d  W C B  
v a l u e s ,  m o s t  l i k e l y  b e c a u s e  o f  t h a w  r i g o r  o f  h o t - b o n e d  
r o a s t s .  T h e  l o w e r  ( P  <  0 . 0 5 )  W C A  f o r  e l e c t r i c a l l y  s t i m u 

l a t e d ,  H B  c h o p s  i n d i c a t e d  t h e  t e n d e r n e s s  a d v a n t a g e  o f  e l e c 
t r i c a l  s t i m u l a t i o n  u s e d  in  c o n j u n c t i o n  w i t h  h o t - b o n i n g .  A  

d e c r e a s e  i n  t e n d e r n e s s  o f  h o t - b o n e d  m e a t  h a s  b e e n  r e p o r t e d  
b y  s e v e r a l  a u t h o r s  ( G i l b e r t  a n d  D a v e y ,  1 9 7 6 ;  C r o s s  e t  a l . ,  
1 9 7 9 ;  R a y  e t  a l . ,  1 9 8 0 a ,  1 9 8 3 ;  B e r r y  e t  a l . ,  1 9 8 1 ;  G r i f f i n  

e t  a l . ,  1 9 8 1 ;  L y o n  e t  a l . ,  1 9 8 3 ) .  O n  t h e  c o n t r a r y ,  M c L e o d  
e t  a l .  ( 1 9 7 3 )  r e p o r t e d  t h a t  c o o k e d ,  h o t - b o n e d  l a m b  le g s  
w e r e  m o r e  t e n d e r  t h a n  c o o k e d ,  c o l d - b o n e d  l a m b  l e g s .  I n  

t h e  p r e s e n t  s t u d y ,  n o n s t i m u l a t e d ,  C B  c h o p s  h a d  l o w e r  ( P  <  

0 . 0 5 )  W C A  a n d  W C B  v a l u e s  i n d i c a t i n g  t h a t  e l e c t r i c a l  s t i m u 
l a t i o n  m a y  n o t  b e  n e c e s s a r y  w h e n  u s i n g  t h e  c o n v e n t i o n a l  
p r o c e s s i n g  m e t h o d .

I t  i s  a p p a r e n t  t h a t  l o w  t e m p e r a t u r e ,  l o n g  d u r a t i o n  c o o k 
i n g  o f  h o t - b o n e d  l a m b  r o a s t s  y i e l d s  p r o d u c t s  o f  a c c e p t a b l e  

t e n d e r n e s s .  P r e v i o u s  s t u d i e s  e v a l u a t i n g  p r e r i g o r  c o o k e r y  

u s i n g  a  h i g h  t e m p e r a t u r e ,  s h o r t  d u r a t i o n  h e a t i n g  s c h e d u l e  
h a v e  s h o w n  a  d e c r e a s e  i n  t e n d e r n e s s  o f  m e a t  s a m p l e s  

( R a y  e t  a l . ,  1 9 8 0 a  a n d  b ,  1 9 8 2 ;  B e r r y  e t  a l . ,  1 9 8 1 ;  G r i f f i n  
e t  a l . ,  1 9 8 1 ) .  T h e  u s e  o f  b o n e - i n  c u t s  i n  t h i s  s t u d y ,  r a t h e r  
t h a n  b o n e l e s s  c u t s  u s e d  i n  o t h e r  s t u d i e s ,  m a y  h a v e  a f f e c t e d  
t h e  t e n d e r n e s s  b e c a u s e  t h e  s k e l e t a l  r e s t r a i n t  m a y  h a v e  
i n h i b i t e d  f i b e r  s h o r t e n i n g .  F u r t h e r m o r e ,  s l o w ,  l o w  t e m p e r a 

t u r e  c o o k i n g  m a y  h a v e  r e s u l t e d  i n  l e s s  s e v e r e  r i g o r  d e v e l o p 
m e n t  d u r i n g  h e a t i n g  ( R a y  e t  a l . ,  1 9 8 3 ) .  A l t h o u g h  l o w e r  ( P  

<  0 . 0 5 )  C P F A ,  C P F B ,  c h e w i n e s s ,  W C A  a n d  W C B  v a l u e s  
w e r e  n o t e d  f o r  e l e c t r i c a l l y  s t i m u l a t e d ,  C B - A R C  c h o p s  t h a n  

f o r  e l e c t r i c a l l y  s t i m u l a t e d ,  H B - P R C  c h o p s ,  h o t - b o n i n g  a n d

T able 5 —L ea st squ ares m ean s fo r  to ta l  c o o k in g  lo ss fo r  e le c tr ica l  
s tim u la tio n  b y  c o o k in g  m e th o d  b y  tr e a tm e n t in te ra c tio n  (E S  X  CM  
X  T R T )

Treatment

Electrical stimulation Nonelectrical stimulation

Cooking method

CON V h FW1 MW' CON V FW MW

HB-PRCk 26.32° 27.87°e 19.01bc 28.79°e 26.34° 19.75bc
C B -A RC 1 26.85° 27.34° 18.00ab 27.49° 27.56°e 17.15ab
H Bm 32,80fg 37.849 19.24bc 34.609 26.78° 22.38c
CBn 29,64°ef 32.55fg 19.00bc 31.38ef9 35.289 14.92a

abcdefg |yjeans ¡n same row or same column with different superscript 
letter differ (P < 0.05).

P Convection oven.
1 Farberware broiler.
1 Microwave oven.
i Hot-boned, cooked prerigor, frozen, reheated.

Conventionally chilled and boned, cooked, frozen, reheated. 
m Hot-boned, frozen, cooked. 
n Cold-boned, frozen, cooked.

1468-JOURNAL OF FOOD SCIENCE-Volume 49 (1984)



p r e r i g o r  c o o k e r y  p r o c e s s i n g  m e t h o d s  s h o u l d  b e  f e a s i b l e  b e 

c a u s e  o f  r e d u c e d  e n e r g y  c o s t s  ( R a y  e t  a l . ,  1 9 8 0 a ) .

Electrical stimulation by cooking method
A n  e l e c t r i c a l  s t i m u l a t i o n  b y  c o o k i n g  m e t h o d  i n t e r a c t i o n  

w a s  n o t e d  f o r  P F  a n d  W B W D  a n d  m e a n s  f o r  t h o s e  p a r a m 

e t e r s  a r e  s h o w n  i n  T a b l e  3 .  E l e c t r i c a l l y  s t i m u l a t e d  c h o p s  
c o o k e d  b y  a l l  t h r e e  m e t h o d s  h a d  l o w e r  ( P  <  0 . 0 5 )  P F  
v a l u e s  t h a n  n o n s t i m u l a t e d  c h o p s  c o o k e d  b y  t h e  s a m e  m e t h 

o d s .  H e n c e ,  e l e c t r i c a l  s t i m u l a t i o n  i n c r e a s e d  t e n d e r n e s s  o f  
c h o p s ,  r e g a r d l e s s  o f  t h e  c o o k i n g  m e t h o d  u s e d .  N o n s t i m 

u l a t e d  c h o p s  c o o k e d  i n  t h e  c o n v e c t i o n  o v e n  h a d  a  h i g h e r  
( P  <  0 . 0 5 )  P F  t h a n  n o n s t i m u l a t e d  c h o p s  c o o k e d  o n  t h e  
F a r b e r w a r e ®  a n d  i n  t h e  m i c r o w a v e  o v e n .  T h i s  w a s  p r o b a b l y  
c a u s e d  b y  u s e  o f  f o r c e d  a i r  i n  c o n v e c t i o n  o v e n  c o o k i n g  

w h i c h  m a y  h a v e  i n c r e a s e d  m o i s t u r e  l o s s e s  a n d  d e c r e a s e d  
t e n d e r n e s s .  T h e s e  d a t a  a r e  i n  a g r e e m e n t  w i t h  o t h e r  r e s e a r c h  
w h i c h  h a v e  s h o w n  t h a t  m i c r o w a v e  c o o k e d  m e a t  c a n  c o m 

p a r e  f a v o r a b l y  i n  t e n d e r n e s s  w i t h  c o n v e n t i o n a l l y  c o o k e d  
m e a t  ( R u y a c k  a n d  P a u l ,  1 9 7 2 ;  K o r s c h g e n  e t  a l . ,  1 9 7 6 ;  

B a l d w i n  e t  a l . ,  1 9 7 9 ) .

D a t a  f o r  W B W D  f o l l o w e d  a  t r e n d  s i m i l a r  t o  P F  d a t a .  
E l e c t r i c a l  s t i m u l a t i o n  l o w e r e d  ( P  <  0 . 0 5 )  W B W D  o f  c h o p s  
c o o k e d  b y  a l l  t h r e e  m e t h o d s .  E l e c t r i c a l l y  s t i m u l a t e d  a n d  
n o n s t i m u l a t e d  c h o p s  c o o k e d  i n  t h e  m i c r o w a v e  o v e n  h a d  

l o w e r  ( P  <  0 . 0 5 )  W B W D  v a l u e s  t h a n  E S  a n d  N E S  c h o p s  
c o o k e d  i n  t h e  c o n v e c t i o n  o v e n ,  r e s p e c t i v e l y .  T h u s ,  p r e 
c o o k e d  a n d  n o n p r e c o o k e d  c h o p s  w o u l d  b e  m o s t  t e n d e r  
w h e n  r e h e a t e d  o r  c o o k e d  i n  a  m i c r o w a v e  o v e n  o r  o n  a  
F a r b e r w a r e ®  g r i l l .

Cooking method
M e a n s  f o r  m a i n  e f f e c t  d i f f e r e n c e s  f o r  c o o k i n g  m e t h o d  

a r e  s h o w n  i n  T a b l e  4 .  T h e s e  m e a n s  a r e  p r e s e n t e d  o n l y  f o r  

p a r a m e t e r s  i n  w h i c h  t h e r e  w e r e  n o  s i g n i f i c a n t  i n t e r a c t i o n s  
d u e  t o  e l e c t r i c a l  s t i m u l a t i o n  o r  t r e a t m e n t .  H i g h e r  ( P  <  

0 . 0 5 )  C P F A ,  C P F B ,  W C A  a n d  W C B  v a l u e s  w e r e  o b t a i n e d  
f o r  c h o p s  c o o k e d  i n  t h e  c o n v e c t i o n  o v e n  t h a n  f o r  t h o s e  

c o o k e d  b y  e i t h e r  o f  t h e  o t h e r  m e t h o d s .

Cooking loss
A n  E S  b y  c o o k e r y  m e t h o d  b y  t r e a t m e n t  i n t e r a c t i o n  w a s  

n o t e d  f o r  t o t a l  c o o k i n g  l o s s  ( T a b l e  5 ) .  C h o p s  w i t h i n  t h e  
s a m e  t r e a t m e n t s ,  r e g a r d l e s s  o f  e l e c t r i c a l  s t i m u l a t i o n ,  h a d  

l e s s  ( P  <  0 . 0 5 )  t o t a l  c o o k i n g  l o s s  w h e n  c o o k e d  i n  t h e  
m i c r o w a v e  o v e n  t h a n  w h e n  c o o k e d  b y  t h e  o t h e r  m e t h o d s .  

O n  t h e  c o n t r a r y ,  n u m e r o u s  s t u d i e s  h a v e  r e c o r d e d  h i g h e r  
c o o k i n g  l o s s e s  f o r  m e a t  c o o k e d  i n  a  m i c r o w a v e  o v e n  t h a n  

f o r  m e a t  c o o k e d  b y  c o n v e n t i o n a l  m e t h o d s  ( B a l d w i n  e t  a l . ,  
1 9 7 9 ;  M o o r e  e t  a l . ,  1 9 8 0 ;  G r i f f i n  e t  a l . ,  1 9 8 1 ) .  T h e  l o w  
t o t a l  c o o k i n g  l o s s  f o r  m i c r o w a v e  c o o k e d  s a m p l e s  w a s  p r o b 
a b l y  a  r e s u l t  o f  t h e  s h o r t  c o o k i n g  t i m e .  O t h e r  s t u d i e s  h a v e  
s h o w n  t h a t  c o o k i n g  t i m e  o f  m e a t  c o u l d  b e  r e d u c e d  b y  
h e a t i n g  w i t h  m i c r o w a v e s  ( M o o r e  e t  a l . ,  1 9 8 0 ;  G r i f f i n  e t  a l . ,

1 9 8 1 ) .
F e w  d i f f e r e n c e s  w i t h i n  c o o k i n g  m e t h o d  a n d  t r e a t m e n t  

b e t w e e n  E S  a n d  N E S  s a m p l e s  w e r e  n o t e d .  N o n s t i m u l a t e d  

H B  c h o p s  c o o k e d  o n  t h e  F a r b e r w a r e  a n d  n o n s t i m u l a t e d  C B  
c h o p s  c o o k e d  i n  t h e  m i c r o w a v e  o v e n  h a d  l o w e r  c o o k i n g  
l o s s e s  ( P  <  0 . 0 5 )  t h a n  t h e i r  e l e c t r i c a l l y  s t i m u l a t e d  c o u n t e r 
p a r t s .  O t h e r  r e s e a r c h e r s  h a v e  f o u n d  n o  e f f e c t  o f  e l e c t r i c a l  
s t i m u l a t i o n  o n  p e r c e n t  c o o k i n g  l o s s  ( R i l e y  e t  a l . ,  1 9 8 0 ;  
G r i f f i n  e t  a l . ,  1 9 8 1 ;  R a y  e t  a l . ,  1 9 8 3 ;  R a s h i d  e t  a l . ,  1 9 8 3 ) .  
S a v e l i  e t  a l .  ( 1 9 7 8 )  a l s o  n o t e d  a  h i g h e r  p e r c e n t  c o o k i n g  l o s s  
f o r  e l e c t r i c a l l y  s t i m u l a t e d  m e a t  t h a n  f o r  n o n s t i m u l a t e d  
m e a t .  E l e c t r i c a l  s t i m u l a t i o n  d i d  n o t  h a v e  a  c o n s i s t e n t  e f f e c t  

o n  c o o k i n g  l o s s  o f  m e a t .
E l e c t r i c a l l y  s t i m u l a t e d ,  H B - P R C  a n d  C B - A R C  c h o p s  

c o o k e d  o n  t h e  F a r b e r w a r e  h a d  l e s s  ( P  <  0 . 0 5 )  t o t a l  c o o k i n g

l o s s  t h a n  e l e c t r i c a l l y  s t i m u l a t e d ,  H B  a n d  C B  c h o p s  c o o k e d  

o n  t h e  F a r b e r w a r e .  A l s o ,  t o t a l  c o o k i n g  l o s s  w a s  l e s s  ( P  <  
0 . 0 5 )  i n  t h e  c o n v e c t i o n  o v e n  f o r  n o n s t i m u l a t e d ,  H B - P R C  
a n d  C B - A R C  t h a n  f o r  t h e  H B  a n d  C B  c h o p s .  T h e s e  d a t a  

i n d i c a t e  t h a t  p r e c o o k i n g  t r e a t m e n t s  m a y  d e c r e a s e  c o o k i n g  
l o s s e s .

CONCLUSIONS
P E A K  F O R C E  a n d  W B W D  v a l u e s  f o r  E S  c h o p s  f r o m  C B -  

A R C ,  H B  a n d  C B  t r e a t m e n t s  i n d i c a t e  t h a t  e l e c t r i c a l  s t i m u 
l a t i o n  p r o d u c e d  a  t e n d e r n e s s  a d v a n t a g e  w h e n  u t i l i z i n g  p o s t -  

r i g o r  c o o k e r y ,  h o t - b o n i n g  a n d  c o l d - b o n i n g  b u t  n o t  w h e n  
u t i l i z i n g  p r e r i g o r  c o o k e r y .  A l t e r n a t i v e  p r o c e s s i n g  m e t h o d s ,  
p r e -  o r  p o s t r i g o r  c o o k e r y ,  h o t - b o n i n g  ( e a c h  w i t h  o r  w i t h o u t  

e l e c t r i c a l  s t i m u l a t i o n )  a n d  e l e c t r i c a l  s t i m u l a t i o n  w i t h  c o l d -  
b o n i n g  p r o d u c e d  m o r e  d e s i r a b l e  r e s u l t s  t h a n  w h e n  c o n v e n 
t i o n a l l y  c h i l l i n g  a n d  b o n i n g .  E l e c t r i c a l  s t i m u l a t i o n  i n c r e a s e d  

t e n d e r n e s s  o f  c h o p s  r e g a r d l e s s  o f  c o o k i n g  m e t h o d  u s e d .  
L o w  t e m p e r a t u r e ,  l o n g  d u r a t i o n  c o o k i n g  a n d  t h e n  r e h e a t i n g  

o f  h o t - b o n e d  a n d  c o n v e n t i o n a l l y  c h i l l e d  a n d  b o n e d  l a m b  
r o a s t s  y i e l d e d  p r o d u c t s  o f  i m p r o v e d  t e n d e r n e s s .  B e c a u s e  i t  
a p p e a r e d  t h a t  e l e c t r i c a l  s t i m u l a t i o n  w a s  r e q u i r e d  t o  e n h a n c e  
t e n d e r n e s s  o f  p o s t r i g o r  c o o k e d  ( C B - A R C )  c h o p s  a n d  n o t  
p r e r i g o r  c o o k e d  ( H B - P R C )  c h o p s ,  h o t - b o n i n g  f o l l o w e d  b y  
p r e r i g o r  c o o k e r y  s h o u l d  b e  m o r e  f e a s i b l e  a s  a  r e s u l t  o f  
r e d u c e d  e n e r g y  c o s t s  ( R a y  e t  a l . ,  1 9 8 0 a ) .

P r e c o o k e d  a n d  n o n p r e c o o k e d  c h o p s  w e r e  m o s t  t e n d e r  
w h e n  t h e y  w e r e  r e h e a t e d  o r  c o o k e d  o n  t h e  F a r b e r w a r e  
b r o i l e r  o r  i n  t h e  m i c r o w a v e  o v e n .  F u r t h e r m o r e ,  t o t a l  c o o k 
i n g  l o s s  w a s  l o w e s t  f o r  c h o p s  c o o k e d  i n  t h e  m i c r o w a v e  
o v e n .  T h e  a d v a n t a g e s  n o t e d  f o r  m i c r o w a v e  c o o k e r y  a r e  
m o s t  l i k e l y  d u e  t o  d e c r e a s e d  c o o k i n g  t i m e .
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---------------------------  ABSTRACT ---------------------------
T h r e e  a e r a t i o n  t r e a t m e n t s  o n  c a c a o  f e r m e n t a t i o n s  in  B a h ia  p r o 
d u c e d  a  b a s ic a l ly  s im ila r  m ic r o b ia l  s e q u e n c e  w h ic h  w a s  in f l u e n c e d  
b y  t h e  t im e  a n d  i n t e n s i t y  o f  a e r a t i o n .  A n  in i t i a l ,  lo w  t e m p e r a t u r e ,  
s e m i - a n a e r o b ic  p h a s e  d o m i n a t e d  b y  y e a s t s  a n d  l a c t i c  a c id  b a c t e r i a ,  
w a s  s u p e r c e d e d  b y  a e r o b ic  a n d  th e r m o p h y l l i c  b a c t e r i a  w h e n  t h e  
f e r m e n t a t i o n s  g a in e d  h e a t  a f t e r  a e r a t i o n .  D e la y  in  a e r a t i o n  r e 
t a r d e d  t h i s  c h a n g e  in  f l o r a  w h i le  o v e r  a e r a t i o n  a c c e l e r a t e d  i t  a n d ,  in  
a d d i t i o n ,  p r o v o k e d  a  s e c o n d  l a c t i c  a c id  b a c t e r i a  p h a s e  t o w a r d s  t h e  
e n d  o f  f e r m e n t a t i o n .  L a c to b a c il la c e a e  w e re  p r e d o m i n a n t  d u r in g  th e  
a n a e r o b i c  p e r io d  a n d  S t r e p to c o c e a c e a e  u n d e r  a e r a t e d  c o n d i t i o n s .  
T h i s  m a r k e d ,  l a c t i c  a c id  b a c t e r i a  p o p u l a t i o n  d u r in g  t h e  e a r ly  s ta g e s  
o f  f e r m e n t a t i o n  is  n o t  u s u a l  a n d  w o u ld  a c c o u n t  f o r  t h e  l a c t i c  a n d  
a c e t i c  a c id s  p r o d u c e d  d u r in g  th i s  p e r io d .

INTRODUCTION
C A C A O  i s  o n e  o f  t h e  m a n y  f o o d s  w h o s e  c h a r a c t e r i s t i c  

f l a v o r  i s  d e v e l o p e d  b y  a  c u r i n g  p r o c e s s  w h i c h  i n v o l v e s  a  
s e r i e s  o f  n a t u r a l  f e r m e n t a t i o n s  o c c u r r i n g  i n  t h e  m u c i l a g e n -  
o u s  p u l p  s u r r o u n d i n g  t h e  s e e d .  T h e  s e q u e n c e  a n d  d u r a t i o n  
o f  t h e s e  f e r m e n t a t i o n s  a r e  g o v e r n e d  b y  t h e  a e r a t i o n  a n d  

p h y s i c o c h e m i c a l  c o n d i t i o n s  o f  t h e  p r o c e s s  w h i c h ,  i n  t u r n  
a r e  d e t e r m i n e d  b y  t h e  p r o c e d u r e s ,  a n d  r e c e p t a c l e s .

T w o  m a i n  s t a g e s  a r e  r e c o g n i z e d :  a n  e a r l y  a n a e r o b i c  
f e r m e n t a t i o n  d u r i n g  w h i c h  y e a s t  c o n v e r t  t h e  s u g a r s  o f  t h e  
p u l p  t o  a l c o h o l ,  a n d  a  s u c c e e d i n g  a e r o b i c  f e r m e n t a t i o n  
w h e n  a c e t i c  a c i d  b a c t e r i a  o x i d i z e  t h e  a l c o h o l  f o r m e d ,  f i r s t  
i n t o  a c e t i c  a c i d  a n d  t h e n  t o  C 0 2  a n d  H 2 0 .  I n t e r p o s e d  
b e t w e e n  t h e s e  t w o  i s  w h a t  h a s  h i t h e r t o  b e e n  c o n s i d e r e d  a  
t r a n s i e n t  l a c t i c  a c i d  b a c t e r i a l  f e r m e n t a t i o n  o f  l i t t l e  c o n s e 
q u e n c e  ( R o e l o f s e n ,  1 9 5 8 ) .

T h e  p r o d u c t s  o f  t h e s e  f e r m e n t a t i o n s  d i f f u s e  i n t o  t h e  
b e a n  a n d  p r o v o k e  b i o c h e m i c a l  c h a n g e s  w h i c h  r e s u l t  i n  t h e  
p r o d u c t i o n  o f  f l a v o r  p r e c u r s o r s .  S o m e  u n c h a n g e d  c o m 
p o u n d s  f r o m  t h e  p u l p  t h a t  r e m a i n  i n  t h e  s e e d  a f t e r  c u r i n g ,  
t h e m s e l v e s  p a r t i c i p a t e  i n  t h e  f l a v o r .  I n  e x c e s s ,  t h e s e  c o m 
p o u n d s  m a y  c a u s e  o f f - f l a v o r s  u n d e s i r a b l e  i n  t h e  m a n u f a c 

t u r e  o f  c h o c o l a t e .  T y p i c a l  o f  t h i s  i s  t h e  a c i d  f l a v o r  o f  t h e  
c a c a o  f r o m  B r a z i l  a n d  M a l a y s i a  t h a t  c a r r i e s  o v e r  i n t o  f i n a l  
m a n u f a c t u r e d  p r o d u c t .  T h i s  i s  o n e  o f  t h e  r e a s o n s  f o r  
m a n u f a c t u r e r s ’ p r e f e r e n c e  f o r  W e s t  A f r i c a n  c a c a o  a n d  d i s 
c o u n t  p r i c e s  o n  B r a z i l i a n  c a c a o  o n  i n t e r n a t i o n a l  m a r k e t s .

A c e t i c  a c i d  h a d  b e e n  f o u n d  t o  b e  t h e  c h i e f  a g e n t  o f  
a c i d i t y  o f  B r a z i l i a n  c a c a o  ( L o p e z ,  1 9 8 2 c ) .  T h i s  i s  o f t e n  
a c c o m p a n i e d  b y  e x c e s s i v e  q u a n t i t i e s  o f  l a c t i c  a c i d  ( L o p e z ,  
1 9 8 2 a )  w h i c h ,  b e i n g  n o n v o l a t i l e ,  w o u l d  b e  r e t a i n e d  i n  t h e  
f i n i s h e d  p r o d u c t  ( R o h a n  a n d  S t e w a r t ,  1 9 6 5 ;  S e i k i ,  1 9 7 7 ) .

A c i d  p r o d u c t i o n  i s  d e p e n d e n t  o n  a e r a t i o n  ( B i e h l ,  1 9 6 5 ;  
Q u e s n e l ,  1 9 6 8 ) .  A c i d i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  a e r a t i o n  
u p  t o  a  c e r t a i n  p o i n t  a f t e r  w h i c h  f u r t h e r  i n c r e a s e s  i n  
a e r a t i o n  r e s u l t  i n  a  r e d u c t i o n  i n  a c i d i t y  ( L o p e z ,  1 9 7 4 ) .  
B r a z i l i a n  f e r m e n t a t i o n s  a p p e a r  t o  b e  i n s u f f i c i e n t l y  a e r a t e d

A u th o r s  P assos a n d  L o p e z  are a ffilia te  w ith  th e  D iv. o f  A g r icu ltu ra l 
T ech n o lo g y  & E n gineering (D IT E C ) CEPEC, C E P L A C , Itabuna, 
Bahia, Brazil. A u th o r  S ih/a is a f f ilia te d  w ith  th e  D e p t, o f  G eneral 
B io lo g y , F edera l U niv. o f  V igosa, M inas G erais, Brazil.

a n d  u n d e r  t h e s e  c o n d i t i o n s  t h e r e  i s  a n  a c c u m u l a t i o n  o f  a c e 
t i c  a n d  l a c t i c  a c i d s  ( L o p e z ,  1 9 8 2 a ) .  A t t e m p t s  a t  r e d u c i n g  

a c i d i t y  b y  i n c r e a s i n g  t h e  n u m b e r  o f  “ t u r n s ”  d u r i n g  f e r m e n 
t a t i o n  h a v e  b e e n  p a r t i a l l y  s u c c e s s f u l ;  h o w e v e r ,  t h e s e  r e d u c 
t i o n s  i n  a c i d i t y  i n d u c e d  b y  i n c r e a s e d  a e r a t i o n  h a v e  o f t e n  

b e e n  a c c o m p a n i e d  b y  u n d e s i r a b l e  f l a v o r s  ( C h o n g  e t  a l . ,

1 9 7 8 ) .
I t  w o u l d  a p p e a r  t h a t  t h e s e  a l t e r a t i o n s  i n  t h e  a e r a t i o n  i n 

d u c e  c h a n g e s  i n  t h e  m i c r o b i a l  f l o r a  w h i c h  r e d u c e  a c i d i t y  
b u t  s t i m u l a t e  t h e  p r o d u c t i o n  o f  c o m p o u n d s  r e s p o n s i b l e  f o r  

o f f - f l a v o r s .
L i t t l e  i s  k n o w n  a b o u t  t h e  m i c r o b i o l o g y  o f  B r a z i l i a n  

f e r m e n t a t i o n s  a n d  t h i s  s t u d y  w a s  u n d e r t a k e n  t o  e x a m i n e  
t h e  m i c r o b i a l  c o m p o s i t i o n  a n d  t h e  c h a n g e s  i n d u c e d  b y  

c h a n g i n g  a e r a t i o n  r e g i m e s .

MATERIALS & METHODS
T H E  I N V E S T IG A T IO N S  w e re  c a r r ie d  o u t  a t  t h e  l a b o r a t o r i e s  o f  t h e  
C a c a o  R e s e a r c h  C e n t r e  o f  C E P L A C  ( C o m is s a o  E x e c u t iv a  d o  P la n o  
d a  L a v o u r a  C a c a u e r i r a )  a t  I l h e u s ,  B a h ia ,  B ra z i l .

F e r m e n t a t i o n s  t r e a t m e n t s

T h e  m e t h o d  f o r  f e r m e n t in g  c a c a o  b e a n s  r e c o m e n d e d  b y  
C E P L A C  ( F T )  w a s  u s e d  a s  a  s t a n d a r d  a g a in s t  w h ic h  t r e a t m e n t s  
( F A R  a n d  F S A )  v a r y in g  in  t h e  d e g re e  o f  a e r a t i o n  o f  t h e  f e r m e n t in g  
c a c a o  b e a n s  w e re  c o m p a r e d .  I n  t h e  p r e s c r ib e d  m e t h o d ,  s e e d s  f r o m  
r ip e  h a r v e s t e d  f r u i t s  w e r e  e x t r a c t e d  a n d  p u t  t o  f e r m e n t  o n  t h e  s a m e  
d a y  in  w o o d e n  b o x e s .  T h e  b o x e s  ( s w e a t - b o x e s )  a r e  a b o u t  f o u r  t o  s ix  
t im e s  lo n g e r  t h a n  w id e  a n d  a r e  d iv id e d  b y  r e m o v a b le  w o o d e n  p a r t i 
t i o n s  i n t o  c o m p a r t m e n t s  m e a s u r in g  1 .0  x  1 .2  a n d  1 .0 m  d e e p .  T h e  
w o o d e n  f l o o r  h a s  1 c m  d i a m e te r  h o l e s  d r i l l e d  1 5  c m  a p a r t  f o r  
d ra in a g e  o f  t h e  ju i c e s  f r o m  th e  p u l p  s u r r o u n d in g  t h e  s e e d s  a n d  f o r  
a e r a t i o n .  T h e  s e e d s  w e re  l e f t  t o  f e r m e n t  i n  t h e s e  b o x e s  f o r  5 -7  d a y s  
d u r in g  w h ic h  t i m e  t h e y  w e re  p e r io d i c a l ly  m ix e d  b y  “ tu r n i n g ”  i n t o  
a n  a d j a c e n t  e m p t y  b o x  t o  h o m o g e n iz e  a n d  a e r a t e  t h e  m a s s .  T h i s  w a s  
p e r f o r m e d  a b o u t  2 4 , 4 8 , 9 6  a n d  1 2 0  h r  f r o m  t h e  s t a r t  o f  t h e  p r o c e s s .  
T h e  c a c a o  b e a n s  t o  b e  f e r m e n t e d  w e re  n o t  d e l ib e r a t e l y  i n o c u la t e d  
w i th  s p e c i f i c  m ic r o o r g a n is m s .  T h e  i n o c u lu m  c a m e  f r o m  t h e  h a n d s  
o f  t h e  o p e r a to r s ,  u n w a s h e d  b a s k e t s  u s e d  f o r  t r a n s p o r t i n g  t h e  s e e d s ,  
a n d  d r i e d  m u s c i la g e  l e f t  o n  t h e  w a lls  o f  t h e  b o x e s  f r o m  t h e  p r e v io u s  
f e r m e n t a t i o n .  A f t e r  f e r m e n t a t i o n ,  t h e  b e a n s  w e r e  d r i e d  a n d  b a g g e d .

I n  th i s  i n v e s t ig a t i o n  i t  w a s  a s s u m e d  t h a t  t h e  a e r a t i o n  o f  t h e  m a s s  
w a s  r e l a t e d  t o  t h e  n u m b e r  o f  t u r n s  d u r in g  f e r m e n t a t i o n  a n d  t o  t h e  
c o n s t r u c t i o n  o f  t h e  s w e a t - b o x .  I n  o n e  t r e a t m e n t  w h ic h  w a s  d e s ig n e d  
t o  r e t a r d  a e r a t i o n  ( F A R ) ,  t u r n i n g  w a s  c a r r ie d  o u t  d a i ly ,  b e g in n in g  
68  h r  a f t e r  t h e  s t a r t  o f  t h e  f e r m e n t a t i o n .  I n  t h e  s e c o n d ,  s u p e r  
a e r a t e d  t r e a t m e n t ,  ( F S A ) ,  c a c a o  w a s  f e r m e n t e d  in  a  b o x  w i th  a  
s l a t t e d  f l o o r  w h ic h  a l lo w e d  b e t t e r  d r a in a g e  o f  t h e  ju i c e s  a n d  a e r a 
t i o n .  B e s id e s ,  t h e  f e r e m e n t in g  m a s s  w a s  t u r n e d  tw ic e  d a i ly  b e g in n in g  
2 0  h r  a f t e r  t h e  b e a n s  w e re  p u t  t o  f e r m e n t .  T h e  s e c o n d  t u r n  in  t h e  
d a y  w a s  g iv e n  8 h r  a f t e r  t h e  f i r s t .  T h e  th r e e  f e r m e n t a t i o n s  w e re  
c a r r ie d  o u t  s im u l ta n e o u s ly  u s in g  t h e  s a m e  v a r i e ty  o f  c a c a o .

S a m p l in g

E a c h  f e r m e n t a t i o n  w a s  s a m p le d  a t  8  h r  in te r v a l s ,  e a c h  s a m p le  
b e in g  t a k e n  f r o m  a n  u n d i s tu r b e d  lo c a t io n ,  a p p r o x i m a t e l y  3 0  c m  
f r o m  t h e  w a lls  a n d  4 5  c m  b e lo w  t h e  s u r f a c e  o f  t h e  m a s s .  S a m p le s  o f  
2 0  r a n d o m  b e a n s  w e re  t r a n s f e r r e d  u s in g  a  p a i r  o f  s t e r i l e  f o r c e p s ,  
i n t o  a  s te r i l i z e d  f la s k  c o n ta in in g  s te r i l e  p e p t o n e  w a t e r  a n d  s a n d ,  a n d  
t e k e n  i m m e d ia t e ly  t o  t h e  l a b o r a t o r y  f o r  a n a ly s is .

T e m p e r a t u r e  v a r i a t i o n s  i n  t h e  f e r m e n t in g  m a s s  w e r e  r e c o r d e d  a t  
8 h r  in te r v a l s  u s in g  a  r e c o r d e r  ( G r a n t  I n s t r u m e n t s ,  B e r k s ,  U .K .)  w i th  
a  s e n s o r  p o s i t i o n e d  a t  a  p o i n t  s im i la r  t o  a  s a m p le  l o c a t i o n .
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M ic ro b ia l  c o u n t s  a n d  i s o la t io n

T h e  s a m p le s  w e re  e x t r a c t e d  b y  s t i r r i n g  t h e  c o n t e n t s  o f  e a c h  f la s k  
f o r  5 m in  u s in g  a  m a g n e t ic  s t i r r e r .  S e v e ra l  d i l u t i o n s  b e tw e e n  1 x  
1 0 - 3  a n d  1 0 - 5  w e re  m a d e  f r o m  t h e  e x t r a c t s  a n d  a l i q u o t s  o f  th e s e  
(0 .1  m L )  w e re  i n o c u la t e d  i n t o  e a c h  o f  8 p l a t e s  c o n ta in in g  t h e  s a m e  
m e d iu m  u s e d  b y  O s to v a r  a n d  K e e n e y  ( 1 9 7 3 ) .  T h e s e  w e r e  i n c u b a t e d  
f o r  7 2  h r  u n d e r  a e r o b ic  a n d  s e m i - a n a e r o b ic  ( K u n k e e ,  1 9 6 7 )  c o n d i 
t i o n s  a t  t e m p e r a tu r e s  s im i la r  t o  t h o s e  o f  t h e  f e r m e n t in g  m a s s  a t  t h e  
t im e  a t  w h ic h  t h e  s a m p le  w a s  t a k e n .  S a m p le s  t a k e n  f r o m  t h e  s w e a t-  
b o x  a t  t e m p e r a t u r e  b e lo w  4 0 ° C  w e re  i n c u b a t e d  a t  3 7 ° C  a n d  th o s e  
a b o v e  4 0 ° C ,  a t  4 5 ° C .  P la te s  w i th  b e tw e e n  3 0  a n d  3 0 0  c o lo n ie s  
w e re  s e le c te d  a n d  a  n u m b e r  o f  c lo n e s  e q u a l  t o  t h e  s q u a r e  r o o t  c o u n t  
w e re  t r a n s f e r r e d  t o  O s to v a r  m e d iu m  s la n t s ,  a n d  a f t e r  2 4  h r  i n c u b a 
t i o n  w e r e  s u b m i t t e d  t o  t h e  c a t a la s e  a n d  G r a m  c o lo r  t e s t s .  G ra m  
p o s i t iv e  a n d  c a ta la s e  n e g a t iv e  b a c i l l i  w e re  c la s s i f ie d  a s  l a c t i c  b a c t e r i a  
o f  t h e  f a m i ly  L a c to b a c i l lu s  a n d  S tr e p to c o c e a c e a e  (B r e d d  e t  a l . ,  
1 9 7 8 ) .  Y e a s ts  w e re  i d e n t i f i e d  b y  th e i r  m o r p h o l o g ic a l  c h a r a c t e r s  
o b s e r v e d  u n d e r  t h e  m ic r o s c o p e .  T h e  n u m b e r  o f  y e a s t s ,  l a c t i c  a n d  
n o n la c t i c  a c id  b a c t e r i a  c o lo n ie s  w e r e  n o t e d .

RESULTS

T H E  T E M P E R A T U R E  P R O F I L E  o f  e a c h  t e s t  i s  s h o w n  i n  
F i g .  1 . O v e r  t h e  f i r s t  1 6  h r ,  t h e  t h r e e  f e r m e n t a t i o n s  m a i n 
t a i n e d  a  m e a n  t e m p e r a t u r e  o f  a b o u t  2 6  C  a f t e r  w h i c h  t h e  
t e m p e r a t u r e s  r o s e  a t  d i f f e r e n t  r a t e s  i n  e a c h  t r e a t m e n t .  I n  
F T ,  a f t e r  t h e  f i r s t  t u r n  t h e r e  w a s  a  s t e e p  r i s e  i n  t e m p e r a 

t u r e  u p  t o  4 8  h r ,  f o l l o w e d  b y  a  s l o w e r  r i s e  t o  a  p e a k  o f  
5 2 ° C  w h i c h  h e l d  m o r e  o r  l e s s  c o n s t a n t  u n t i l  t h e  e n d  o f  t h e  
f e r m e n t a t i o n  p r o c e s s .  I n  F A R ,  w i t h  a  d e l a y  i n  t u r n i n g ,  
t h e r e  w a s  a  s l o w e r  r i s e  i n  t e m p e r a t u r e ,  ( a b o u t  9  C  i n  3  
d a y s ) ,  d u r i n g  t h e  p e r i o d  w h e n  t h e  b e a n s  w e r e  l e f t  u n t u r n e d .  
I m m e d i a t e l y  a f t e r  t h e  f i r s t  t u r n  a t  6 3  h r ,  t h e  r a t e  o f  t e m 

p e r a t u r e  r i s e  i n c r e a s e d  s u c h  t h a t  t h e  m a s s  r e a c h e d  5 3  C  i n  
t h e  f o l l o w i n g  2 0  h r .  T h e  o v e r - a e r a t e d  f e r m e n t a t i o n  s h o w e d  
t h e  h i g h e s t  r a t e  o f  t e m p e r a t u r e  r i s e ,  r e a c h i n g  a  p e a k  o f  

5 3  C  a f t e r  4 8  h r .  T h e s e  d i f f e r e n c e s  i n  t e m p e r a t u r e  r i s e  w e r e  
e v i d e n t l y  d u e  t o  t h e  d e g r e e  a n d  t i m e  o f  a e r a t i o n  o f  t h e  

b e a n s  w h i c h  s t i m u l a t e d  t h e  e x o t h e r m i c  r e a c t i o n s  o f  t h e  
a e r o b i c  m i c r o f l o r a .  T h e y  a r e  a l s o  i n d i c a t i v e  o f  t h e  r a t e  o f  
f e r m e n t a t i o n  o f  e a c h  t r e a t m e n t ;  t h e  m o r e  a e r a t e d  o n e s  
f e r m e n t e d  f a s t e r  p r o d u c i n g  m o r e  h e a t  t h a n  t h e  l e s s  a e r a t e d  

f e r m e n t a t i o n s .  T h e s e  v a r i a t i o n s  i n  r a t e s  o f  f e r m e n t a t i o n  
w e r e  a l s o  a p p a r e n t  f r o m  t h e  d i f f e r e n c e s  i n  c o l o r  o f  t h e  
f e r m e n t i n g  b e a n s .  T h e  a p p e a r e n c e  o f  a  r e d / b r o w n  c o l o r ,  
t y p i c a l  o f  w e l l  f e r m e n t i n g  c a c a o ,  w a s  e v i d e n t  a f t e r  9 6  h r  
i n  F S A ,  w h i c h  w a s  t h e  m o s t  a e r a t e d  f e r m e n t a t i o n .  T h e  
s a m e  s t a g e  w a s  r e a c h e d  a f t e r  1 3 6  h r  i n  F T  a n d  m u c h  l a t e r ,  

1 5 2 - 1 6 0  h r ,  i n  F A R .

M i c r o b i a l  c o u n t s

I n  g e n e r a l ,  t h e  c u r v e s  p r e s e n t e d  i n  F i g .  1 ,  a l l o w  t h e  
f e r m e n t a t i o n s  t o  b e  r e g a r d e d  a s  h a v i n g  t w o  t e m p e r a t u r e  
p h a s e s :  a  l o w  t e m p e r a t u r e  p h a s e  w h i c h  o c c u r r e d  d u r i n g  a  

r e l a t i v e l y  a n a e r o b i c  p e r i o d  a n d  d u r i n g  w h i c h  t h e  t e m p e r a 
t u r e  o f  t h e  f e r m e n t i n g  m a s s  w a s  b e t w e e n  2 6  a n d  3 7  C , 

a n d  a  h i g h  t e m p e r a t u r e  p h a s e  d u r i n g  a n  a e r o b i c  p e r i o d  
w h e n  t e m p e r a t u r e s  w e r e  a b o v e  5 0  C .  T h e  d e p e n d e n c e  o f  
t e m p e r a t u r e  o n  a e r a t i o n  i s  w e l l  d o c u m e n t e d  ( F o r s y t h  a n d  
Q u e s n e l ,  1 9 6 3 ;  Q u e s n e l ,  1 9 6 8 ;  L o p e z ,  1 9 8 2 b . )  a n d  is  
c o n f i r m e d  b y  t h e s e  r e s u l t s .

D u r i n g  t h e  h i g h  t e m p e r a t u r e  p h a s e ,  a n  o s c i l l a t i o n  b e 

t w e e n  5 0  a n d  5 3  C  w a s  o b s e r v e d  i n  e a c h  t r e a t m e n t .  T h e s e  
c y c l i c  v a r i a t i o n s  i n  t e m p e r a t u r e ,  w h i c h  w e r e  n o t  i n  p h a s e  
w i t h  d i u r n a l  a m b i e n t  t e m p e r a t u r e  v a r i a t i o n s ,  m a y  b e  d u e  t o  

a c t i v a t i o n  a n d  i n a c t i v a t i o n  o f  t h e  m i c r o f l o r a  b y  h e a t  ( Q u e s 
n e l  a n d  W h i t e ,  1 9 6 8 ) .  T h i s  s u g g e s t s  t h a t  t h e  h e a t  d e v e l 

o p e d  b y  t h e  m i c r o f l o r a  i t s e l f  i n h i b i t e d  t h e i r  g r o w t h  u n t i l  
t h e  r e s u l t i n g  f a l l  i n  t e m p e r a t u r e  a p p r o a c h e d  t h e  o p t i m u m ,  
r e i n i t i a t i n g  a c t i v i t y  a n d  t h u s  r e p e a t i n g  t h e  c y c l e  ( K e n t o n  
a n d  P o w e l l ,  1 9 6 0 ) .  T h e s e  h i g h  t e m p e r a t u r e s ,  c o m m o n  i n  
B a h i a  f e r m e n t a t i o n ,  a r e  i n f r e q u e n t l y  e n c o u n t e r e d  i n  
f e r m e n t a t i o n  i n  o t h e r  c o u n t r i e s  ( C h o n g  e t  a l . ,  1 9 7 8 ;  L o p e z ,  
1 9 7 9 ;  O s t o v a r  a n d  K e e n e y  1 9 7 3 ) .  I t  i s  p r o b a b l e  t h a t  t h e  
m i c r o f l o r a  o f  B a h i a  f e r m e n t a t i o n  h a s ,  o v e r  t h e  d e c a d e s ,  
d e v e l o p e d  a  t o l e r a n c e  t o  t h e  h i g h e r  t e m p e r a t u r e s .  T h e  

m i c r o b i a l  c o u n t s  w e r e  l o w e r  i n  t h i s  s t u d y  t h a n  t h o s e  
e n c o u n t e r e d  b y  O s t o v a r  a n d  K e e n e y  ( 1 9 7 3 ) ,  R o m b o u t s

( 1 9 5 3 ) ,  a n d  C a m a r g o  e t  a l .  ( 1 9 6 3 )  b u t  o n  t h e  o t h e r  h a n d  
t h e  t e m p e r a t u r e s  r e g i s t e r e d  b y  t h o s e  a u t h o r s  w e r e  m u c h  
l o w e r ,  w h i c h  m a y  a c c o u n t  f o r  t h e  l a r g e r  p o p u l a t i o n .

B a r  c h a r t s  i n  F i g .  2 ,  3 ,  a n d  4  s h o w  t h e  p e r c e n t  d i s t r i b u 
t i o n  o f  y e a s t ,  l a c t i c  a c i d  a n d  o t h e r  b a c t e r i a  e n c o u n t e r e d  i n  

t h e s e  t r e a t m e n t s .  I n  n o n e  o f  t h e m  w a s  t h e r e  a  w e l l  d e f i n e d  
y e a s t  p h a s e  a s  d e s c r i b e d  e l e s w h e r e  ( O s t o v a r  a n d  K e e n e y  
1 9 7 3 ;  R o e l o f s e n ,  1 9 5 8 ;  R o m b o u t s ,  1 9 5 3 ) .  T h e  i n i t i a l  y e a s t  
p h a s e  d i d  n o t  a b s o l u t e l y  d o m i n a t e  t h e  f e r m e n t a t i o n  b u t  
o c c u r r e d  c o n c o m i t a n t l y  w i t h  l a c t i c  a c i d  b a c t e r i a  w h i c h  

s u b s e q u e n t l y  o u t g r e w  t h e  f o r m e r .  I t  w a s  f o l l o w e d ,  i n  e a c h  
o f  t h e  t h r e e  f e r m e n t a t i o n s ,  b y  a  p h a s e  i n  w h i c h  b a c t e r i a  
o t h e r  t h a n  L a c t o b a c i l l a c e a e  a n d  S t r e p t o c o c e a c e a e  w e r e  
p r e s e n t .  T h i s  d i f f e r e d  i n  e a c h  t r e a t m e n t .  F i g .  2  s h o w s  t h e  
m i c r o b i a l  s u c c e s s i o n  i n  F T .  T h e  y e a s t  p h a s e ,  w h i c h  l a s t e d  
u p  t o  4 8  h r ,  w a s  s h a r e d  c h i e f l y  b y  t h e  l a c t i c  a c i d  b a c t e r i a  
w h o s e  n u m b e r s  i n c r e a s e d  d u r i n g  1 6 - 4 8  h r .  O t h e r  b a c t e r i a  
d o m i n a t e d  t h e  f e r m e n t a t i o n  a f t e r  7 2  h r  b u t  t h e r e  w a s  a l s o  a  
b r i e f  r e a p p e a r a n c e  o f  l a c t i c  a c i d  b a c t e r i a  d u r i n g  t h i s  p e r i o d .

60

Fig. 1—V aria tion  in  tem p era tu re  1° C) 
d u rin g  a tra d itio n a l fe rm e n ta tio n  (F T  
o  . . .  o) ,  a fe rm e n ta tio n  w ith  d e la y e d
aera tio n  (F A R  a --------□) a n d  a su per-
a e r a te d  fe rm e n ta tio n  (FSA  A-----A).
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Fig. 2 —P ercen t d is tr ib u tio n  o f  la c tic  a c id  
ba c ter ia  (11, y e a s t  (2 ), a n d  n o n la c tic  
a c id  ba c ter ia  (31, is o la te d  fro m  co co a  
fe rm e n te d  b y  th e  tra d itio n a l m e th o d  
(FT).

Fig. 3 —P ercen t d is tr ib u tio n  o f  la c tic  a c id  
ba c ter ia  (1 ), yea s ts  (2 ), a n d  n o n la c tic  
a c id  ba c ter ia  (3 ), iso la te d  fro m  cacao  
fe r m e n te d  w ith  d e la y e d  a era tio n  (F A R ).

Fermentation time (hours)

Fig. 4 —P ercen t d is tr ib u tio n  o f  lac tic  
a c id  ba c ter ia  (1 ), yea s ts  (2 ), a n d  n o n 
lac tic  a c id  b a c ter ia  (3 ), is o la te d  fro m  
cacao  fe rm e n te d  w ith  ex cess ive  aera tion  
(F SA ).

T h e  f i r s t  t u r n  d i d  n o t  s e e m  t o  i n f l u e n c e  t h e  m i c r o b i a l  t r e n d  
b u t  a f t e r  t h e  s e c o n d  t u r n  t h e r e  w a s  a  s u r g e  i n  t h e  g r o w t h  o f  
t h e  o t h e r  b a c t e r i a  w h i c h  d o m i n a t e d  t h e  f e r m e n t a t i o n  u n t i l  
t h e  e n d .  A  b r i e f  r e a p p e a r a n c e  o f  l a c t i c  a c i d  b a c t e r i a  
o c c u r r e d  b e t w e e n  4 8  a n d  9 6  h r ,  i . e . ,  d u r i n g  t h e  p e r i o d  t h a t  

c a c a o  w a s  l e f t  u n t u r n e d .  T h e  y e a s t  p h a s e  w a s  s i m i l a r  i n  t h e  
l e s s  a e r a t e d  f e r e m e n t a t i o n  F A R ,  b u t  a n  a c c e n t u a t e d  l a c t i c  
a c i d  p h a s e  b e t w e e n  1 6  a n d  7 2  h r  w a s  n o t e d .  T h e  a p p e a r 
a n c e  o f  o t h e r  b a c t e r i a  w a s  d e l a y e d  u n t i l  a f t e r  t h e  s e c o n d  
t u r n  a t  9 6  h r  ( F i g .  3 ) .

I n  t h e  b e t t e r  a e r a t e d  f e r m e n t a t i o n  F S A ,  t h e r e  w a s  a  

s h o r t  y e a s t  p h a s e  i n  t h e  f i r s t  2 4  h r  a n d  a  p r o n o u n c e d  l a c t i c  
a c i d  p h a s e  u p  t o  4 8  h r .  T h e  e x c e s s i v e  a e r a t i o n  a p p e a r e d  t o  
i n h i b i t  t h e  l a c t i c  a c i d  b a c t e r i a  a n d  f a v o r  t h e  g r o w t h  o f

o t h e r  b a c t e r i a  w h i c h  a p p e a r e d  b e t w e e n  4 8  a n d  8 4  h r ;  
e a r l i e r  t h a n  i n  t h e  o t h e r  t e s t s .  A f t e r  t h i s ,  a  m i x e d  p o p u l a 
t i o n  o f  l a c t i c  a n d  o t h e r  b a c t e r i a  ( t h e r m o p h y l l i c  b a c i l l i )  
w a s  p r e s e n t  d u r i n g  t h e  r e s t  o f  t h e  f e r m e n t a t i o n .  P r o b a b l y  
t h e  e x c e s s i v e  a e r a t i o n  a t  t h i s  p o i n t  e n c o u r a g e d  t h e  g r o w t h  

o f  l a c t i c  a c i d  b a c t e r i a  a n d  o t h e r  o r g a n i s m s  t o l e r a n t  o f  
a e r o b i c  c o n d i t i o n s  a n d  h i g h  t e m p e r a t u r e s  ( W e i s s b e r g e r  e t  
a l „  1 9 7 1 ) .

DISCUSSION

T H E  D I S T R I B U T I O N  o f  m i c r o r g a n i s m s  p r e s e n t e d  i n  F i g .  
2 ,  3  a n d  4  i s  d i f f e r e n t  f r o m  t h a t  o f  a  T r i n i d a d  f e r m e n t a t i o n  

( O s t o v a r  a n d  K e e n e y ,  1 9 7 3 ) .  Y e a s t  d i d  n o t  d o m i n a t e  t h e
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e a r l y  p h a s e  i n  a n y  o f  t h e m ,  b u t  o n  t h e  o t h e r  h a n d ,  t h e r e  

w a s  a  v e r y  m a r k e d  g r o w t h  o f  l a c t i c  b a c t e r i a  d u r i n g  t h e  
a n a e r o b i c  a n d  e a r l y  a e r o b i c  p h a s e s .

E m p h a s i s  h a s  b e e n  p l a c e d  o n  t h e  l a c t i c  a c i d  b a c t e r i a  
b e c a u s e  o f  t h e i r  v e r s a t i l i t y  i n  t h e  p r o d u c t i o n  o f  b o t h  a c e t i c  

a n d  l a c t i c  a c i d  a n d  t h e  i m p o r t a n c e  o f  t h e s e  i n  c o n t e x t  o f  
t h e  a c i d i t y  p r o b l e m  r e l a t e d  t o  B r a z i l i a n  c a c a o .

T h e  l a c t i c  a c i d  b a c t e r i a  w e r e  r e c o r d e d  i n  g r e a t e r  n u m 

b e r s  t h a n  p r e v i o u s l y  r e p o r t e d  ( C h a t t ,  1 9 5 3 ;  R o m b o u t s ,
1 9 5 2 )  a n d  t h e i r  d o m i n a n c e  i n  t h e  f e r m e n t a t i o n  s u g g e s t  t h a t  

t h e y  m a y  p l a y  a n  i m p o r t a n t  r o l e  i n  i n f l u e n c i n g  t h e  f l a v o r  o f  

t h e  p r o d u c t  ( F i g .  2 ,  3 ,  4 ) .  T h e y  w e r e  s u p e r c e d e d  b y  o t h e r  
b a c t e r i a  l a t e r ,  w h e n  t h e  a e r a t i o n  i n c r e a s e d  a n d  t h e  t e m p e r a 
t u r e s  w e r e  h i g h .

I f  t h e  h e a t  p r o d u c e d  d u r i n g  f e r m e n t a t i o n  i s  d u e  m a i n l y  

t o  t h e  o x i d a t i o n  o f  a l c o h o l  t o  a c e t i c  a c i d  a n d  f u r t h e r  o x i d a 
t i o n  o f  t h e  l a t t e r  t o  c a r b o n  d i o x i d e  a n d  w a t e r ,  t h e n  i t  i s  
m o s t  l i k e l y  t h a t  t h e  u n i d e n t i f i e d  b a c t e r i a  w e r e  m a i n l y  

a c e t i c  a c i d  b a c t e r i a  ( C h a t t ,  1 9 5 3 ;  K n a p p ,  1 9 3 7 ;  R o m b o u t ,
1 9 5 2 )  o f  t h e  g e n u s  G l u c o n o b a c t e r  a n d  A c e t o b a c t e r .  I t  i s  
s u r p r i s i n g  t h a t  t h e s e  b a c t e r i a  [ w h o s e  g r o w t h  l i m i t  l i e s  
b e t w e e n  4 5  a n d  4 8 ° C  ( B r e d d  e t  a l . ,  1 9 7 9 ) ]  c a n  m u l t i p l y  a t  
t e m p e r a t u r e s  a b o u t  5 2  C . T h e  s a m e  a p p l i e s  t o  t h e  l a c t i c  

a c i d  b a c t e r i a  w h i c h ,  a l t h o u g h  r e p o r t e d  t o  b e  m o r e  t h e r m o -  
t o l e r a n t ,  w e r e  n o t  e x p e c t e d  t o  t h r i v e  a t  t h e  h i g h  t e m p e r a 
t u r e s  o f  t h e  s w e a t - b o x .  V a r i o u s  r e a s o n s  h a v e  b e e n  g i v e n  f o r  
t h i s  ( R o e l o f s e n ,  1 9 5 8 ;  R o m b o u t s ,  1 9 5 2 )  b u t  i t  i s  a l s o  p o s 
s i b l e  t h a t  s u c c e s s i v e  g e n e r a t i o n s  s u b j e c t e d  t o  t h e s e  u n f a v o r 

a b l e  c o n d i t i o n s  o v e r  d e c a d e s  h a v e  d e v e l o p e d  a  p r o t e c t i v e  

a d a p t i o n  t o  t h e  h i g h  t e m p e r a t u r e s  ( I n g r a m ,  1 9 6 6 ;  W e i s s -  
b e r g e r  e t  a l . ,  1 9 7 1 ) .  A l t h o u g h  t h e  p r o d u c t i o n  o f  h e a t  
d u r i n g  f e r m e n t a t i o n  h a s  b e e n  a t t r i b u t e d  s o l e l y  t o  t h e  a c e t i c  

a c i d  b a c t e r i a ,  t h e r e  i s  e v i d e n c e  t h a t  o t h e r  m i c r o o r g a n i s m s  
s u c h  a s  t h e r m o g e n i c  f u n g i  (M u c o r  p u s i l l u s  a n d  A s p e r g i l l u s  

f u m i g a t u s  s p )  e n c o u n t e r e d  i n  c a c a o  ( C o o n e y  a n d  E m e r s o n ,
1 9 6 4 )  m a y  a l s o  b e  c o n t r i b u t i n g .  B r i d g e l a n d  a n d  F r i e n d
( 1 9 5 8 )  r e p o r t e d  t e m p e r a t u r e s  o f  5 5 - 6 5  C  i n  a e r a t e d  f e r 
m e n t a t i o n s  i n  N e w  G u i n e a  a n d  a s s o c i a t e d  t h e s e  w i t h  t h e  

p r e s e n c e  o f  r o d  f o r m  b a c t e r i a .  F u n g i ,  a l s o ,  h a v e  o f t e n  b e e n  
r e p o r t e d  i n  t h e  o v e r a e r a t e d  r e g i o n s  o f  t h e  f e r m e n t i n g  m a s s  
a n d  i t  i s  q u i t e  l i k e l y  t h a t  s o m e  t h e r m o t o l e r a n t  s t r a i n s  m a y  
b e  r e s p o n s i b l e  f o r  t h e  h i g h  t e m p e r a t u r e  a n d  o f f - f l a v o r s  
a s s o c i a t e d  w i t h  t h e s e  t y p e s  o f  f e r m e n t a t i o n s .

A  s t r o n g  o d o r  o f  a c e t i c  a c i d ,  w h i c h  w a s  e v i d e n t  i n  a l l  
t h r e e  f e r m e n t a t i o n s ,  a p p e a r e d  t o  d e c r e a s e  p r o g r e s s i v e l y  
t o w a r d s  t h e  e n d .  H o w e v e r ,  t h e  o n l y  c a s e  i n  w h i c h  t h i s  

r e d u c t i o n  w a s  m a r k e d  w a s  i n  F S A  w h e r e ,  a f t e r  1 2 8  h r ,  a n  
o d o r  r e s e m b l i n g  t h a t  o f  m a l t  w a s  d e t e c t e d .  A t  t h i s  t i m e  t h e  
b e a n s  h a d  t a k e n  o n  a  d a r k  b r o w n  e x t e r n a l  c o l o r .  F r o m  t h e  
a n a l y s e s  o f  t h e  m i c r o f l o r a  o f  F S A ,  i t  w a s  o b s e r v e d  t h a t  a t  
t h i s  s t a g e  i n  t h e  f e r m e n t a t i o n  l a c t i c  a c i d  b a c t e r i a  w e r e  
f r e q u e n t l y  p r e s e n t  i n  t h e  f o r m  o f  c o c c i .  I t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  S t r e p t o c o c c u s  l a c t i s  v a r .  m a l t i g e n e s  i n  d a i r y  
p r o d u c t s  h a s  b e e n  r e p o r t e d  t o  p r o d u c e  m a l t  o d o r s  ( J a c k s o n  
a n d  M o r g a n ,  1 9 5 4 ) .

U p  t o  t h e  p r e s e n t  i t  h a d  b e e n  a s s u m e d  t h a t  t h e  l a c t i c  a c i d  
b a c t e r i a  d o  n o t  p l a y  a  p r o m i n e n t  r o l e  i n  t h e  f e r m e n t a t i o n  
o f  c a c a o  b e a n s .  H o w e v e r ,  t h e  d a t a  p r e s e n t e d  h e r e  p o i n t  t o  
t h e  c o n t r a r y  a s  f a r  a s  B r a z i l i a n  f e r m e n t a t i o n s  a r e  c o n c e r n e d  

a n d  a l s o  a c c o u n t  f o r  t h e  p r e s e n c e  o f  e x c e s s i v e  a m o u n t s  o f  
l a c t i c  a c i d  i n  B r a z i l i a n  b e a n s .  I n  g e n e r a l  t h e  s p e c i e s  L a c t o -  
b a c i l l a c e a e  w e r e  m o r e  f r e q u e n t l y  f o u n d  d u r i n g  t h e  e a r l y  
p h a s e  o f  f e r m e n t a t i o n  a n d  t h e  S t r e p t o c o c c a c e a e  d u r i n g  t h e  
m o r e  a e r o b i c  p e r i o d .  T h i s  i s  p r o b a b l y  b e c a u s e  t h e  f o r m e r  

g r o w  b e t t e r  a t  t h e  l o w  p H  o f  t h e  b e a n  p u l p  w h i l e  t h e  l a t t e r  
p r e f e r  t h e  l e s s  a c i d  c o n d i t i o n s  f o u n d  i n  w e l l  a e r a t e d  l o c a 

t i o n s .
G r e a t e r  e m p h a s i s  h a s  b e e n  p l a c e d  o n  a t t e m p t i n g  t o  c o n 

t r o l  a c i d i t y  b y  m a n i p u l a t i o n  o f  t h e  a c e t i c  a c i d  b a c t e r i a  
t h r o u g h  m o d i f i c a t i o n s  i n  f e r m e n t a t i o n  m e t h o d s  ( C h o n g  e t  

a l . ,  1 9 7 8 ;  S e i k i ,  1 9 7 7 ) .

T h e  r o l e  o f  t h e  l a c t i c  a c i d  b a c t e r i a  i n  r e l a t i o n  t o  t h e  

a c i d i t y  o f  t h e  b e a n s  i s  m o r e  i m p o r t a n t  t h a n  h i t h e r t o  c o n 
s i d e r e d ,  b e c a u s e ,  n o t  o n l y  a r e  t h e y  a b l e  t o  m e t a b o l i z e  a l l  

t h e  s u g a r s  o f  t h e  c a c a o  b e a n  p u l p ,  b u t  t h e  h e t e r o f e r m e n t a -  

t i v e  s p e c i e s  c a n  a l s o  m e t a b o l i z e  c i t r i c  a c i d .  B e s i d e s  p r o d u c 
i n g  l a c t i c  a c i d ,  t h e y  c a n  a l s o  p r o d u c e  a c e t i c  a c i d .  I t  i s  q u i t e  
l i k e l y  t h a t  t h e  a c e t i c  a n d  l a c t i c  a c i d s  f o u n d  e a r l y  i n  f e r m e n 

t a t i o n  ( L o p e z ,  1 9 8 2 c )  i s  d u e  t o  t h i s .

A l t h o u g h  t h e  r e l a t i v e l y  l o w e r  y e a s t  a c t i v i t y  a n d  t h e  
h i g h e r  l a c t i c  a c i d  b a c t e r i a  a c t i v i t y  w o u l d  d e p r i v e  t h e  a c e t i c  
a c i d  b a c t e r i a  o f  e t h y l  a l c o h o l ,  w h i c h  t h e y  n o r m a l l y  m e t a b o 

l i z e ,  t h e  f e r m e n t a t i o n  w i l l  s t i l l  b e  a c i d  b e c a u s e  o f  t h e  a c e t i c  
a c i d  a n d  l a c t i c  a c i d  p r o d u c e d  b y  t h e  l a c t i c  a c i d  b a c t e r i a .  I t  
i s  p o s s i b l e  t h a t  a  p r o p o r t i o n  o f  t h e  l a c t i c  a c i d  p r o d u c e d  
d u r i n g  f e r m e n t a t i o n  i s  u s e d  a s  s u b s t r a t e  b y  t h e  m i c r o f l o r a .  
I t  h a s  b e e n  s h o w n ,  h o w e v e r ,  t h a t  t h e  p e r m e a b i l i t y  o f  t h e  
b e a n  t e s t a  w a s  d r a s t i c a l l y  r e d u c e d  a f t e r  t h e  d e a t h  o f  t h e  

s e e d  w h i c h  g e n e r a l l y  o c c u r r e d  b e t w e e n  4 8  a n d  7 2  h r  o f  
f e r m e n t a t i o n  ( L o p e z  e t  a l . ,  1 9 8 2 ) .  T h i s  i m p l i e s  t h a t  a c i d  

p r o d u c e d  b e f o r e  t h i s  p e r i o d  c o u l d  e a s i l y  e n t e r  t h e  b e a n  a n d  
w o u l d  b e  t r a p p e d  i n s i d e  a f t e r  t h e  d e a t h  o f  t h e  b e a n .  I n  
t h e s e  f e r m e n t a t i o n s  w i t h  a  p r o n o u n c e d  l a c t i c  a c i d  a c t i v i t y  
a t  t h e  v e r y  s t a r t  o f  f e r m e n t a t i o n  t h e  c h a n c e s  o f  a c i d  e n t r a p 

m e n t  a r e  g r e a t e r  t h a n  i n  c a s e s  w i t h  m a r k e d  y e a s t  p h a s e s .
T h e  r e a s o n  f o r  t h e  a b s e n c e  o f  a  p r o n o u n c e d  y e a s t  p h a s e  

i n  t h e s e  f e r m e n t a t i o n s  i s  n o t  i m m e d i a t e l y  e v i d e n t .  I t  s e e m s  

p o s s i b l e  t h a t  t h e  c o n d i t i o n s  o f  f e r m e n t a t i o n  t h a t  f a v o r  
g o o d  l a c t i c  a c i d  g r o w t h  d u r i n g  t h e  a n a e r o b i c  p h a s e  i n  f e r 
m e n t a t i o n  a r e  l e s s  s u i t a b l e  f o r  y e a s t  m u l t i p l i c a t i o n  o r  t h a t  
t h e  s t a r t i n g  y e a s t  i n o c u l u m  w h i c h  i s  c o n t r i b u t e d  b y  t h e  

m u c i l a g e  l e f t  o n  t h e  w a l l s  o f  t h e  s w e a t - b o x  f r o m  a  p r e v i o u s  
f e r m e n t a t i o n  m a y  b e  i n a c t i v a t e d  b y  t h e  p e r s i s t a n t  h i g h  
t e m p e r a t u r e s  o f  t h e  f e r m e n t a t i o n  b e i n g  u n a b l e  t h e r e f o r e  t o  

g u a r a n t e e  a  g o o d  s t a r t .

CONCLUSIONS
A L T H O U G H  L A C T I C  A C I D  i s  p r e s e n t  i n  B r a z i l i a n  c a c a o  
( L o p e z ,  1 9 8 2 a ;  1 9 8 3 ;  W e i s s b e r g e r  e t  a l . ,  1 9 7 1 )  i t s  o c c u r 
r e n c e  i n  n o r m a l  p r o c e s s e s  i s  n o t  s o  p r o m i n e n t  a s  t o  o v e r  
s h a d o w  a c e t i c  a c i d ,  w h i c h  r e m a i n s  t h e  c h i e f  a g e n t  r e s p o n s i 
b l e  f o r  a c i d i t y  ( L o p e z ,  1 9 8 3 ) .  H o w e v e r ,  t h e  r e s u l t s  p r e 
s e n t e d  h e r e  s u g g e s t  t h a t  w h a t e v e r  m o d i f i c a t i o n s  i n  f e r m e n 
t a t i o n  m e t h o d s  a r e  p l a n n e d  t o  i n f l u e n c e  t h e  a c e t i c  a c i d  
p r o d u c i n g ,  m i c r o b i a l  p o p u l a t i o n ,  s h o u l d  a l s o  t a k e  i n t o  
a c c o u n t  t h e  e f f e c t  o f  s u c h  m e a s u r e s  o n  t h e  l a c t i c  a c i d  

b a c t e r i a ,  a s  i t  i s  q u i t e  p o s s i b l e  t h a t  c o n d i t i o n s  w h i c h  s u p 
p r e s s  a c e t i c  a c i d  b a c t e r i a  m i g h t  s t i m u l a t e  o t h e r  a c i d - p r o 
d u c i n g  m i c r o o r g a n i s m s .  T h i s  i n  f a c t  w a s  t h e  c a s e  w i t h  F S A  

w h e r e  a n  e x c e s s  o f  a e r a t i o n  r e d u c e d  a c e t i c  a c i d  ( j u d g i n g  b y  
t h e  o d o r  o f  t h e  b e a n s )  b u t  p r o v o k e d  a  s e c o n d  l a c t i c  a c i d  

b a c t e r i a  p h a s e .
T r a d i t i o n a l  B r a z i l i a n  f e r m e n t a t i o n s  a r e  r e p o r t e d  t o  h a v e  

h i g h e r  t h a n  d e s i r e d  a c i d  l e v e l s  ( L o p e z ,  1 9 8 2 ;  1 9 8 3 ) .  T h e  
r e s u l t s  p r e s e n t e d  h e r e  a r e  n o t  s u f f i c i e n t  t o  d e f i n e  t h e  c o n d i 
t i o n s  r e q u i r e d  f o r  r e d u c i n g  t h i s  a c i d i t y .  I f  l a c t i c  a c i d  i s  t h e  
u n d e s i r a b l e  e l e m e n t  i n  B r a z i l i a n  f e r m e n t a t i o n ,  o n e  o f  t h e  
m e a n s  o f  r e d u c i n g  i t  m a y  b e  t o  s t i m u l a t e  t h e  g r o w t h  o f  
y e a s t  a t  t h e  b e g i n n i n g  o f  f e r m e n t a t i o n  b y  a n  e a r l y  a e r a t i o n .  
T h e  s a m e  m e a s u r e  w o u l d  r e d u c e  l a c t i c  a c i d  b a c t e r i a  g r o w t h  

a s  i n d i c a t e d  b y  t h e  r e s u l t s  p r e s e n t e d .  A  c e r t a i n  a m o u n t  o f  
a c i d  i s  e s s e n t i a l  f o r  t h e  c u r i n g  p r o c e s s  b u t  j u s t  h o w  m u c h  
c a n  b e  d e t e r m i n e d  o n l y  b y  e x p e r i m e n t a t i o n .  A c e t i c  a c i d  
h a s  b e e n  s h o w n  t o  c o n t r i b u t e  t o  t h e  f l a v o r  o f  c h o c o l a t e  

( G r i f f i t h s ,  1 9 6 0 ;  Q u e s n e l ,  1 9 5 8 )  b u t  l a c t i c  a c i d  i s  b e l i e v e d  
t o  d e p r e s s  f l a v o r .  T h e  p r e r e q u i s i t e  t o  r e s o l v i n g  t h e  f l a v o r  
p r o b l e m  o f  B r a z i l i a n  c a c a o ,  h o w e v e r ,  i s  t h e  i d e n t i f i c a t i o n  

a n d  c h a r a c t e r i z a t i o n  o f  t h e  a e r o b i c  m i c r o f l o r a  o f  t h e s e  f e r 
m e n t a t i o n s .  T h i s  p h a s e  o f  t h e  r e s e a r c h  i s  i n  f a c t  b e i n g  u n 
d e r t a k e n  a t  p r e s e n t  a n d  t h e  r e s u l t s  w i l l  f o r m  a  s e p a r a t e  

r e p o r t .
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--------------------------- ABSTRACT-----------------------------
S e n s o ry  q u a l i t y  o f  f r e s h ly  p r e p a r e d  s p a g h e t t i  w i th  m e a t  s a u c e  
e n t r e e  w a s  c o m p a r e d  to  t h a t  h e ld  h o t  o n  a  c a f e t e r i a  c o u n t e r .  A  
s tu d y  o f  t h e  t im e  a n d  t e m p e r a t u r e  r e la t i o n s h ip  i n d i c a t e d  a  s te a d y  
d e c l in e  in  t e m p e r a t u r e s  d u r in g  t h e  f i r s t  3 0  m in  o f  s t e a m - ta b le  h o l d 
in g , a l t h o u g h  w i th in  s a fe  l im i t s .  A n  e x p e r i e n c e d  t a s t e  p a n e l  c o n s i s t 
in g  o f  8-10  m e m b e r s  r a t e d  th e  s a m p le s  f o r  v a r io u s  s e n s o r y  a t t r i b u t e s .  
T h e  f r e s h ly  c o o k e d  p r o d u c t  w a s  r a t e d  s ig n i f i c a n t ly  h ig h e r  c o m p a r e d  
to  t h e  h o t - h e ld  p r o d u c t  f o r  m o is tn e s s ,  a p p e a r a n c e  o f  s p a g h e t t i ,  
i n t e n s i t y  o f  s p ic e  f la v o r  in  t h e  s a u c e ,  s p a g h e t t i  t e x t u r e ,  m e a t  t e x 
tu r e ,  a n d  g e n e r a l  a c c e p ta b i l i t y .

INTRODUCTION
C U R R E N T  C H A N G E S  i n  f o o d s e r v i c e  s y s t e m s  h a v e  b e e n  
a i m e d  p r i m a r i l y  a t  e i t h e r  i n c r e a s i n g  p r o d u c t i v i t y  o r  d e c r e a s 

i n g  f o o d  c o s t s .  S e n s o r y  q u a l i t y  a n d  s a f e t y  o f  f o o d s  o f t e n  
h a v e  n o t  r e c e i v e d  a d e q u a t e  e m p h a s i s  d u r i n g  t h e s e  d e v e l o p 
m e n t s  ( U n k l e s b a y  e t  a l . ,  1 9 7 7 ) .  W i t h i n  e a c h  f o o d s e r v i c e  

o p e r a t i o n ,  i d e n t i f i c a t i o n  o f  t i m e - t e m p e r a t u r e  r e l a t i o n s h i p s  
o r  c r i t i c a l  c o n t r o l  p o i n t s  i n v o l v e d  i n  t h e  h a n d l i n g  o f  f o o d  

p r o d u c t s  i s  n e c e s s a r y  f o r  a d e q u a t e  m a n a g e r i a l  c o n t r o l s  o f  
f o o d  q u a l i t y  a n d  s a f e t y .

O b s e r v a t i o n s  o f  t i m e - t e m p e r a t u r e  r e l a t i o n s h i p s  f o r  
e q u i p m e n t  a n d  f o o d  p r e p a r e d  i n  a i r l i n e  c a t e r i n g  o p e r a t i o n s  

w e r e  r e p o r t e d  b y  B r y a n  e t  a l .  ( 1 9 7 8 ) .  M a n y  o f  t h e  p r e p a r e d  
f o o d s  w e r e  e x p o s e d  t o  t e m p e r a t u r e s  w i t h i n  t h e  4 5 - 1 4 0  F  
( 7 . 2 - 6 0  C )  r a n g e  f o r  s e v e r a l  h o u r s .  S o m e  o f  t h e  e q u i p m e n t  
u s e d  c o u l d  n o t  m a i n t a i n  f o o d  t e m p e r a t u r e s  a b o v e  1 4 0  F  

( 6 0  C )  o r  b e l o w  4 5  F  ( 7 . 2  C )  b e c a u s e  o f  c a p a c i t y ,  i n s u f f i 
c i e n t  r e f r i g e r a t i n g  m e d i u m  o r  p o o r  c o n d i t i o n s .

S t u d i e s  h a v e  b e e n  c o n d u c t e d  t o  d e t e r m i n e  t h e  e f f e c t s  o f  
t i m e  a n d  t e m p e r a t u r e  o n  s e n s o r y  a n d  m i c r o b i o l o g i c a l  

q u a l i t y  o f  f o o d  i n  “ r e a d y - p r e p a r e d ”  s y s t e m s  ( C r e m e r  a n d  
C h i p l e y ,  1 9 7 9 ,  1 9 8 0 ;  J a k o b s s o n  a n d  B e n g t s s o n ,  1 9 7 2 ;  

K o s s o v i t s a s  e t  a l . ,  1 9 7 3 ) .  A  c o m m i s s a r y  f o o d s e r v i c e  s y s 

t e m  t r a n s p o r t i n g  h e a t e d  f o o d  t o  s e r v i c e  l o c a t i o n s  w a s  
e x a m i n e d  b y  C r e m e r  a n d  C h i p l e y  ( 1 9 7 9 )  t o  d e t e r m i n e  

t i m e  a n d  t e m p e r a t u r e  c o n d i t i o n s  a n d  m i c r o b i o l o g i c a l  a n d  
s e n s o r y  q u a l i t y  o f  m e a t  l o a f .  T h e  n u m b e r  o f  m i c r o o r g a n 
i s m s  w a s  b e l o w  t h o s e  l e v e l s  c o n s i d e r e d  t o  b e  d a n g e r o u s  t o  

t h e  h e a l t h  o f  c o n s u m e r s ;  n e v e r t h e l e s s ,  t h e s e  r e s u l t s ,  c o u p l e d  
w i t h  f i n d i n g s  o f  v a r i a b l e  t i m e  a n d  t e m p e r a t u r e ,  p o i n t  t o  t h e  
p o t e n t i a l  f o r  p u b l i c  h e a l t h  h a z a r d s  i f  f o o d  i s  m i s h a n d l e d  

i n  s u c h  s y s t e m s .
B o b e n g  a n d  D a v i d  ( 1 9 7 8 )  a s s e s s e d  s e n s o r y  q u a l i t y  o f  

b e e f  l o a f  r e l a t e d  t o  p r e p a r a t i o n  i n  c o n v e n t i o n a l ,  c o o k - c h i l l ,  
a n d  c o o k - f r e e z e  f o o d s e r v i c e  s y s t e m s .  S c o r e s  f o r  g e n e r a l  
a c c e p t a b i l i t y  a n d  f l a v o r  w e r e  s i g n i f i c a n t l y  h i g h e r  f o r  m e a t  
i n  t h e  c o n v e n t i o n a l  s y s t e m ,  a n d  s c o r e s  f o r  t h e  s a m e  c h a r a c 
t e r i s t i c s  w e r e  h i g h e r  i n  t h e  c o o k - c h i l l  t h a n  i n  t h e  c o o k -  
f r e e z e  s y s t e m .  Z a l l e n  e t  a l .  ( 1 9 7 5 )  f o u n d  s i g n i f i c a n t l y  
h i g h e r  s c o r e s  f o r  s e n s o r y  q u a l i t y  o f  f r e s h l y  p r e p a r e d  b e e f  

l o a f  t h a n  f o r  l o a v e s  s t o r e d  a t  0 . 0  o r  5 . 5  C  f o r  v a r i o u s  t i m e  
i n t e r v a l s  u p  t o  9  d a y s  a n d  h e a t e d  i n  a n  e l e c t r i c  d e c k  o v e n .

A u th o rs  A l-O b a id y , K han , a n d  K lein  are w ith  th e F o o d s & N u tr itio n  
D e p t., Univ. o f  Illinois, 2 7 4  B evier H all, 9 0 5  S o u th  G o o d w in ,  
Urbana, IL 6 1 8 0 1 .

S e n s o r y  q u a l i t y  o f  s p a g h e t t i  w a s  d e t e r m i n e d  f o r  a  f r e s h l y  
p r e p a r e d  s a m p l e  a n d  a f t e r  h e a t i n g  i n  i n s t i t u t i o n a l  m i c r o -  

w a v e  a n d  c o n v e c t i o n  o v e n s  f o l l o w i n g  h o l d i n g  1 h r  c h i l l e d ;  
2 4  h r  c h i l l e d ;  2 4  h r  f r o z e n ;  2 4  h r  f r o z e n ,  2 4  h r  c h i l l e d  
( C r e m e r ,  1 9 8 3 ) .  D i f f e r e n c e s  a t t r i b u t a b l e  t o  h o l d i n g  t r e a t 
m e n t  o c c u r r e d  i n  m o i s t n e s s ;  i n  c l u m p i n g ,  f i r m n e s s  a n d  
c h e w i n e s s  o f  p a s t a ;  a n d  i n  o v e r a l l  r a t i n g s .  S a m p l e s  h e l d  1 
o r  2 4  h r  c h i l l e d  h a d  b e t t e r  s c o r e s  t h a n  t h o s e  h e l d  2 4  h r  
f r o z e n  o r  2 4  h r  f r o z e n ,  2 4  h r  c h i l l e d .  S p a g h e t t i  h e a t e d  i n  
t h e  m i c r o w a v e  c o m p a r e d  t o  t h e  c o n v e c t i o n  o v e n  h a d  

g r e a t e r  f a t  s e p a r a t i o n ,  c l u m p i n g ,  g r e a s i n e s s ,  f i r m n e s s ,  a n d  
c h e w i n e s s .

D e t e r m i n a t i o n  o f  o p t i m a l  h o l d i n g  c o n d i t i o n s  a n d  e q u i p 
m e n t  f o r  u s e  i n  f o o d s e r v i c e  s y s t e m s  i s  i m p o r t a n t  i n  t h e  
p u b l i c  i n t e r e s t  f o r  e f f i c i e n c y  a n d  h i g h  m i c r o b i a l  a n d  s e n 
s o r y  q u a l i t y  i n  f o o d .  T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  c o m 
p a r e  t h e  s e n s o r y  q u a l i t y  o f  f r e s h l y  p r e p a r e d  s p a g h e t t i  w i t h  
m e a t  s a u c e  a n d  a f t e r  h o t  h o l d i n g  o n  a  c a f e t e r i a  c o u n t e r .

MATERIALS & METHODS

P r o c u r e m e n t  a n d  p r e p a r a t i o n

T h e  p r o d u c t  w a s  p r e p a r e d  a c c o r d in g  t o  a  f o r m u la  w h ic h  w a s  
b e in g  u s e d  in  T h e  N o r t h  C e n t r a l  R e g i o n a l  (N C -1 2 0 )  C o m m i t t e e ’s 
r e s e a r c h  ( 1 9 8 1 ) .  F o r  p a s t a ,  6 0 0 g  s p a g h e t t ,  lO g  s a l t ,  a n d  9  k g  w a te r ;  
f o r  s a u c e ,  1 2 0 0 g  g r o u n d  b e e f  ( n o t  le s s  t h a n  8 0 %  l e a n ) ,  1 N o .  1 0  c a n  
o f  c o m m e r c ia l ly  p r e p a r e d  t o m a t o  s a u c e ,  4 g  g a r l ic  p o w d e r ,  1 5 g  
d e h y d r a t e d  c h o p p e d  o n io n ,  5 g  l e a f  o r e g a n o ,  5 g  g r a n u la t e d  s u g a r ,  
3g  w h o le  b a s i l ,  a n d  0 .5 g  b la c k  p e p p e r  w e re  u s e d .

G r o u n d  b e e f  a n d  t o m a t o  s a u c e  w e re  p u r c h a s e d  f r o m  a  lo c a l  
s u p e r m a r k e t ,  u s in g  t h e  s a m e  la b e l  a n d  t r a d e  n a m e  e a c h  t im e .  S p a 
g h e t t i  a n d  a l l  o t h e r  in g r e d i e n t s  w e re  o b t a i n e d  f r o m  a  c o m m e r c ia l  
f o o d  p u r v e y o r .  S p a g h e t t i  w a s  c o o k e d  in  a  M a r k e t  F o r g e  1 0  q t  
s t e a m - ja c k e te d  k e t t l e .  W a te r  w i t h  s a l t  w a s  b r o u g h t  t o  a  b o i l .  S p a 
g h e t t i  w a s  b r o k e n  in t o  1 2 -1 4  c m  le n g th s ,  d r o p p e d  i n t o  b o i l in g  s a l t  
w a te r ,  a n d  c o o k e d  ( f o r  1 4  m in )  u n t i l  t h e  w h i t e  “ t h r e a d ”  o f  s t a r c h  
in  s p a g h e t t i  s t r a n d s  d i s a p p e a r e d .  S p a g h e t t i  w a s  d r a in e d  f o r  2  m in  
in  a  c o l la n d e r ,  a n d  h e ld  u n t i l  m e a t  s a u c e  w a s  p r e p a r e d .  G r o u n d  b e e f  
w a s  c o o k e d  u n t i l  b r o w n  ( f o r  4  m in )  in  t h e  s a m e  s t e a m - ja c k e te d  
k e t t l e  s t i r r in g  f r e q u e n t l y .  A ll  o f  t h e  r e m a in in g  s a u c e  i n g r e d ie n t s  
w e re  a d d e d  to  t h e  m e a t  a n d  t h e  m i x t u r e  w a s  c o o k e d  u n t i l  b o i l in g  
( a b o u t  4  m in ) .  T h e  s p a g h e t t i  w a s  p o u r e d  o v e r  t h e  c o o k e d  m e a t  
s a u c e ,  t h o r o u g h l y  c o m b in e d ,  a n d  t h e  m i x t u r e  c o o k e d  u n t i l  t h e  i n 
t e r n a l  t e m p e r a t u r e  r e a c h e d  7 4 ° C  a s  m e a s u r e d  b y  a  t h e r m o m e t e r  
M o d e l  N o . 2 2 6 1  ( W e s to n ) .

F o r  e a c h  r e p l i c a t i o n ,  4 0  s e rv in g s  w e re  p r e p a r e d .  A ll  d a t a  c o l 
l e c t e d ,  i n c lu d in g  t im e  a n d  t e m p e r a t u r e  r e c o r d in g s ,  a n d  s e n s o ry  e v a l
u a t i o n s  w e re  r e p l i c a t e d  f o u r  t im e s .  F o r  t im e  a n d  t e m p e r a tu r e  
r e c o r d in g  t h r o u g h o u t  t h e  s tu d y ,  b e g in n in g  a n d  e n d - p o in t s  f o r  e a c h  
s t e p  o f  p r o d u c t  f lo w  w e re  p r e c i s e ly  d e f in e d .

C o u n te r - h o ld in g

I m m e d ia t e ly  a f t e r  p r e p a r a t i o n ,  t h e  p r o d u c t  w a s  p la c e d  in  a  p a n  
( 2 5 x 5 6 x 6 .4  c m )  o n  a  p r e h e a t e d  c o u n te r - t a b l e  M o d e l  N o . A P Q -5 3 7  
( A le x  J a n o u s  &  C o .)  f o r  9 0  m in  a t  a p p r o x im a te ly  6 6 ° C .  N in e ty  
m in u te s  o f  h o ld in g  a s  t h e  b a s is  f o r  s tu d y  w a s  s e le c te d  a f t e r  o b s e r v 
in g  s e rv in g  t im e s  in  v a r io u s  u n iv e r s i ty  c a f e t e r ia s .  N o r m a l ly ,  f o o d s  a re  
s e rv e d  f o r  1 h r ,  a n d  3 0  m in  a r e  n e e d e d  f o r  s e tu p  a n d  re m o v a l  o f  t h e  
f o o d  f r o m  th e  h o t  c o u n t e r .  A l th o u g h  f o o d  m a y  n o t  b e  o n  t h e  c o u n 
t e r  f o r  9 0  m in ,  t h e  im p a c t  o f  t h e  m a x im u m  p o s s ib le  e x p o s u r e  w a s  
s e le c te d  f o r  s tu d y .

T h e r m o c o u p le s  ( c o p p e r - c o n s t a n t a n )  w e re  p la c e d  a t  n in e  d i f 
f e r e n t  l o c a t io n s  ( d ia g o n a l ly  t o  f o r m  a n  “ X ”  s h a p e )  in  t h e  s e rv in g
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p a n  to  m o n i t o r  c h a n g e s  in  t e m p e r a t u r e  d u r in g  h o ld in g .  T e m p e r a 
tu r e s  w e r e  r e c o r d e d  a t  10  m in  in te r v a l s  b y  m u l t i p o i n t  d ig i t a l  t h e r 
m o m e te r s  M o d e l  N o . 2 1 6 6 A  (O m e g a )  a n d  M o d e l  N o . 4 0 0 2  (Y S I ) .  
T h e  m e a n  o f  t h e  t e m p e r a t u r e s  a t  t h e  n in e  l o c a t io n s  w e re  c a l c u la te d .

S e n s o ry  e v a lu a t io n

S e n s o r y  e v a lu a t io n s  f o r  f r e s h ly  p r e p a r e d  s p a g h e t t i  a n d  m e a t  
s a u c e  a n d  a f t e r  9 0  m in  h o ld in g  w e re  c o n d u c t e d  b y  a n  8 to  1 0  
m e m b e r  e x p e r i e n c e d  a n d  t r a in e d  t a s t e  p a n e l  c o n s i s t in g  o f  a d v a n c e d -  
le v e l  g r a d u a t e  s tu d e n t s  in  a  f o o d  r e l a t e d  a r e a .  T h e  s a m e  p a n e l i s t s  
w e re  in v o lv e d  in  a l l  r e p l i c a t i o n s  in  th i s  s t u d y .  T h e  p a n e l i s t s  w e re  
f a m i l ia r i z e d  w i th  t h e  p r o d u c t  a n d  s c o r in g  i n s t r u m e n t  d u r in g  th r e e  
p r e l im in a r y  t r a in in g  s e s s io n s .  E a c h  s e rv in g  ( a p p r o x im a te ly  1 5 0 g )  
w a s  p la c e d  in  a  s m a l l  b o w l  in  o r d e r  t o  i n s u r e  u n i f o r m  a p p e a r a n c e  
a n d  to  o b t a i n  a  r e p r e s e n ta t i v e  s a m p le .  T e m p e r a t u r e  o f  s a m p le s  w a s  
b e tw e e n  6 0 - 6 5 ° C .  A ll  e v a lu a t io n s  w e re  m a d e  in  p a r t i t i o n e d  b o o t h s  
u n d e r  i n c a n d e s c e n t  l ig h ts ,  w i th  u s e  o f  w a te r  f o r  r in s in g  a f t e r  e a c h  
te s t .

A  s c o r e  s h e e t  w h ic h  w a s  p r e p a r e d  b y  th e  N o r th  C e n t r a l  R e g io n a l  
( N C -1 2 0 )  C o m m i t t e e  ( 1 9 8 1 )  u s in g  a n  u n s t r u c t u r e d  c a t e g o r y  s c a le  
(1 0  c m  lo n g )  w a s  u s e d  w i th  m o d i f i c a t i o n s  f o r  s e n s o r y  e v a l u a t io n  
a n d  w a s  i n t e r p r e t e d  b y  m e a s u r in g  t h e  r e s p o n s e  o f  th e  p a n e l is ts .  
D e s c r ip t i v e  t e r m s  f o r  e a c h  c h a r a c t e r i s t i c  w e r e  s u p p l ie d  t o  a id  in  
ju d g in g .  C h a r a c te r i s t i c s  e v a lu a te d  w e re  a p p e a r a n c e  ( c o l o r  o f  t o m a t o  
s a u c e ,  m o is tn e s s ,  f a t  s e p a r a t i o n  a n d  s p a g h e t t i ) ,  f la v o r  ( i n t e n s i t y  o f  
s p ic e  f la v o r s  in  t h e  s a u c e ,  b l e n d e d  f l a v o r  in  t h e  s a u c e ,  i n t e n s i t y  o f  
s p ic e  f la v o rs  in  t h e  m e a t ,  i n t e n s i t y  o f  b e e f y  f l a v o r  in  t h e  m e a t ,  a n d  
i n t e n s i t y  o f  o f f - f l a v o r ) ,  m o u t h f e e l  ( d r y n e s s  a n d  g re a s in e s s ) ,  s p a 
g h e t t i  t e x t u r e  ( f i r m n e s s  a n d  c h e w in e s s ) ,  m e a t  t e x t u r e  ( c h e w in e s s ) ,  
a n d  g e n e r a l  a c c e p ta b i l i t y  ( s a u c e ,  s p a g h e t t i ,  a n d  s p a g h e t t i  w i t h  m e a t  
s a u c e ) .  S e n s o r y  e v a l u a t io n  s c o r e s  w e re  s t a t i s t i c a l l y  a n a ly z e d  a c c o r d 
in g  to  t h e  p a i r e d  t  t e s t  ( S n e d e c o r  a n d  C o c h r a n ,  1 9 6 7 ) .

RESULTS & DISCUSSION 

T i m e  a n d  t e m p e r a t u r e

T i m e  a n d  i n t e r n a l  t e m p e r a t u r e s  o f  s p a g h e t t i  a n d  m e a t  
s a u c e  i n  v a r i o u s  p h a s e s  o f  p r o d u c t  f l o w  w e r e  r e c o r d e d .  
S o o n  a f t e r  p r e p a r a t i o n ,  t h e  m e a n  i n t e r n a l  t e m p e r a t u r e  o f  
t h e  f i n i s h e d  p r o d u c t  w a s  7 4 ° C  w h i c h  is  w i t h i n  t h e  s a f e  
l i m i t .  T o  c o m p l y  w i t h  f o o d s e r v i c e  c o d e  r e q u i r e m e n t s  ( I l l i 

n o i s  D e p t ,  o f  P u b l i c  H e a l t h ,  1 9 8 3 ) ,  c o l d  f o o d s  s h o u l d  b e  
a t  7 ° C  ( 4 5 ° F )  o r  b e l o w ,  a n d  h o t  f o o d s  s h o u l d  b e  a t  6 0 ° C  
( 1 4 0 ° F )  o r  a b o v e .  I n t e r n a l  t e m p e r a t u r e s  o f  t h e  p r o d u c t  
( m e a n  t e m p e r a t u r e )  d u r i n g  9 0  m i n  s t e a m - t a b l e  h o l d i n g  a r e  

s h o w n  i n  F i g .  1 .  A  s t e a d y  d e c l i n e  i n  t e m p e r a t u r e  w a s  n o t e d  
f o r  t h e  f i r s t  3 0  m i n  o f  h o l d i n g ,  f r o m  7 2 ° C  t o  6 5 ° C .  O n  a n  
a v e r a g e ,  a  1 0 %  d e c r e a s e  w a s  n o t e d  i n  t h e  i n t e r n a l  t e m p e r a 

t u r e s  u p o n  9 0  m i n  s t e a m - t a b l e  h o l d i n g .

S e n s o r y  e v a l u a t i o n

M e a n  p a l a t a b i l i t y  s c o r e s  f o r  s e n s o r y  a t t r i b u t e s  e v a l u a t e d  

b y  t h e  t a s t e  p a n e l s  a r e  p r e s e n t e d  i n  T a b l e  1 . T h e  m e a n  

s c o r e s  f o r  m o i s t n e s s  f o r  f r e s h l y  c o o k e d  p r o d u c t s  w e r e  s i g 
n i f i c a n t l y  h i g h e r  ( p  < 0 . 0 5 )  c o m p a r e d  t o  t h o s e  a f t e r  9 0  m i n  

o f  s t e a m - t a b l e  h o l d i n g .  T h e  m o i s t u r e  l o s s  w a s  f u r t h e r  c o n 
f i r m e d  b y  t h e  r e s u l t s  o f  m o i s t u r e  d e t e r m i n a t i o n s  w h i c h  

s h o w e d  s o m e  d i f f e r e n c e  ( f r o m  7 2 . 2  t o  7 0 . 9 % )  b e t w e e n  t h e  

f r e s h l y  c o o k e d  p r o d u c t s  a n d  a f t e r  9 0  m i n  h o l d i n g .

T h e  s c o r e s  f o r  a p p e a r a n c e  o f  s p a g h e t t i  w e r e  f o u n d  t o  b e  
s i g n i f i c a n t l y  l o w e r  ( p  <  0 . 0 5 )  f o r  h o t - h e l d  t h a n  f r e s h l y

T able 1 —M ean sco res fo r se n s o ry  ch a ra c ter is tic s  fo r  fresh ly  c o o k e d  a n d  h o t-h e ld  s p a g h e tti  w ith  m e a t  sa u ce3

Characteristics Lower range Higher range
Freshly
cooked

After 90 min 
of steam-table 

holding

Appearance 1. Color of tomato sauce red-orange _ brownigh-red 3.99 + 2.58 3.26 ± 2.28
2. Moistness dry - moist, juicy 8.45 ± 1.54* 4.15 ± 2.86
3. Fat separation little - much 2.83 ± 2.02 2.51 ± 1.80
4. Spaghetti clumped together - individual strands 7.76 ± 2.87* 4.31 ± 3.54

Flavor 1. Intensity of spice flavor in the sauce weak _ strong 6.00 ± 2.10* 4.33 + 2.41
2. Blended flavor in the sauce unblended — well-blended 7.53 + 1.90 6.83 ± 2.45
3. Intensity of spice flavors in the meat weak - strong 4.09 ± 2.26 3.64 ± 2.58
4. Intensity of beefy flavor in the meat weak - strong 6.04 ± 2.47 5.78 ± 2.66
5. Intensity of off-flavor weak - strong 0.92 ± 1.62* 2.12 ± 2.48

Mouthfeel 1. Dryness very wet _ very dry 3.17 ± 1.72* 5.59 ± 2.97
2. Greasiness not greasy - very greasy 3.52 ± 2.48* 4.59 ± 2.42

Spaghetti 1. Firmness extremely soft _ extremely firm 4.75 ± 2.12* 1.62 ± 1.74
texture 2. Chewiness extremely tender — extremely chewy 4.94 ± 2.18* 2.04 ± 2.34

little resistance _ much resistance
Meat texture 1. Chewiness to breakdown on to breakdown on 5.02 ± 1.90* 3.58 i  1.93

mastication mastication

General 1. Sauce low quality _ high quality 6.33 ± 2.01* 4.62 ± 2.71
acceptability 2. Spaghetti low quality - high quality 6.36 ± 2.58* 2.61 + 2.44

3. Spaghetti and meat sauce dislike extremely - like extremely 6.44 ± 2.10* 4.17 ± 2.22

a Mean ± standard deviation of scores o f 8 to 10 taste panelists (4 replication). Maximum possible score was 10. 
* Means in the same row are significantly different at the 5% level.
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c o o k e d  p r o d u c t s .  N o  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  n o t e d  f o r  
c o l o r  o f  t o m a t o  s a u c e  a n d  f a t  s e p a r a t i o n  b e t w e e n  h o t - h e l d  
a n d  f r e s h l y  c o o k e d  p r o d u c t s .

T h e  r e s u l t s  a l s o  i n d i c a t e d  t h a t  t h e  s c o r e s  f o r  i n t e n s i t y  o f  
s p i c e  f l a v o r  i n  t h e  s a u c e  f o r  t h e  f r e s h l y  c o o k e d  p r o d u c t  
w e r e  s i g n i f i c a n t l y  h i g h e r  ( p  <  0 . 0 5 )  t h a n  t h e  s c o r e s  f o r  t h e  

h o t - h e l d  p r o d u c t .  T h i s  d i f f e r e n c e  m a y  b e  a t t r i b u t e d  t o  t h e  
l o s s  o f  m o i s t u r e  u p o n  h o l d i n g ,  r e s u l t i n g  i n  r e l a t i v e l y  m o r e  

a c i d i t y ,  w h i c h  m a y  m a s k  t h e  s p i c e  f l a v o r .  T h e  c h a n g e s  i n  
a c i d i t y  w e r e  c o n f i r m e d  b y  t h e  d i f f e r e n c e s  i n  p H  w h i c h  
d e c r e a s e d  f r o m  4 . 8  t o  4 . 5  a f t e r  h o l d i n g .  A l s o ,  t h e  e v a p o r a 

t i o n  o f  a r o m a t i c  c o m p o u n d s  f r o m  t h e  p r o d u c t s  u p o n  h o l d 
i n g  m a y  p a r t i a l l y  c o n t r i b u t e  t o  t h e  s i g n i f i c a n t  d e c r e a s e  i n  
t h e  i n t e n s i t y  o f  s p i c e  f l a v o r  i n  t h e  s a u c e .  S i g n i f i c a n t  d i f f e r 

e n c e s  i n  t h e  s c o r e s  o f  g r e a s i n e s s  o f  p r o d u c t ,  s p a g h e t t i  t e x 
t u r e ,  a n d  m e a t  t e x t u r e  b e t w e e n  f r e s h l y  c o o k e d  a n d  h e l d  

p r o d u c t s  w e r e  a l s o  n o t e d .

T h e  g e n e r a l  a c c e p t a b i l i t y  s c o r e s  f o r  s a u c e ,  s p a g h e t t i ,  

a n d  s p a g h e t t i  w i t h  m e a t  s a u c e  w e r e  f o u n d  s i g n i f i c a n t l y  
h i g h e r  ( p  <  0 . 0 5 )  f o r  t h e  f r e s h l y  c o o k e d  p r o d u c t  t h a n  f o r  

t h e  h o t - h e l d  p r o d u c t .  T h e r e f o r e ,  t h e  f r e s h l y  c o o k e d  s p a 
g h e t t i  w i t h  m e a t  s a u c e  w a s  s c o r e d  b e t t e r  f o r  m o i s t n e s s ,  
s p a g h e t t i  a p p e a r a n c e ,  a n d  i n t e n s i t y  o f  s p i c e  f l a v o r  i n  t h e  

s a u c e .  I t  h a d  l e s s  d r y  a n d  g r e a s y  m o u t h f e e l  a n d  t h e  p a s t a  
w a s  f i r m e r  a n d  c h e w i e r  t h a n  t h o s e  h e l d  f o r  9 0  m i n  o n  a  
s t e a m  t a b l e .  T h i s  i n d i c a t e s  t h a t  a  f r e s h l y  c o o k e d  p r o d u c t  

s h o u l d  b e  u s e d  w h e n e v e r  p o s s i b l e  a n d  t h a t  i t  m u s t  n o t  b e  
h e l d  f o r  a  l o n g  t i m e  o n  a  s t e a m  t a b l e .  T h i s  r e s u l t  i s  c o n s i s 
t e n t  w i t h  f i n d i n g s  o f  o t h e r  r e s e a r c h e r s  ( B o b e n g  a n d  D a v i d ,  
1 9 7 8 ;  Z a l l e n  e t  a l . ,  1 9 7 5 ; C r e m e r ,  1 9 8 3 )  t h a t  s e r v i n g  f e s h l y  
p r e p a r e d  p r o d u c t s  m a y  b e  t h e  b e s t  o p t i o n  i n  a  f o o d s e r v i c e  
s y s t e m s  o p e r a t i o n  p r o v i d e d  t h e  f o o d  c a n  b e  s e r v e d  q u i c k l y .  
I n  c o n c l u s i o n ,  i t  i s  a d v i s a b l e  t o  u s e  f r e s h l y  c o o k e d  p r o d u c t s  
r a t h e r  t h a n  h o t - h e l d  p r o d u c t s  a n d  t o  m i n i m i z e  t h e  h o t -  
h o l d i n g  t i m e  w h e n e v e r  p o s s i b l e .
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W a t e r  V a p o r  P e r m e a b i l i t y  o f  E d i b l e  B i l a y e r  F i l m s

S. L. KAMPER and 0. FENNEMA

----------------------------ABSTRACT-----------------------------
E d ib le  f i lm s  c o m p o s e d  o f  a  w a te r  s o lu b le ,  c a r b o h y d r a t e  la y e r  
( h y d r o x y p r o p y l  m e th y lc e l lu lo s e )  a n d  v a r io u s  k in d s  o f  l ip id  la y e r s  
w e re  t e s t e d  f o r  r e s i s ta n c e  t o  w a te r  v a p o r  p e r m e a b i l i t y .  F i lm s  w e re  
t e s t e d  a t  2 5 ° C  a n d  a  r e la t iv e  h u m i d i t y  d i f f e r e n t i a l  o f  8 5 % . F i lm s  
c o n ta in in g  s o l id  l ip id s ,  s u c h  a s  b e e s w a x ,  p a r a f f in ,  h y d r o g e n a te d  
p a lm  o i l  o r  s t e a r i c  a c id  y ie ld e d  p e r m e a b i l i t i e s  o f  0 .2  g • m i l  • 
d a y - 1  • m m H g - 1  o r  le ss  w h ic h  is  a  s m a l le r  v a lu e  t h a n  t h a t  f o r  
lo w  d e n s i t y  p o l y e t h y l e n e .

INTRODUCTION
T H E  W A T E R  P R O P E R T I E S  o f  p r o c e s s e d  f o o d s  m u s t  b e  
c o n t r o l l e d  t o  e n s u r e  t h a t  t h e y  r e m a i n  s a f e ,  s t a b l e  a n d  a p p e 
t i z i n g .  T h e  d o m i n a n t  m e c h a n i s m  f o r  m o i s t u r e  t r a n s f e r  is  

w a t e r  v a p o r  d i f f u s i o n  c a u s e d  b y  a  v a p o r  p r e s s u r e  ( a w ) 
g r a d i e n t  ( o r  c o n c e n t r a t i o n  g r a d i e n t )  e x i s t i n g  b e t w e e n  t h e  
f o o d  p r o d u c t  a n d  i t s  e n v i r o n m e n t  a n d / o r  b e t w e e n  i n t e r n a l  

c o m p o n e n t s  o f  a  f o o d  p r o d u c t  ( M a t z ,  1 9 6 5 ;  O s w i n ,  1 9 7 6 ;  
S a l w i n  a n d  S l a w s o n ,  1 9 5 9 ;  S t e w a r t ,  1 9 7 5 ;  S z u l m a y e r ,  
1 9 7 3 ) .  T r a n s f e r  o f  m o i s t u r e  b e t w e e n  t h e  f o o d  p r o d u c t  a n d  
i t s  e n v i r o n m e n t  c a n  b e  c o n t r o l l e d  b y  u s i n g  a  m o i s t u r e  i m 
p e r m e a b l e  p a c k a g i n g  m a t e r i a l  ( B r o d y ,  1 9 7 0 ;  C a i r n s  e t  a l . ,  
1 9 7 4 ;  C h a r l t o n  a n d  D e l o n g ,  1 9 5 6 ;  H e i s s ,  1 9 5 8 ;  K a r e l ,  
1 9 6 7 ,  1 9 7 3 ;  K a r e l  e t  a l . ,  1 9 5 9 ;  M a t z ,  1 9 6 5 ;  O s w i n ,  1 9 7 6 ;  
Q u a s t  a n d  T e i x e i r a  N e t o ,  1 9 7 6 ) ,  b u t  c o n t r o l  o f  m o i s t u r e  
e x c h a n g e  a m o n g  c o m p o n e n t s  o f  a  f o o d  i s  m o r e  d i f f i c u l t .

C o n t r o l  o f  m o i s t u r e  m i g r a t i o n  w i t h i n  h e t e r o g e n e o u s  
f o o d s  c a n  b e  a c h i e v e d :  ( 1 )  b y  e l i m i n a t i n g  o r  r e d u c i n g  t h e  
v a p o r  p r e s s u r e  ( a w )  g r a d i e n t ,  i . e . ,  b y  b r i n g i n g  t h e  v a r i o u s  
c o m p o n e n t s  t o  t h e  s a m e  w a t e r  a c t i v i t y ,  o r  b y  ( 2 )  s e p a r a t i n g  
t h o s e  c o m p o n e n t s  w i t h  d i f f e r e n t  w a t e r  a c t i v i t i e s  b y  a n  
e d i b l e ,  m o i s t u r e  i m p e r m e a b l e  b a r r i e r .

I n  g e n e r a l ,  t h e  r a t e  o f  m o i s t u r e  t r a n s f e r  w i t h i n  a  f o o d  
w i l l  i n c r e a s e  a s  t h e  a w  g r a d i e n t  is  i n c r e a s e d ,  t h e  p a r t i c l e  

s i z e  is  d e c r e a s e d  ( c l o s e r  c o n t a c t  b e t w e e n  c o m p o n e n t s ) ,  
a n d  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  ( K i n g ,  1 9 6 8 ;  M a t z ,  1 9 6 5 . ;  
S t e w a r t ,  1 9 7 5 ) .  C o n t r o l  o f  t h e s e  f a c t o r s  w i l l  r e d u c e  t h e  
r a t e  o f  m o i s t u r e  t r a n s f e r ;  h o w e v e r ,  m o i s t u r e  m i g r a t i o n  w i l l  
c o n t i n u e  a s  l o n g  a s  a  v a p o r  p r e s s u r e  g r a d i e n t  ( o r  c o n c e n 
t r a t i o n  g r a d i e n t )  e x i s t s  i n  t h e  f o o d .

U s e  o f  e d i b l e  f o o d  c o a t i n g s  t o  r e t a r d  m o i s t u r e  t r a n s f e r  
i s  c e r t a i n l y  n o t  n e w .  E n r o b i n g  f o o d s  w i t h  f a t ,  a  f o r m  o f  
“ l a r d i n g , ”  w a s  p r a c t i c e d  i n  E n g l a n d  i n  t h e  1 6 t h  c e n t u r y  
( L a b u z a  a n d  C o n t r e r a s - M e d e l l i n ,  1 9 8 1 )  a n d  f o o d  c o a t i n g  
p r o c e s s e s  u s i n g  w a x  a n d  g e l a t i n  w e r e  p a t e n t e d  i n  t h e  1 8 0 0 ’s 
( A l l e n  e t  a l . ,  1 9 6 3 b ) .

I n f o r m a t i o n  o n  e d i b l e  f o o d  c o a t i n g s ,  a l t h o u g h  n o t  s c a r c e ,  
i s  o f  l i m i t e d  v a l u e  b e c a u s e  i t  i s  f o u n d  m o s t l y  i n  t h e  p a t e n t  
l i t e r a t u r e  a n d  in  o t h e r  p u b l i c a t i o n s  w h e r e  e x p e r i m e n t a l  
d e t a i l  a n d  q u a n t i t a t i v e  r e s u l t s  a r e  o f t e n  l a c k i n g .  F i l m s  
p r e p a r e d  f r o m  a c e t o s t e a r i n ,  a c e t y l a t e d  g l y c e r o l s ,  a l g i n ,  
a m y l o s e  f a t t y  e s t e r s ,  c a r r a g e e n a n ,  c a s e i n ,  c o r n  s y r u p ,  d e x -

A u th o r  T en n em a  is a ff i l ia te d  w ith  th e D ep t, o f  F o o d  S c ien ce , Univ. 
o f  W iscon sin -M adison , M adison , W l 5 3 7 0 6 . A u th o r  K a m p er, fo r 
m e r ly  w ith  th e  Univ. o f  W isconsin , is n o w  a f f i l ia te d  w ith  G eneral 
M ills, Inc., 9 0 0 0  P ly m o u th  A v e ., N o r th , M in n eapo lis , M N  5 5 4 2 7 .

t r i n ,  e t h y l  c e l l u l o s e ,  g e l a t i n ,  l a r d ,  l e c i t h i n ,  o i l s  ( n a t u r a l  

o r  h y d r o g e n a t e d  v e g e t a b l e  o r  a n i m a l  o i l s ) ,  p e c t i n ,  s o y  p r o 

t e i n ,  s t a r c h ,  t a l l o w ,  w a x e s ,  a n d  z e i n  h a v e  b e e n  i n v e s t i g a t e d  
a s  b a r r i e r s  t o  w a t e r  m o v e m e n t  i n  f o o d s  ( A l f i n - S l a t e r  e t  a l . ,  

1 9 5 8 ;  A l l e n  e t  a l . ,  1 9 6 3 a , b ;  B a u e r  e t  a l . ,  1 9 6 8 ;  C o l e ,  1 9 6 9 ;  
C o s i e r ,  1 9 5 7 ;  D ’A t r i  e t  a l . ,  1 9 8 0 ;  E a r l e ,  1 9 6 8 ;  E a r l e  a n d  
M c K e e ,  1 9 7 6 ;  E a r l e  a n d  S n y d e r ,  1 9 6 6 ;  F e u g e ,  1 9 5 5 ;  F o x ,  

1 9 5 8 ;  H a m d y  a n d  W h i t e ,  1 9 6 9 ;  L a n d m a n n  e t  a l . ,  1 9 6 0 ;  
L a z a r u s  e t  a l . ,  1 9 7 6 ;  L o v e g r e n  a n d  F e u g e ,  1 9 5 4 ;  M c K e e ,  
1 9 7 8 ;  N e w m a n ,  1 9 6 2 ;  S h a w  e t  a l . ,  1 9 8 0 ;  S h e a ,  1 9 7 0 ;  
S i l v a  e t  a l . ,  1 9 8 1 ;  S t e m m i e r  a n d  S t e m m i e r ,  1 9 7 4 ;  U k a i  

e t  a l . ,  1 9 7 6 ;  W a t t e r s  a n d  B r e k k e ,  1 9 5 9 ,  1 9 6 1 ;  W e r b i n  e t  a l . ,  

1 9 7 0 ;  W i l l i a m s  e t  a l . ,  1 9 7 8 ) .
S e v e r a l  s t u d i e s  h a v e  a l s o  b e e n  c o n d u c t e d  o n  t h e  p e r m e 

a b i l i t y  c h a r a c t e r i s t i c s  o f  c e l l  m e m b r a n e s  a n d  t h e i r  a n a l o g u e s  
a n d  t h e s e  s t u d i e s  h a v e  r e l e v a n c e  t o  t h e  p r o b l e m  o f  m o i s t u r e  
t r a n s f e r  i n  f o o d s  ( B u l l ,  1 9 6 4 ;  D e  G i e r  e t  a l . ,  1 9 6 8 ;  D e m e l  

e t  a l . ,  1 9 6 8 ;  G o u l d  a n d  M e a s u r e s ,  1 9 7 7 ;  J a i n ,  1 9 7 2 ;  M c E l -  
h a n e y  e t  a l . ,  1 9 7 0 ;  S w e e t  a n d  Z u l l ,  1 9 6 9 ;  T i e n ,  1 9 7 4 ;  
V a n  D e e n a n ,  1 9 6 9 ) .

A b o u t  a l l  t h a t  c a n  b e  c o n c l u d e d  f r o m  a l l  o f  t h e  a f o r e 

m e n t i o n e d  s t u d i e s  i s  t h a t  w a t e r  p e r m e a b i l i t y  t h r o u g h  
f i l m s  v a r i e s  g r e a t l y  w i t h  f i l m  c o m p o s i t i o n  a n d  w i t h  o r i e n 

t a t i o n  o f  m o l e c u l e s  i n  t h e  f i l m  a n d  t h a t  l i p i d s  s e e m  t o  b e  
t h e  m o s t  e f f e c t i v e  b a r r i e r  t o  t h e  m o v e m e n t  o f  w a t e r .

T h e  a v a i l a b i l i t y  o f  a n  e d i b l e  c o a t i n g  w h i c h  c o u l d  m a i n 
t a i n  i n i t i a l  w a t e r  a c t i v i t y  g r a d i e n t s  a m o n g  m a j o r  f o o d  c o m 
p o n e n t s  w o u l d  b e  c o m m e r c i a l l y  u s e f u l  i n  s e v e r a l  s i t u a t i o n s ,  
f o r  e x a m p l e ,  i n  p r o d u c t s  s u c h  a s  f r o z e n  p i z z a s  a n d  p i e s  
w h e r e  i t  i s  h i g h l y  d e s i r a b l e  t o  m a i n t a i n  a  d r y  c r u s t  a n d  a  
m o i s t  f i l l i n g .

T h e  o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  e v a l u a t e  t h e  w a t e r  v a p o r  
p e r m e a b i l i t y  c h a r a c t e r i s t i c s  o f  l a m i n a t e d  e d i b l e  f i l m s ,  o n e  
c o m p o n e n t  b e i n g  a  l i p i d  ( m o i s t u r e  b a r r i e r )  a n d  t h e  o t h e r  
b e i n g  a  p o l y s a c c h a r i d e  ( s t r u c t u r a l  m a t r i x )  a n d  t o  i n v e s t i 

g a t e  t h e  e f f e c t  o f  l i p i d  t y p e  o n  m o i s t u r e  t r a n s m i s s i o n  

t h r o u g h  t h e s e  f i l m s .

MATERIALS & METHODS

Materials
T h e  fo l lo w in g  m a te r ia l s  w e re  u s e d  to  p r e p a r e  e d ib le  f i lm s  o f  

v a r io u s  c o m p o s i t io n s :  b e e s w a x ,  w h i te ,  r e f in e d  ( c o m p o s i t i o n  u n 
k n o w n ) ;  c o r n  o i l ,  M a z o la ,  (B e s t  F o o d s ,  C P C  I n t e r n a t i o n a l  I n c . ,  
E n g le w o o d  C lif f s , N J ) ;  h y d r o g e n a te d  v e g e ta b le  o i l ,  c o n s i s t in g  o f  
s o y b e a n  a n d  p a lm  o ils  w i th  m o n o -  a n d  d i a c y g ly c e r o l s ,  C r is c o  ( P r o c 
t e r  a n d  G a m b le ,  C in c in n a t i ,  O H ) ;  h y d r o g e n a t e d  v e g e t a b le  o i l ,  p a lm ,  
D u rk e e  2 7  ( D u r k e e  SC M  C o rp . ,  C le v e la n d ,  O H ) ;  h y d r o g e n a t e d  
v e g e ta b le  o i l ,  c o t to n s e e d  a n d  s o y b e a n ,  D u r k e x  5 0 0  ( D u r k e e  SC M  
C o r p . ,  C le v e la n d ,  O H ) ;  h y d r o x y p r o p y l  m e th y lc e l lu lo s e ,  M e th o c e l  
E  5 0  P r e m iu m  (D o w  C h e m ic a l  C o .,  M id la n d ,  M l) ;  l a u r ic  a c id ,  9 7 % + 
p u r i t y  ( E a s tm a n  O rg a n ic  C h e m ic a ls ,  R o c h e s t e r ,  N Y ) ;  o le ic  a c id ,  
U S P  (A l l i e d  C h e m ic a l ,  M o r r i s to w n ,  N J ) ;  p a r a f f in  w a x ,  P a ra s e a l  
(W  &  F  M fg . C o .,  R o c h e s t e r ,  N Y ) ;  p o l y e t h y l e n e  g ly c o l  4 0 0  ( J .T .  
B a k e r  C h e m ic a l  C o .,  P h i l l ip s b u r g ,  N J ) ;  p o l y o x y e t h y l e n e  ( 2 0 )  
s o r b i t a n  m o n o o le a t e ,  T w e e n  8 0  ( J .T .  B a k e r  C h e m ic a l  C o .,  P h i l l ip s 
b u r g ,  N J ) ;  s t e a r i c  a c id ,  9 7 % +  p u r i t y  ( E a s tm a n  K o d a k  C o .,  R o c h e s 
t e r ,  N Y ) ;  s t e a r i c  a c id ,  b le n d  5 0 .4 : 4 7 .5  s te a r i c  a c id - p a lm i t i c  a c id ,  N F  
( M a l l in c k r o d t ,  I n c . ,  P a r is , K Y ) .
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P r e p a ra t io n  o f  th e  p o ly s a c c h a r id e ,  f i lm - fo r m in g  
c o m p o n e n t  (K a m p e r ,  1 9 8 3 ) .

T h e  f i lm  f o r m in g  s o lu t io n  w a s  p r e p a r e d  u s in g  9 g  h y d r o x y p r o p y l  
m e th y lc e l lu lo s e  (H P M C ) ,  l g  p o l y e t h y l e n e  g ly c o l  4 0 0  (P E G )  d is 
s o lv e d  in  1 0 0  m L  d i s t i l l e d  w a t e r  a n d  2 0 0  m L  9 5 %  e t h a n o l .  D is 
t i l le d  w a te r  ( a p p r o x i m a t e l y  9 0 ° C ) w a s  a d d e d  to  w e t  t h e  H P M C . 
O n c e  th e  H P M C  w a s  c o m p le t e l y  d is s o lv e d ,  t h e  9 5 %  e t h a n o l  w a s  
a d d e d .  T h e  s o lu t io n  w a s  t h o r o u g h l y  m ix e d  b e f o r e  a d d i t i o n  o f  P E G . 
A ir  b u b b le s  in  th e  s o lu t io n  w e re  r e m o v e d  b y  r e d u c in g  th e  p r e s s u re  
o v e r  t h e  s o lu t io n .

T h e  c o m p o s i t i o n  o f  t h e  f i lm  f o r m in g  s o lu t io n  w a s  d e r iv e d  a f t e r  
n u m e r o u s  a t t e m p t s  w i th  m a n y  c o m p o u n d s .  W ith  t h e  e q u ip m e n t  
a v a i la b le ,  p r im e  c o n s id e r a t i o n  w a s  g iv e n  to  f i lm s  w h ic h  c o u ld  b e  
e a s i ly  r e m o v e d  f r o m  g la s s  p l a t e s  o n  w h ic h  t h e y  w e re  f o r m e d ,  a n d  to  
d u r a b i l i t y  ( f o r  e x a m p le ,  g u m  a r a b ic  f i lm s  c o u ld  n o t  b e  r e m o v e d  
w i t h o u t  te a r in g  t h e  f i lm  a n d  s t a r c h  f i lm s  w e re  e x c e s s iv e ly  b r i t t l e ) .

T h e  c o n c e n t r a t i o n  o f  H P M C  u s e d  (3  p a r t s  H P M C  to  1 0 0  p a r t s  
s o lv e n t)  p r o d u c e d  a  d e s i r a b le  v is c o s i ty  f o r  t h e  p la t in g  t e c h n iq u e  
e m p lo y e d .  R e d u c t i o n  o f  t h e  w a te r  t o  a lc o h o l  r a t i o  b e lo w  1 :2  le d  
t o  g r a in y  f i lm s ,  a n  i n d i c a t io n  o f  u n d is s o lv e d  H P M C . T h e  P E G  
w a s  in i t i a l ly  a d d e d  t o  t h e  f i lm  f o r m in g  s o l u t i o n  to  a id  in  r e m o v a l  
o f  t h e  d r ie d  f i lm s  f r o m  t h e  g la s s  s u r f a c e  b u t  w a s  l a t e r  f o u n d  to  p r o 
d u c e  im p r o v e d  f i lm s  w h e n  t h e  e m u ls io n  te c h n iq u e  w a s  u s e d .  L e v e ls  
o f  P E G  g r e a te r  t h a n  9 :1  H P M C :P E G  le d  to  s p l i t t in g  o f  th e  f i lm s  
d u r in g  d ry in g .

P r e p a r a t io n  o f  t h e  b i la y e r  f i lm  ( K a m p e r ,  1 9 8 3 )

T w o  t e c h n iq u e s  w e re  u s e d  to  m a n u f a c t u r e  t h e  e d ib le  b i la y e r  
f i lm s ’ ( 1) c a s t in g  a  l ip id  la y e r  o n t o  a  d r ie d  w a te r - s o lu b le  e d ib le  f i lm  
( c o a t in g  t e c h n iq u e ) ,  a n d  ( 2 ) a d d in g  l ip id  t o  t h e  f i lm - fo r m in g  s o lu 
t io n  ( e m u ls io n  te c h n iq u e ) ,  d i s t r i b u t in g  th e  s o lu t io n  in  a  th in  la y e r  
a n d  d ry in g .

F o r  t h e  c o a t in g  t e c h n iq u e ,  t h e  f i lm  f o r m in g  s o lu t io n  ( 1 0 0  m L )  
w a s  a d d e d  to  t h e  s p r e a d e r  u s e d  to  p r e p a r e  t h in - la y e r  c h r o m a to g 
r a p h y  (T L C )  p l a t e s  a n d  t h e  s o lu t io n  w a s  p l a t e d  o n t o  t h r e e  8 "  X 
8 "  T L C  g la ss  p la te s  a t  a  t h ic k n e s s  o f  0 .7 5  m m .  T h e  p l a t e s  w e re  
d r ie d  in  a n  o v e n  a t  a p p r o x im a te ly  9 0 °  C , c o o le d  t o  r o o m  te m p e r a 
t u r e  a n d  th e  f i lm s  r e m o v e d .  T h e  d r ie d  w a te r - s o lu b le  (H P M C :P E G )  
f i lm  w a s  u s e d  a s  a  s u p p o r t  f o r  th e  l ip id  la y e r  n o t  a s  a  w a te r  v a p o r  
b a r r ie r .  T h e  f i lm  w a s  c u t  i n t o  d is k s  o f  t h e  d e s i r e d  s iz e  a n d  w e ig h e d  
to  t h e  n e a r e s t  0 . 0 0 0 l g .  T h e  a p p r o p r i a t e  l ip id  m a te r ia l  w a s  p a in t e d  
o n t o  t h e  s u r f a c e  o f  t h e  f i lm ,  a n d  t h e  f i lm  r e w e ig h e d .  T h e  a m o u n t  
o f  l ip id  d e p o s i t e d  w a s  d e t e r m in e d  a n d  e x p r e s s e d  a s  m g  i i p i d / c m 2 
f i lm .  T o t a l  f i lm  th ic k n e s s  w a s  m e a s u r e d  w i th  a  m ic r o m e te r .

F o r  t h e  e m u ls io n  t e c h n iq u e ,  t h e  l ip id  w a s  a d d e d  d i r e c t l y  t o  th e  
f i lm  f o r m in g  s o lu t io n  a n d  th e  s o lu t io n  w a s  w a r m e d ,  i f  n e c e s s a ry ,  
t o  m e l t  l ip id s  w i th  h ig h  m e l t in g  p o in t s .  T h e  T L C  s p r e a d e r  w a s  
h e a t e d  to  p r e v e n t  s o l id i f i c a t i o n  o f  f i lm  c o m p o n e n t s  d u r in g  a p p l i 
c a t i o n .  T h e  m ix e d  s o lu t io n  ( 1 0 0  m L )  w a s  a d d e d  to  t h e  T L C  s p r e a d 
e r  a n d  p l a t e d  o n t o  t h r e e  8 "  X 8 "  g la s s  T L C  p la t e s  a t  a  t h ic k n e s s  o f  
0 .7 5  m m .  T h e  c o a t e d  p la te s  w e re  t h e n  d r ie d  in  a n  o v e n  a :  a p p r o x i 
m a te ly  9 0 ° C  (d r y in g  t im e  a p p r o x i m a t e l y  15 m in ) .  A f t e r  d r y in g ,  th e  
p la te s  w e re  c o o le d  a n d  t h e  f i lm s  w e re  p e e l e d  f r o m  th e  p la te s .  
F i lm  s a m p le s  w e re  c u t  i n t o  u n i f o r m  d is k s  o f  t h e  d e s i r e d  s iz e  a n d  
w e ig h e d  to  t h e  n e a r e s t  O .O O O lg. P o r t i o n s  o f  t h e  f i lm  w e re  a n a ly z e d  
f o r  l ip id  c o n t e n t .  F i lm  th ic k n e s s  w a s  m e a s u r e d  w i th  a  m ic r o m e te r .  
T h e  a m o u n t  o f  t r i a c y lg ly c e r o l  ( e x p r e s s e d  a s  f a t t y  a c id )  p r e s e n t  
in  t h e  d r ie d  e m u ls io n  f i lm  w a s  d e t e r m in e d  b y  h y d r o ly z in g  t h e  l ip id  
a n d  t h e n  u s in g  a n  A O A C  p r o c e d u r e  f o r  a c id  v a lu e  o f  f a t s  (A O A C ,
1 9 7 5 ) .  T h is  e n a b l e d  c a l c u l a t i o n  o f  m g  l i p i d / c m 2 f i lm .

W a te r  v a p o r  t r a n s m is s io n  te s t s

T h e s e  t e s t s  w e r e  c o n d u c t e d  u s in g  t h e  A S T M  ( 1 9 8 3 )  p r o c e d u r e .  
A  g la s s  c u p  c o n ta in in g  d e s ic c a n t ,  s e a le d  w i th  t h e  t e s t  f i lm ,  w a s  e x 
p o s e d  to  a  c o n t r o l l e d  h u m i d i t y .  T h e  w a te r  v a p o r  t r a n s f e r r e d  t h r o u g h  
t h e  f i lm  a n d  a b s o r b e d  b y  th e  d e s ic c a n t  w a s  d e t e r m in e d  f r o m  th e  
w e ig h t  g a in  o f  t h e  c u p .

T h e  e d ib le  f i lm s  u s e d  w e re  o f  k n o w n  l ip id  c o n t e n t  ( m g / c m 2 ) ,  
t h ic k n e s s  (m i ls ) ,  a r e a  ( c m 2 )  a n d  w e ig h t  (m g ) .  T h e  g la ss  c u p s  u s e d  
w e re  9 .9 0  c m  ( o .d .)  b y  9 .0 5  c m  ( i .d . )  b y  1 .5 0  c m  ( d e e p )  w i th  a n  
e x p o s e d  f i lm  a r e a  o f  6 4 .3 3  c m 2 . T h e  f i lm s  w e re  s e a le d  to  t h e  c u p s  
w i th  a  b le n d  o f  m o l t e n  m ic r o c r y s t a l l i n e  w a x  a n d  p a r a f f in  w a x .

T h e  c u p s  w e re  s to r e d  in  l a b o r a t o r y  d e s ic c a to r s  e a c h  m a in ta in e d  
a t  a  c o n s t a n t  r e la t iv e  h u m i d i t y  w i t h  a  s a t u r a t e d  s a l t  s o lu t io n  ( R o c k 
la n d ,  1 9 6 0 ;  S to l o f f ,  1 9 7 8 ;  W in k  a n d  S e a r s ,  1 9 5 0 ) .  T h e  r e la t iv e  
h u m id i ty  in s id e  t h e  c u p  w a s  a lw a y s  lo w e r  t h a n  t h a t  e x i s t in g  o u t s id e  
so  w a te r  v a p o r  t r a n s m is s io n  w a s  d e t e r m in e d  f r o m  w e ig h t  g a in  o f

t h e  c u p .  C u p  w e ig h t ,  t o  t h e  n e a r e s t  O .O O O lg, w a s  r e c o r d e d  a t  v a r io u s  
t im e s .  A ll  t e s t s  w e r e  c o n d u c t e d  in  d u p l i c a t e .

T h e  w a te r  v a p o r  t r a n s m is s io n  r a t e  (W V T R )  a n d  p e r m e a b i l i t y
(P )  o f  t h e  f i lm  w a s  d e t e r m in e d  a s  f o l l o w s  (H e is s ,  1 9 5 8 ;  K a re l  e t  a l . ,  
1 9 5 9 ;  L a b u z a a n d  C o n t r e r a s - M e d e l l in ,  1 9 8 1 ) :

AW (g)
W V T R  = ---------= -----------------------

A At (m2) (day)

w h e re :  A W  is  t h e  w e ig h t  o f  w a te r  a b s o r b e d  in  t h e  c u p ,  A t  is th e  
t im e  f o r  w e ig h t  c h a n g e ,  A  is  t h e  a r e a  o f  f i lm ,

AW AX  (g) (mil)
P = --------------------------- = -------------------------------------,

A A t ( P 2 - P i )  ( m 2 ) ( d a y )  ( m m  H g )

A X  is th e  f i lm  th ic k n e s s  (1  m i l  =  0 .0 0 1  in c h )  a n d  P 2 -  P i  is th e  
v a p o r  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  f i lm .

RESULTS & DISCUSSION

Films prepared by the coating technique
I n  t h i s  s t u d y ,  a  v a p o r  p r e s s u r e  g r a d i e n t  ( 2 0  m m  H g  a t  

2 5  C )  w a s  e s t a b l i s h e d  a c r o s s  t h e  f i l m  u s i n g  a n h y d r o u s  c a l 
c i u m  c h l o r i d e  ( 0 %  R H )  i n s i d e  t h e  t e s t  c u p  a n d  a  s a t u r a t e d  
s o l u t i o n  o f  p o t a s s i u m  c h l o r i d e  ( 8 5 %  R H )  t o  c o n t r o l  t h e  
r e l a t i v e  h u m i d i t y  i n  t h e  d e s i c c a t o r .  T h e  l i p i d  s i d e  o f  t h e  
f i l m  w a s  e x p o s e d  t o  t h e  h i g h  h u m i d i t y  c o n d i t i o n .

T h e  w a t e r  v a p o r  t r a n s m i s s i o n  r a t e  ( W V T R )  o f  t h e  w a t e r -  
s o l u b l e  f i l m  w a s  4 8 0  g / m 2 d a y  ( F i g .  1 ) .  L i p i d  l a y e r s  a p p l i e d  
t o  t h e  s u r f a c e  o f  t h e  H P M C : P E G  f i l m  s h o w e d  a  t r e n d  o f  
d e c r e a s e d  p e r m e a b i l i t y  w i t h  d e c r e a s e d  f l u i d i t y  o f  t h e  l i p i d  
l a y e r .  F l u i d  l i p i d  l a y e r s  c o n s i s t i n g  o f :  ( 1 )  p o l y u n s a t u r a t e d  

c o r n  o i l  w i t h  5 %  p o l y o x y e t h y l e n e  ( 2 0 )  s o r b i t a n  m o n o -  
o l e a t e ,  a n d  ( 2 )  h y d r o g e n a t e d  c o t t o n s e e d - s o y b e a n  o i l s ,  h a d  

W V T R  v a l u e s  o f  3 4 0  g / m 2 d a y  a n d  2 9 0  g / m 2 d a y ,  r e s p e c -

TIME ( hrs. at 2 5 °C )

Fig. 1—W ater va p o r tran sm ission  th rou gh  e d ib le  b ila y e r  film s p r e 
p a r e d  b y  th e  co a tin g  te ch n iq u e  (2 5 °  C, 85%  R H ). L ip id  co a tin g s 19 
m g /c m 7  film , film  th ick n ess 3 .9  -  5 .9  m ils): ■ H PM C:PEG  w a ter-  
so lu b le  film  w ith o u t  l ip id  la yer; □ p o ly u n s a tu r a te d  corn  o il  w ith  5%  
p o ly o x y e th y le n e  (2 0 ) so rb ita n  m o n o o le a te , f lu id  (F); ▼ h y d ro g e n 
a te d  c o t to n s e e d  a n d  so y b e a n  o ils, f lu id  (F); o  h y d ro g e n a te d  so y b e a n  
a n d  palrn  o ils  w ith  m o n o - a n d  d ia cyg lyce ro ls , p la s tic  (P); • stearic  
a c id -p a lm itic  a c id  b len d , c ry s ta llin e  (C); v h y d ro g e n a te d  p a lm  oil, 
s o l id  (S); * b eesw a x , s o l id  (S); a n d  p a ra ff in  w ax , s o l id  (S). Variabil
i t y  b e tw e e n  th e  tw o  re p lic a te s  is in d ic a te d  o n ly  w h en  th e  va ria b ility  
e x c e e d e d  th e s ize  o f  th e  sy m b o l.
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W AT ER V APO R  P E R M E A B IL IT Y  O F  F IL M S  . . .

t i v e l y .  I n  c o m p a r i s o n ,  t h e  s o l i d  l i p i d  l a y e r s ,  b e e s w a x  a n d  
p a r a f f i n  w a x ,  h a d  W V T R  v a l u e s  o f  1 . 4  g / m 2 d a y  a n d  0 . 7 3  
g / m 2 d a y ,  r e s p e c t i v e l y .  N o  s i g n i f i c a n c e  s h o u l d  b e  a t t a c h e d  

t o  s m a l l  d i f f e r e n c e s  a m o n g  t h e  s l o p e s  o f  t h e  c u r v e s  s i n c e  
t h e  c o a t i n g  t h i c k n e s s  v a r i e d  s o m e w h a t  a m o n g  t h e  f i l m s  
( s e e  v a l u e s  i n  l e g e n d  o f  F i g .  1 ) .

T h e  l a r g e  d i f f e r e n c e  i n  p e r m e a b i l i t y  b e t w e e n  l i q u i d  a n d  

s o l i d  l i p i d s  a p p a r e n t l y  c a n  b e  e x p l a i n e d  in  t e r m s  o f  t h e  
s o l u b i l i t y  o f  w a t e r  v a p o r  i n  t h e  l i p i d  f i l m  a n d / o r  t h e  m o 
l e c u l a r  o r g a n i z a t i o n  o f  t h e  l i p i d  f i l m  ( C h a r l t o n  a n d  D e l o n g ,

1 9 5 6 ) .
P o l y u n s a t u r a t e d  c o r n  o i l  w o u l d  n o t  f o r m  a  c o n t i n u o u s  

l a y e r  o n  t h e  s u r f a c e  o f  t h e  H P M C : P E G  f i l m  w i t h o u t  t h e  
a d d i t i o n  o f  a n  e m u l s i f i e r  t o  r e d u c e  t h e  r e p e l l e n c y  o f  t h e  

t w o  m a t e r i a l s .  E x p o s u r e  o f  b o t h  l i q u i d  l i p i d  f i l m s  ( 1 9 : 1  
p o l y u n s a t u r a t e d  c o r n  o i h p o l y o x y e t h y l e n e  ( 2 0 )  s o r b i t a n  
m o n o o l e a t e  a n d  h y d r o g e n a t e d  c o t t o n s e e d - s o y b e a n  o i l s )  
t o  t h e  h i g h  h u m i d i t y  ( 8 5 %  R H )  e v e n t u a l l y  c a u s e d  t h e  o i l  
l a y e r s  t o  p u l l  a w a y  f r o m  t h e  u n d e r l y i n g  f i l m ,  t h u s  e x p o s i n g  
t h e  H P M C : P E G  f i l m  t o  t h e  h i g h  h u m i d i t y .  T h e  p r e s e n c e  o f  
e m u l s i f i e r s  ( i n c r e a s e d  s o l u b i l i t y  o f  w a t e r  v a p o r  i n t h e  f i l m )  
a n d / o r  t h e  m o l e c u l a r  m o b i l i t y  o f  t h e  l i q u i d  f i l m s  a p p a r 
e n t l y  r e s u l t e d  i n  t h e i r  l a r g e  p e r m e a b i l i t y  t o  w a t e r  v a p o r .

H y d r o g e n a t e d  s o y b e a n  a n d  p a l m  o i l s  w i t h  m o n o -  a n d  
d i a c y l g l y c e r o l s  r e t a i n e d  a  c o n t i n u o u s  p l a s t i c  l i p i d  l a y e r  
t h r o u g h o u t  t h e  t e s t  p e r i o d .  T h e  r e d u c t i o n  o f  f l u i d i t y  i n

T IM E  ( hrs. at 2 5 ° C )

Fig. 2 —W ater va p o r tran sm ission  through  e d ib le  b ila y e r  film s p r e 
p a r e d  b y  th e  em u lsio n  te ch n iq u e  ( 2 5 ° C, 85%  R H ). L ip id  film s (0 .8  
m g  lip id /c m 2  film , film  th ick n ess 1.4 to  1.8 m ils): ■ H PM C:PEG  
w a te r  so lu b le  film  w ith o u t  l ip id ; o w a ter-so lu b le  film  w ith  o le ic  a c id  
( C jg -  p i  • w a te r  so lu b le  film  w ith  lauric a c id  ( C i2 : 0 L  A w a te r  so l
u b le  film  w ith  stea ric  a c id -p a lm itic  a c id  b le n d  (C  j g  o —C i g :g);  
* s te a r ic  a c id  (C jg -Q );  V a ria b ility  b e tw e e n  th e  tw o  rep lica te s  is 
in d ic a te d  o n ly  w h en  th e  v a r ia b ility  e x c e e d e d  th e  s ize  o f  th e sy m b o l.

t h i s  f i l m  ( i n c r e a s e d  s o l i d s  a t  2 5 ° C )  l e d  t o  i m p r o v e d  b a r r i e r  

p r o p e r t i e s ;  h o w e v e r ,  t h e  W V T R  i n c r e a s e d  w i t h  t i m e  ( 5 5  
g / m 2 d a y  f r o m  0  -  4  h r  t o  8 0  g / m 2 d a y  f r o m  2 0  -  2 4  h r )  
s u g g e s t i n g  a  r e o r i e n t a t i o n  o f  l i p i d  m o l e c u l e s  d u r i n g  s t o r a g e ,  

p e r h a p s  a l l o w i n g  t h e  h y d r o p h i l i c  g r o u p s  o f  t h e  e m u l s i f i e r s  
t o  m o r e  r e a d i l y  a b s o r b  a n d  t r a n s m i t  w a t e r  v a p o r .  I n  c o m 
p a r i s o n ,  t h e  W V T R  o f  t h e  f i l m  c o a t e d  w i t h  h y d r o g e n a t e d  

p a l m  o i l  ( s o l i d ,  w i t h o u t  e m u l s i f i e r s )  r e m a i n e d  c o n s t a n t  a n d  
p r o v i d e d  a  m o r e  i m p e r m e a b l e  b a r r i e r  t o  m o i s t u r e  t r a n s f e r  

( W V T R  1 0 .3  g / m 2 d a y )  t h a n  t h e  f i l m  c o a t e d  w i t h  h y d r o 
g e n a t e d  s o y b e a n  a n d  p a l m  o i l  ( p l a s t i c ,  w i t h  e m u l s i f i e r s ) .

T h e  f i l m  c o a t e d  w i t h  s t e a r i c  a c i d - p a l m i t i c  a c i d  ( c r y s t a l 

l i n e )  w a s  a  r e l a t i v e l y  g o o d  b a r r i e r  t o  w a t e r  v a p o r  ( 4 3 . 9  
g / m 2 d a y )  b u t  w a s  e x t r e m e l y  b r i t t l e .  M o i s t u r e  t r a n s f e r  

t h r o u g h  t h i s  f i l m  c o u l d  o c c u r  b y  h y d r a t i o n  o f  p o l a r  c a r 
b o x y l  g r o u p s  a n d / o r  f r o m  t h e  p r e s e n c e  o f  c r a c k s  o r  f l a w s  

i n  t h e  c r y s t a l l i n e  l a y e r .
T h e  f i l m s  c o a t e d  w i t h  s o l i d  b e e s w a x  o r  p a r i f f i n  w a x  

w e r e  v e r y  e f f e c t i v e  b a r r i e r s  t o  t h e  t r a n s f e r  o f  w a t e r  v a p o r .  
U n f o r t u n a t e l y  t h e s e  f i l m s  w e r e  v e r y  b r i t t l e .  T h u s ,  a v o i d 

a n c e  o f  c r a c k s  d u r i n g  a p p l i c a t i o n  o f  t h e s e  l i p i d s  t o  f o o d s  
a n d  d u r i n g  s u b s e q u e n t  h a n d l i n g  o f  t h e  f o o d s  w o u l d  b e  d i f 

f i c u l t  i f  n o t  i m p o s s i b l e .  I t  i s  l i k e l y  t h a t  u s e  o f  t h e s e  c o a t e d  
f i l m s  o n  f o o d  p r o d u c t s  w o u l d  r e q u i r e  a  c o m p r o m i s e  b e 
t w e e n  d u r a b i l i t y  a n d  w a t e r  p e r m e a b i l i t y ,  f o r  e x a m p l e  t h e  

p l a s t i c  c o a t i n g  ( h y d r o g e n a t e d  s o y b e a n  a n d  p a l m  o i l s  w i t h 
o u t  e m u l s i f i e r s )  o r  t h e  s o l i d  c o a t i n g s  w i t h  a  m o d e r a t e l y  l o w  
d e g r e e  o f  h y d r o g e n a t i o n  m i g h t  b e  u s e f u l  i n  s o m e  s i t u a t i o n s .

T h e  r e s u l t s  i n  F i g .  1 a r e  i n  g e n e r a l  a g r e e m e n t  w i t h  t h e  
s t u d i e s  o f  L a n d m a n n  e t  a l .  ( 1 9 6 0 )  a n d  W a t t e r s  a n d  B r e k k e
( 1 9 6 1 )  w h o  r e p o r t e d  i n c r e a s e d  w a t e r  v a p o r  p e r m e a b i l i t y  

o f  l i p i d  c o a t i n g s  w i t h  i n c r e a s i n g  p r o p o r t i o n s  o f  l i q u i d  o i l  i n  
t h e  c o a t i n g .  A l t h o u g h  m a n y  o f  t h e  l i p i d s  u s e d  i n  t h i s  s t u d y  
w e r e  m e n t i o n e d  i n  t h e  p a t e n t  l i t e r a t u r e  c i t e d  e a r l i e r ,  t h e  

f i l m  f o r m i n g  t e c h n i q u e  u s e d  h e r e  w a s  q u i t e  d i f f e r e n t .  T h e  
l i p i d  f i l m s  u s e d  in  t h i s  s t u d y  w e r e  f o r m e d  p r i o r  t o  f o o d  

a p p l i c a t i o n ,  t h e r e f o r e  l i p i d  c o n c e n t r a t i o n ,  m o l e c u l a r  
o r g a n i z a t i o n ,  f i l m  t h i c k n e s s  a n d  f i l m  c o n t i n u i t y  w e r e  c o n 
t r o l l e d  t o  a  g r e a t e r  e x t e n t  t h a n  i n  p r e v i o u s  s t u d i e s .

Films prepared by the emulsion technique
A  v a p o r  p r e s s u r e  g r a d i e n t  o f  2 0  m m  H g  a t  2 5 ° C  w a s  

e s t a b l i s h e d  a c r o s s  t h e  e m u l s i o n  f i l m s  u s i n g  t h e  t e c h n i q u e  
a n d  c o n d i t i o n s  d e s c r i b e d  e a r l i e r .  T h e  l i p i d  c o n c e n t r a t i o n  i n  
t h e s e  f i l m s  ( 0 .8  m g / c m 2 ) w a s  1 0 - f o l d  l e s s  t h a n  t h a t  u s e d  
f o r  t h e  l a y e r e d  f i l m s .

W a t e r  v a p o r  t r a n s m i s s i o n  t h r o u g h  t h e  e m u l s i o n  f i l m s  

w a s  h i g h l y  d e p e n d e n t  o n  c h a i n  l e n g t h  a n d  d e g r e e  o f  s a t u r a 
t i o n  o f  t h e  f a t t y  a c i d s  ( F i g .  2 ) .  I n t r o d u c t i o n  o f  t h e  o n e  

d o u b l e  b o n d  t o  t h e  f a t t y  a c i d  h y d r o c a r b o n  c h a i n  i n c r e a s e d  

t h e  W V T R  f r o m  2 . 2  g / m 2 d a y  ( s t e a r i c  a c i d ,  C ^ o ,  s o l i d  
a t  2 5  C )  t o  o v e r  1 9 0  g / m 2 d a y  ( o l e i c  a c i d ,  C 1 8 : 1 , l i q u i d  a t  
2 5  C ) .  T h e  p e r m e a b i l i t y  o f  t h e  o l e i c  a c i d  e m u l s i o n  f i l m  
a l s o  i n c r e a s e d  w i t h  t i m e ;  f o r  e x a m p l e ,  W V T R  i n c r e a s e d  
f r o m  1 9 0  g / m 2 d a y  ( s l o p e  o f  c u r v e  f r o m  0  -  7  h r )  t o  
2 6 0  g / m 2 d a y  ( s l o p e  o f  c u r v e  f r o m  0 - 1 0  h r ) .  T h e  d o u b l e  

b o n d  ( c i s  c o n f i g u r a t i o n ) ,  i n  t h e  o l e i c  a c i d  h y d r o c a r b o n  
c h a i n ,  p r e s u m a b l y  c h a n g e s  t h e  p a c k i n g  o f  t h e  l i p i d  m o l e 
c u l e s  a t  t h e  a i r - w a t e r  ( f i l m  f o r m i n g  s o l u t i o n )  i n t e r f a c e  f r o m  
a  v e r y  d e n s e  l a y e r  ( s t e a r i c  a c i d )  t o  a  m o r e  e x p a n d e d  l a y e r  
w i t h  g r e a t e r  m o l e c u l a r  m o b i l i t y .  T h e  s u r f a c e  a r e a  o c c u 
p i e d  b y  o n e  m o l e c u l e  o f  o l e i c  a c i d  i n  a n  o l e c i  a c i d  m o n o -  
l a y e r  ( s u r f a c e  p r e s s u r e  5  d y n e / c m )  is  4 8 . 0  A 2 , w h e r e a s  
t h e  m o l e c u l a r  a r e a  o f  a  s t e a r i c  a c i d  m o l e c u l e  u n d e r  c o m 

p a r a b l e  c i r c u m s t a n c e s  i s  2 3 . 5  A 2 ( J a i n ,  1 9 7 2 ) .  T h i s  d i f f e r 
e n c e  n o  d o u b l t  a c c o u n t s  l a r g e l y  f o r  t h e  d i f f e r e n c e  i n  r e s i s 
t a n c e  t o  w a t e r  v a p o r  t r a n s m i s s i o n .

D e c r e a s i n g  t h e  c h a i n  l e n g t h  o f  t h e  s a t u r a t e d  f a t t y  a c i d  
a l s o  i n c r e a s e d  t h e  p e r m e a b i l i t y  o f  t h e  e m u l s i o n  f i l m  t o  

w a t e r  v a p o r .  T h e  e m u l s i o n  f i l m s  o f  s t e a r i c  a c i d  ( C 1 8 ) ,
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Table 1—Water vapor transmission rate and permeability of edible and nonedible films

Temp
(°C)

Thickness
(mill

Relative 
humidity 
(% RH)

Vapor 
pressure 
gradient 
(mm Hg)

W T VR
(g)

Permeability 
g mil

(m2) (day) (m2 ) (day) (mm Hg)

Plain cellophane13 37.8 _ 95 46.7 310-1550a 6.64-33.2
Polystyrene (oriented)c 37.8 1.0 90 44.3 100+ 2.26+
Vinyl (PVC & plasticized)0 37.8 1.0 90 44.3 25+ 0.564+
Polyethylene (low density)0 37.8 1.0 90 , 44.3 18 0.406
C 18-C16 E-Filmd 25.0 1.6 85 20.2 3.05 0.2
Waxed paper13 37.8 — 95 46.7 3.1-233a 0.0664-4.99
Saran (polyvinylidene 

chloride)0
37.8 1.0 90 44.3 1.5-5.0 0.0334-0.113

J w V T R  expressed as (g) (m il)/(m 2 ) (day)
D Kare l (1975)
0 A n on . (1971)
“ Stearic ac id -pa lm itic  acid  em uls ion  f ilm , ed ib le  (0.8 mg lip id /cm 2 film )

s t e a r i c  a c i d - p a l m i t i c  a c i d  ( C i 8 - C ] 6 ) ,  a n d  l a r i c  a c i d  ( C ^ )  
h a d  W V T R  v a l u e s  o f  2 . 2  g / m 2 d a y ,  3 .1  g / m 2 d a y  a n d  o v e r
9 . 6  g / m 2 d a y  ( b a s e d  o n  s l o p e  o f  c u r v e  f r o m  0 - 1 0  h r ) ,  
r e s p e c t i v e l y .  E v e n  t h o u g h  t h e s e  f a t t y  a c i d s  a r e  s o l i d  a t  

2 5  C ,  t h e  f a t t y  a c i d s  w i t h  s h o r t e r  c h a i n  l e n g t h s  h a v e  

g r e a t e r  c h a i n  m o b i l i t y  a n d  a r e  c o n s e q u e n t l y  m o r e  p e r m e 
a b l e  t o  w a t e r  v a p o r .  A l t h o u g h  f a t t y  a c i d s  p r e v i o u s l y  h a v e  
b e e n  p r o p o s e d  f o r  u s e  i n  e d i b l e  c o a t i n g s ,  t h e  a b i l i t y  t o  
c o n t r o l  w a t e r  v a p o r  p e r m e a b i l i t y  t h r o u g h  a l t e r a t i o n s  i n  
c h a i n  l e n g t h  a n d  d e g r e e  o f  s a t u r a t i o n  o f  t h e  f a t t y  a c i d  h a s  

n o t  b e e n  r e p o r t e d .
T h e  f i n d i n g s  o f  t h i s  s t u d y  a r e  i n  g e n e r a l  a g r e e m e n t  w i t h  

t h o s e  o f  s t u d i e s  i n v o l v i n g  s y n t h e t i c  m e m b r a n e s .  D e  G i e r  
e t  a l .  ( 1 9 6 8 )  u s e d  l i p o s o m e s ,  s y n t h e t i c  l i p i d  v e s i c l e s ,  t o  
s t u d y  t h e  e f f e c t  o f  l i p i d  c o m p o s i t i o n  o n  m e m b r a n e  p e r m e 
a b i l i t y .  L i p o s o m e s  p r e p a r e d  f r o m  s y n t h e t i c  l e c i t h i n s  w i t h  
v a r i a t i o n s  i n  t h e  l e n g t h  a n d  n u m b e r  o f  d o u b l e  b o n d s  o f  t h e  

a c y l  c h a i n  e x h i b i t e d  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  ( 1 ) 
p e n e t r a t i o n  o f  n o n e l e c t r o l y t e s  ( g l y c e r o l  a n d  e r y t h r i t o l )  
i n t o  t h e  l i p o s o m e  i n c r e a s e d  g r e a t l y  a s  t h e  t e m p e r a t u r e  w a s  
i n c r e a s e d ;  ( 2 )  p e r m e a b i l i t y  o f  t h e  l i p o s o m e s  d e c r e a s e d  a s  
t h e  l e n g t h  o f  t h e  a c y l  c h a i n  w a s  i n c r e a s e d ;  ( 3 )  p e r m e a b i l i t y  
o f  t h e  l i p o s o m e s  i n c r e a s e d  a s  t h e  n u m b e r  o f  d o u b l e  b o n d s  

i n  t h e  a c y l  c h a i n s  w a s  i n c r e a s e d ;  ( 4 )  a t  l o w  t e m p e r a t u r e s ,  
l e c i t h i n s  w i t h  a s y m m e t r i c  c h a i n  l e n g t h s  w e r e  m o r e  p e r m e 
a b l e  t o  n o n - e l e c t r o l y t e  p e n e t r a t i o n  t h a n  l e c i t h i n s  h a v i n g  
e q u a l  c h a i n  l e n g t h s ,  b o t h  h a v i n g  t h e  s a m e  t o t a l  n u m b e r  o f  

c a r b o n  a t o m s ;  a n d  ( 5 )  l i p o s o m e  p e r m e a b i l i t y  d e c r e a s e d  
w h e n  c h o l e s t e r o l  w a s  a d d e d  t o  t h e  l i p o s o m e .  I n  a d d i t i o n ,  
M c E l h a n e y  e t  a l .  ( 1 9 7 0 )  f o u n d  t h a t  l i p o s o m e s  c o n t a i n i n g  
c i s  f a t t y  a c i d s  w e r e  m o r e  p e r m e a b l e  t o  s o l u t e  p e n e t r a t i o n  
t h a n  l i p o s o m e s  c o n t a i n i n g  t r a n s  f a t t y  a c i d s  o f  e q u a l  c h a i n  

l e n g t h .
T h e  s t e a r i c  a c i d - p a l m i t i c  a c i d  b l e n d  w a s  u s e d  i n  f i l m s  

p r e p a r e d  b y  b o t h  t h e  c o a t i n g  t e c h n i q u e  a n d  t h e  e m u l s i o n  

t e c h n i q u e  ( e q u a l  v a p o r  p r e s s u r e  g r a d i e n t  a n d  t e m p e r a 
t u r e ) .  T h e  C 1 8 - C 16 c o a t e d  f i l m  h a d  a  W V T R  o f  4 3 . 9  
g / m 2 d a y  a s  c o m p a r e d  t o  a  W V T R  o f  3 . 1  g / m 2 d a y  f o r  
t h e  e m u l s i o n  f i l m ,  e v e n  t h o u g h  t h e  l i p i d  l a y e r  i n  t h e  e m u l 
s i o n  f i l m  w a s  a b o u t  o n e - t e n t h - a s  t h i c k  a s  t h a t  o f  t h e  c o a t e d  
f i l m  ( 9  m g  l i p i d / c m 2 f i l m  v s .  0 . 8  g m  l i p i d / c m 2 f i l m ) .  T h i s  
d i f f e r e n c e  i n  p e r m e a b i l i t y  i s  a p p a r e n t l y  d u e  t o  o r i e n t a t i o n  
o f  t h e  f a t t y  a c i d  m o l e c u l e s .  I n  t h e  c o a t i n g  t e c h n i q u e ,  t h e  
f a t t y  a c i d  w a s  s i m p l y  d e p o s i t e d  o n t o  t h e  s u r f a c e  o f  t h e  
d r i e d  H P M C : P E G  f i l m ;  h o w e v e r ,  i n  t h e  e m u l s i o n  t e c h n i q u e ,  
t h e  f a t t y  a c i d  w a s  a l l o w e d  t o  o r i e n t  a t  t h e  a i r - w a t e r  ( f i l m  
f o r m i n g  s o l u t i o n )  i n t e r f a c e  b e f o r e  a l l o w i n g  t h e  l i p i d  t o  
s o l i d i f y  a t  t h e  H P M C : P E G  s u r f a c e .  A s i d e  f r o m  t h e  s u p e r i o r  
b a r r i e r  p r o p e r t i e s  o f  t h e  d r i e d  e m u l s i o n  f i l m s ,  t h e s e  f i l m s  
w e r e  a l s o  v e r y  f l e x i b l e  a n d  q u i t e  r e s i s t a n t  t o  m e c h a n i c a l  

d a m a g e .

T h e  d a t a  i n  T a b l e  1 p r o v i d e  a  p e r s p e c t i v e  o f  h o w  t h e  
b a r r i e r  p r o p e r t i e s  o f  t h e  C i 8 - C i g  e m u l s i o n  f i l m  c o m p a r e  
t o  t h o s e  o f  s o m e  c o m m e r c i a l ,  n o n e d i b l e  p a c k a g i n g  f i l m s .  

T h e  w a t e r  v a p o r  p e r m e a b i l i t y  o f  t h e  e d i b l e  C ] 8 - C i 6 E - F i l m  
( 2 5 ° C )  is  l e s s  t h a n  t h a t  o f  p l a i n  c e l l o p h a n e ,  p o l y s t y r e n e  
( o r i e n t a t e d ) ,  v i n y l  ( P V C  a n d  p l a s t i c i z e d )  a n d  p o l y e t h y l e n e  

( l o w  d e n s i t y ,  w i t h i n  t h e  r a n g e  o f  w a x e d  p a p e r ,  b u t  g r e a t e r  
t h a n  t h a t  o f  S a r a n  ( p o l y v i n y l i d e n e  c h l o r i d e )  a n d  a l u m i n u m  

f o i l .  A t  e l e v a t e d  t e m p e r a t u r e s ,  t h i s  r e l a t i o n s h i p  w o u l d  b e  
e x p e c t e d  t o  c h a n g e .  I t  s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  C 1 8 - 
C 16 e m u l s i o n  f i l m  w a s  t e s t e d  u s i n g  a n  8 5 %  r e l a t i v e  h u m i d i t y  
g r a d i e n t  a n d  t h a t  t h e  o t h e r  f i l m s  w e r e  p r e s u m a b l y  t e s t e d  
u s i n g  a  1 0 0 %  g r a d i e n t .  A l t h o u g h  t h i s  d i f f e r e n c e  i s  c o m 
p e n s a t e d  f o r  d u r i n g  c a l c u l a t i o n  o f  t h e  p e r m e a b i l i t y  v a l u e ,  i t  
s h o u l d  b e  r e a l i z e d  t h a t  t h e  C i 8 - C 16 e m u l s i o n  f i l m  w i l l  
n o t  f u n c t i o n  e f f e c t i v e l y  a t  r e l a t i v e  h u m i d i t i e s  m u c h  a b o v e  

8 5 % .
E d i b l e  b i l a y e r  f i l m s  o f  t h e  k i n d  i n v e s t i g a t e d  h e r e  m a y  b e  

u s e f u l  i n  s o m e  k i n d s  o f  f o o d  p r o d u c t s ,  s u c h  a s  f r o z e n  p i z z a s  
a n d  p i e s ,  t o  r e t a r d  m o i s t u r e  m i g r a t i o n  f r o m  a r e a s  o f  h i g h  
w a t e r  a c t i v i t y  t o  a r e a s  o f  l o w  w a t e r  a c t i v i t y .  L a t t e r  a r 
t i c l e s  w i l l  p r o v i d e  i n f o r m a t i o n  r e l e v a n t  t o  t h e s e  k i n d s  o f  

a p p l i c a t i o n s .
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W a t e r  V a p o r  P e r m e a b i l i t y  o f  a n  E d i b l e ,  F a t t y  A c i d ,  B i l a y e r  F i l m

S. L. KAMPER and 0. FENNEMA

----------------------------ABSTRACT----------------------------
A bilayer film consisting of stearic and palmitic acids as one layer 
and hydroxypropyl methylcellulose as the other was prepared. The 
permeability of this film to water vapor was tested under a variety 
of conditions involving film composition, temperature and relative 
humidity. This film exhibited permeability values (g • mil • m“2 • 
day-1 • mm Hg-1) of 0.5 at 40°C, 0.3 at 25°C, 1.7 at 5°C, and 6.0 
at -19°C. This film would be expected to perform well at relative 
humidities below 90% and temperatures within the range of 40°C to 
-19°C.

INTRODUCTION
S T A B I L I Z A T I O N  o f  m o i s t u r e  g r a d i e n t s  a m o n g  c o m p o n e n t s  
o f  f a b r i c a t e d  f o o d s  i s  d e s i r a b l e  i n  m a n y  s i t u a t i o n s .  F o r  

e x a m p l e ,  m a i n t e n a n c e  o f  a  d r y  c r u s t  a n d  a  m o i s t  t o p p i n g  
o r  f i l l i n g  i s  d e s i r a b l e  i n  f r o z e n  p i z z a s  a n d  f r o z e n  p i e s .  A n  
e d i b l e  f i l m  w i t h  g o o d  m o i s t u r e  b a r r i e r  p r o p e r t i e s ,  i f  p l a c e d  

b e t w e e n  c o m p o n e n t s  o f  d i f f e r i n g  w a t e r  a c t i v i t y ,  w o u l d  h e l p  
r e t a r d  m o i s t u r e  e q u i l i b r a t i o n  i n  h e t e r o g e n e o u s  f o o d  p r o d 

u c t s .
I n  a  p r e v i o u s  s t u d y  ( K a m p e r  a n d  F e n n e m a ,  1 9 8 4 )  s e v e r a l  

b i l a y e r  l i p i d - b a s e d  e d i b l e  f i l m s  w e r e  e v a l u a t e d  f o r  t h e i r  

e f f e c t i v e n e s s  a s  m o i s t u r e  b a r r i e r s .  E d i b l e  f i l m s  c o n t a i n i n g  
e i t h e r  s t e a r i c  a c i d  o r  a  b l e n d  o f  s t e a r i c  a c i d  a n d  p a l m i t i c  
a c i d  w e r e  f o u n d  t o  b e  e x c e l l e n t  b a r r i e r s  t o  w a t e r  v a p o r  
t r a n s m i s s i o n  a t  2 5 ° C . I t  i s  t h e  o b j e c t i v e  o f  t h i s  s t u d y  t o  
d e t e r m i n e  t h e  m o i s t u r e  b a r r i e r  p r o p e r t i e s  o f  t h e s e  f i l m s  
u n d e r  v a r i o u s  c o n d i t i o n s  o f  l i p i d  c o n c e n t r a t i o n ,  r e l a t i v e  
h u m i d i t y  a n d  t e m p e r a t u r e .

MATERIALS & METHODS

Materials
The following materials were used to prepare edible films: hy

droxypropyl methylcellulose (HPMC) Methocel E 50 Premium 
(Dow Chemical Co., Midland, MI); polyethylene glycol (PEG) 400 
(J.T. Baker Chemical Co., Phillipsburg, NJ); stearic acid, 97%+ 
purity (Eastman Kodak Co., Rochester, NY) and a 50.4:47.5 
stearic acid-palmitic acid blend, NF (Mallinckrodt, Inc., Paris, KY).

Methods
The bilayer edible films were prepared using the emulsion tech

nique described by Kamper and Fennema (1984). The fatty acids 
(stearic acid or stearic acid-palmitic acid blend) were added directly 
to the film forming solution (200 parts 95% ethanohlOO parts 
distilled water:9 parts hydroxypropyl methylcellulose:1 part poly
ethylene glycol 400) and heated to dissolve the fatty acids. It 
was shown in a previous study by Kamper and Fennema (1984) 
that films prepared from stearic acid and a stearic-palmitic blend 
exhibited essentially the same permeability to water vapor. The 
mixed solution (100 ml) was added to a spreader for thin layer 
chromatography (TLC) and plated onto three 8" x 8” glass TLC 
plates at a thickness of 0.75 mm. The coated plates were placed in 
an oven at approximately 90°C. After drying for approximately 15

A u th o r  F ennem a is a f f i l ia te d  w ith  th e  D ep t, o f  F o o d  S c ien ce , Univ. 
o f  W iscon sin , M adison , W i 5 3 7 0 6 . A u th o r  K am per, fo rm e r ly  w ith  
th e  U niv. o f  W isconsin , is n o w  w ith  G en era l M ills, Inc., 9 0 0 0  P ly 
m o u th  A v e ., N o r th , M in n eapolis , M N  5 5 4 2 7 .

min, the plates were cooled and the films were peeled from the 
plates.

The amount of lipid (fatty acid) present in the dried film was 
determined using a modified AOAC procedure for acid value of fat 
(AOAC, 1975). The fatty acid concentration in the film was ex- 
prssed as mg lipid/cm2 film. Film thickness was measured with a 
micrometer.

The moisture barrier properties of the edible films were evaluated 
using a modified ASTM method (1983). A glass cup containing 
either desiccant or a saturated salt solution and sealed with the test 
film was placed in an environment of controlled humidity and tem
perature. The relative humidity inside the cup was always lower 
than that existing outside the cup so water vapor transmission was 
determined from the weight gain of the cup.

The edible films used were of known lipid content (mg/cm2), 
thickness (mils), area (cm2) and weight (mg). The glass cups were of 
two sizes: (1) 9.9 cm o.d., 9.0 cm i.d. and 1.5 cm deep with an 
exposed film area of 64.3 cm2, and (2) 6.3 cm o.d., 5.0 cm i.d. and
2.0 cm deep with an exposed film area of 19.6 cm2. The deeper 
cups were used when saturated salt solutions were placed in the cup 
to establish various fixed, intermediate, relative humidities on the 
interior side of the film. The films were sealed to the cups with a

Fig. 1—W ater va p o r tran sm ission  th rou gh  e d ib le  (em u ls io n  te c h 
n iq u e) film s a t  2 5 °  C a n d  85%  R H  as a fu n c tio n  o f  s te a r ic  a c id  c o n 
cen tra tio n . V a ria b ility  b e tw e e n  th e  tw o  tr e a tm e n t re p lic a te s  is 
in d ic a te d  o n ly  w h en  th e  va r ia b ility  e x c e e d s  th e  s iz e  o f  th e sy m b o l.
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blend of molten microcrystalline wax and paraffin wax, applied so 
as to expose the film areas previously mentioned.

The cups were stored in glass laboratory desiccators each main
tained at a constant relative humidity. The following saturated salt 
solutions were used to control relative humidity: MgCl2 (33% RH at 
25°C); K2C03 (43% RH at 25°C); Mg(N03)2 (53% RH at 25°C); 
NaBr (58% RH at 25°C); NaN02 (65% RH at 25°C); NaCl (75% RH 
at 25°C); KC1 (83% RH at 40°C); KBr (83% RH at 25°C); CdCl2 
(83% RH at 5°C); KC1 (85% RH at 25°C); BaCl2 (90% RH at 2 5 °C )  
and K2S04 (97% RH at 25°C) (Rockland, 1960; Stoloff, 1978; 
Wink and Sears, 1950). In addition, anhydrous calcium chloride 
(0% RH) and .ice 83% RH at —19°C) (Fennema and Berny, 1974) 
were used to control relative humidity. Cup weight, to the nearest 
0.0001 g, was recorded at various times. All tests were conducted in 
duplicate.

The water vapor transmission rates (WVTR) and permeability (P) 
values of the films were determined as described in the previous 
article by Kamper and Fennema (1984) and by Heiss (1958), Karel 
et al. (1959) and Labuza and Contreras-Medellin (1981).

RESULTS & DISCUSSION

Lipid concentration
T h e  a m o u n t  o f  l i p i d  a d d e d  t o  t h e  f i l m  f o r m i n g  s o l u t i o n  

i n f l u e n c e d  t h e  W V T R .  I n c r e a s i n g  t h e  s t e a r i c  a c i d  c o n c e n t r a 
t i o n  ( m g / c m 2 ) i n  t h e  s t e a r i c  a c i d  e m u l s i o n  f i l m  (C13 E - F i l m )  
d e c r e a s e d  t h e  W V T R  a t  2 5 ° C  a n d  8 5 %  R H  a s  i n d i c a t e d  in  
F i g .  1 . I n c r e a s i n g  t h e  s t e a r i c  a c i d  c o n c e n t r a t i o n  u p  t o  0 . 4 6  

m g / c m 2 g r e a t l y  d e c r e a s e d  f i l m  p e r m e a b i l i t y ,  w h e r e a s  f u r t h e r  
i n c r e a s e s  i n  s t e a r i c  a c i d  a b o v e  0 . 4 6  m g / c m 2 r e s u l t e d  i n  l e s s

T IME  ( hrs. at 25°C)
Fig. 2 —W ater vapor tran sm ission  th rou gh  e d ib le  (em u 's ion  te ch 
n ique! film s a t  2 5 ° C  as a fu n c tio n  o f  th e re la tiv e  h u m id ity  grad ien t. 
C j8 - C i6  E-Film : 0 .8 4  m g  lip id /c m ?  film , th ick n ess  1 .4 -1 .8  m ils. 
V ariab ility  b e tw e e n  th e  tw o  tre a tm e n t rep lic a te s  is in d ic a te d  o n ly  
w h en  th e  v a r ia b ility  e x c e e d s  th e  s iz e  o f  th e  sy m b o l.

d r a m a t i c  d e c r e a s e s  i n  p e r m e a b i l i t y .  W h e n  t h e  s t e a r i c  a c i d  
c o n c e n t r a t i o n  w a s  i n c r e a s e d  t o  v e r y  h i g h  l e v e l s  ( a b o v e  1 .2  
m g / c m 2 ; d a t a  n o t  s h o w n )  t h e  W V T R  o f t e n  i n c r e a s e d  b e 

c a u s e  i n  c e r t a i n  a r e a s  o f  t h e  f i l m  s t e a r i c  a c i d  p e n e t r a t e d  t h e  

f u l l  d e p t h  o f  t h e  f i l m  r e s u l t i n g  i n  a d h e r e n c e  t o  t h e  g la s s  
p l a t e s  d u r i n g  t h e  p r o c e s s  o f  f i l m  f o r m a t i o n  a n d  d a m a g e  t o  
t h e  f i l m  d u r i n g  r e m o v a l  f r o m  t h e  p l a t e .  T h u s ,  t h e  o p t i m u m  
c o n c e n t r a t i o n  o f  s t e a r i c  a c i d  ( m i n i m u m  w a t e r  v a p o r  p e r m e 
a b i l i t y )  u s i n g  t h e  f a b r i c a t i o n  p r o c e d u r e  d e v e l o p e d  h e r e  
a p p e a r s  t o  b e  a b o u t  0 . 8 5  m g / c m 2 .

B e c a u s e  t h e  W V T R  o f  t h e  C j g  a n d  t h e  C j g - C j g  E - F i l m s  
w a s  e s s e n t i a l l y  t h e  s a m e  ( K a m p e r  a n d  F e n n e m a ,  1 9 8 4 )  a n d  
t h e  C i g - C 16 E - F i l m  w a s  e a s i e r  t o  p r e p a r e  i n  a  l a b o r a t o r y  
s i t u a t i o n  ( l o w e r  m e l t i n g  p o i n t )  a n d  h a d  a  m o r e  c o n s i s t e n t  

a p p e a r a n c e  t h e  C ^ g - C j g  E - F i l m  w a s  u s e d  i n  m o s t  o f  t h e  
f o l l o w i n g  s t u d i e s .

Relative humidity
I n c r e a s i n g  t h e  r e l a t i v e  h u m i d i t y  g r a d i e n t  a t  a  c o n s t a n t  

t e m p e r a t u r e  i n c r e a s e d  t h e  m o i s t u r e  t r a n s f e r  t h r o u g h  t h e  

C j g - C i g  E - F i l m  ( F i g .  2 ) ,  w i t h  t h e  g r e a t e s t  d i f f e r e n c e  
o c c u r r i n g  a s  t h e  r e l a t i v e  h u m i d i t y  w a s  i n c r e a s e d  a b o v e  9 0 % .  
Q u a n t i t a t i v e l y ,  t h e  W V T R  i n c r e a s e d  f r o m  4 . 2  g / m 2 d a y  a t  
9 0 %  R H  t o  2 5 . 5  g / m 2 d a y  a t  9 7 %  R H .

T h e  C x g - C j g  E - F i l m  w a s  a l s o  e x p o s e d ,  a t  c o n s t a n t  t e m 
p e r a t u r e ,  t o  a  c o n s t a n t  r e l a t i v e  h u m i d i t y  g r a d i e n t  ( 7 . 6  m m  
H g ,  3 2 %  R H ) ,  w i t h  t h e  g r a d i e n t  s i t u a t e d  a t  v a r i o u s  l o c a 
t i o n s  i n  t h e  r e l a t i v e  h u m i d i t y  s p e c t r u m  ( F i g .  3 ) .  T h e  f i l m

Fig. 3 —W a ter vapor tran sm ission  th rou gh  e d ib le  (em u ls io n  te c h 
n iq u e)  film s a t  2 5 ° C as a fu n c tio n  o f  a c o n s ta n t re la tive  h u m id ity  
g ra d ie n t (32%  R H ) s i tu a te d  a t  various lo c a tio n s  in th e  R H  sp ec tru m . 
C i8 ~ C j6  E -F ilm : 0 .7 6  m g  l ip id  /c m ?  film , th ick n ess 1 .4 -1 .8  m ils. 
V a ria b ility  b e tw e e n  th e  tw o  tr e a tm e n t rep lic a te s  is in d ic a te d  o n ly  
w h en  th e va r ia b ility  e x c e e d s  th e  s ize  o f  th e  sy m b o l.
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Fig. 4 —W ater vapor tran sm ission  through  ed ib le  (em u ls ion  te c h 
n iq u e )  film s a t  83%  R H  (0%  R H  in side  d ish ) as a fu n c tio n  o f  te m 
p era tu re . C jg - C jg  E -F ilm : 0 .7 5  m g  H pid /cm ?  f ilm , th ickn ess  
1 .4 -1 .8  m ils. V a ria b ility  b e tw e e n  th e  tw o  tr e a tm e n t  re p lic a te s  is 
in d ic a te d  o n ly  w h en  th e  va r ia b ility  e x c e e d s  th e  s iz e  o f  th e  s y m b o l.

e x h i b i t e d  g r e a t e r  p e r m e a b i l i t y  a s  t h e  R H  g r a d i e n t  w a s  
m o v e d  u p w a r d  i n  t h e  R H  s p e c t r u m .  T h e  p e r m e a b i l i t y  v a l u e  

o f  t h e  C 1 8 - C 16  E - F i l m  i n c r e a s e d  f r o m  0 . 6 9  ( g ) ( m i l ) / ( m 2 ) 

( d a y ) ( m m  H g )  f o r  t h e  6 5 - 3 3 %  R H  r a n g e  t o  1 0 .1  ( g ) ( m i l ) /  
( m 2 ) ( d a y ) ( m m  H g )  f o r  t h e  9 7 - 6 5 %  R H  R a n g e .

I n c r e a s e d  p e r m e a b i l i t y  o f  t h e  f i l m  a t  h i g h  h u m i d i t i e s  

p r e s u m a b l y  r e s u l t s  f r o m  i n c r e a s e d  h y d r a t i o n  o f  t h e  f i l m  
c o m p o n e n t s ,  t h e  h y d r o p h i l i c  s i d e  o f  t h e  f i l m  b e i n g  e s p e 
c i a l l y  s e n s i t i v e  t o  h i g h  h u m i d i t i e s .  T h e  f i l m s  s t o r e d  a t  9 7 %  
R H  w e r e  s o f t e r  a n d  m o r e  e l a s t i c  t h a n  f i l m s  s t o r e d  a t  t h e  
l o w e r  r e l a t i v e  h u m i d i t i e s .

T h i s  l a r g e  i n c r e a s e  i n  p e r m e a b i l i t y  o f  t h e  C l 8 ‘C i 6 
E - F i l m  a b o v e  9 0 %  R H  i n d i c a t e s  t h a t  i f  t h e  f i l m  i s  t o  s e r v e  
a s  a n  e f f e c t i v e  b a r r i e r  t o  m o i s t u r e  t r a n s f e r  b e t w e e n  f o o d  
c o m p o n e n t s ,  t h e  w a t e r  a c t i v i t y  o f  t h e  h i g h  aw  c o m p o n e n t  
s h o u l d  b e  b e l o w  0 . 9 0 ,  a n d  t h e  w a t e r  a c t i v i t y  o f  t h e  l o w  aw  
c o m p o n e n t  s h o u l d  b e  a s  l o w  a s  p o s s i b l e .

T e m p e r a t u r e

T h e  C 1 8 - C 16 E - F i l m  r e q u i r e d  a p p r o x i m a t e l y  5 h r  a t  a  
g i v e n  s t o r a g e  t e m p e r a t u r e  a n d  r e l a t i v e  h u m i d i t y  t o  a t t a i n  
c o n s t a n t  p e r m e a b i l i t y  c h a r a c t e r i s t i c s  ( F i g .  4 ) .  I n  g e n e r a l ,  
t h e  a m o u n t  o f  w a t e r  v a p o r  t r a n s f e r r e d  t h r o u g h  t h e  C 1 8 -
C ] 6 E - F i l m s  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  i n c r e a s e d .  T h i s  
c o n c l u s i o n ,  h o w e v e r ,  i s  m i s l e a d i n g  s i n c e  t h e  p r e s s u r e  d i f f e r 
e n t i a l  a c r o s s  t h e  f i l m  c h a n g e d  w i t h  c h a n g e s  i n  t e m p e r a t u r e .  
T h u s ,  t h e  8 3 %  R H  d i f f e r e n t i a l  w h i c h  w a s  u s e d  t h r o u g h o u t  
t h e  e x p e r i m e n t ,  t r a n s l a t e s  t o  a  p r e s s u r e  d i f f e r e n t i a l  o f  4 5 . 9  
m m  H g  a t  4 0 ° C ,  1 9 . 7  a t  2 5 ° C ,  5 . 4  a t  5 ° C  a n d  1 . 0 2  a t

Fig. 5 —The e f f e c t  o f  in te n tio n a l p in h o le s  o n  th e  w a te r  v a p o -  tra n s
m iss io n  through  ed ib le  (em u lsion  tech n iq u e) f ilm s a t  2 5 ° C  a n d  85%  
RH. Each p in h o le  (1 -4  p in h o le s  in tro d u c e d )  re p re sen ts  0 .0 1 8 %  o f  
th e  e x p o s e d  film  area. C j g  E-F ilm : •  1 p in h o le s , 0 .8 5  m g  s te a ric  
a c id /c m ?  film ; o 2  p in h o le s , 0 .8 5  m g s te a ric  a c id /c m ?  film ; •  3  
p in h o le s , 0 .6 0  m g  s te a ric  a c id /c m ?  film ; a n d  11 4  p in h o le s , 0  6 0  m g  
stea ric  a c id /c m ?  film .

— 1 9 ° C .  P r e s e n t i n g  t h e  r e s u l t s  i n  t e r m s  o f  p e r m e a b i l i t y  
v a l u e s  [ P = ( g ) ( m i l ) / ( m 2 ) ( d a y ) ( m m  H g ) ]  c o m p e n s a t ; s  f o r  

t h e s e  d i f f e r e n c e s  i n  p r e s s u r e  d i f f e r e n t i a l  a n d  is  c l e a r l y  a  
b e t t e r  a p p r o a c h .  T h e  r e s u l t i n g  P  v a l u e s  d e r i v e d  f r o m  t h e  
l i n e a r  p o r t i o n s  o f  t h e  c u r v e s  a r e  0 . 5  a t  4 0 ° C ,  0 . 3  a t  2 5 ° C ,
1 .7  a t  5 ° C  a n d  6 . 0  a t  — 1 9 ° C .  R e p l i c a t i o n  o f  t h e  e x p e r i 

m e n t  r e p o r t e d  i n  F i g .  4  g a v e  c o n s i s t e n t l y  s i m i l a r  r e s u l t s ,  
i n d i c a t i n g  t h a t  t h e  P  v a l u e  f o r  t h e  C i 8 - C j 6 E - F i l m  i n c r e a s e d  
a s  t h e  t e m p e r a t u r e  w a s  r a i s e d  o r  l o w e r e d  f r o m  2 5 ° C .  T h e  

i n c r e a s e  i n  P  a s  t h e  t e m p e r a t u r e  w a s  l o w e r e d  b e l o w  2 5 ° C  
w a s  n o t  a n t i c i p a t e d ,  b u t  i s  p e r h a p s  e x p l a i n a b l e  o n  t h e  b a s i s  

o f  i n c r e a s e d  f i l m  h y d r a t i o n  a t  l o w e r  t e m p e r a t u r e s ,  x ^ h ic h  
w o u l d  f a v o r  i n c r e a s e d  p e r m e a b i l i t y ;  a n d  t h e  p o s s i b i l i t y  o f  
l o w  t e m p e r a t u r e  f r a c t u r i n g  o f  t h e  f i l m  a s  a  r e s u l t  o '  l i p i d  
r i g i d i t y  c o u p l e d  w i t h  l i p i d  c o n t r a c t i o n .  N o g u c h i  ( 1 9 8 1 )  
r e p o r t e d  t h a t  h y d r a t i o n  a r o u n d  p o l a r  g r o u p s  i n c r e a s e d  w i t h  

d e c r e a s i n g  t e m p e r a t u r e  a n d  t h a t  h y d r a t i o n  a r o u n c  b i o 

p o l y m e r s  ( s u c h  a s  p o l y s a c c h a r i d e s )  n e a r  0 ° C  s h o u l d  b e  

t w i c e  t h a t  a t  r o o m  t e m p e r a t u r e .  L a b u z a  a n d  C o n t r e r a s -  

M e d e l l i n  ( 1 9 8 1 )  h a v e  s h o w n  t h a t  c e r t a i n  p a c k a g i n g  f i l m s  
( s u c h  a s  p o l y e t h y l e n e )  a r e  m o r e  p e r m e a b l e  t o  w a t e r  v a p o r  

a t  — 3 0 ° C  t h a n  a t  3 5 ° C .
A  c o m p a r i s o n  o f  t h e  2 5 ° C  P  v a l u e  f r o m  F i g .  4  w i t h  

t h o s e  f r o m  F i g .  3  p r o v e s  i n t e r e s t i n g .  T h e  2 5 ° C  P  v a l u e  f r o m  
F i g .  4  i s  0 . 3  a n d  i t  w a s  o b t a i n e d  u s i n g  a n  R H  g r a d i e n t  o f

0 - 8 3 .  T h i s  v a l u e  i s  s m a l l e r  t h a n  t h e  P  v a l u e s  ( 0 . 6 - 1 0 . 1 )  
f r o m  F i g .  3 ,  t h e  l a t t e r  v a l u e s  b e i n g  o b t a i n e d  u s i n g  c o n s t a n t  
R H  g r a d i e n t s  o f  3 2 %  l o c a t e d  a t  v a r i o u s  p o i n t s  i n  t h e  R H  
s p e c t r u m .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  h y d r o p h i l i c  s . d e  o f  
t h e  f i l m  i n  F i g .  4  w a s  a l w a y s  e x p o s e d  t o  a  R H  o f  0 % ,  
w h e r e a s  t h e  h y d r o p h i l i c  s i d e s  o f  t h e  f i l m s  i n  F i g .  3  w e r e  
e x p o s e d  t o  R H ’s  r a n g i n g  f r o m  3 3 - 6 5 % .  T h u s ,  t h e  h y d r o 
p h i l i c  s i d e s  o f  t h e  f i l m s  i n  F i g .  3  c l e a r l y  w o u l d  h a v e  a b 
s o r b e d  w a t e r  f r o m  t h e  a t m o s p h e r e ,  a p p a r e n t l y  r e s r l t i n g  
i n  a l t e r a t i o n  o f  t h e  l i p i d  l a y e r  a n d  d i m i n i s h e d  r e s i s t a n c e  
t o  t h e  t r a n s f e r  o f  w a t e r  v a p o r .

P i n h o l e s

T h e  p r e s e n c e  o f  p i n h o l e s  i n  t h e  e d i b l e  f i l m  g r e a t y  a f 
f e c t e d  t h e  m o i s t u r e  b a r r i e r  p r o p e r t i e s  o f  t h e  f i l m ,  i n t r o 
d u c t i o n  o f  o n e  i n t e n t i o n a l  p i n h o l e ,  a b o u t  0 . 0 0 8 %  o f  t h e  

e x p o s e d  f i l m  a r e a ,  i n c r e a s e d  t h e  W V T R  ( r a t i o  o f  s l o p e s  
b e f o r e  a n d  a f t e r  p i n h o l e  i n t r o d u c e d )  t h r o u g h  t h e  C 18 
E - F i l m  ( 0 . 8 5  m g  s t e a r i c  a c i d / c m 2 f i l m )  2 . 7  f o l d  ( F i g .  5 ) .  I t
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i s  a p p a r e n t  f r o m  t h e s e  r e s u l t s  t h a t  s m a l l  d i s r u p t i o n s  i n  f i l m  

i n t e g r i t y  w i l l  s i g n i f i c a n t l y  l e s s e n  t h e  a b i l i t y  o f  t h i s  f i l m  t o  
r e t a r d  t h e  p a s s a g e  o f  w a t e r  v a p o r .

T h e  C 1 8 - C 16  E - F i l m  t e s t e d  h e r e ,  p r o v i d e s  g o o d  b a r r i e r  

p r o p e r t i e s  t o  t h e  t r a n s f e r  o f  w a t e r  v a p o r  p r o v i d e d  t h e  
h y d r o p h i l i c  s i d e  o f  t h e  f i l m  is  m a i n t a i n e d  i n  a  d r y  c o n d i 
t i o n .  T h i s  f i l m  m i g h t  b e  u s e f u l  a s  a  m e a n s  o f  r e t a r d i n g  t h e  
t r a n s f e r  o f  w a t e r  v a p o r  b e t w e e n  t h e  h i g h  a n d  l o w  m o i s t u r e  

l a y e r s  o f  f o o d s  s u c h  a s  f r o z e n  p i z z a s  o r  f r o z e n  p i e s .  T h i s  

a p p l i c a t i o n  w i l l  b e  a s s e s s e d  i n  a  f u t u r e  a r t i c l e .
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U n s a t u r a t e d  S o l u t i o n s  o f  S o d i u m  C h l o r i d e  a s  R e f e r e n c e  

S o u r c e s  o f  W a t e r  A c t i v i t y  a t  V a r i o u s  T e m p e r a t u r e s

JORGE CHIRIFE and SILVIA L. RESNIK

----------------------------ABSTRACT----------------------------
In view of the uncertainty about the exact water activity (aw) of 
some solutions (saturated and unsaturated) used as references 
sources, the use of unsatuiated NaCl solutions as isopiestic standards 
for calibration of hygrometers is proposed. It is shown that there is 
an excellent agreement on the exact value of NaCl solutions between 
various literature compilations and theoretical models. Further, 
it is also shown that in the important range (for food related appli
cations) of 15-50°C the aw of NaCl solutions is almost invariant.

INTRODUCTION
I T  I S  W E L L  K N O W N  t h a t  w a t e r  a c t i v i t y  ( a w ) i s  o n e  o f  t h e  
s i n g l e  m o s t  i m p o r t a n t  f a c t o r s  a f f e c t i n g  t h e  m i c r o b i a l  s t a 

b i l i t y  o f  f o o d s  ( T r o l l e r  a n d  C h r i s t i a n ,  1 9 7 8 ) .  M o s t  m e t h 
o d s  f r e q u e n t l y  u s e d  f o r  m e a s u r i n g  a w , i n v o l v e  t h e  n e e d  o f  
r e f e r e n c e  s t a n d a r d  s o u r c e s  o f  r e l a t i v e  v a p o r  p r e s s u r e s  i n  t h e  

r a n g e  o f  i n t e r e s t .  H y g r o m e t e r s  ( e l e c t r i c  o r  f i b e r - d i m e n s i o n a l  
t y p e )  a r e  w i d e l y  u s e d  t o  m e a s u r e  a w  i n  f o o d - r e l a t e d  a p p l i 
c a t i o n s  ( S t o l o f f ,  1 9 7 8 ;  G a l ,  1 9 8 1 ;  F a v e t t o  e t  a l . ,  1 9 8 3 )  a n d  
t h e  r e f e r e n c e  s o u r c e s  a r e  n e e d e d  f o r  c a l i b r a t i o n  o f  t h e s e  

d e v i c e s .
S a t u r a t e d  s a l t  s o l u t i o n s  h a v e  b e e n  r e c o m m e n d e d  b y  

n u m e r o u s  w o r k e r s  a s  a  c o n v e n i e n t ,  e a s y  a n d  a c c u r a t e  w a y  t o  
p r o v i d e  s o l u t i o n s  o f  k n o w n  a w . T h e y  a r e  r e p r o d u c i b l e  
r e f e r e n c e  s t a n d a r d s  b e c a u s e  n o  m e a s u r e m e n t  o f  c o n c e n t r a 
t i o n  i s  n e e d e d  a n d  i f  t h e  s a l t s  a r e  p r o p e r l y  c h o s e n  n o  i n t e r 
f e r i n g  v a p o r s  a r e  p r e s e n t  ( S t o l o f f ,  1 9 7 8 ) .  U n f o r t u n a t e l y ,  
m o s t  r e p o r t s  i n  t h e  l i t e r a t u r e  d o  n o t  a g r e e  o n  t h e  e x a c t  
v a l u e  o f  e a c h  s a t u r a t e d  s a l t  s o l u t i o n  a n d  s o  i t  i s  d i f f i c u l t  t o  
c a l i b r a t e  i n s t r u m e n t s  t o  m e a s u r e  a w ; t h u s ,  t h e  a w  m e a s u r e 

m e n t s  p e r f o r m e d  b y  d i f f e r e n t  w o r k e r s  a r e  n o t  a l w a y s  c o m 
p a r a b l e .  T h e  r e v i e w  o f  G r e e n s p a n  ( 1 9 7 7 )  r e f l e c t s  v e r y  w e l l  
t h e  u n c e r t a i n t i e s  i n  t h e  l i t e r a t u r e  v a l u e s  f o r  s a t u r a t e d  s a l t  

s o l u t i o n s .  R e c e n t l y  R e s n i k  e t  a l .  ( 1 9 8 4 )  r e p o r t e d  t h e  r e s u l t s  
o f  a  w o r l d  s u r v e y  o f  a w  v a l u e s  a t  2 5  C  o f  s e l e c t e d  s a t u r a t e d  
s a l t  s o l u t i o n s  u s e d  a s  s t a n d a r d s .  T h e  s a l t s  c o v e r e d  t h e  r a n g e  

o f  a w  =  0 . 5 7 - 0 . 9 7 .  T h e i r  r e s u l t s  i n d i c a t e d  v a r i o u s  d i s 
c r e p a n c i e s  b e t w e e n  l a b o r a t o r i e s  r e g a r d i n g  t h e  c o r r e c t  a w  
v a l u e  t o  b e  a s s i g n e d  t o  e a c h  s a l t .  T h e  s u r v e y  w a s  l i m i t e d  t o  

2 5  C  b u t  i t  w a s  e x p e c t e d  t h a t  d i s c r e p a n c i e s  w o u l d  b e  e v e n  
l a r g e r  i f  o t h e r  t e m p e r a t u r e s  w e r e  c o n s i d e r e d .  I t  i s  o b v i o u s  
t h a t  t h e  u n c e r t a i n t y  a b o u t  t h e  e x a c t  v a l u e  o f  c e r t a i n  r e f e r 
e n c e  s a t u r a t e d  s a l t  s o l u t i o n s  i s  a  p r o b l e m  i n  t h e  s t u d y  o f  
f o o d s  p r e s e r v e d  b y  c o n t r o l  o f  t h e i r  a w .

T h e  t h e r m o d y n a m i c  p r o p e r t i e s  o f  N a C l  s o l u t i o n s  h a v e  
b e e n  e x h a u s t i v e l y  d e t e r m i n e d  o v e r  t h e  p a s t  5 0  y e a r s .  
D o z e n s  o f  w o r k e r s  i n  t h e  p h y s i c a l  c h e m i s t r y  a r e a  d e t e r 
m i n e d  t h e  a c t i v i t y  o f  w a t e r  i n  s o l u t i o n s  o f  N a C l  a n d  r e 
p o r t e d  t h e i r  d a t a  o n  o s m o t i c  c o e f f i c i e n t s  ( 0 )  f o r  t h e  w h o l e  
r a n g e  o f  c o n c e n t r a t i o n  a n d  a t  v a r i o u s  t e m p e r a t u r e s .  I t  i s  t h e  
p u r p o s e  o f  t h e  p r e s e n t  p a p e r  t o  p r o p o s e  t h e  u s e  o f  u n s a t u 
r a t e d  s o l u t i o n s  o f  N a C l  a s  i s o p i e s t i c  s t a n d a r d s  f o r  c a l i b r a -

The a u th o rs  are a f f ilia te d  w ith  P ro ipa  (C O N iC E T -F C E yN ), D ep to . 
d e  Indu strias, F a cu lta d  d e  C iencias E x ac tas y  N atu ra les, U niv. de  
B u en o s A ires , 1 4 2 8  B u en os A ires, A rgen tin a . A u th o r  R esn ik  is a lso  
a m e m b e r  o f  C om isión  d e  In vestigac ion es C ien tíficas d e  la P rovincia  
d e  B u en o s A ires.

t i o n  o f  a w  m e a s u r i n g  d e v i c e s  i n  a  r a n g e  o f  a w  a n d  t e m p e r a 
t u r e  o f  m o s t  i n t e r e s t  t o  f o o d  m i c r o b i o l o g y  a p p l i c a t i o n s .

RESULTS & DISCUSSION

E x p e r i m e n t a l  d a t a  o n  t h e  a w  o f  s o d i u m  c h l o r i d e  s o l u t i o n s

T h e  l i t e r a t u r e  r e f e r e n c e s  a r e  s o  n u m e r o u s  t h a t  t h e y  c a n  

n o t  b e  m e n t i o n e d  h e r e .  E x p e r i m e n t a l  d e t e r m i n a t i o n s  w e r e  
b a s e d  o n  p r e c i s e  a n d  a c c u r a t e  m e t h o d s  ( i . e .  i s o p i e s t i c ,  v a p o r  
p r e s s u r e  m e a s u r e m e n t ) .  T h e  a c c u r a c y  o f  w a t e r  a c t i v i t y  

m e a s u r e m e n t s  o f  N a C l  s o l u t i o n s  u s i n g  t h e s e  m e t h o d s  h a s  
b e e n  r e p o r t e d  t o  b e  0 . 0 0 0 1 - 0 . 0 0 0 2  a w . S c a t c h a r d  e t  a l . ,  
1 9 3 8 ;  O l y n y k  a n d  G o r d o n ,  1 9 4 3 ;  P l a t f o r d ,  1 9 7 9 ) .  T h i s  

a c c u r a c y  l a r g e l y  e x c e e d s  t h e  n e e d s  f o r  f o o d  m i c r o b i o l o g y  
r e s e a r c h  w h e r e  a w  v a l u e s  a r e  u s u a l l y  m e a s u r e d  t o  ± 0 . 3 0 5  o r  

a t  t h e  b e s t  a t  ± 0 . 0 0 2  ( T r o l l e r  a n d  C r h i s t i a n ,  1 9 7 8 ;  F a v e t t o  
e t  a l . ,  1 9 8 3 ) .  F r o m  t i m e  t o  t i m e  w e l l  k n o w n  r e s e a r c h e r s  
c r i t i c a l l y  e v a l u a t e d  t h e  l i t e r a t u r e  d a t a  o n  m e a s u r e m e n t  o f  
t h e  o s m o t i c  c o e f f i c i e n t  o f  N a C l  s o l u t i o n s  a n d  p u b l i s h e d  
“ b e s t ”  v a l u e s  o f  0  f o r  r o u n d e d  m o l a l i t i e s .  T h e s e  c o m p i l a 
t i o n s  a r e  i n t e r n a l l y  c o n s i s t e n t  a n d  i n  g e n e r a l  a c c u r a t e  t o  

a b o u t  0 . 0 0 1  i n  0  ( P l a t f o r d ,  1 9 7 9 ;  G i b b a r d  e t  a l . ,  1 9 7 4 ) .  
T h e  o s m o t i c  c o e f f i c i e n t  i s  d e f i n e d  a s

—5 5 . 5 1  In  a w
0 = ---------------------------- ( 1 )

Vi m j

w h e r e  v ;  i s  t h e  n u m b e r  o f  p a r t i c l e s  i n t o  w h i c h  e a c h  s o l u t e  
o f  m o l a l i t y  n q  d i s s o c i a t e s .

F o r  o u r  s t u d y  w e  h a v e  s e l e c t e d  t h e  f o l l o w i n g  c o m p i l a t i o n s  

o f  0  i n  N a C l  s o l u t i o n s :  ( a )  t h e  t a b l e s  i n  t h e  c l a s s i c a l  b o o k  

b y  R o b i n s o n  a n d  S t o k e s  ( 1 9 6 5 ) ,  f o r  N a C l  s o l u t i o n s  a t  2 5 ° C  
a n d  6 0  C ;  ( b )  t h e  c o m p i l a t i o n  o f  H a m e r  a n d  W u  ( 1 9 7 2 )  f o r  
u n i v a l e n t  e l e c t r o l y t e s  a t  2 5  C ;  ( c )  t h e  m e a s u r e m e n t s  a n d  

c o m p i l a t i o n  o f  G i b b a r d  e t  a l .  ( 1 9 7 4 )  f o r  N a C l  s o l u t i o n s  a t  
2 5 ° C  a n d  5 0 ° C ;  ( d )  t h e  c o m p i l a t i o n  o f  P l a t f o r d  ( 1 9 7 9 )  f o r  
N a C l  s o l u t i o n s  a t  1 5  a n d  3 7 ° C .

T h e  v a l u e s  o f  o s m o t i c  c o e f f i c i e n t  w e r e  t r a n s f o r m e d  t o  
a w  u s i n g  E q .  ( 1 )  a n d  r o u n d e d  t o  t h e  f o u r t h  d e c i m a l  v a l u e .

P r e d i c t i o n  o f  a w  o f  N a C l  s o l u t i o n s  a t  2 5 ° C

W e  a r e  i n t e r e s t e d  i n  u s i n g  a n  e q u a t i o n  w h i c h  r e p r o d u c e s  
m e a s u r e d  p r o p e r t i e s  o f  N a C l  s o l u t i o n s  w i t h i n  e x p e r i m e n t a l  
a c c u r a c y  a n d  w h i c h  i s  a l s o  c o n v e n i e n t  i n  t h e  s e n s e  t h a t  o n l y  
a  f e w  p a r a m e t e r s  n e e d  t o  b e  t a b u l a t e d .  I t  i s  a l s o  d e s i r a b l e  
t h a t  t h o s e  p a r a m e t e r s  h a v e  p h y s i c a l  m e a n i n g  a s  f a r  a s  p o s 
s i b l e .

P i t z e r  ( 1 9 7 3 )  d e v e l o p e d  a  s y s t e m  o f  e q u a t i o n s  f o r  t h e  
t h e r m o d y n a m i c  p r o p e r t i e s  o f  e l e c t r o l y t e s  o n  t h e  b a s i s  o f  a n  
i m p r o v e d  a n a l y s i s  o f  t h e  c l a s s i c a l  D e b y e - H t i c k e l  m o d e l .  B y  
m o d i f y i n g  t h e  u s u a l  s e c o n d  v i r i a l  c o e f f i c i e n t  t o  i n c l u d e  t h e  
r e c o g n i t i o n  o f  a n  i o n i c  s t r e n g t h  d e p e n d e n c e  o f  t h e  e f f e c t  
o f  s h o r t  r a n g e  f o r c e s  i n  b i n a r y  i n t e r a c t i o n s ,  h e  o b t a i n e d  a  
s y s t e m  o f  e q u a t i o n s  w h i c h  y i e l d  a g r e e m e n t  w i t h i n  e x p e r i 
m e n t a l  e r r o r  u p  t o  c o n c e n t r a t i o n s  o f  s e v e r a l  m o l / k g .  T h e  
e q u a t i o n s  r e p r e s e n t  e x p e r i m e n t a l  d a t a  s u b s t a n t i a l l y  w i t h i n  
t h e  e x p e r i m e n t a l  e r r o r  f r o m  d i l u t e  s o l u t i o n s  u p  t o  a n  i o n i c  
s t r e n g t h  v a r y i n g  f r o m  c a s e  t o  c a s e  t y p i c a l l y  6  m o l a l .  T h e  f i t  
w a s  p a r t i c u l a r l y  g o o d  f o r  1-1  e l e c t r o l y t e s ,  w h i c h  i s  t h e  o n e  
o f  p r e s e n t  c o n c e r n  ( N a C l ) .
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T able 1—C om parison  o f  various lite ra tu re  c o m p ila tio n s  a n d  p r e 
d ic te d  a w  values in NaC! so lu tio n s  a t  2 5 ° C

Molality
(m)

Literature compilation3 Predicted by 
Pitzer's model 

Eq. (2)(1) (2) (3)
0.1 0.9967 0.9966 0.9966 0.9966
0.2 0.9934 0.9934 0.9934 0.9934
0.3 0.9901 0.9901 0.9901 0.9901
0.4 0.9868 0.9868 0.9868 0.9868
0.5 0.9836 0.9835 0.9836 0.9835
0.6 0.9803 0.9802 0.9803 0.9803
0.7 0.9769 0.9769 0.9769 0.9769
0.8 0.9736 0.9736 0.9736 0.9736
0.9 0.9702 0.9702 0.9702 0.9702
1.0 0.9669 0.9668 0.9668 0.9669
1.2 0.9601 0.9600 0.9600 0.9600
1.4 0.9532 0.9531 0.9531 0.9531
1.5 0.9497 0.9496 — 0.9496
1.8 0.9389 0.9389 0.9389 0.9388
2.0 0.9316 0.9316 0.9316 0.9315
2.5 0.9127 0.9128 0.9128 0.9128
3.0 0.8932 0.8932 0.8932 0.8932
3.5 0.8727 0.8728 0.8727 0.8727
4.0 0.8515 0.8517 0.8514 0.8515
4.5 0.8295 0.8298 0.8295 0.8295
5.0 0.8068 0.8071 0.8069 0.8068
5.5 0.7836 0.7839 0.7835 0.7834
6.0 0.7598 0.7601 0.7599 0.7594

3 (1) R ob in son  and Stokes (1965); (2) G ibbard  et al., (1974); (3) 
Ham er and Wu (1972).

T able  2 —C om parison  o f  a m o f  NaCI so lu tio n s  a t  d if fe r e n t tem p era 
tu res

Molality
(m)

15°C

(3)

25° C 37° C 50° C 
Literature compilation3 

(1) (3) (2)

60° C 

(1)
0.1 0.9966 0.9967 0.9966 0.9967 0.9967
0.2 0.9934 0.9934 0.9934 0.9934 0.9934
0.3 0.9901 0.9901 0.9901 0.9901 0.9901
0.4 0.9869 0.9868 0.9868 0.9868 0.9868
0.5 0.9836 0.9836 0.9835 0.9835 0.9835
0.6 0.9803 0.9803 0.9802 0.9802 0.9802
0.7 0.9771 0.9769 0.9768 0.9768 0.9768
0.8 0.9738 0.9736 0.9735 0.9735 0.9734
0.9 0.9705 0.9702 0.9701 0.9701 —

1.0 0.9671 0.9669 0.9667 0.9666 0.9666
1.2 - 0.9601 - 0.9597 -

1.4 - 0.9532 - 0.9527 -

1.5 0.9501 0.9497 0.9492 0.9491 0.9490
1.6 — 0.9461 - 0.9455 -

1.8 - 0.9389 - 0.9382 —

2.0 0.9322 0.9316 0.9310 0.9308 0.9305
2.5 0.9137 0.9127 0.9121 0.9118 0.9113
3.0 0.8945 0.8932 0.8925 0.8921 0.8917
3.5 0.8743 0.8727 0.8720 0.8716 0.8714
4.0 0.8532 0.8515 0.8508 0.8505 0.8497
4.5 0.8314 0.8295 0.8290 0.8288 —

5.0 0.8088 0.8068 0.8066 0.8066 —

5.5 0.7857 0.7836 0.7834 0.7840 —

6.0 0.7621 0.7598 0.7596 0.7611 -
a (1) R ob in son  and Stokes (1965); (2) G ibba rd  et al. (1974); (3) 

P la tfo rd  (1979).

T h e  o s m o t i c  c o e f f i c i e n t ,  4>, is  g i v e n  b y  t h e  e q u a t i o n s  
d e v e l o p e d  b y  P i t z e r  ( 1 9 7 3 )  a s :

<t> ~  1 =  I Z M Z x l f  +  m ( --------------) B m x  + m 2 2 --------------------- C M X
v v

( 2 )

w h e r e ,  Vy[ a n d  P x  a r e  t h e  n u m b e r  o f  M  a n d  X  i o n s  i n  t h e  
f o r m u l a  a n d  Z m  a n d  Z x  g i v e  t h e i r  r e s p e c t i v e  c h a r g e s  i n  
e l e c t r o n i c  u n i t s ;  a l s o ,  v  =  v M +  r>x . T h e  o t h e r  q u a n t i t i e s  

h a v e  t h e  f o r m :

I *

B m x ~  e x p f - o :  I 1/2)

w h e r e ,  a n d  d e f i n e  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t

a n d  C m X  d e f i n e s  t h e  t h i r d  v i r i a l  c o e f f i c i e n t ,  a n d  I ( i o n i c  
s t r e n g t h )  =  Vi 2  m j Z f .  A  is  t h e  D e b y e - H i i c k e l  c o e f f i c i e n t  

f o r  t h e  o s m o t i c  f u n c t i o n  a n d  h a s  a  v a l u e  o f  0 . 3 9 2  a t  2 5  C . 
C o n s t a n t  b  w a s  t a k e n  e q u a l  t o  1 . 2  f o r  a l l  s o l u t e s  a n d  a l s o  
t h e  v a l u e  o f  a  =  2  w a s  f o u n d  b y  P i t z e r  a n d  M a y o r g a  ( 1 9 7 3 )  
t o  b e  s a t i s f a c t o r y .  P i t z e r  a n d  M a y o r g a  ( 1 9 7 3 )  e v a l u a t e d  t h e  

b e s t  v a l u e s  o f  fK 1) a n d  C  f o r  N a C I  a t  2 5 ° C  f r o m  t h e  

t a b l e s  o f  o s m o t i c  c o e f f i c i e n t s  i n  t h e  b o o k  o f  R o b i n s o n  a n d  
S t o k e s  ( 1 9 6 5 ) .  V a l u e s  f o u n d  w e r e  0 . 0 7 6 5 ,  0 . 2 6 6 4 ,  a n d  
0 . 0 0 1 2 7  f o r  jiK1) a n d  C ,  r e s p e c t i v e l y ,  a n d  t h e  m a x i 
m u m  m o l a l i t y  f o r  w h i c h  a g r e e m e n t  w a s  a t t a i n e d  t o  0 .0 1  i n  
4> w a s  6 m ;  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  f i t  w a s  0 .0 0 1 .

Water activity of NaCI solutions at 25°C
T h e  d a t a  o n  <f> o f  N a C I  s o l u t i o n s  a t  2 5 ° C  r e p o r t e d  i n  t h e  

v a r i o u s  l i t e r a t u r e  c o m p i l a t i o n s  w e r e  t r a n s f o r m e d  t o  a w  
u s i n g  E q .  ( 1 )  a n d  c o m p a r e d  t o  v a l u e s  p r e d i c t e d  u s i n g  t h e  
m o d e l  o f  P i t z e r  ( 1 9 7 3 ) .  T h i s  i s  s h o w n  o n  T a b l e  1 . I t  c a n  b e  
s e e n  t h a t  t h e  a g r e e m e n t  b e t w e e n  t h e  v a r i o u s  l i t e r a t u r e  

c o m p i l a t i o n s  a n d  p r e d i c t e d  v a l u e s  i s  e x c e l l e n t  f o r  t h e  w h o l e  
r a n g e  o f  m o l a l i t i e s  ( u p  t o  6 m ) .  A t  t h e  l o w e s t  a w  ( = 0 . 7 6 )  
t h e  l a r g e s t  a b s o l u t e  d i f f e r e n c e  b e t w e e n  t h e  l i t e r a t u r e  c o m 
p i l a t i o n s  t h e m s e l v e s  is  o n l y  0 . 0 0 3  a w , a n d  t h e  d i s c r e p a n c i e s

T able 3 —aw  o f  NaCI so lu tio n s:  values p r o p o s e d  to  b e  u sed  as s ta n 
d a rd s  in the range 1 5 -5 0 °C

Cone. 
(% w/w) aw

Cone. 
(% w/w) aw

Cone. 
(% w/w) aw

Cone. 
(% w/w) 3w

0.5 0.997 7.0 0.957 13.5 0.906 20.0 0.839
1.0 0.994 7.5 0.954 14.0 0.902 20.5 0.833
1.5 0.991 8.0 0.950 14.5 0.897 21.0 0.827
2.0 0.989 8.5 0.946 15.0 0.892 21.5 0.821
2.5 0.986 9.0 0.943 15.5 0.888 22.0 0.815
3.0 0.983 9.5 0.939 16.0 0.883 22.5 0.808
3.5 0.980 10.0 0.935 16.5 0.878 23.0 0.802
4.0 0.977 10.5 0.931 17.0 0.873 23.5 0.795
4.5 0.973 11.0 0.927 17.5 0.867 24.0 0.788
5.0 0.970 11.5 0.923 18.0 0.862 24.5 0.781
5.5 0.967 12.0 0.919 18.5 0.857 25.0 0.774
6.0 0.964 12.5 0.915 19.0 0.851 25.5 0.766
6.5 0.960 13.0 0.911 19.5 0.845 26.0 0.759

w i t h  t h e  v a l u e s  p r e d i c t e d  b y  P i t z e r ’s  ( 1 9 7 3 )  m o d e l  a r e  

b e l o w  0 . 0 0 0 7  a w . I t  m a y  b e  c o n c l u d e d  t h a t  t h e r e  i s  e x c e l 

l e n t  a g r e e m e n t  o n  t h e  e x a c t  v a l u e s  t o  b e  a s s i g n e d  t o  N a C I  

s o l u t i o n s  a t  2 5  C .
T a b l e  2  c o m p a r e s  t h e  a w  o f  N a C I  a t  v a r i o u s  t e m p e r a 

t u r e s  ( o b t a i n e d  f r o m  d i f f e r e n t  l i t e r a t u r e  c o m p i l a t i o n s )  w i t h  
t h e  v a l u e  a t  2 5 ° C  ( t h e  c o m p i l a t i o n  b y  R o b i n s o n  a n d  S t o k e s

( 1 9 6 5 )  i n  t h i s  c a s e ) .  I t  c a n  b e  s e e n  t h a t  t h e  a w  o f  N a C I  
s o l u t i o n s  v a r i e s  v e r y  l i t t l e  w i t h  t e m p e r a t u r e  i n  t h e  r a n g e  
e x a m i n e d .  I n  f a c t ,  t h e  a w  o f  N a C I  s o l u t i o n s  ( u p  t o  6 m )  a t  
1 5 , 3 7 ,  a n d  5 0 ° C  a g r e e s  t o  0 . 0 0 2  w i t h  t h a t  a t  2 5 ° C .

Proposal of NaCI as iospiestic standard for 
calibration of aw measuring devices

O n  t h e  b a s i s  o f  p r e s e n t  r e s u l t s  w e  p r o p o s e  t h e  u s e  o f  

u n s a t u r a t e d  N a C I  s o l u t i o n s  a s  a u x i l i a r y  s t a n d a r d s  f o r  t h e  
c a l i b r a t i o n  o f  a w - m e a s u r i n g  d e v i c e s  a n d  f o r  a w  v a l u e s  a b o v e  
= 0 . 7 6 .  T h e y  m a y  b e  u s e d  s p e c i a l l y  f o r  c a s e s  w h e r e  t h e r e  is  
n o t  g e n e r a l  a g r e e m e n t  o n  t h e  v a l u e  t o  b e  a s s i g n e d  t o  c e r 
t a i n  s a t u r a t e d  s a l t  s o l u t i o n s  ( R e s n i k  e t  a l . ,  1 9 8 4 ) .  T h e  u s e  
o f  N a C I  s o l u t i o n s  d i s p l a y s  t w o  u n i q u e  f e a t u r e s  w h i c h  a r e  

n o t  a l w a y s  f o u n d  w i t h  s a t u r a t e d  s a l t  s o l u t i o n s .  T h e y  a r e  t h e
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N a C I  A S  R E F E R E N C E  S O U R C E S  O F  a w

f o l l o w i n g :  ( 1 )  t h e r e  i s  a  “ u n i v e r s a l ”  a g r e e m e n t  o n  t h e  a w  
v a l u e s  o f  e x p e r i m e n t a l  a n d  p r e d i c t e d  v a l u e s  o f  N a C I  s o l u 

t i o n s ;  t h e  d a t a  a t  2 5 ° C  f r o m  d i f f e r e n t  s o u r c e s  a g r e e  a t  t h e  
0 . 0 0 0 7  a w  l e v e l ,  a  v a l u e  w h i c h  f a r  e x c e e d s  t h e  a c t u a l  n e e d s  
f o r  a w  m e a s u r i n g  i n  f o o d  m i c r o b i o l o g y  r e s e a r c h ;  ( 2 ) t h e  a w  

o f  N a C I  s o l u t i o n s  i n  t h e  i m p o r t a n t  r a n g e  o f  1 5 - 5 0  C  m a y  
b e  c o n s i d e r e d  a l m o s t  e q u a l  ( m a x i m u m  e r r o r  is  a r o u n d  
0 . 0 0 2  a w ) t o  t h a t  a t  2 5 ° C .  O f  c o u r s e ,  N a C I  s o l u t i o n s  a r e  

u s e f u l  a s  s t a n d a r d s  o n l y  f o r  v a l u e s  o f  a w  a b o v e  = 0 . 7 6 ;  
h o w e v e r ,  t h i s  i s  a n  i m p o r t a n t  r a n g e  f o r  f o o d  m i c r o b i o l o g y  
s i n c e  i t  c o n t a i n s  t h e  a w  l i m i t s  f o r  g r o w t h  o f  a l m o s t  a l l  

b a c t e r i a  a n d  m o s t  y e a s t s  a n d  m o l d s .  F o r  t h i s  p u r p o s e  E q .

( 2 )  w a s  p r o g r a m m e d  t o  g iv e  t h e  a w  o f  N a C I  s o l u t i o n s  a t  
0 . 5 %  w e i g h t  i n t e r v a l s  a n d  t h e  r e s u l t s  ( r o u n d e d  t o  t h e  n e a r 
e s t  t h i r d  d e c i m a l  f i g u r e )  a r e  s h o w n  i n  T a b l e  3 ;  t h e s e  v a l u e s  

a r e  t h u s  r e c o m m e n d e d  a s  r e f e r e n c e  s t a n d a r d s  s o u r c e s  a t  a n y  
t e m p e r a t u r e  b e t w e e n  1 5  a n d  5 0  C .  T h i s  i s  t h e  m o s t  u s e f u l  
r a n g e  f o r  f o o d - m i c r o b i o l o g y  r e l a t e d  a p p l i c a t i o n s .
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S t r u c t u r a l  S t a b i l i t y  o f  F r e s h  a n d  F r o z e n - T h a w e d  

‘ V a l e n c i a ’ ( C .  s i n e n s i s )  O r a n g e  J u i c e

UZI MERIN and ILAIM SHOMER

--------------------------  ABSTRACT----------------------------
Valencia orange juice was subjected to different freezing rates and 
different storage times to study the effects of those treatments on 
the structural and dispersion properties of the insoluble particles. 
Examination with an electron microscope revealed that the juice 
contained plastids, mitochondria, oil droplets and cell walls. Frag
ments consisting mainly of vesicular membranes were present both 
before and after freezing and thawing. A slow freezing rate resulted 
in plastids with various degrees of disintegration. Separation of 
insoluble particles from the juice serum increased with increasing 
frozen storage time and was especially apparent at slower primary 
freezing rates. A decrease in color intensity and deterioration in 
appearance is related to longer storage time and to slower primary 
freezing rates.

INTRODUCTION
J U I C E - S A C S  o f  c i t r u s  f r u i t s  d i f f e r e n t i a t e  f r o m  t h e  e p i d e r m i s  
a n d  s u b - e p i d e r m i s  o f  t h e  e n d o c a r p .  W h e n  m a t u r e ,  j u i c e - s a c s  
c o m p l e t e l y  f i l l  t h e  c a r p a l  l o c u l e s  ( E s a u ,  1 9 7 7 ;  S c h n e i d e r ,
1 9 6 8 ) .  C h r o m o p l a s t s  f r o m  j u i c e - s a c s  e x h i b i t  s e v e r a l  s h a p e s  
a s  o b s e r v e d  b y  l i g h t  m i c r o s c o p y  ( M a t l a c k ,  1 9 3 1 ;  Y u a s a  e t  

a l . ,  1 9 5 7 ) .  T h e  c e n t r a l  z o n e  o f  t h e  j u i c e - s a c  c o n t a i n s  
c h r o m o p l a s t s  w h i c h  p r o d u c e  a n d  s e c r e t e  e s s e n t i a l  o i l s  i n t o  
t h e  c y t o p l a s m .  T h e s e  c e l l s  a r e  c o n s t r u c t e d  o f  v e r y  t h i n  a n d  
u n d u l a t i n g  w a l l s .  S q u e e z i n g  t h e  j u i c e - s a c s  r e s u l t s  i n  a  l i q u i d  

h o m o g e n a t e  w h i c h  c o n t a i n s  i n s o l u b l e  c o m p o n e n t s ,  m a i n l y  
t h e  i n t r a c e l l u l a r  c o n t e n t  o f  t h e  s a c s .

T h e  m o s t  i m p o r t a n t  f a c t o r  a f f e c t i n g  t h e  a p p e a r a n c e  o f  

t h e  j u i c e  a r e  o p a c i t y  a n d  c o l o r  ( S t e w a r t ,  1 9 8 0 ) .  T h e  i n s o l 
u b l e  c o l o r  i n  c i t r u s  f r u i t  a n d  i n  m a n y  o t h e r  p l a n t  s p e c i e s  
i s  d u e  t o  o s m i o p h i l i c  b o d i e s ,  a n d  m e m b r a n e s  p r e s e n t  i n  t h e  

c h r o m p l a s t s  ( K i r k ,  1 9 7 0 ;  S h o m e r  a n d  F a h n ,  1 9 7 6 ;  T h o m 

s o n  e t  a l . ,  1 9 6 7 ) .
N a t u r a l  a n d  c o n c e n t r a t e d  o r a n g e  j u i c e  i s  u s u a l l y  e x p o s e d  

t o  h e a t  t r e a t m e n t  a n d  t o  v a c u u m  h e a t  e v a p o r a t i o n  b e f o r e  
f r e e z e  p r e s e r v a t i o n .  A v o i d i n g  h e a t  a n d  v a c u u m  t r e a t m e n t  

c o u l d  l e a d  t o  b e t t e r  q u a l i t y  p r o d u c t s .  F r e e z e  p r e s e r v a t i o n  
i s  k n o w n  t o  k e e p  d e g r a d a t i v e  p r o c e s s e s  t o  a  m i n i m u m  
d u r i n g  l o n g  p e r i o d s  o f  s t o r a g e  ( O l s o n ,  1 9 6 8 ) .  T h e  q u a l i t y  
o f  n a t u r a l  j u i c e  p r e s e r v e d  b y  f r e e z i n g  w i t h o u t  h e a t  t r e a t 
m e n t  a n d  c o n s u m e d  i m m e d i a t e l y  a f t e r  t h a w i n g ,  i s  t h e  

c l o s e s t  t o  t h a t  o f  f r e s h l y  s q u e e z e d  o r a n g e  j u i c e .
A l t h o u g h  m a r k e t i n g  f r e s h  f r o z e n  j u i c e  m a y  n o t  b e  e c o 

n o m i c a l l y  f e a s i b l e ,  i t  i s  i m p o r t a n t  t o  u n d e r s t a n d  t h e  s t r u c 
t u r a l  c h a n g e s  w h i c h  o c c u r  i n  f r o z e n  t h a w e d  i n s o l u b l e  p a r 
t i c l e s  i n  r e l a t i o n  t o  t h e i r  s t a b i l i t y  i n  t h e  r e c o n s t i t u t e d  j u i c e .

S t u d i e s  o f  f r e e z i n g  h a v e  i n d i c a t e d  t h a t  s e c o n d a r y  c r y s 
t a l l i z a t i o n  d e s t r o y e d  p r o t o p l a s m i c  s t r u c t u r e s  a n d  d a m a g e d  
c e l l  v i a b i l i t y  e v e n  i n  p l a n t s  w h i c h  w i t h s t a n d  n a t u r a l  f r e e z 
i n g  b y  a v o i d i n g  t h e  g r o w t h  o f  i n t r a c e l l u l a r  i c e  c r y s t a l s  

( B u r k e  e t  a l . ,  1 0 7 6 ;  L e v i t t ,  1 9 7 8 ;  M a z u r ,  1 9 6 9 ) .  I n s o l u b l e  
p a r t i c l e s  o f  j u i c e  w h i c h  a r e  e x p e l l e d  f r o m  t h e  p r o t o p l a s m  
o f  t h e  j u i c e - s a c  c e l l s ,  a r e  e x p o s e d  t o  i c e  c r y s t a l s  i n  t h e  
f r o z e n  h o m o g e n a t e .  T h e  s i z e  a n d  n u m b e r  o f  i c e  c r y s t a l s

A u th o r s  M erin a n d  S h o m e r  are a ff i l ia te d  w ith  th e D ep t, o f  F o o d  
T ech n o lo g y , A g r icu ltu ra l R esearch  O rgan iza tion , P .O . B o x  6 , B e t  
Dagan 5 0 2 5 0 , Israel.

f o r m e d  w i t h i n  a  s o l u t i o n  i s  a  f u n c t i o n  o f  f r e e z i n g  a n d  
t h a w i n g  r a t e s ,  t i m e  a n d  t e m p e r a t u r e  o f  t h e  s t o r a g e ,  a n d  
t y p e  a n d  c o n c e n t r a t i o n  o f  s o l u t e s  ( L u y e t ,  1 9 6 8 ) .

S i n c e  t h e  d i s p e r s i o n  a n d  c o l o r  o f  t h e  i n s o l u b l e  f r a g m e n t s  
a f t e r  f r e e z i n g  a n d  t h a w i n g  a f f e c t  t h e  j u i c e ’s  a p p e a r a n c e ,  i t  is  

i m p o r t a n t  t o  s t u d y  t h e  s t r u c t u r a l  a n d  d i s p e r s i o n  p r o p e r t i e s  
o f  t h o s e  f r a g m e n t s  u n d e r  d i f f e r e n t  f r e e z i n g  r a t e s  a n d  s t o r 
a g e  t i m e s ,  w i t h  e m p h a s i s  o n  b o d i e s  w h i c h  p r o d u c e  a n d  
a c c u m u l a t e  t h e  p i g m e n t s  i n  t h e  j u i c e - s a c .

MATERIALS & METHODS

Orange Juice
Fresh Valencia orange juice was obtained from a local process

ing plant prior to treatment and after a 0.76-mm pore size screening.

Freezing methods
Juice was packed in 400-mL polyamid bags, which were heat 

sealed. Temperature recording during freezing was done with a 
copper-constantan thermocouple placed in the middle of each juice 
bag (Fig. 1).

Liquid nitrogen freezing (N). Liquid N2 was poured into a foam 
polystyrene container, and the bags of juice were immersed in the 
N2 for 10 min to achieve complete freezing and to ensure lowering 
of the temperature of the whole sample to -60°C (Fig. 1, N).

Blast freezing (B). A pilot size blast freezer (Frigoscandia Ltd., 
Sweden) was used at -40°C, with 3.5 m/sec air flow velocity. The 
bags were placed ontrays and left at -40°C for 3 hr to ensure com
plete freezing (Fig. 1, B).

Chamber freezing (C). A freezer chamber at -18°C served for 
slow freezing. The samples were placed in the freezer for 24 hr (Fig. 
1 , C ) .

All samples were stored at -18°C until examined. Thawing was 
done by immersion in a warm-water bath (45°C), with continuous 
stirring in order to achieve equal and rapid thawing of the samples 
to 25°C.

Color measurements
Standard USDA color tubes were used to rate the color appear

ance of the juice, with grades from 1 to 6, with 1 = yellow-orange 
and 6 = yellow.

Fig. 7—F reezin g  ra te s o f  th e  a p p lie d  p r im a r y  freezing. IN) n itrogen  
freezin g . (B) b la s t  freezin g . (C) free ze r  ch am ber.
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A  m o d i f i e d  p r o c e d u r e ,  a s  s u g g e s te d  b y  S h ib a t a  e t  a i .  ( 1 9 5 4 )  
w a s  u s e d  f o r  t h e  c o lo r  m e a s u r e m e n ts  o f  t h e  w h o le  ju i c e .  J u ic e  w a s  
d i lu t e d  in  e q u a l  v o lu m e s  o f  w a te r  a n d  9 6 %  g ly c e ro l ,  t h e  c u v e t te s  
w e re  c o v e r e d  w i th  a n  o p a q u e  s c r e e n  in  o r d e r  t o  c o l le c t  t h e  s c a t 
t e r e d  l ig h t .  T h e  c o lo r  w a s  s c a n n e d  a t  b e tw e e n  4 0 0  a n d  5 0 0  n m , 
w h i le  t h e  i n s t r u m e n t  w a s  c a l i b r a t e d  a c c o r d in g  t o  t h e  O p e r a t in g  
M a n u a l .  T h e  s p e c t r u m  w a s  r e c o r d e d  u s in g  a  d o u b le  b e a m  s p e c t r o -

Fig. 2 —C h ro m o p la s t o f  ju ic e  fro m  m a tu re  V alencia orange. 10 ) o il 
d ro p le t. M agn ifica tion  ba r =  0 .3  p m .

Fig. 3 —C h ro m o p la sts  o f  ju ic e  fro m  rip e  V alencia orange w ith  a large 
o il  d r o p le t  in m ig ra tio n  stage th rou gh  th e  c h ro m o p la s t en ve lo p e . 
(M O ) o i l  d r o p le t  a t  m ig ra tio n  stage  fro m  ch ro m o p la s t. M agn ifica tion  
b a r  = 0 .6  pm .

p h o t o m e t e r .  M e a s u re m e n t s  w e re  c a r r ie d  o u t  o n  f r e s h  a n d  t h a w e d  
o r a n g e  j u i c e ,  a n d  o n  p e t r o l e u m  e t h e r  e x t r a c t  in  1 c m  g la s s  c u v e t te s .

E l e c t r o n  m ic r o s c o p y

F r e s h  ju i c e  w a s  p la c e d  in  1 0  m L  c e n t r i f u g e  t u b e s  a n d  c e n t r i 
f u g e d  f o r  5 m in  a t  4 0 0 0  r p m .  T h e  s u p e r n a t a n t  w a s  d e c a n t e d  a n d  t h e  
p e l l e t  im m e d ia t e ly  f i x e d  in  3 .5 %  g lu t a r a ld e h y d e  in  0 .2 M  s o d iu m  
c a c o d y la t e  b u f f e r  a t  p H  7 f o r  4  h r  a t  4 ° C .  A f t e r  a  r i n s e  w i t h  t h e  
s a m e  b u f f e r ,  t h e  p e l l e t  w a s  p o s t f i x e d  f o r  2 h r  in  2 %  O S O 4  in  t h e  
s a m e  b u f f e r  a t  r o o m  t e m p e r a tu r e .  T h e  m a te r i a l  w a s  t h e n  d e h y d r a t e d  
in  a  g r a d e d  e t h a n o l  s e r ie s  a n d  e m b e d d e d  in  lo w -v is c o s i ty  e p o x y  r e s in  
( S p u n ,  1 9 6 9 ) .  U l t r a t h i n  s e c t io n s  w e r e  s t a i n e d  w i th  u r a n y l  a c e t a t e  
f o l l o w e d  b y  le a d  c i t r a t e ,  a n d  e x a m in e d  w i th  a  P h i l ip s  3 0 0  e l e c t r o n  
m ic r o s c o p e .

RESULTS & DISCUSSION
D I F F E R E N T I A T E D  C E L L S  i n  m a t u r e  j u i c e - s a c s  w e r e  
f o u n d  t o  h a v e  c h r o m o p l a s t s  w i t h  t w o  d i s t i n c t  u l t r a s t r u c 
t u r a l  a p p e a r a n c e s :  ( 1 )  t h o s e  o f  t h e  p e r i p h e r a l  c o n c e n t r i c  
z o n e  o f  t h e  j u i c e - s a c  t i s s u e ,  w h i c h  i s  c h a r a c t e r i z e d  b y  a  c e n 
t r a l  l a m e l a r  b o d y  s u r r o u n d e d  b y  d i s t i n c t  o s m i o p h i l i c  d r o p 

l e t s ,  a n d  ( 2 )  c h r o m o p l a s t s  o f  c e l l s  f r o m  t h e  c e n t r a l  z o n e  o f  
t h e  j u i c e - s a c  w h i c h  w e r e  f o u n d  t o  i n c l u d e  m a n y  d r o p l e t s  
o f  e s s e n t i a l  o i l  t h a t  i n  m a n y  c a s e s  w e r e  f u s e d  a n d  h a d  
m i g r a t e d  i n t o  t h e  c y t o p l a s m  ( S h o m e r  a n d  F a h n ,  1 9 7 6 ) .  
S i m i l a r  c h r o m p l a s t s  f r o m  e i t h e r  t h e  p e r i p h e r a l  o r  c e n t r a l  
z o n e  o f  t h e  j u i c e - s a c  a r e  f o u n d  i n  t h e  j u i c e  o f  r i p e  f r u i t  a s  
s h o w n  i n  F i g .  2  t h r o u g h  4 .  L a r g e  o i l  d r o p l e t s  w e r e  f o u n d  i n  

m i g r a t i o n  s t a g e s  f r o m  t h e  c h r o m o p l a s t s  a n d  f r e e  i n  t h e  
j u i c e  ( F i g .  3  a n d  4 ) .  S o m e  o f  t h e  c h r o m o p l a s t s  w e r e  o b 
s e r v e d  t o  h a v e  s t a r c h  g r a i n s  i n  a d d i t i o n  t o  t h e  o s m i o p h i l i c  
d r o p l e t s  ( F i g .  5  a n d  7 ) .

Fig. 4 —In so lu b le  c o m p o n e n ts  o f  ju ic e  a f te r  freez in g  w ith  l iq u id  
n itro g en  a n d  th aw in g . fO ) o il d ro p le t. M agn ifica tion  b a r  = 0 . 5  pm .
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A f t e r  c r y o g e n i c  f r e e z i n g  w i t h  l i q u i d  n i t r o g e n  ( F i g .  6 ) ,  
o s m i o p h i l i c  s u b s t a n c e s  a p p e a r e d  a s  a  c l u s t e r  o f  d r o p l e t s  

a n d  t h e  p l a s t i d  e n v e l o p e  w a s  s i m i l a r  t o  t h a t  b e f o r e  f r e e z i n g  
( F i g .  2  a n d  4 ) .  S i n c e  a  r a p i d  f r e e z i n g  r a t e  r e s u l t s  i n  m a n y  

n u c l e a t i o n s  a n d  s m a l l  i c e  c r y s t a l s ,  n o  o b v i o u s  d a m a g e  c o u l d  
b e  o b s e r v e d  a f t e r  n i t r o g e n  f r e e z i n g .  S h o m e r  a n d  F a h n

( 1 9 7 6 ) ,  d e s c r i b e d  f i v e  d i f f e r e n t  c o n c e n t r i c  z o n e s  o f  t h e  
j u i c e - s a c  t i s s u e  i n  g r a p e f r u i t  a n d  t h e  c e n t r a l  z o n e  w a s  c h a r 
a c t e r i z e d  b y  t h i n  a n d  u n d u l a t i n g  w a l l s .  T h e  p r e s e n t  s t u d y  
s h o w e d  m a n y  w a l l  f r a g m e n t s  f r o m  c e l l s  o f  t h e  c e n t r a l  z o n e  
o f  t h e  j u i c e - s a c  i n  t h e  e x t r a c t e d  s c r e e n e d  j u i c e .  T h e  w a l l  
f r a g m e n t s  w e r e  f o u n d  t o  b e  a s s o c i a t e d  w i t h  t h e  o t h e r  c y t o 

p l a s m i c  m a t e r i a l  ( F i g .  7 ) .  T h e  t h a w e d  w a l l s  a f t e r  l i q u i d  
n i t r o g e n  f r e e z i n g  ( F i g .  7 )  w e r e  n o t  i n j u r e d ,  a l t h o u g h  s o m e  
t o r n  s i t e s  w e r e  o b s e r v e d .  T h i s  m a y  i n d i c a t e  t h a t  t h e s e  

d e l i c a t e  w a l l s  c o u l d  b e  e a s i l y  e x t r a c t e d  w i t h  t h e  l i q u i d  
c o n t e n t  o f  t h e  j u i c e - s a c  b y  t h e  s q u e e z i n g  p r o c e s s .  I t  i s  s u g 
g e s t e d  t h a t ,  a t  t h e  s a m e  t i m e ,  t h i c k e r  w a l l s  o f  t h e  p e r i 

p h e r a l  c o n c e n t r i c  z o n e s  o f  t h e  j u i c e - s a c  r e m a i n  a s  t h e  m a i n  
c o m p o n e n t  o f  t h e  s q u e e z e d  a n d  s c r e e n e d  p u l p ,  i n  a d d i t i o n  

t o  o t h e r  c y t o p l a s m i c  m a t e r i a l .
T h e  b l a s t  f r e e z i n g  ( F i g .  8 )  r e s u l t e d  i n  c h r o m o p l a s t s  

w h e r e  t h e  i n t e r n a l  v o l u m e  w a s  d i s i n t e g r a t e d  w h i l e  t h e  
c h r o m o p l a s t  e n v e l o p e  s e e m e d  u n d a m a g e d ,  a n d  t h e  o s m i o 

p h i l i c  d r o p l e t s  a p p e a r e d  i n  a  c l o s e  c o m p a c t  c o n f i g u r a t i o n .
M e c h a n i c a l  d i s i n t e g r a t i o n  o f  p r o t o p l a s m i c  c o m p o n e n t s  

i s  k n o w n  t o  r e s u l t  i n  t h e  f o r m a t i o n  o f  v e s i c u l a r  f r a g m e n t s  
i n  t h e  t i s s u e  h o m o g e n a t e .  M e c h a n i c a l  f r e e z e  d a m a g e  o f  

j u i c e - s a c  p r o t o p l a s m  w a s  f o u n d  t o  r e s u l t  i n  m a n y  v e s i c u l a r  
f r a g m e n t s  i n  c e l l s  o f  t h e  w h o l e  j u i c e - s a c  t i s s u e  ( S h o m e r ,  
u n p u b l i s h e d ) .  S i n c e  v e s i c u l a r  f r a g m e n t s  a r e  a l r e a d y  p r e s e n t  
i n  t h e  j u i c e  b e f o r e  f r e e z i n g ,  i t  i s  i m p o s s i b l e  t o  d e t e r m i n e  
w h e t h e r  t h e i r  f o r m a t i o n  is  i n c r e a s e d  b y  f r e e z i n g  i n j u r y  i n  

t h e  t h a w e d  j u i c e .  A f t e r  s l o w  f r e e z i n g ,  v a r i o u s  d e g r e e s  o f  
s t r u c t u r a l  d e g r a d a t i o n  s t a g e s  w e r e  o b s e r v e d  i n  c h r o m o 
p l a s t s  a n d  s o m e  o f  t h e m  w e r e  a l m o s t  d i s i n t e g r a t e d  ( F i g .
9 ) .  T h e  e n v e l o p e  w a s  r u p t u r e d ,  p r o b a b l y  d u e  t o  i c e  c r y s t a l  
g r o w t h  w h i c h  p i e r c e d  t h e  c h r o m o p l a s t  m e m b r a n e ,  a s  s u g 
g e s t e d  b y  A s a h i n a  ( 1 9 7 5 )  f o r  f r e e z e  d a m a g e  i n  c e l l  w a l l s .

M e a s u r i n g  t h e  r a t e  o f  s e p a r a t i o n  o f  i n s o l u b l e  p a r t i c l e s  
f r o m  c l e a r  s e r u m ,  p r o v i d e s  a n  i n d i c a t i o n  t o  p h y s i c a l  c h a n g e s  
w h i c h  o c c u r  i n  t h e  j u i c e  d u r i n g  f r o z e n  s t o r a g e .  I t  w a s  f o u n d  

t h a t  t h e  s e t t l i n g  r a t e  a d v a n c e d  w i t h  t h e  f r o z e n  s t o r a g e  t i m e

Fig. 5 —In so lu b le  fragm en ts a n d  c h ro m o p la s ts  w ith  d is t in c t  starch  
grain. 10) o il d ro p le t;  IP) c h ro m o p la s t. IS) starch . M agn ifica tion  bar  
= 0 .5  gm .

Fig. 6 —In so lu b le  c o m p o n e n ts  o f  Juice a f te r  freez in g  w ith  liq u id  
n itro g en  a n d  thaw ing. (O) o il  d ro p le t. (P) c h ro m o p la s t;  fW) ce ll 
wall. M agn ifica tion  b a r =  0 .5  p m .

Fig. 7 —In so lu b le  w all fragm en ts o f  ju ic e  a f te r  freez in g  w ith  liq u id  
n itro g en  a n d  th aw in g . (O ) o il  d ro p le t. (P) c h ro m o p la s t. IS) starch . 
tW ) ce ll wall; Iarrow s in d ica te  to rn  c e ll w alls.) M agn ifica tion  b a r  =  
1.0  p m .

Volume 49 (1984)—JOURNAL OF FOOD SCIENCE-1491



S T R U C T U R A L  S T A B IL IT Y  O F  F R O Z E N -T H A W E D  J U IC E  . . .

a n d  i n  a c c o r d a n c e  w i t h  t h e  s e q u e n c e  o f  t h e  p r i m a r y  f r e e z 

i n g  r a t e  ( F i g .  1 0 ) .  Q u i c k  p r i m a r y  f r e e z i n g  d e l a y e d  t h e  s e p a 
r a t i o n  o f  t h a w e d  j u i c e  o v e r  a  r e l a t i v e l y  l o n g  s t o r a g e  p e r i o d  
( F i g .  1 0  A - D ) .  T h e  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  e f f e c t  

o f  p r i m a r y  f r e e z i n g  r a t e s  o n  s e p a r a t i o n  d u r i n g  t h e  f r o z e n  
s t o r a g e  p e r i o d  is  i l l u s t r a t e d  i n  F i g .  1 1 .

Fig. 8 —C h ro m o p la s t a f te r  freez in g  w ith  b la s t f re e z e r  a n d  thaw ing. 
10) o il d ro p le t. M agn ifica tion  b a r  = 0 .5  p m .

Fig. 9 —C h ro m o p la s t a f te r  freez in g  w ith  ch a m b e r  f re e z e r  a n d  th a w 
ing. (O ) o il d ro p le ts ;  (P) ch ro m o p la s t;  (IV) ce ll w a ll (a rrow s in d ica te  
ru p tu re s  in  p la s t id  e n v e lo p e .)  M agn ifica tion  b a r  =  1 .0  p m .

A  c o m p a r i s o n  o f  t h e  j u i c e  c o l o r ,  w i t h  U S D A  s t a n d a r d  

t u b e s  s h o w e d  t h a t  t h e r e  w a s  a  s t e a d y  d e c r e a s e  i n  c o l o r  i n  

t h e  t h r e e  s a m p l e s .  I t  s h o u l d  b e  n o t e d  t h a t  t h i s  m e a s u r e m e n t  
i s  t h e  c l o s e s t  t o  t h a t  o f  t h e  c o n s u m e r ’s  e y e ,  s i n c e  i t  i s  

b a s e d  o n  m a t c h i n g  c o l o r  t o  a k n o w n  r e f e r e n c e .
S p e c t r a  i n t e n s i t i e s  o f  p e t r o l e u m  e t h e r  e x t r a c t i o n  w e r e  

c h a r a c t e r i z e d  b y  u s u a l  m a x i m a  o f  4 2 0 ,  4 3 0  a n d  4 6 5  n m  
a n d  d i d  n o t  d i f f e r  b e t w e e n  t h e  t r e a t m e n t s  d u r i n g  s t o r a g e .  
S p e c t r o p h o t o m e t r i c  c o l o r  m e a s u r e m e n t s  o f  t h e  w h o l e  j u i c e  

w i t h  e q u a l  p a r t s  o f  w a t e r  a n d  g l y c e r o l ,  u s i n g  a n  o p a q u e  

s c r e e n ,  a r e  s h o w n  i n  F i g .  1 2 .  T h e  s p e c t r a  o f  t h e  w h o l e  j u i c e  
w e r e  c h a r a c t e r i z e d  b y  a  s h i f t  o f  t h e  m a x i m a  t o w a r d  a  

l o n g e r  w a v e l e n g t h  i n  a l l  t r e a t m e n t s .  T h i s  s h i f t  c o u l d  b e  
e x p l a i n e d  b y  t h e  p r e s e n c e  o f  s u s p e n d e d  p a r t i c l e s  i n  t h e  
w h o l e  j u i c e ,  w h i c h  s c a t t e r e d  t h e  l i g h t  ( S h i b a t a  e t  a l . ,  1 9 5 4 ;  

B u t l e r  a n d  N o r i s s ,  1 9 6 0 ) .  H o w e v e r ,  s p e c t r u m  m a x i m a  
r e m a i n e d  a t  t h e  s a m e  w a v e l e n g t h  f o r  a l l  t r e a t m e n t s ,  a n d  
d e c r e a s e d  i n  i n t e n s i t y  w i t h  l e n g t h  o f  s t o r a g e .  Q u i c k  p r i m a r y  

f r e e z i n g  r e t a i n e d  t h e  c o l o r  i n t e n s i t y  o f  t h a w e d  j u i c e  f o r  a t  
l e a s t  6 0  d a y s  o f  f r o z e n  s t o r a g e  ( F i g .  1 2 C ) ,  w h i l e  s l o w  p r i m 
a r y  f r e e z i n g  r e s u l t e d  i n  i m m e d i a t e  d e p r e s s i o n  o f  t h e  i n t e n 
s i t y  ( F i g .  1 2 A ) .  A f t e r  9 0  d a y s  o f  f r o z e n  s t o r a g e ,  t h e  i n t e n 
s i t y  d r o p p e d  m a r k e d l y  i n  j u i c e s  f r o m  a l l  f r e e z i n g  r a t e s  
( F i g .  1 2 D ) .  S i n c e  i n s o l u b l e  p a r t i c l e s  s c a t t e r  t h e  l i g h t  i n  
s u s p e n s i o n  a n d  p r e v e n t  s p e c t r u m  m e a s u r e m e n t s ,  t h e  m e t h 
o d  d e s c r i b e d  b y  S h i b a t a  e t  a l , ,  ( 1 9 5 4 )  w a s  u s e d .  A n  o p a q u e  
s c r e e n  e n a b l e d  t h e  c o l l e c t i o n  o f  t h e  t r a n s m i t t e d  s c a t t e r e d  

l i g h t  o f  t h e  s u s p e n s i o n  a n d  t h e  m e a s u r e m e n t  o f  i t s  s p e c 
t r u m .

I t  i s  s u g g e s t e d  t h a t  t h e  “ a p p a r e n t ”  l o s s  o f  c o l o r  w h i c h  
w a s  r e c o r d e d  f o r  t h e  w h o l e  j u i c e  w i t h  t h e  s p e c t r o p h o t o 

m e t e r  a n d  t h e  s t a n d a r d  U S D A  c o l o r  t u b e s  w a s  n o t  d u e  t o  
r e a l  l o s s  o f  c o l o r ,  b u t  r a t h e r  t o  i n c r e a s e d  a g g r e g a t i o n  w h i c h  

r e s u l t e d  i n  i n c r e a s e d  t r a n s m i t t a n c e  a n d  l o w e r e d  c o l o r  
i n t e n s i t y .  A g g r e g a t i o n  u p o n  t h a w i n g  a f t e r  f r o z e n  s t o r a g e  
c a u s e d  t h e  a p p e a r a n c e  o f  t h e  j u i c e  t o  c h a n g e ,  w h i l e  t h e  
e x t r a c t e d  c o l o r  w a s  n o t  a l t e r e d  b y  t h e  f l o c c u l a t i o n  o f  
i n s o l u b l e  p a r t i c l e s .  T h e  i n c r e a s e d  f l o c c u l a t i o n  o b s e r v e d  

w i t h  t h e  s l o w e r  f r e e z i n g  r a t e ,  m i g h t  h a v e  b e e n  d u e  t o  c o m 
p a c t i o n  o f  t h e  i n s o l u b l e s  i n  t h e  j u i c e  c a u s e d  b y  t h e  i c e  
c r y s t a l s ,  w h i c h ,  u p o n  t h a w i n g  w e r e  n o t  r e d i s p e r s e d  i n  t h e  
j u i c e .

A c t i v e  p e c t i c  e n z y m e s  l e a d  t o  c a t a l y z e d  f l o c c u l a t i o n ,  
m a i n l y  a s  a  r e s u l t  o f  d e m e t h o x y l a t i o n  i n  t h e  p r e s e n c e  o f  
C a + +  i o n s  ( B r u e m e r ,  1 9 8 0 ) .  T h i s  p r o c e s s  t e n d s  t o  f o r m  
p e c t i c  g e l  a n d  is  k n o w n  t o  b e  e n h a n c e d  b y  a c t i v a t e d  p e c t i n  
e s t e r a s e  i n  t h e  e x t r a c t e d  j u i c e  ( V e l d h u i s ,  1 9 7 1 ) .  F r o z e n  

s t o r e d  j u i c e  b e c a m e  s e p a r a t e d  a f t e r  a  r e l a t i v e l y  s h o r t  t i m e ,  
a n d  t h e  t e n d e n c y  t o  s e p a r a t i o n  w a s  g r e a t e r  a f t e r  s l o w  
f r e e z i n g  ( F i g .  1 0  a n d  1 1 ) .

I t  i s  s u g g e s t e d  t h a t  p r e s e r v a t i o n  b y  f r e e z i n g  a f f e c t e d  t h e  

a c t i v i t y  o f  t h e  p e c t i c  e n z y m e s  ( w h i c h  w a s  e n h a n c e d  b y  
s q u e e z i n g )  a n d  k e p t  i t  t o  a  m i n i m u m ;  i t  w a s  e q u a l  i n  a l l  
s a m p l e s .  T h i s  l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  f l o c c u l a t i o n  b e t w e e n  t h e  s a m p l e s  w e r e  d u e  
t o  t h e  r a t e  o f  p r i m a r y  f r e e z i n g .  S l o w  f r e e z i n g ,  w h i c h  r e 
s u l t e d  i n  l a r g e  i c e  c r y s t a l s  h a v i n g  a  s m a l l  s u r f a c e  a r e a ,  w a s  

i n  e f f e c t ,  c a u s i n g  c o n c e n t r a t i o n  b y  f r e e z i n g .  T h i s  c o n c e n 
t r a t i o n  i n c r e a s e d  d u r i n g  t h e  c r y s t a l  g r o w t h  p e r i o d  a n d  
c o u l d  b e  e x t e n d e d  t o  t h e  e u t e c t i c  l e v e l  o f  t h e  f r o z e n  s o l u 
t i o n  ( S h o m e r  e t  a l . ,  1 9 7 3 ) .  W h e n  t h e  c o o l i n g  w a s  d o n e  
s i m u l t a n e o u s l y  f r o m  t h e  s u r f a c e  i n  a  c o n c e n t r i c  d i r e c t i o n ,  
t h e  s o l u b l e  a n d  i n s o l u b l e  c o m p o n e n t s  w e r e  f o r c e d  t o  
a c c u m u l a t e  b e t w e e n  t h e  f o r m i n g  i c e  c r y s t a l s .  T h e  i n c r e a s e  
i n  v o l u m e  o f  i c e  c a u s e d  c o m p r e s s i o n  o f  i n s o l u b l e  p a r t i c l e s  
b e t w e e n  i c e  c r y s t a l s .  R e l e a s e  o f  t h e  p r e s s u r e  b y  t h a w i n g  

a f t e r  a  r e l a t i v e l y  s h o r t  f r o z e n  s t o r a g e  p e r i o d  d i d  n o t  l e a d  
t o  c o m p l e t e  r e d i s p e r s i o n  o f  t h e  a g g r e g a t e d  p a r t i c l e s  a n d  
t h e y  r e m a i n e d  i n  c l u s t e r s  a n d  t e n d e d  t o  s e p a r a t e  f r o m  t h e  
s e r u m .  I n  a d d i t i o n ,  t h e  c l o s e  p h y s i c a l  a s s o c i a t i o n  o f  t h e  

i n s o l u b l e  p a r t i c l e s  c a u s e d  b y  p r e s s u r e  d u r i n g  f r e e z i n g  m a y
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l e a d  t o  t h e  f o r m a t i o n  o f  c a l c i u m  b r i d g e s  b e t w e e n  t h e  

c a r b o x y l  g r o u p s  o f  t h e  p e c t i n  w i t h  t i m e .  T h e  r e l e a s e  o f  

t h e s e  b r i d g e s  w i l l  e v e n t u a l l y  r e s u l t  i n  t h e  r e d i s p e r s i o n  o f  
t h e  c o m p a c t e d  i n s o l u b l e s  ( S h o m e r  a n d  M e r i n ,  u n p u b 
l i s h e d ) .

W h e n  q u i c k  f r e e z i n g  w a s  c a r r i e d  o u t ,  t h e  i c e  n u c l e a t i o n s  
a n d  c r y s t a l s  w e r e  n u m e r o u s  a n d  s m a l l  i n  t h e  f r o z e n  m a s s .  
T h i s  s i t u a t i o n  p e r m i t t e d  t h e  i n s o l u b l e  p a r t i c l e s  t o  r e m a i n  
d i s p e r s e d  a s  b e f o r e  p r i m a r y  f r e e z i n g ,  t h e r e f o r e ,  u p o n  t h a w 

i n g  t h e  r e d i s p e r s i o n  w a s  c l o s e  t o  t h a t  o f  f r e s h  j u i c e .

I t  i s  a  k n o w n  p h e n o m e n o n  t h a t  i c e  c r y s t a l s  o f  p u r e  
w a t e r  o r  o f  d i l u t e  s o l u t i o n  h a v e  a  l o w e r  v a p o r  p r e s s u r e  
t h a n  i c e  c r y s t a l s  o f  m o r e  c o n c e n t r a t e d  s o l u t e s .  D i f f e r e n c e s  

i n  t h e  v a p o r  p r e s s u r e  l e a d  t o  f l u c t u a t i o n  i n  t h e  s i z e  o f  t h e  
i c e  c r y s t a l s ,  b y  t r a n s f e r  o f  w a t e r  m o l e c u l e s  f r o m  r e g i o n s  o f  
r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  o f  s o l u t e s  t o  t h o s e  o f  l o w e r  
c o n c e n t r a t i o n .  H e n c e ,  i t  i s  s u g g e s t e d  t h a t  f r o z e n  s t o r a g e  o f  
t h e  s a m p l e s  a t  h i g h e r  t e m p e r a t u r e  ( — 1 8  C )  t h a n  t h e  p r i 
m a r y  f r e e z i n g  t e m p e r a t u r e  r e s u l t e d  i n  s e c o n d a r y  c r y s t a l l i 

z a t i o n .  T h e  s e c o n d a r y  c r y s t a l l i z a t i o n ,  w h i c h  t a k e s  p l a c e  
w i t h  f r o z e n  s t o r a g e  t i m e ,  m a y  l e a d  t o  c o m p r e s s i o n  o f  t h e  
i n s o l u b l e s ,  a s  i t  i s  d u r i n g  s l o w  p r i m a r y  f r e e z i n g  r a t e .  H e n c e ,  
a g g r e g a t i o n  a p p e a r s  i n  t h a w e d  j u i c e  f o r  a l l  t r e a t m e n t s  a f t e r  
a  l o n g  p e r i o d  o f  f r o z e n  s t o r a g e .
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S T O R A G E  T I M E  ( d a y s )

Fig. 11—E ffe c t o f  p r im a r y  freez in g  ra te  o n  sep a ra tio n  o f  d e a r  
se ru m  fro m  su sp en sio n  o f  fro zen  th a w e d  n a tu ra l V alencia orange  
ju ice  (1 h r  o — o a n d  3  h r □ — a a f te r  th aw in g  o f  l iq u id  n itro g en  
fro zen  ju ic e ;  1 h r  • - - - • a n d  3  h r ■ - - - ■ a f te r  th a w in g  o f  ch a m b er  
freez in g  fro zen  ju ice .)

Fig. 10—S ep a ra tio n  o f  d e a r  seru m  fro m  su spen sion  o f  fro zen  
n atu ra l Valencia orange ju ic e  a f te r  thaw ing. (A —D ) a f te r  fro zen  
sto ra g e  o f  0 , 3 0 , 6 0  a n d  9 0  d a ys , re sp e c tiv e ly ; • — • l iq u id  n itro g en  
freezin g; □ — o b la s t  freez in g ; o — o ch a m b e r  freezing.

Fig. 12—S p e c tr u m  o f  th a w e d  ju ic e  (o b ta in e d  th rou gh  o p a q u e  screen) 
a f te r  d if fe r e n t p r im a r y  freez in g  ra tes a n d  fro zen  storage. (A —D) 
a f te r  fro zen  sto ra g e  o f  0, 3 0 , 6 0  a n d  9 0  d a ys  re sp ec tiv e ly . — 
n itro g en  freezin g; - - - - b la s t  f r e e z in g ; ............ch a m b er freezing.
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f r o m  t h e  F r e s h w a t e r  P r a w n ,  M a c r o b r a c h i u m  r o s e n b e r g i i

E. S. BARANOWSKI, W. K. NIP, and J. H. MOY

---------------------------  ABSTRACT ---------------------------
T h e  a c t iv i t y  o f  a  c r u d e  e n z y m e  p r e p a r a t i o n  e x t r a c t e d  f r o m  h e p a t o -  
p a n c r e a s  o f  t h e  f r e s h w a t e r  p r a w n ,  M a c r o b r a c h iu m  r o s e n b e r g i i ,  w a s  
a s s a y e d  f o r  c o l la g e n o ly t ic ,  t r y p s in o ly t i c ,  a - c h y m o t r y p s i n o l y t i c ,  a n d  
p e p s in o l y t i c  a c t iv i t i e s  a g a in s t  c o l la g e n ,  ly o p h i l i z e d  p r a w n  t is s u e ,  
a n d  a r t i f i c i a l  s u b s t r a te s .  A t  o p t im u m  p H  f o r  e a c h  a c t iv i t y ,  t h e  e n 
z y m e  p r e p a r a t i o n  h a d  c o l la g e n o ly t ic  a c t iv i t iy ,  s l ig h t  t r y p s i n o l y t i c  
a n d  a - c h y m o t r y p s i n o l y t i c  a c t iv i t i e s ;  a n d  n o  p e p s in o l y t i c  a c t i v i t y .  O f  
t h e  c o m m e r c ia l  e n z y m e s  t e s t e d ,  o n ly  c o l la g e n a s e  s ig n i f ic a n t ly  
d e g r a d e d  ly o p h i l i z e d  p r a w n  t i s s u e .  T h e s e  r e s u l t s  s u g g e s t t h a t  t h e  
p r a w n  e n z y m e  p r e p a r a t i o n  m a y  c o n ta in  a  c o l la g e n o ly t ic  p o r t i o n  
w h ic h  m ig h t  a f f e c t  t h e  t e x t u r e  o f  t h e  p r a w n .

INTRODUCTION
P R O D U C T I O N  o f  t h e  f r e s h w a t e r  p r a w n ,  M a c r o b r a c h i u m  
r o s e n b e r g i i ,  h a s  b e e n  d e s i g n a t e d  a s  a  h i g h  p r i o r i t y  b y  
H a w a i i ’s  a q u a c u l t u r e  d e v e l o p m e n t  p l a n  ( D P E D ,  1 9 7 8 ) .  

H o w e v e r ,  t h e  s h e l f  l i f e  o f  p r a w n s  h e l d  a t  i c e - c h i l l e d  a n d  r e 
f r i g e r a t o r  t e m p e r a t u r e s  i s  o n l y  2 - 3  d a y s  ( H a n s o n  a n d  
G o o d w i n ,  1 9 7 7 ) ,  t o o  s h o r t  a  t i m e  t o  a l l o w  c o m p e t i t i v e  
m a r k e t i n g  a s  a  n o n f r o z e n  s e a f o o d  f r o m  t h e  i s l a n d s .  A f t e r  
t h i s  p e r i o d  t i s s u e s  b e g i n  t o  b r e a k d o w n  r e s u l t i n g  i n  a  m u s h y  
t e x t u r e  a f t e r  c o o k i n g  ( D P E D ,  1 9 7 8 ;  H a n s o n  a n d  G o o d w i n ,  

1 9 7 7 ;  M i y a j i m a  a n d  C o b b ,  1 9 7 7 ) .  T h i s  i s  m o s t  p r o n o u n c e d  
i n  t h e  f i r s t  s e c t i o n  o f  t h e  a b d o m e n  ( t a i l )  o f  t h e  p r a w n ,  t h e  
s e c t i o n  a d j a c e n t  t o  t h e  h e p a t o p a n c r e a s .  S u c h  a u t o l y s i s  o f  
m u s c l e  a d j a c e n t  t o  t h e  h e p a t o p a n c r e a s  h a s  a l s o  b e e n  

d e m o n s t r a t e d  i n  t h e  b r o w n  s h r i m p ,  P e n a e u s  a z t e c u s  ( L i g h t -  
n e r ,  1 9 7 3 ) .  T h u s  i t  i s  s u s p e c t e d  t h a t  a  r e l e a s e  o f  d i g e s t i v e  
e n z y m e s  f r o m  t h i s  o r g a n  o c c u r s  u p o n  d e a t h  o f  t h e  p r a w n ,  
a n d  t h a t  t h e s e  e n z y m e s  m i g r a t e  i n t o  t h e  a b d o m e n  a n d  
c a t a l y z e  d e g r a d a t i o n .  D i g e s t i v e  e n z y m e s  h a v e  b e e n  i s o l a t e d  

f r o m  p r a w n  h e p a t o p a n c r e a s e s  ( L e e  e t  a l . ,  1 9 8 0 )  a s  w e l l  a s  
f r o m  s i m i l a r  s p e c i e s  ( E i s e n  e t  a l . ,  1 9 7 3 ;  E i s e n  a n d  J e f f r e y ,
1 9 6 9 ) ;  t h e s e  e n z y m e s  w e r e  f o u n d  t o  e x h i b i t  c o l l a g e n o l y t i c ,  

t r y p s i n o l y t i c ,  a - c h y m o t r y p s i n o l y t i c ,  p e p s i n o l y t i c ,  a m y l y t i c ,  
a n d  l i p o l y t i c  a c t i v i t i e s .  I t  h a s  n o t ,  h o w e v e r ,  b e e n  d e t e r 
m i n e d  w h a t  e f f e c t  t h e s e  e n z y m e s  m a y  h a v e  o n  t h e  f r e s h 
w a t e r  p r a w n  t i s s u e  i t s e l f .

T h e  o b j e c t i v e  o f  t h i s  w o r k  w a s  t o  i n v e s t i g a t e  t h e  n a t u r e  
o f  t h e  p r a w n  h e p a t o p a n c r e a t i c  p r o t e a s e s ,  a n d  t o  d e t e r m i n e  
t h e  a c t i o n  o f  s u s p e c t e d  e n z y m e s  o n  c o l l a g e n ,  a  m a j o r  
s t r u c t u r a l  c o m p o n e n t  o f  p r a w n  t i s s u e ,  a n d  o n  p r a w n  t i s s u e  
i t s e l f .  I t  i s  h o p e d  t h a t  a  b e t t e r  u n d e r s t a n d i n g  o f  t h i s  d e g r a -  
d a t i v e  p r o c e s s  w i l l  l e a d  t o  t h e  d e v e l o p m e n t  o f  m e t h o d s  t o  
c o n t r o l  i t ,  a n d  t h u s  a l l o w  a  m o r e  e c o n o m i c  m e a n s  f o r  e x 
p o r t i n g  h i g h  q u a l i t y  p r a w n s  f r o m  H a w a i i .

MATERIALS & METHODS

E x t r a c t i o n  o f  e n z y m e  p r e p a r a t i o n

L iv e  f r e s h w a t e r  p r a w n s  (M a c r o b r a c h iu m  r o s e n b e r g i i ) ,  g r o w n  a t  
K a h u k u ,  H a w a ii ,  w e re  o b t a i n e d  f r o m  a  lo c a l  m a r k e t .  T h e  p r a w n s

A u th o r s  B aran ow ski, N ip  a n d  M o y  are a f f ilia te d  w ith  th e D ep t, o f  
F o o d  S c ien ce  & H um an N u tr itio n , Univ. o f  H aw aii a t  M anoa, 1 9 2 0  
E d m o n d so n  R o a d , H on o lu lu , H i 9 6 8 2 2 .

w e re  p u r g e d  in  r u n n in g  t a p  w a te r  o v e r n ig h t  a t  r o o m  t e m p e r a t u r e ,  
a n d  d i s p a t c h e d  b y  p l a c e m e n t  i n t o  a n  ic e - w a te r  s lu r r y .  T h e  r e m a in d e r  
o f  t h e  e x t r a c t i o n  p r o c e d u r e  w a s  d o n e  a t  3 ° C ,  b y  m e t h o d s  b a s e d  o n  
t h o s e  o f  E i s e n  a n d  J e f f r e y  ( 1 9 6 9 ) .  A b o u t  5 0 g  o f  h e p a t o p a n c r e a s e s  
w e re  r e m o v e d  f r o m  a b o u t  o n e  k g  o f  p r a w n s  o f  m ix e d  s e x e s .  T h e  
h e p a t o p a n c r e a s e s  w e re  b le n d e d  w i th  t h r e e  v o lu m e s  o f  c o ld  0 .0 5 M  
T r is -H C l,  p H  7 .4 ,  c o n ta in in g  5 .0  m M  C a C l2 , f o r  5 m in  a t  lo w  s p e e d .  
T h i s  h o m o g e n a te  w a s  c e n t r i f u g e d  a t  2 0 0 0  x  g  f o r  3 0  m in  a t  0 ° C ,  
a n d  t h e  s u p e r n a t a n t  f i l t e r e d  t h r o u g h  g la ss  w o o l .  T h e  r e s id u e  w a s  r e 
e x t r a c t e d  a s  b e f o r e ,  c o m b in e d  w i th  t h e  o r ig in a l  s u p e r n a t e ,  c e n t r i 
f u g e d  a t  1 2 ,0 0 0  x  g  f o r  6 0  m in  a t  0 ° C  a n d  f i l t e r e d  th r o u g h  a  0 .4 5  
p m  s te r i l e  f i l t e r .  P r o te i n  c o n t e n t  o f  t h e  c r u d e  e x t r a c t  w a s  d e t e r 
m in e d  b y  u s e  o f  t h e  B io -R a d  d y e - b in d in g  p r o t e i n  a s s a y  ( B io -R a d  
L a b o r a to r ie s ,  R i c h m o n d ,  C A ) .  T h e  c r u d e  e x t r a c t  w a s  s to r e d  u n d e r  
n i t r o g e n  a t  - 2 0 ° C .

A n a ly s is  o f  e n z y m e  a c t iv i t ie s

T h e  a c t iv i t y  o f  t h e  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  w a s  e v a l
u a t e d  in  c o m p a r i s o n  to  t h e  a c t iv i t i e s  o f  c o m m e r c ia l  p e p s in  (S ig m a  
N o .  P - 7 0 1 2  S ig m a  C h e m ic a l  C o .,  S t .  L o u is ,  M O ) , t r y p s in  (S ig m a  N o .  
T - 1 0 0 5 ) ,  a n d  a - c h y m o t r y p s in  (S ig m a  N o .  C -3 1 4 2 )  o n  th e i r  a r t i f i c i a l  
s u b s t r a t e s  (N -a c e ty l - L - p h e n y la la n y l -  L -3 ,  5 - d i - i o d o ty r o s in e ,  b e n z o y -  
l a rg in in e  e t h y l  e s t e r ,  a n d  b e n z o y l -L -  t y r o s in e  e t h y l  e s t e r ) ,  r e s p e c t iv e 
ly ,  a l l  f r o m  S ig m a . P r o c e d u r e s  u s e d  w e re  b a s e d  u p o n  s t a n d a r d  
e n z y m e  a s s a y s  (D e c k e r ,  1 9 7 7 ;  R ic k  a n d  F r i t c h ,  1 9 7 4 ; W i r n t ,  1 9 6 5 )  
e x c e p t  t h a t  t h e  c o n c e n t r a t i o n s  o f  e n z y m e s  u s e d  w e r e  a l t e r e d .  F o r  
t h e  p e p s in  a s s a y ,  p e p s in  w a s  9 M g /m L , a n d  c r u d e  p r a w n  e n z y m e  
p r e p a r a t i o n  8 M g /m L . T h e  a - c h y m o t r y p s in  a s s a y  u s e d  a - c h y m o t r y p 
s in  a t  4  M g /m L  a n d  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  a t  6 0  M g /m L , 
w h ile  t h e  t r y p s in  a s s a y  u s e d  t r y p s in  a t  3 M g /m L  a n d  c r u d e  p r a w n  
e n z y m e  p r e p a r a t i o n  a t  6 0  Mg/mL. S a m p le s  w e re  r e p l i c a t e d  1 2  t im e s .  
S p e c i f ic  a c t iv i t i e s  w e re  c a l c u la te d  a n d  th o s e  f o r  t h e  c r u d e  e n z y m e  
p r e p a r a t i o n  c o m p a r e d  t o  t h o s e  o f  t h e  p u r c h a s e d  e n z y m e s .

T h e  a c t iv i t i e s  o f  c o m m e r c ia l  t r y p s in ,  a - c h y m o t r y p s i n ,  a n d  
c o l la g e n a s e  (S ig m a  N o .  C -0 7 7 3 )  a g a in s t  in s o lu b le  b o v in e  c o l la g e n  
(S ig m a  C h e m ic a l  C o .,  S t .  L o u is ,  M O ) a n d  l y o p h i l i z e d  r a w  p r a w n  
t i s s u e  p r e - s te r i l i z e d  b y  p r o p y l e n e  o x id e  w e r e  m e a s u r e d  b y  e n d p o i n t  
a s s a y s  b a s e d  o n  m e t h o d s  f o r  c o l la g e n a s e  ( D e c k e r ,  1 9 7 7 )  w i t h  m in o r  
m o d i f i c a t i o n s .  I n c u b a t i o n  t im e s  w e re  l e n g th e n e d  t o  15  h r  f o r  a ll  
e n z y m e s  a n d  th e  c o n c e n t r a t i o n s  o f  t r y p s i n  a n d  a - c h y m o t r y p s i n  
w e re  in c r e a s e d  t o  0 .0 4  m g /m L .  F r e e z e - d r ie d  p r a w n  t i s s u e  a n d  
b o v in e  c o l la g e n  w e re  u s e d  a s  s u b s t r a t e  a t  a  f in a l  c o n c e n t r a t i o n  o f  
5 m g /m L .  E n z y m e  a c t io n  w a s  m e a s u r e d  a s  a  f u n c t i o n  o f  r e le a s e  o f  
h y d r o x y p r o l i n e ,  u s in g  th e  m e t h o d  o f  W o e s s n e r  ( 1 9 6 1 ) .  S a m p le s  
w e re  t e s t e d  in  t r i p l i c a t e ,  w i t h  e a c h  t e s t  r e p e a t e d  f o u r  t im e s .  F o r  
c o m p a r a t iv e  p u r p o s e s ,  a c t iv i t i e s  w e re  e x p r e s s e d  a s  m g  h y d r o x y p r o 
l in e  p r o d u c e d  p e r  Mg e n z y m e ,  in  15 h r .

T h e  a c t io n  o f  t h e  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  o n  b o v in e  
c o l la g e n  a n d  s te r i l i z e d  ly o p h i l i z e d  p r a w n  t i s s u e s  w a s  c o m p a r e d  t o  
t h a t  o f  c o m m e r c ia l  c o l la g e n a s e  b y  u s e  o f  t h e  a s s a y  d e t a i l e d  in  th e  
p r e v io u s  p a r a g r a p h ,  b u t  w i th  in c u b a t io n  t im e s  s h o r t e n e d  t o  6  h r .  
P r o t e i n  c o n c e n t r a t i o n s  o f  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  ra n g e d  
b e tw e e n  4  a n d  2 0 0  Mg/mL. E n z y m a t i c  a c t i o n  w a s  m e a s u r e d  a n d  
c o m p a r e d  a s  a b o v e .

D a ta  w e r e  s ta t i s t i c a l l y  a n a ly z e d  b y  t h e  A n a ly s is  o f  V a r ia n c e  a n d  
D u n c a n ’s M u l t ip le  R a n g e  T e s t  a s  d e t a i l e d  b y  S t e e l  a n d  T o r r i e ( 1 9 6 0 ) .

RESULTS
T H E  E X T R A C T I O N  o f  t h e  c r u d e  e n z y m e  p r e p a r a t i o n  f r o m  

p r a w n  h e p a t o p a n c r e a s e s  p r o d u c e d  a  s o l u t i o n  o f  9 . 3  m g  p r o 
t e i n  p e r  m L .  Y i e l d  w a s  a p p r o x i m a t e l y  3 8  m g  p r o t e i n  p e r  g  
o f  h e p a t o p a n c r e a s .

T h e  c o m p a r i s o n  o f  t h e  a c t i v i t y  o f  t h e  c r u d e  p r a w n  e n 
z y m e  p r e p a r a t i o n  t o  t h e  a c t i v i t i e s  o f  c o m m e r c i a l  p e p s i n ,
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t r y p s i n ,  a n d  a - c h y m o t r y p s i n  s h o w e d  t h a t  t h e  p r a w n  e n 
z y m e  p r e p a r a t i o n  h a d  l i t t l e  o r  n o  a c t i v i t y .  T h e  p r a w n  e n 

z y m e  p r e p a r a t i o n  w a s  f o u n d ,  a t  t h e  c o n c e n t r a t i o n  u s e d ,  t o  

h a v e  n o  p e p s i n o l y t i c  a c t i v i t y  a g a i n s t  t h e  a r t i f i c i a l  s u b s t r a t e ;  
t h i s  c o n c e n t r a t i o n  c o u l d  n o t  b e  i n c r e a s e d  d u e  t o  i n t e r f e r 
e n c e  f r o m  t h e  h i g h  a b s o r b a n c e  o f  t h e  e n z y m e  p r e p a r a t i o n .  

T h e  t r y p s i n o l y t i c  a n d  a - c h y m o t r y p s i n o l y t i c  a c t i v i t i e s  f r o m  
t h e  p r a w n  e n z y m e  p r e p a r a t i o n  w e r e  f o u n d  t o  b e  a  f a c t o r  o f  
1 0 2 l e s s  t h a n  t h o s e  o f  t h e  p u r c h a s e d  t r y p s i n  a n d  a - c h y m o 

t r y p s i n .  S t a t i s t i c a l  a n a l y s e s  s h o w e d  t h a t  t h e s e  d i f f e r e n c e s  
w e r e  h i g h l y  s i g n i f i c a n t  ( p < 0 . 0 0 5 ) .

C o m m e r c i a l  t r y p s i n  a n d  a - c h y m o t r y p s i n  w e r e  f o u n d  t o  
p r o d u c e  0 . 0 9  m g  h y d r o x y p r o l i n e  p e r  jug  e n z y m e  ( i n  1 5  h r )  

w h e n  i n s o l u b l e  b o v i n e  c o l l a g e n  w a s  t h e  s u b s t r a t e ,  a n d  0 . 1 8  
a n d  0 . 1 9  m g  h y d r o x y p r o l i n e  ( i n  1 5  h r ) ,  r e s p e c t i v e l y ,  p e r  / i g  
e n z y m e  w i t h  f r e e z e - d r i e d  p r a w n  t i s s u e  a s  t h e  s u b s t r a t e .  

C o m m e r c i a l  c o l l a g e n a s e  p r o d u c e d  3 0  m g  a n d  11  m g  h y -  

d r o x y p r o h n e  p e r  jug  e n z y m e  i n  1 5  h r  w h e n  a c t i n g  o n  b o v i n e  
c o l l a g e n  a n d  f r e e z e - d r i e d  p r a w n  t i s s u e ,  r e s p e c t i v e l y .  S t a t i s 

t i c a l  a n a l y s e s  ( s e e  T a b l e  1 )  s h o w e d  t h a t  t h e  a c t i o n s  o f  c o m 

m e r c i a l  t r y p s i n  a n d  a - c h y m o t r y p s i n  o n  b o v i n e  c o l l a g e n  o r  
l y o p h i l i z e d  p r a w n  t i s s u e  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

( p < 0 .0 1 ) ,  n o r  w e r e  t h e s e  t r e a t m e n t s  s i g n i f i c a n t l y  d i f f e r e n t  

f r o m  t h e  c o n t r o l s  o f  b o v i n e  c o l l a g e n  a l o n e  o r  l y o p h i l i z e d  
p r a w n  t i s s u e  a l o n e .  T h e  a c t i o n  o f  p u r c h a s e d  c o l l a g e n a s e  o n  

l y o p h i l i z e d  p r a w n  t i s s u e  w a s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
( a b o u t  8 0  t i m e s  g r e a t e r  t h a n )  a l l  o t h e r  t r e a t m e n t s .  T h i s  w a s  
a l s o  t r u e  f o r  t h e  a c t i o n  o f  c o m m e r c i a l  c o l l a g e n a s e  o n  c o l l a 
g e n  ( a b o u t  2 0 0  t i m e s  g r e a t e r  t h a n  t h e  t r y p s i n  a n d  a - c h y 
m o t r y p s i n  a c t i v i t i e s ) .

T h e  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  s h o w e d  a c t i v i t y  o n  

b o t h  l y o p h i l i z e d  p r a w n  t i s s u e  a n d  b o v i n e  c o l l a g e n ,  p r o d u c 
i n g  8 . 5  x  1 0 - 5  a n d  1 .5  x  1 0 - 4  m g  h y d r o x y p r o l i n e  p e r  
jug  e n z y m e  p r e p a r a t i o n  i n  6  h r ,  r e s p e c t i v e l y .  C o m m e r c i a l  

c o l l a g e n a s e  p r o d u c e d  1 .3  x  1 0 - 4  a n d  5 . 8  x  1 0 ~ 4  m g  h y 
d r o x y p r o l i n e  p e r  jug  e n z y m e  i n  6  h r  w h e n  a c t i n g  o n  l y o 
p h i l i z e d  p r a w n  t i s s u e  a n d  b o v i n e  c o l l a g e n ,  r e s p e c t i v e l y .  
T h u s ,  t h e  c o m m e r c i a l  c o l l a g e n a s e  w a s  a b o u t  f o u r  t i m e s  
m o r e  a c t i v e  t h a n  t h e  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  w i t h  
b o v i n e  c o l l a g e n  a s  s u b s t r a t e ,  a n d  1 .5  t i m e s  m o r e  a c t i v e  w i t h  
p r a w n  t i s s u e  a s  t h e  s u b s t r a t e .  S t a t i s t i c a l  a n a l y s e s  ( s e e  T a b l e

2 ) d e m o n s t r a t e d  t h a t  t h e  a c t i o n s  o f  t h e  c r u d e  p r a w n  e n 
z y m e  p r e p a r a t i o n  o n  l y o p h i l i z e d  p r a w n  t i s s u e  o r  b o v i n e  
c o l l a g e n  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( p < 0 . 0 5 ) ,  a n d  t h a t  
n e i t h e r  o f  t h e s e  t r e a t m e n t s  w a s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
t h a t  o f  c o m m e r c i a l  c o l l a g e n a s e  a c t i n g  o n  l y o p h i l i z e d  p r a w n  
t i s s u e .  A l l  t h r e e  o f  t h e s e  t r e a t m e n t s  w e r e  s i g n i f i c a n t l y  d i f 

f e r e n t  f o m  t h e i r  c o n t r o l s  ( b o v i n e  c o l l a g e n  o r  l y o p h i l i z e d  
p r a w n  t i s s u e  a l o n e ) .  T h e  a c t i v i t y  o f  c o m m e r c i a l  c o l l a g e n a s e  
o n  b o v i n e  c o l l a g e n  w a s  f o u n d  t o  b e  s i g n i f i c a n t l y  d i f f e r e n t  
f r o m  a l l  o t h e r  t r e a t m e n t s .

DISCUSSION
B Y  C O M P A R I N G  T H E  A C T I V I T Y  o f  t h e  c r u d e  p r a w n  
e n z y m e  p r e p a r a t i o n  t o  t h e  a c t i v i t i e s  o f  s e v e r a l  c o m m e r c i a l  
e n z y m e s ,  i n f o r m a t i o n  h a s  b e e n  g a i n e d  o n  t h e  n a t u r e  o f  t h e  
c r u d e  e n z y m e  p r e p a r a t i o n .  T h e  i n v e s t i g a t i o n  o f  t h e  a c t i o n  
o f  c o m m e r c i a l  p e p s i n ,  t r y p s i n ,  a - c h y m o t r y p s i n  a n d  c o l l a 

g e n a s e  o n  l y p h i l i z e d  p r a w n  t i s s u e  h a s  p r o d u c e d  i n f o r m a t i o n  
o n  w h i c h  e n z y m e s  m a y  o r  m a y  n o t  b e  r e s p o n s i b l e  f o r  
d e g r a d a t i o n  o f  p r a w n  t a i l s  d u r i n g  r e f r i g e r a t e d  o r  i c e - c h i l l e d  
s t o r a g e .

T h e  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  w a s  s h o w n  t o  d i s 
p l a y  n o  p e p s i n o l y t i c  a c t i v i t y ;  t h i s  i s  a s  e x p e c t e d  s i n c e  t h e  
p H  o p t i m u m  f o r  p e p s i n  i s  a r o u n d  2 . 0 ,  w h i l e  t h e  p H  o f  
p r a w n  t i s s u e  is  a b o u t  7 . 0 .  T e s t i n g  w a s  d o n e ,  h o w e v e r ,  s i n c e  
t h e r e  i s  a  r e p o r t  o f  a  d i g e s t i v e  e n z y m e  f r o m  p r a w n s  w h i c h  
h a s  p e p s i n o l y t i c  a c t i v i t y  ( L e e  e t  a l . ,  1 9 8 0 ) .  O n l y  s l i g h t  
t r y p s i n o l y t i c  a n d  a - c h y m o t r y p s i n o l y t i c  a c t i v i t i e s  w e r e  

f o u n d .  C o l l a g e n o l y t i c  a c t i v i t y  w a s  d e m o n s t r a t e d ,  a t  a  l e v e l

T able 1—S ta tis t ic a l an a lysis o f  try p s in  (T r y p ) , a -c h y m o try p s in  
(C h y m o i, a n d  co llagen ase (C .asel a c tiv i t ie s  on  co llagen  a n d  p ra w n  
t issu ea

Kinds of enzyme and 
su bstrate

Activity, pg hydroxyproline 
per M9 enzyme in 15 hr

Control 0 (a)
Chym o + collagen 0.09 (a)
Tryp + collagen 0.09 (a)
Tryp + prawn tissue 0.18 (a)
Chym o + prawn tissue 0.19 (ai
C.ase + prawn tissue 11 (b)
C.ase + collagen 30 (c)

a Values with the same letter are not significantly different (p<0.01)

T able 2 —S ta tis tic a l an a lysis o f  c ru d e  p ra w n  e n z y m e  (C .P .E .) a n d  
co llagen ase (C .ase) a c tiv itie s  on  co llagen  a n d  p ra w n  tissu ea

Kinds of enzyme and Activity, pg hydroxyproline
substrate per Mg enzyme in 6 hr

Control 0 (a)
C.P.E. + prawn tissue 8.5 x 1 0 ~ 5 (b)
C.ase + prawn tissue 1.3 x 10- 4  (b)
C.P.E. + collagen 1.5 x 10- 4  (b)
C.ase + collagen 5.8 x 1 0 ~ 4 (c)

a Values with the same letter are not significantly different (p<0.05)

n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  a c t i o n  o f  c o m m e r c i a l  
c o l l a g e n a s e  o n  l y o p h i l i z e d  p r a w n  t i s s u e .  A l s o ,  t h e  a c t i o n  o f  

t h e  c r u d e  p r a w n  e n z y m e  p r e p a r a t i o n  a g a i n s t  b o v i n e  c o l l a 

g e n  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h a t  a g a i n s t  l y o 
p h i l i z e d  p r a w n  t i s s u e .  T h e s e  f a c t s  s u g g e s t  t h a t  t h e  c r u d e  
p r a w n  e n z y m e  p r e p a r a t i o n  m a y  c o n s i s t  o f  a  c o l l a g e n a s e  
a l o n e  w i t h  s m a l l e r  a m o u n t s  o f  o t h e r  e n z y m e s ,  o r  m a y  b e  
a n  e n z y m e  m o l e c u l e  c o n t a i n i n g  m u l t i p l e  a c t i v i t i e s .  T h i s  

w o u l d  b e  i n  a g r e e m e n t  w i t h  r e s u l t s  o f  s i m i l a r  w o r k  d o n e  o n  
o t h e r  s h e l l f i s h  s p e c i e s  ( E i s e n  e t  a l . ,  1 9 7 3 ) .

O f  t h e  c o m m e r c i a l  e n z y m e s  t e s t e d ,  o n l y  c o l l a g e n a s e  w a s  
f o u n d  t o  s i g n i f i c a n t l y  d e g r a d e  l y o p h i l i z e d  p r a w n  t i s s u e .  

A l t h o u g h  t h e  c o l l a g e n o l y t i c  a c t i v i t y  n o t e d  h e r e  o c c u r r e d  a t  
3 7  C ,  i t  i s  e x p e c t e d  t h a t  s i m i l a r  r e s u l t s  w o u l d  b e  o b t a i n e d  
o v e r  a  l o n g e r  p e r i o d  o f  t i m e  i n  r e f r i g e r a t e d  a n d  i c e - c h i l l e d  
p r a w n s ,  t h u s  s u p p o r t i n g  t h e  e x i s t e n c e  o f  a  c o l l a g e n a s e  o r  a n  
e n z y m e  w i t h  c o l l a g e n o l y t i c  a c t i v i t y  w h i c h  is  r e s p o n s i b l e  f o r  
t h e  m u s h i n e s s  p r o b l e m .  T h e  a m o u n t  o f  h y d r o x y p r o l i n e  
r e s u l t i n g  f r o m  i n c u b a t i o n  o f  c o l l a g e n a s e  w i t h  c o l l a g e n  w a s  
m u c h  g r e a t e r  t h a n  t h a t  f r o m  i n c u b a t i o n  o f  c o l l a g e n a s e  w i t h  
l y o p h i l i z e d  p r a w n  t i s s u e .  T h i s  i s  a n  e x p e c t e d  r e s u l t  s i n c e  

t h e  l y o p h i l i z e d  p r a w n  t i s s u e  i s  c o m p o s e d  o f  o t h e r  c o m 
p o n e n t s  a s  w e l l  a s  o f  c o l l a g e n .

F u r t h e r  i n v e s t i g a t i o n  o f  t h e  c r u d e  p r a w n  e n z y m e  p r e p a 

r a t i o n  w i l l  i n c l u d e  s e p a r a t i o n  i n t o  f r a c t i o n s  b y  u s e  o f  
c o l u m n  c h r o m a t o g r a p h y ,  a n d  i s o e l e c t r o f o c u s i n g  o f  t h e  
f r a c t i o n s .  I s o l a t i o n  a n d  c h a r a c t e r i z a t i o n  o f  t h e  c o l l a g e n o l y 
t i c  f r a c t i o n  w i l l  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  i t s  
a c t i o n  i n  t h e  b r e a k d o w n  o f  p r a w n  t i s s u e .  I t  i s  h o p e d  t h a t  
t h i s  m i g h t  t h e n  e n a b l e  t h e  d e v e l o p m e n t  o f  m e t h o d s  t o  
c o n t r o l  t h e  d e g r a d a t i o n  p r o c e s s  d u r i n g  i c e - c h i l l e d  o r  r e 
f r i g e r a t e d  s t o r a g e  o f  p r a w n s .
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----------------------------ABSTRACT-----------------------------
S o ls  w e re  p r e p a r e d  f r o m  c o m m in u te d  f i s h  ( s u r im i ) ,  b e e f ,  p o r k  a n d  
t u r k e y  m u s c le s .  C o n t in u o u s  e v a l u a t io n  o f  c h a n g e s  in  s t r u c t u r a l  
r ig i d i ty  a n d  e n e r g y  d a m p in g  d u r in g  h e a t in g  o f  t h e  s o ls  f r o m  3° to  
9 5 ° C  w a s  p e r f o r m e d  in  a  n o n d e s t r u c t iv e ,  t e m p e r a tu r e - c o n t r o l l e d  
T h e r m a l  S c a n n in g  R ig id i ty  M o n i to r .  S u r im i  p r e s e n t e d  m a jo r  r ig id i ty  
t r a n s i t i o n s  a t  4 0 ° ,  4 8 °  a n d  6 5 ° C ;  b e e f  a t  4 3 ° ,  5 6 °  a n d  6 9 ° C ;  p o r k  
a t  4 4 ° ,  5 3 °  a n d  6 9 ° C ;  a n d  t u r k e y  a t  5 0 ° ,  5 3 °  a n d  7 9 ° C .  A l l  m a te r i 
a ls  e x h i b i t e d  r a p id  d e c r e a s e  in  e n e r g y  d a m p in g  ( i .e .  in c r e a s e  in  
e l a s t i c i t y )  o v e r  a  s h o r t  t e m p e r a t u r e  s p a n .  F a i lu r e  t e s t in g  o f  g e ls  i n d i 
c a t e d  d i f f e r e n c e s  in  s t r e n g th  a n d  d e f o r m a b i l i t y .  S E M  m ic r o g r a p h s  
p r o v id e d  a n  in s ig h t  i n t o  s t r u c t u r a l  f e a tu r e s  o f  t h e  g e ls .

INTRODUCTION
T H E R M A L  P R O C E S S I N G  o f  m a n y  f o o d  p r o t e i n  s y s t e m s  
l e a d s  t o  c o a g u l a t i o n  a n d  f o r m a t i o n  o f  g e l - t y p e  p r o d u c t s .  
T h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  h e a t - i n d u c e d  g e l s  a r e  t y p i 

c a l  o f  s o l i d - l i k e  m a t e r i a l s  i n  t h a t  t h e y  p o s s e s s  v a r i o u s  
d e g r e e s  o f  r i g i d i t y ,  e l a s t i c i t y ,  p l a s t i c i t y  a n d  b r i t t l e n e s s  
( K i n s e l l a ,  1 9 7 6 ) .  T h u s ,  o n e  i m p o r t a n t  f u n c t i o n a l  p r o p e r t y  
o f  g e l - f o r m i n g  p r o t e i n s  i s  t o  a c t  a s  t e x t u r e  b u i l d i n g  c o m 
p o n e n t s  i n  a  v a r i e t y  o f  h e a t - p r o c e s s e d  f o o d s .  T h i s  p r o p e r t y  
h a s  s t i m u l a t e d  a n  i n c r e a s i n g  i n t e r e s t  i n  t h e  d e v e l o p m e n t  
o f  n e w  f a b r i c a t e d  o r  r e s t r u c t u r e d  p r o d u c t s  u t i l i z i n g  s e v e r a l  
p r o t e i n  s o u r c e s ,  s u c h  a s  e d i b l e  m e a t  n o t  s u i t a b l e  f o r  m a r 

k e t i n g  a s  f i l l e t s  o r  p o r t i o n s .

T h e  g e l l i n g  p r o p e r t i e s  o f  m y o f i b r i l l a r  m u s c l e  p r o t e i n s ,  
e i t h e r  s i n g l y  o r  i n  c o m b i n a t i o n ,  h a v e  b e e n  e x t e n s i v e l y  

s t u d i e d  ( F u k a z a w a  e t  a l . ,  1 9 6 1 ;  D e n g  e t  a l . ,  1 9 7 6 ;  I s h i o -  
r o s h i  e t  a l . ,  1 9 7 9 ;  Y a s u i  e t  a l . ,  1 9 8 0 ,  1 9 8 2 ;  A c t o n  e t  a l . ,  
1 9 8 1 ;  S a m e j i m a  e t  a l . ,  1 9 8 2 ) .  M u s c l e  s o l s ,  h o w e v e r ,  a r e  v e r y  
c o m p l e x  s u c h  t h a t  s e p a r a t i o n  a n d  s t u d y  o f  t h e i r  c o m p o 

n e n t s  m a y  n o t  n e c e s s a r i l y  p r e d i c t  t h e  c h a r a c t e r i s t i c s  o f  t h e  
w h o l e  s y s t e m  d u r i n g  t h e r m a l  g e l a t i o n .

I n  o r d e r  t o  s e l e c t  t h o s e  p r o c e s s i n g  c o n d i t i o n s  w h i c h  t a k e  
f u l l  a d v a n t a g e  o f  t h e  s t r u c t u r e  f o r m i n g  p r o p e r t i e s  o f  v a r i o u s  
p r o t e i n s ,  i n f o r m a t i o n  is  n e e d e d  o n  t h e  c o n t i n u o u s  c h a n g e s  
o c c u r r i n g  d u r i n g  t h e  s o l - g e l  t r a n s f o r m a t i o n .  T h e r e  h a v e  

b e e n  v e r y  f e w  s t u d i e s  e m p l o y i n g  t e c h n i q u e s  c a p a b l e  o f  

c o n t i n u o u s l y  m o n i t o r i n g  c h a n g e s  i n  r h e o l o g i c a l  c h a r a c t e r i s 
t i c s  d u r i n g  t h e  t r a n s i t i o n  o f  a  s o l  i n t o  a  g e l  ( A c t o n  e t  a l . ,  
1 9 8 3 ,  S c h w e i d  a n d  T o l e d o ,  1 9 8 1 ) .  M o s t  o f  t h e  t h e r m a l  
g e l a t i o n  s t u d i e s  h a v e  u s e d  d i s c r e t e  s a m p l e s  h e a t e d  f o r  
d i f f e r i n g  t i m e s  a n d  t e m p e r a t u r e s  t o  m o n i t o r  t h e  p r o g r e s s  o f  
g e l a t i o n ,  a n  a p p r o a c h  w h i c h  m a y  n o t  b e  a s  s e n s i t i v e  i n  
d e t e c t i n g  t r a n s i t i o n s  a s  c o n t i n u o u s  e v a l u a t i o n  o f  t h e  s a m e  
s a m p l e  d u r i n g  h e a t i n g  ( M o n t e j a n o  e t  a l . ,  1 9 8 3 ) .  T h e  
d e v e l o p m e n t  o f  t h e  T h e r m a l  S c a n n i n g  R i g i d i t y  M o n i t o r  o r  
T S R M  ( M o n t e j a n o  e t  a l . ,  1 9 8 3 ) ,  w h i c h  e m p l o y s  n o n 
d e s t r u c t i v e  m e a s u r e m e n t s ,  m a k e s  i t  p o s s i b l e  t o  c o n t i n u o u s 
l y  m o n i t o r  c h a n g e s  i n  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  m u s c l e  
s o l s  d u r i n g  t h e r m a l  p r o c e s s i n g .

I t  i s  a l s o  i m p o r t a n t  t o  g a i n  a n  u n d e r s t a n d i n g  o f  h o w  
r h e o l o g i c a l  c h a n g e s  d u r i n g  p r o c e s s i n g  u l t i m a t e l y  d e t e r m i n e

A u th o r s  M o n te ja n o , H am ann, a n d  L a n ier are a f f ilia te d  w ith  the  
D ep t, o f  F o o d  S c ien ce , N o r th  Carolina S ta te  U niv., R aleigh , N C  
2 7 6 9 5 -7 6 2 4 .

t h e  t e x t u r a l  p r o p e r t i e s  o f  t h e  f i n i s h e d  p r o d u c t .  T h e  b e 
h a v i o r  o f  a  f o o d  m a t e r i a l  u n d e r  g r o s s  d e f o r m a t i o n a l  a n d  
d e s t r u c t i v e  f o r c e s  i s  o f  p r i m e  s i g n i f i c a n c e  i n  f o o d  t e x t u r e  

d e t e r m i n a t i o n  ( J o w i t t ,  1 9 7 9 ) .  S e p a r a t i o n  o f  t h e  f o r c e  a n d  

d e f o r m a t i o n  c o m p o n e n t s  i n  f a i l u r e  t e s t i n g  o f  f o o d s  a n d  
p r e s e n t a t i o n  o f  t h e s e  p a r a m e t e r s  i n  t e r m s  o f  f u n d a m e n t a l  
u n i t s  o f  p h y s i c s  i s  v e r y  i m p o r t a n t  f o r  a  c o m p l e t e  r h e o l o g i 
c a l  c h a r a c t e r i z a t i o n  o f  a  f o o d  m a t e r i a l  ( H a m a n n ,  1 9 8 3 ) .

T h e  o b j e c t i v e s  o f  t h i s  s t u d y  w e r e  t o :  ( 1 )  m o n i t o r  a n d  

c o m p a r e  c h a n g e s  i n  s h e a r  r i g i d i t y  a n d  m e c h a n i c a l  e n e r g y  
d a m p i n g  m e a s u r e d  n o n - d e s t r u c t i v e l y  a n d  c o n t i n u o u s l y  
d u r i n g  h e a t i n g  o f  m i n c e d  a n d  s a l t e d  s u r i m i ,  t u r k e y ,  b e e f  
a n d  p o r k  s o l s ;  ( 2 ) d e t e r m i n e  f u n d a m e n t a l  s t r e s s - s t r a i n  c o n 

d i t i o n s  a t  s t r u c t u r a l  f a i l u r e  o f  t h e  h e a t - i n d u c e d  g e l s ;  a n d  ( 3 )  
e x a m i n e  t h e  m i c r o s t r u c t u r e  o f  e a c h  g e l  p r e p a r a t i o n  b y  

s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M ) .

MATERIALS & METHODS

M a te r ia ls

F r o z e n  s u r im i  ( M iy a u c h i  e t  a l . ,  1 9 7 3 )  p r e p a r e d  f r o m  a  c o m b in a 
t i o n  o f  A t l a n t i c  c r o a k e r  (M ic r o p o g o n  u n d u la tu s )  a n d  s a n d  t r o u t  
( C y n o sc ia n  a r e n a r io u s )  c o n ta in in g  4 %  s o r b i to l  a n d  4 %  s u c r o s e  as 
c r y o p r o t e c t iv e  a g e n ts  w a s  o b t a i n e d  f r o m  N ic h ib e i  F i s h e r ie s ,  I n c . ,  
B a y o u  L a B a t r e ,  A L .  T h e  s u r im i  w a s  c u t  in  b lo c k s  o f  7 0 0 g ,  p a c k e d  
in t o  p la s t i c  b a g s  o f  lo w  o x y g e n  p e r m e a b i l i t y ,  v a c u u m  s e a le d  a n d  
s to r e d  a t  - 2 0 ° C  u n t i l  n e e d e d .  T u r k e y  th ig h  m e a t  w a s  o b t a i n e d  f r o m  
H o u s e  o f  R a e f o r d ,  R a e f o r d ,  N C . T h e  h a n d - s k in n e d  a n d  d e b o n e d  
m e a t  w a s  c o a r s e ly  g r o u n d ,  p a c k e d  in  p o r t i o n s  o f  7 0 0 g  in  p l a s t i c  b a g s  
o f  lo w  o x y g e n  p e r m e a b i l i t y ,  v a c u u m  s e a le d  a n d  s t o r e d  a t  - 2 0 °  C . 
W h o le s a le  b e e f  lo in  m u s c l e s  ( L o n g is s im u s  d o r s i ,  p s o a s  m a jo r  a n d  
g lu te u s  m e d iu s )  a n d  w h o le s a le  p o r k  lo in  m u s c l e s  (L o n g is s im u s  d o r s i ,  
p s o a s  m a jo r  a n d  g lu t e u s  m e d iu s )  w e re  o b t a i n e d  f r o m  a  c o m m e r c ia l  
p ro c e s s in g  p l a n t  in  R a le ig h ,  N C . T h e  m u s c l e s  w e re  m a n u a l ly  d e 
b o n e d  a n d  t r i m m e d  o f  e x c e s s  f a t  a n d  c o n n e c t iv e  t i s s u e .  T h e y  w e re ,  
t h e n ,  c u t  i n t o  s m a l l  c u b e s ,  t h o r o u g h l y  m ix e d ,  p a c k e d  in  7 0 0 -g  
p o r t i o n s  in  p la s t i c  b a g s  o f  lo w  o x y g e n  p e r m e a b i l i t y ,  v a c u u m  s e a le d  
a n d  s to r e d  a t  - 2 0 ° C .  T h e  f r o z e n  s to r a g e  d id  n o t  e x c e e d  1 m o n t h .  
A ll  c h e m ic a ls  u s e d  w e r e  a n a l y t i c a l  r e a g e n t  g r a d e .

P r o x im a te  a n a ly s is

O f f i c ia l  m e t h o d s  o f  th e  A O A C  ( 1 9 7 5 )  w e re  u s e d  to  d e t e r m in e  
m o i s tu r e ,  f a t  ( p e t r o l e u m  e t h e r  e x t r a c t a b l e s )  a s h  a n d  p r o t e i n  b y  
K je ld a h l  n i t r o g e n  d e t e r m i n a t i o n  (%  p r o t e i n  =  % N  X  6 .2 5 ) .  A ll  
a n a ly s e s  w e re  p e r f o r m e d  in  t r i p l i c a t e  f o r  e a c h  m a te r ia l .

P a s te s  f o r  r ig id i ty  a n d  e n e r g y  d a m p in g  s c a n n in g

M in c e d  p a s te s  w e re  p r e p a r e d  f r o m  th e  f o u r  m a te r ia l s  in  a  s im ila r  
m a n n e r .  T h e  f r o z e n  b a g g e d  m a te r i a l  w a s  a l lo w e d  to  t e m p e r  f o r  1 h r  
a t  r o o m  t e m p e r a t u r e  ( 2 0 ° C ) .  F o r  e a c h  r e p l i c a t e ,  7 0 0 g  m a te r i a l ,  
s o d iu m  c h lo r id e  (2 .5 %  o f  t h e  t o t a l  p a s t e ) ,  a n d  ic e  ( t o  o b t a i n  a  5 :1  
m o i s t u r e : p r o t e i n  r a t i o )  w e re  c h o p p e d  f o r  5 m in  u n d e r  v a c u u m ,  to  
p r e v e n t  i n c o r p o r a t io n  o f  a ir  b u b b le s ,  in  a  c h i l l e d  ( 0 ° C )  s p e c ia l ly  
c o n s t r u c t e d  l a b o r a t o r y  f o o d  p r o c e s s o r  ( L a n i e r  e t  a l . ,  1 9 8 2 ) .  T h e  
f in a l  t e m p e r a t u r e  o f  t h e  b a t t e r  d id  n o t  e x c e e d  2 .0 ° C .  T h e  r a w  
m in c e d  p a s t e  w a s  d iv id e d  i n t o  tw o  p o r t i o n s ,  p a c k e d  i n t o  p l a s t i c  b a g s  
a n d  v a c u u m  s e a le d .  O n e  p o r t i o n  w a s  t r a n s f e r r e d  in  ic e  t o  t h e  t e s t in g  
r o o m  a n d  u s e d  f o r  T S R M  e v a lu a t io n s .  T h e  o t h e r  p o r t i o n  w a s  u s e d  
to  p r e p a r e  h e a t - i n d u c e d  g e ls  f o r  m e c h a n ic a l  f a i lu r e  e v a l u a t io n s  (s e e  
b e lo w ) .  T h r e e  r e p l ic a te s  w e re  p r e p a r e d  f r o m  e a c h  m a te r ia l .
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P r e p a r a t io n  o f  h e a t - i n d u c e d  g e ls

H e a t- in d u c e d  g e ls  w e re  p r e p a r e d  f r o m  th e  v a c u u m  p a c k e d  
m in c e d  p a s te s  in  a  s im ila r  w a y  f o r  a l l  t h e  m a te r ia l s .  T h e  r a w  p a s te  
w a s  p a c k e d  i n t o  s ta in le s s  s te e l  t u b e s  ( I .D .  =  1 .8 6  c m ,  L  =  1 7 .5  c m )  
w i th  s c r e w a b le  b ra s s  b a s e s  a n d  r u b b e r  s to p p e r s  o n  to p .  S o m e  o f  
t h e  r u b b e r  s to p p e r s  h a d  s m a l l  h o le s  t o  p e r m i t  t h e  i n s e r t i o n  o f  t h e  
t h i n  p r o b e  o f  a  d ig i t a l  t h e r m o m e t e r  t o  m o n i t o r  t e m p e r a t u r e  i n  t h e  
c e n t e r  o f  t h e  g e ls . T h e  i n t e r i o r  w a ll  o f  t h e  t u b e s  w a s  c o a t e d  w i th  a 
t h i n  f i lm  o f  P A M  (B o y le -M id w a y ,  I n c . ,  N e w  Y o r k ,  N Y ) .  T h e  tu b e s  
w e re  s u b m e r g e d  v e r t ic a l ly  i n  a  w a te r  b a t h  a t  9 5 °  C  f o r  15 m in .  T h e  
f in a l  t e m p e r a t u r e  i n  t h e  c e n t e r  o f  t h e  g e ls  r e a c h e d  9 0 °  C . F o r  s u r im i,  
tw o  a d d i t i o n a l  h e a t  t r e a t m e n t s  w e re  u s e d :  1) t h e  tu b e s  w e re  s u b 
m e rg e d  v e r t i c a l ly  in  a  w a te r  b a t h  a t  4 0 °  C  f o r  1 h r .  ( “ s e t ”  g e ls)  a n d ,
2 ) t u b e s  w e r e  s u b m e r g e d  in  a  w a te r  b a t h  a t  4 0 °  C  f o r  1 h r .  f o l l o w e d  
b y  h e a t in g  in  t h e  w a te r  b a t h  a t  9 5 °  C  f o r  15  m in .  ( “ s e t  a n d  c o o k e d ”  
g e ls ) .  A f t e r  h e a t  t r e a t m e n t  t h e  t u b e s  w e re  i m m e d ia t e ly  c o o le d  in  
i c e -w a te r ,  t h e  c o o k e d  g e ls  c a r e f u l ly  r e m o v e d  w i th  a  p lu n g e r  a n d  th e  
e n d s  t r i m m e d .  S p e c im e n s  w e r e  c u t  r a n d o m l y  a n d  s h a p e d  i n t o  t h e  
g e o m e t r y  r e q u i r e d  f o r  m e c h a n ic a l  f a i lu r e  t e s t in g .  F r o m  e a c h  o n e  o f  
t h e  r e p l ic a te s  o f  e a c h  m a te r i a l  a t  l e a s t  10  s p e c im e n s  w e re  o b t a in e d  
f o r  e a c h  t y p e  o f  t e s t  ( i .e .  a  t o t a l  o f  3 0  s p e c i m e n s /m a t e r i a l / t e s t ) .

E v a lu a t io n  o f  s h e a r  r ig i d i ty  a n d  e n e r g y  d a m p in g  d u r in g  c o o k in g

C o n t in u o u s  e v a l u a t io n  o f  t h e  m o d u lu s  o f  r ig i d i ty  (G )  a n d  e n e r g y  
lo s s  ( e n e rg y  d a m p in g )  d u r in g  th e r m a l  p ro c e s s in g  o f  t h e  r a w  m in c e d  
p a s te s  w a s  p e r f o r m e d  in  t h e  T h e r m a l  S c a n n in g  R ig id i ty  M o n i to r  
(T S R M ) d e v e lo p e d  b y  M o n te j a n o  e t  a l .  ( 1 9 8 3 ) .  F ig .  1 s h o w s  th e  
T S R M  w h ic h  c o n s i s te d  o f  a  U - s h a p e d  j a c k e t e d  c h a m b e r  w i t h  a  
h o l lo w  p l a q u e  h e ld  i n  t h e  c e n t e r  b y  u p p e r  a n d  lo w e r  r e m o v a b le  
g u id e s .  T h e  c h a m b e r  w a s  m o u n t e d  o n  t h e  b a s e  o f  a  M o d e l  1 1 2 2  
I n s t r o n  U n iv e r s a l  T e s t in g  M a c h in e  ( I n s t r o n  E n g in e e r in g  C o r p o r a 
t i o n ,  C a n t o n ,  M A ). T h e  c e n t e r  p l a q u e  w a s  f i t t e d  t o  a  5 0  k g  c o m 
p r e s s io n  lo a d  c e l l  m o u n t e d  o n  t h e  c ro s s h e a d  o f  t h e  m a c h in e .  T h e  
T S R M  w a s  c o n n e c t e d  t o  a  h e a t in g - c o o l in g  w a te r  b a t h  (H a a k e  t y p e  
K T 3 3 ,  B e r l in ,  W e s t G e r m a n y ) .  T h e  r a t e  o f  h e a t in g  w a s  m a n u a l ly  
c o n t r o l l e d  a t  0 .5 ° C /m i n  f r o m  3 ° - 9 5 ° C  u s in g  a  v a r ia b le  a u t o t r a n s 
f o r m e r  ( P o w e r s t a t  t y p e  3 P N 1 1 6 B ,  S u p e r io r  E l e c t r i c  C o .,  B r is to l ,  
C T )  c o n n e c t e d  t o  a  s u p p le m e n ta l  h e a t in g  c o i l  im m e r s e d  in  t h e  w a te r  
b a t h .  W a te r  c i r c u l a t e d  t h r o u g h  t h e  c h a m b e r  a n d  c e n t e r  p l a q u e  to  
in s u re  u n i f o r m  t e m p e r a t u r e  c o n d i t i o n s  i n  t h e  p a s te s  d u r in g  c o o k in g .  
B e f o r e  e a c h  te s t ,  t h e  T S R M  w a s  c h i l le d  b y  r u n n in g  c o ld  w a te r  
( a p p r o x .  1 ° C )  f o r  2 0  m in .  T h e  r a w  m in c e d  p a s t e  w a s  l o a d e d  o n  b o t h  
s id e s  o f  t h e  c e n t e r  p l a q u e  b e tw e e n  th e  u p p e r  a n d  lo w e r  g u id e s .  
C a re  w a s  t a k e n  t o  i n s u r e  t h a t  t h e  p a s t e  w a s  w e l l  p a c k e d  a n d  n o  
v is ib le  a ir  b u b b le s  w e r e  p r e s e n t .  T h e  d im e n s io n s  o f  e a c h  s a m p le  
a r e  s h o w n  in  F ig .  1 . T h e  g u id e s  w e re  r e m o v e d  a n d  a l l  t h e  e x p o s e d  
s u r f a c e s  w e re  c o v e r e d  w i t h  a  h ig h -v a c u u m  g re a s e  (D o w  C o rn in g  
C o r p .  M id la n d ,  M I) t o  p r e v e n t  d e h y d r a t i o n  a n d  s k in  f o r m a t io n .  
V is u a l  o b s e r v a t i o n  i n d i c a t e d  n o  a p p r e c i a b le  d i f f u s io n  o f  t h e  g re a s e  
i n t o  t h e  p a s te s .  T h e  y ie ld  s t r e n g th  o f  a l l  t h e  p a s te s  w a s  la rg e  e n o u g h  
t o  p r e v e n t  a n y  f lo w  d u e  t o  g r a v i ty  e f f e c t s .

A t  2 -m in  in te r v a l s  a  c y c l ic  f o r c e  ( f r o m  t h e  u p w a r d - d o w n w a r d  
c y c l ic  m o t i o n  o f  t h e  I n s t r o n ’s c ro s s h e a d  a t  l m m / m i n )  o f  1 .9 6 N  to  
- 1 . 9 6 N  w a s  a p p l ie d  t o  t h e  s a m p le s  f o r  tw o  c y c le s  p r o d u c in g  a  s m a l l  
v a r ia b le  c y c l ic  d e f o r m a t i o n  in  t h e  s a m p le s .  T h e  p e a k  t o  p e a k  
d e f o r m a t i o n  w a s  r e c o r d e d  o n  t h e  I n s t r o n  c h a r t  a n d  ra n g e d  f r o m  1 .5  
X  1 0 ~ 3 m  t o  2 .5  X  1 0 _ 4 m . S h e a r  s t r a in  v a lu e s  w e re  b e lo w  2 .5 % . 
T h e  s h e a r  s t r a in  r a t e  w a s  1 .3  X  1 0 - 3  s _ 1 . S a m p le s  w e re  f r e e  t o  e x 
p a n d  l a te r a l ly  d u r in g  c o o k in g  t o  a v o id  a n y  in f l u e n c e  d u e  to  s w e llin g . 
E x p a n s io n  o f  t h e  s a m p le s  d u r in g  c o o k in g ,  h o w e v e r ,  w a s  s m a l l  so  t h e  
d im e n s io n s  o f  t h e  s p e c im e n s  w e re  a s s u m e d  t o  b e  c o n s t a n t .  I n t e r n a l  
t e m p e r a t u r e  w a s  m o n i t o r e d  b y  t h i n  t h e r m o c o u p le  p r o b e s  i n s e r t e d  
i n t o  e a c h  s p e c im e n .

F ig .  2  s h o w s  a  d ia g ra m  o f  t h e  d e f o r m a t i o n  p r o d u c e d  in  o n e  o f  
t h e  s p e c im e n s  b y  t h e  c y c l ic  f o r c e .  S in c e  tw o  s a m p le s  w e re  t e s t e d  
s im u l ta n e o u s ly ,  h a l f  o f  t h e  a p p l ie d  t a n g e n t i a l  f o r c e  ( F )  w a s  im p o s e d  
o n  e a c h  s p e c im e n  t o  p r o d u c e  a  d i s p l a c e m e n t  D . T h e  s h e a r  m o d u lu s  
o r  m o d u lu s  o f  r ig i d i ty  (G )  w a s  c a l c u l a t e d  a s  t h e  r a t i o  o f  m a x im u m  
s h e a r  s t r e s s  ( t ) t o  m a x im u m  s h e a r  s t r a in  (7 )  o r :  

r  ( F / 2 ) / L w  F t  

7  D / t  2 L D w

D u r in g  t h e  c y c l ic  f o r c e s  w h e r e  L ,  w , a n d  t  a r e  t h e  s p e c im e n  le n g th ,  
w id th ,  a n d  th ic k n e s s ,  r e s p e c t iv e ly ,  s o m e  e n e r g y  w a s  lo s t  a s  h e a t  p r o 
d u c in g  a  l o o p  in  t h e  f o r c e - d e f o r m a t i o n  g r a p h  a s  s h o w n  in  F ig .  3 . 
T h e  r e la t iv e  a m o u n t  o f  h y s te r e s i s  lo s s , o r  e n e r g y  d a m p in g ,  is  a  m e a 
s u re  o f  e la s t i c i t y  in  a  m a te r ia l .  T h e  c lo s e r  t h e  m a te r i a l  :s  t o  b e in g

TO LOAD CELL ON INSTRON'S CROSSHEAD

Fig. 1—T herm al S can n ing  R ig id i ty  M on itor.

p e r f e c t l y  e la s t ic ,  t h e  s m a l le r  t h e  e n e r g y  d a m p in g  is  (M o h s e n in  
1 9 7 0 ) .  T h u s  a p p a r e n t  e n e r g y  lo s s  (E .L .)  w a s  c a l c u l a t e d  a s  fo l l o w s :

h y s te r e s i s  a r e a  A i
%  E .L .  = —---------------------------------- = --------- —  x lO O

w o r k  o f  d e f o r m a t i o n  A 1 +  A  2

T h e  t e r m  a p p a r e n t  w a s  u s e d  b e c a u s e  F  =  0  a t  t h e  e n d  o f  t h e  c y c le  
w o u ld  n o t  n e c e s s a r i ly  c o r r e s p o n d  t o  z e r o  d e f o r m a t i o n  in  t h e  m a 
t e r i a l  a n d  a d d i t i o n a l  c r e e p  r e c o v e r y  c o u ld  o c c u r  ( F e r r y ,  1 9 7 0 ) .

D i f f e r e n t i a l  s c a n n in g  c a l o r im e t r y

D if f e r n t i a l  s c a n n in g  c a l o r im e t r y  (D S C )  w a s  p e r f o r m e d  o n  b e e f  
p a s te s  a s  d e s c r ib e d  b y  W u  e t  a l .  ( 1 9 8 4 a ) .  A c c u r a t e ly  w e ig h e d  s a m 
p le s  w e re  e v a l u a te d  u s in g  a  P e r k in - E lm e r  D S C  II  ( T h e  P e r k in - E lm e r  
C o r p o r a t io n ,  N o r w a lk ,  C T ) .  T h e  s c a n n in g  t e m p e r a t u r e  w a s  1 5 -9 5 ° C  
w i th  a  h e a t in g  r a t e  o f  1 0 ° C /m in .  A n  in s t r u m e n t  s e n s i t iv i ty  o f  0 .2  
m e a l / s e c  w a s  s e le c te d .

A x ia l  c o m p r e s s io n

C o m p r e s s io n  t e s t s  w e re  c a r r ie d  o u t  a s  d e s c r ib e d  in  a n o t h e r  p a p e r  
( M o n te ja n o  e t  a l . ,  1 9 8 4 b ) .  B r ie f ly ,  c y l in d r i c a l  s p e c im e n s  w i th  a 
d i a m e te r  =  0 .9 8  c m  a n d  l e n g th  =  1 .0  c m  w e re  u s e d  f o r  P o is s o n ’s 
r a t i o  e v a l u a t io n  a n d  f a i lu r e  t e s t in g .  T h e  f l a t  f a c e s  o f  t h e  s p e c im e n s  
w e re  p o s i t i o n e d  in  c o n t a c t  w i t h  o i l - lu b r ic a t e d  h o r i z o n t a l  p la te s  
m o u n t e d  o n  t h e  I n s t r o n  m a c h in e .  C r o s s h e a d  s p e e d  w a s  1 0  c m /m in  
a n d  s h e a r  s t r a in  r a t e  w a s  0 .1 4 8  s - 1 . S p e c im e n s  w e re  t e s t e d  a t  r o o m  
t e m p e r a t u r e .  P o i s s o n ’s r a t i o ,  t r u e  s h e a r  s t r e s s  a t  f a i lu r e ,  t r u e  s h e a r  
s t r a in  a t  f a i lu r e  a n d  in i t i a l  s h e a r  m o d u lu s  w e re  c a l c u l a t e d  u s in g  
a p p r o p r i a t e  e q u a t io n s  ( H a m a n n ,  1 9 8 3 ) .

T o r s io n  te s t s

T o r s io n  f a i lu r e  t e s t s  w e re  p e r f o r m e d  a s  d e s c r ib e d  b y  M o n te 
j a n o  e t  a l .  ( 1 9 8 3 ) .  B r ie f ly ,  c y l in d r ic a l  s p e c im e n s  w e r e  r e d u c e d  to  
d u m b b e l l  s h a p e s  w i th  l e n g th  =  2 .8 7  c m , e n d  d i a m e te r s  =  1 .8 6  c m  
a n d  m in im u m  d ia m e te r  =  1 .0  c m . T h e  t o r s i o n  a p p a r a t u s  w a s  
m o u n t e d  o n  t h e  I n s t r o n  m a c h in e .  T h e  . r ig h t  e n d  o f  t h e  h o r i z o n ta l l y  
p o s i t i o n e d  s p e c im e n  w a s  f i x e d  w h ile  t h e  l e f t  e n d  w a s  r o t a t e d  a b o u t
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i t s  c y l in d r ic a l  a x is .  C r o s s h e a d  s p e e d  w a s  2 0  c m /m in .  ( tw is t in g  
s p e e d  =  1 .6 7 5  r p m )  a n d  s h e a r  s t r a in  r a t e  w a s  0 .1 1 3  s - 1 . S p e c im e n s  
w e re  t e s t e d  a t  r o o m  t e m p e r a t u r e  ( 2 0 ° C ) .  S h e a r  s t r e s s  a t  f a i l u r e ,  t r u e  
s h e a r  s t r a in  a t  f a i lu r e  a n d  i n i t i a l  a n d  f a i lu r e  s h e a r  m o d u l i  w e r e  c a l
c u l a t e d  u s in g  t h e  e q u a t io n s  g iv e n  b y  H a m a n n  ( 1 9 8 3 ) .

M ic r o s t r u c t u r e

T h e  g e l  s t r u c t u r e  o f  e a c h  m a te r ia l  w a s  e x a m in e d  u s in g  s c a n n in g  
e l e c t r o n  m ic r o s c o p y  (S E M ) a c c o r d in g  t o  t h e  p r o c e d u r e  o f  M o n te -  
j a n o  e t  a l .  ( 1 9 8 4 b ) .  S p e c im e n s  w e re  o b s e r v e d  w i t h  a  J e o l  J S M - T 2 0 0  
S c a n n in g  E l e c t r o n  M ic r o s c o p e  a t  a n  a c c e l e r a t i o n  v o l ta g e  o f  15  k V .  
A  la rg e  n u m b e r  o f  m ic r o g r a p h s  w e r e  t a k e n  a t  d i f f e r e n t  m a g n if ic a 
t i o n s  t o  s e le c t  t r u l y  r e p r e s e n ta t i v e  m ic r o g r a p h s .

S ta t i s t i c a l  a n a ly s is

D a ta  w e re  a n a ly z e d  u s in g  a n a ly s e s  o f  v a r ia n c e  (A N O V A )  a n d  
c o m p a r i s o n  o f  t r e a t m e n t  d i f f e r e n c e s  b y  S c h e f f e ’s S  s t a t i s t i c  ( J o h n ,  
1 9 7 1 ) .

RESULTS
P r o x i m a t e  a n a l y s i s

P r o x i m a t e  a n a l y s e s  o n  a  w e t  w e i g h t  b a s i s  f o r  t h e  r a w  
m u s c l e s  a n d  t h e i r  p a s t e s  u s e d  i n  t h e  p r e s e n t  s t u d y  a r e  g i v e n  
i n  T a b l e  1 . S u r i m i  h a d  t h e  l o w e s t  p r o t e i n  a n d  f a t  c o n t e n t s .  
T h e  8 %  c a r b o h y d r a t e  c o n t e n t  w a s  d u e  t o  t h e  p r e s e n c e  o f  
t h e  c r y o p r o t e c t i v e  a g e n t s  s u c r o s e  a n d  s o r b i t o l .  T u r k e y  
m u s c l e s  c o n t a i n e d  s l i g h t l y  l o w e r  p r o t e i n  a n d  f a t  c o n t e n t s  

t h a n  t h e  r e d  m e a t  m u s c l e s  ( b e e f  a n d  p o r k )  w h i c h  h a d  v e r y  
s i m i l a r  c o m p o s i t i o n s .  V a l u e s  l i s t e d  i n  T a b l e  1 f o r  t h e  r a w  

m u s c l e s  w e r e  u s e d  a s  t h e  b a s i s  f o r  c a l c u l a t i n g  t h e  a m o u n t  o f  
w a t e r  ( i c e )  t o  b e  a d d e d  t o  e a c h  m a t e r i a l  t o  o b t a i n  a  s o l  
p a s t e  w i t h  a  5 : 1  m o i s t u r e : p r o t e i n  r a t i o .  T h e  p r o x i m a t e  
a n a l y s i s  o f  t h e  a d j u s t e d  p a s t e s  ( T a b l e  1 )  i n d i c a t e d  t h a t  a  

m o r e  u n i f o r m  c o m p a r a t i v e  c o m p o s i t i o n  w a s  a t t a i n e d  f o r  a l l  
t h e  m a t e r i a l s .

R i g i d i t y  s c a n n i n g

P l o t s  o f  m o d u l u s  o f  r i g i d i t y  ( G )  v e r s u s  i n t e r n a l  t e m p e r a 
t u r e  f o r  s u r i m i ,  t u r k e y ,  b e e f  a n d  p o r k  p a s t e s  a r e  s h o w n  i n

)F
1 1 D

I D

F i g .  4 .  E a c h  p o i n t  i n  t h e  c u r v e s  i s  t h e  a v e r a g e  o f  3  m e a s u r e 

m e n t s .  S u r i m i  h a d  t h e  h i g h e s t  i n i t i a l  r i g i d i t y  v a l u e  ( 9 . 3  
k P a ) .  D u r i n g  h e a t i n g  s u r i m i  p r e s e n t e d  a n  e a r l y  i n c r e a s e  i n  
r i g i d i t y  r e a c h i n g  a  p e a k  v a l u e  o f  1 8  k P a  a t  a r o u n d  4 0  C .  I n  

t h e  4 8 - 6 5  C  t e m p e r a t u r e  r a n g e  t h e r e  w a s  a  r a p i d  l i n e a r  i n 
c r e a s e  i n  r i g i d i t y  i n d i c a t i n g  t h a t  a  s t i f f  p r o t e i n  m a t r i x  w a s  

b e i n g  d e v e l o p e d .  A t  6 5  C  a  m a x i m u m  r i g i d i t y  v a l u e  o f

2 7 . 9  k P a  w a s  o b s e r v e d  f o l l o w e d  b y  a  m o d e r a t e  d e c r e a s e  a t  
8 1 ° C ,  r e a c h i n g  a  f i n a l  v a l u e  o f  2 3 . 8  k P a  a t  9 3 ° C .

M i n c e d  b e e f  a n d  p o r k  m u s c l e s  p r e s e n t e d  v e r y  s i m i l a r  
m o d u l u s  o f  r i g i d i t y - t e m p e r a t u r e  r e l a t i o n s h i p s  ( F i g .  4 ) .  P o r k  
h a d  t h e  l o w e s t  i n i t i a l  r i g i d i t y  v a l u e  ( 2 . 8  k P a )  w h i l e  b e e f  h a d  
a n  i n i t i a l  v a l u e  t w i c e  a s  l a r g e  ( 5 . 6  k P a ) .  B e e f  a n d  p o r k  b o t h  

s h o w e d  t r a n s i t i o n s  a t  a r o u n d  1 3  a n d  2 5  C  a n d  a  r i g i d i t y  
p e a k  w a s  o b s e r v e d  a t  n e a r  4 4  C .  S t a r t i n g  a t  5 6  a n d  5 3  C ,  
r e s p e c t i v e l y ,  b e e f  a n d  p o r k  s h o w e d  r a p i d  l i n e a r  i n c r e a s e s  i n  
r i g i d i t y  u p  t o  a b o u t  6 9  C  w h e r e  a n o t h e r  t r a n s i t i o n  i n  t h e  
t h e r m o g r a m  w a s  o b s e r v e d .  A t  6 9  C  t h e  r i g i d i t y  v a l u e  o f  
p o r k  ( 1 3 . 2  k P a )  w a s  l a r g e r  t h a n  t h a t  o f  b e e f  ( 1 2  k P a ) .  
A b o v e  6 9  C  t h e  r i g i d i t y  o f  b e e f  r e m a i n e d  a p p r o x i m a t e l y  
c o n s t a n t  w h i l e  p o r k  s t i l l  s h o w e d  s o m e  i n c r e a s e  i n  r i g i d i t y  

r e a c h i n g  a  f i n a l  v a l u e  o f  1 4  k P a  a t  9 3  C .
T u r k e y  p a s t e  h a d  a n  i n i t i a l  r i g i d i t y  v a l u e  o f  4  k P a  w h i c h  

w a s  i n t e r m e d i a t e  b e t w e e n  t h o s e  o f  p o r k  a n d  b e e f  ( F i g .  4 ) .  

A  s l i g h t  i n c r e a s e  i n  r i g i d i t y  w a s  o b s e r v e d  d u r i n g  h e a t i n g  o f  
t u r k e y  u p  t o  3 5  C .  A b o v e  3 5  C  a  s t e e p e r  i n c r e a s e  i n  
r i g i d i t y  o c c u r r e d  r e a c h i n g  a  p e a k  v a l u e  o f  7 . 8  k P a  a t  5 0 ° C .

T able 1—P ro x im a te  a n a lysis  (W et w e ig h t basis)

Material
Moisture

(%)
Protein

(%)
Fat
(%)

Ash
(%)

Carbohydrate
(%)

R a w  m u scle
Surimi 73.85 15.35 1.81 0.90 8.00
Turkey 73.20 21.02 4.91 0.81 —

Beef 70.11 22.20 5.83 0.80 —

Pork 69.73 22.61 5.78 0.91 -

Paste
Surimi 74.66 14.93 1.75 0.88 7.78
Turkey 79.68 15.93 3.71 0.63 —

Beef 78.78 15.76 4.11 0.57 —

Pork 78.85 15.77 3.98 0.63 -

G  =  - y - o c
F _

D
Fig. 2 —D iagram  o f  th e  d e fo rm a tio n  
c a u se d  b y  th e a p p lica tio n  o f  a c y c lic  
fo rc e  on  a sp e c im e n  m o u n te d  in th e  l e f t  
s id e  o f  th e  T SR M .

Fig. 3 —H yste res is  lo o p  p r o d u c e d  b y  a 
v isco e la stic  m a te r ia l du rin g  a loading- un 
lo a d in g  c y c le . A j  -  h yste res is . A j  +  A 2 
= to ta l  w o rk  o f  d e fo rm a tio n .

T E M P E R A T U R E  f c )

Fig. 4 —S h ear r ig id ity  th erm o g ra m s fo r  su rim i. tu r
k e y , b e e f  a n d  p o r k  m u scles. H ea tin g  ra te  =  O .fT C /  
m in .

1498-JOURNAL OF FOOD SCIENCE-Volume 49 (1984)



A  r a p i d  a n d  l a r g e  i n c r e a s e  i n  r i g i d i t y  w a s  o b s e r v e d  b e t w e e n  

5 3  a n d  7 9  C .  C o n s t a n t  r i g i d i t y  v a l u e s  w e r e  o b s e r v e d  a b o v e  
7 9 ° C .  T u r k e y  h a d  a  h i g h  f i n a l  r i g i d i t y  v a l u e  ( 2 4 . 7 k P a )  

w h i c h  w a s  v e r y  c l o s e  t o  t h a t  o f  s u r i m i  a n d  a l m o s t  t w i c e  a s  
l a r g e  a s  t h o s e  f o r  b e e f  a n d  p o r k .

E n e r g y  l o s s  s c a n n i n g

A p p a r e n t  e n e r g y  l o s s  ( e n e r g y  d a m p i n g )  v e r s u s  i n t e r n a l  
t e m p e r a t u r e  p l o t s  f o r  s u r i m i ,  b e e f ,  p o r k  a n d  t u r k e y  p a s t e s  
a r e  s h o w n  i n  F i g .  5 .  S u r i m i  h a d  t h e  l o w e s t  i n i t i a l  e n e r g y  

l o s s  v a l u e  ( 2 6 % ) .  D u r i n g  h e a t i n g  s u r i m i  s h o w e d  s m a l l  v a r i a 
t i o n s  i n  e n e r g y  l o s s  w i t h  t r a n s i t i o n s  o c c u r r i n g  a t  1 7  , 2 2  , 
a n d  3 6  C .  S t a r t i n g  a t  3 6  C  t h e r e  w a s  a  r a p i d  d e c r e a s e  i n  

e n e r g y  l o s s  w h i c h  b e c a m e  s t e e p e r  b e t w e e n  4 2 °  a n d  5 5 ° C  
r e a c h i n g  a  1 0 %  v a l u e ,  i n d i c a t i n g  t h a t  a n  e l a s t i c  s t r u c t u r e  
w a s  b e i n g  o b t a i n e d .  A b o v e  5 5  C  e n e r g y  d a m p i n g  c o n t i n u e d  
t o  d e c r e a s e  a l t h o u g h  a t  a  s l o w e r  r a t e  r e a c h i n g  a  4 %  v a l u e  a t  

8 0 ° C .

B e e f  h a d  a n  i n i t i a l  e n e r g y  l o s s  v a l u e  o f  3 4 . 5 %  ( F i g .  5 ) .  
D u r i n g  t h e  e a r l y  s t a g e s  o f  h e a t i n g  s m a l l  v a r i a t i o n s  o c c u r r e d  
u n t i l  a n  i n c r e a s e  i n  e n e r g y  d a m p i n g  w a s  o b s e r v e d  b e t w e e n  
4 4  a n d  5 1  C  f o l l o w e d  b y  a  v e r y  r a p i d  a n d  l i n e a r  d e c r e a s e  

i n  e n e r g y  d a m p i n g  b e t w e e n  5 1  a n d  5 9  C .  A  f i n a l  e n e r g y  
l o s s  v a l u e  o f  6 . 5 %  w a s  o b t a i n e d  a t  9 0  C  w h i c h  i n d i c a t e d  

t h a t  a  f a i r l y  e l a s t i c  p r o d u c t  ( g e l )  w a s  d e v e l o p e d .  T h i s  f i n a l  
e n e r g y  l o s s  v a l u e ,  h o w e v e r  w a s  t h e  l a r g e s t  o f  t h e  4  m a t e r i a l s  

( i . e .  l o w e s t  d e g r e e  o f  e l a s t i c i t y ) .
T h e  h i g h e s t  i n i t i a l  e n e r g y  l o s s  v a l u e  ( 5 0 % )  w a s  o b s e r v e d  

i n  p o r k  ( F i g .  5 ) .  A p p r o x i m a t e l y  u n i f o r m  v a l u e s  w e r e  o b 
s e r v e d  d u r i n g  i n i t i a l  h e a t i n g  f o l l o w e d  b y  t w o  t r a n s i t i o n s  a t  
2 1  a n d  4 4  C .  B e t w e e n  4 4  a n d  5 7  C  p o r k  p r e s e n t e d  a  
r a p i d  a n d  l i n e a r  d e c r e a s e  i n  e n e r g y  l o s s  t o  1 3 . 5 % .  A  f i n a l  
e n e r g y  l o s s  v a l u e  o f  5 . 1 %  w a s  o b s e r v e d  i n  p o r k  a t  9 0  C .  

T h i s  v a l u e  w a s  v e r y  s i m i l a r  t o  t h a t  o f  s u r i m i .
M i n c e d  t u r k e y  m u s c l e  h a d  a n  i n i t i a l  e n e r g y  l o s s  v a l u e  o f  

3 9 %  ( F i g .  5 ) .  T u r k e y  s h o w e d  a  f l u c t u a t i n g  b u t  g e n e r a l  

d e c r e a s e  i n  e n e r g y  d a m p i n g  t o  a b o u t  5 0  C  w h e r e  a  2 8 %  
v a l u e  w a s  r e a c h e d .  B e t w e e n  5 0  a n d  5 2  C  a  v e r y  r a p i d  

l i n e a r  d e c r e a s e  i n  e n e r g y  d a m p i n g  t o  1 6 %  w a s  o b s e r v e d .  
F r o m  5 2 - 6 8  C  e n e r g y  d a m p i n g  s t i l l  d e c r e a s e d  s i g n i f i c a n t l y ,  
b u t  a t  a  s l i g h t l y  l o w e r  r a t e ,  t o  3 % .  F u r t h e r  h e a t i n g  p r o 
d u c e d  a  f i n a l  v a l u e  o f  0 . 8 %  a t  9 0  C .  T h i s  e n e r g y  d a m p i n g  
v a l u e  w a s  t h e  l o w e s t  o f  a l l  t h e  m a t e r i a l s  i n d i c a t i n g  t h a t  t h e  
f i n a l  t u r k e y  g e l  h a d  a  n e a r l y - p e r f e c t  e l a s t i c  c h a r a c t e r .

P o i s s o n ’s  r a t i o

A n  a v e r a g e  P o i s s o n ’s  r a t i o  o f  0 . 4 9  w a s  o b t a i n e d  f o r  e a c h  
o f  t h e  h e a t - i n d u c e d  g e l  s y s t e m s  t e s t e d  i n  t h e  p r e s e n t  s t u d y .  
F o r  a  h o m o g e n e o u s  i s o t r o p i c  m a t e r i a l ,  a s  t h e  g a s  v o l u m e  

d e c r e a s e s  c o m p r e s s i b i l i t y  d e c r e a s e s  a n d  P o i s s o n ’s r a t i o  
a p p r o a c h e s  a  m a x i m u m  o f  0 . 5 .  P o i s s o n ’s r a t i o  v a l u e s  w e r e  
u s e d  t o  c a l c u l a t e  t r u e  s h e a r  s t r e s s  a n d  t r u e  s h e a r  s t r a i n  a t  
f a i l u r e  v a l u e s  f r o m  t h e  a x i a l  c o m p r e s s i o n  f a i l u r e  t e s t s  

( H a m a n n ,  1 9 8 3 ) .

M e c h a n i c a l  f a i l u r e

M e a n  v a l u e s  o f  t h e  m e c h a n i c a l  f a i l u r e  p a r a m e t e r s  f r o m  
t o r s i o n  a n d  u n i a x i a l  c o m p r e s s i o n  t e s t s  a r e  g i v e n  i n  T a b l e  2  
f o r  t u r k e y ,  p o r k  a n d  b e e f .  I n  u n i a x i a l  c o m p r e s s i o n  t e s t s  o f  
s u r i m i  g e l s ,  f a i l u r e  d i d  n o t  o c c u r  e v e n  a t  a x i a l  s t r a i n  l e v e l s  
o f  9 7 % .  F o r  b e e f  a n d  p o r k  g e l s ,  t r u e  s h e a r  s t r e s s ,  t r u e  s h e a r  
s t r a i n  a n d  s h e a r  m o d u l u s  w e r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  

w h e n  c o m p a r i n g  t o r s i o n  a n d  u n i a x i a l  c o m p r e s s i o n  f a i l u r e  
t e s t s .  A n  a v e r a g e  o f  6 1 %  a x i a l  s t r a i n  a t  f a i l u r e  w a s  o b s e r v e d  
i n  t h e s e  m a t e r i a l s .  T u r k e y  g e l s ,  o n  t h e  o t h e r  h a n d ,  s h o w e d  
d i s a g r e e m e n t  b e t w e e n  t o r s i o n  a n d  u n i a x i a l  c o m p r e s s i o n  
f a i l u r e  p a r a m e t e r s .  T h e s e  g e l s  r e q u i r e d  a n  a v e r a g e  o f  8 6 %  
a x i a l  s t r a i n  a t  f a i l u r e  w h i c h  c a u s e d  g r o s s  s h a p e  d e f o r m a t i o n  
b e f o r e  f a i l u r e  o c c u r r e d .

F a i l u r e  o c c u r r e d  i n  a l l  t h e  g e l  p r e p a r a t i o n s  t e s t e d  i n

T E M P E R A T U R E  f C )

Fig. 5 —E n ergy  lo ss th erm o g ra m s fo r  su rim i, tu rk e y , b e e f  a n d  p o r k  
m u scles. H eatin g  ra te  = 0.5°C /m in .

T able 2 —M ean values o f  m ech a n ica l fa ilu re p a ra m e te rs  fro m  to rs ion  
a n d  c o m p ress io n  te s ts a

Material

True shear stress
True shear strain

Torsion
(kPa)

Comp.
(kPa) Torsion Comp.

Turkey gels 41.33° 50.04e* 1.32° 1.72d
(5.84)b (6.01) (0.11) (0.12)

Beef gels 26.80° 25.41° 1.18° 1.22°
(2.74) (2.07) (0.08) (0.06)

Pork gels 27.41° 25.79° 1.18° 1.21°
(3.13) (2.60) (0.04) (0.13)

M e an s o f 3 0  observations.
b V a lu e s  given in parenthesis represent standard  dev iations. 
c >d T h e  sam e letter sup e rsc rip ts  w ith in  each m aterial ind icate  that 

the associated  num b e rs  in the  tw o  c o lu m n s  are n o t s ign ific an t ly  
d iffe ren t (P  >  0 .05).

t o r s i o n .  T a b l e  3  l i s t s  t h e  m e a n  v a l u e s  o f  t h e  t o r s i o n a l  
f a i l u r e  p a r a m e t e r s .  T h e  t h r e e  s u r i m i  g e l  p r e p a r a t i o n s  
s h o w e d  t h e  h i g h e s t  v a l u e s  o f  s h e a r  s t r e s s  a n d  t r u e  s h e a r  

s t r a i n  a t  f a i l u r e .  T h e s e  p a r a m e t e r s  w e r e  s i g n i f i c a n t l y  d i f f e r 
e n t  a m o n g  t h e  s u r i m i  p r e p a r a t i o n s .  S u r i m i  g e l  B  ( “ s e t  g e l ” ) 
h a d  a  l o w e r  s t r u c t u r a l  s t r e n g t h ,  a s  r e v e a l e d  b y  s h e a r  s t r e s s  
a t  f a i l u r e ,  b u t  a  h i g h e r  d e g r e e  o f  d u c t i l i t y ,  a s  r e v e a l e d  b y  
t r u e  s h e a r  s t r a i n  a t  f a i l u r e ,  w h e n  c o m p a r e d  w i t h  s u r i m i  g e l  
A  ( “ c o o k e d  g e l ” ) .  S u r i m i  g e l  C  ( “ s e t  a n d  c o o k e d  g e l ” )  h a d  
a  s h e a r  s t r e s s  a t  f a i l u r e  a l m o s t  d o u b l e  o f  t h a t  o f  s u r i m i  g e l
A .  T h e  t r u e  s h e a r  s t r a i n  a t  f a i l u r e  w a s  a b o u t  2 2 %  h i g h e r  
w h e n  c o m p a r e d  t o  g e l  A  a n d  a b o u t  8 %  h i g h e r  w h e n  c o m 
p a r e d  t o  g e l  B .  A m o n g  t h e  n o n f i s h  g e l s ,  t u r k e y  g e l s  r e q u i r e d  
s i g n i f i c a n t l y  l a r g e r  s h e a r  s t r e s s  a n d  t r u e  s h e a r  s t r a i n  a t  f a i l 
u r e  t h a n  b e e f  a n d  p o r k  g e l s  ( T a b l e  3 ) .  T u r k e y  g e l s ,  t h e r e 
f o r e ,  w e r e  s t r o n g e r  a n d  m o r e  d e f o r m a b l e  t h a n  t h o s e  f r o m  
b e e f  a n d  p o r k  b u t  l e s s  t h a n  t h o s e  f r o m  t h e  s u r i m i  p r e p a r a 
t i o n s .  B e e f  a n d  p o r k  g e l s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
w h e n  c o m p a r i n g  s h e a r  s t r e s s e s  a n d  t r u e  s h e a r  s t r a i n s  a t  
f a i l u r e .  V i s u a l  o b s e r v a t i o n  o f  t h e  f r a c t u r e d  s u r f a c e s  o f  a l l  
t h e  g e l  s p e c i m e n s  s h o w e d  t h e  p r e s e n c e  o f  a  f a i l u r e  p l a n e  a t
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H E  A T  IN D U CED  G E L A  TION O F  M U S C L E  S Y S T E M S . . .

a p p r o x i m a t e l y  a  4 5 °  a n g l e  f r o m  t h e  l o n g  a x i s  o f  t h e  s p e c i 
m e n  i n d i c a t i n g  a  t e n s i o n  f a i l u r e  m o d e .  A  s i m i l a r  f a i l u r e  

m o d e  h a s  b e e n  p r e v i o u s l y  o b s e r v e d  i n  o t h e r  h e a t - i n d u c e d  
p r o t e i n  g e l s  ( M o n t e j a n o  e t  a l . , 1 9 8 3 ,  1 9 8 4 a ,  b ) .  I n  t o r s i o n  
t e s t i n g  t e n s i o n ,  c o m p r e s s i o n  a n d  s h e a r  s t r e s s e s  o f  e q u a l  
m a g n i t u d e  a r e  c r e a t e d  s o  t h e  m a t e r i a l s  f a i l e d  d u e  t o  t h e  
s t r e s s  f o r  w h i c h  t h e y  h a d  t h e  l e a s t  s t r e n g t h  ( D i e h l  e t  a l . ,  

1 9 7 9 ;  M o n t e j a n o  e t  a l . ,  1 9 8 3 ) .

M i c r o s t r u c t u r e

S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  t h e  t h r e e  s u r i m i  g e l  
p r e p a r a t i o n s  a r e  s h o w n  i n  F i g .  6 , a t  a  m a g n i f i c a t i o n  o f

T able 3 —M ean values o f  to rs io n a l failure p a ra m e te rs  fo r  h ea t- in d u ced  
m u sc le  g e lsf

Material
Shear stress 

(kPa)
True shear 

strain

Surimi gel A 76.61a 2.28a
(90°C/15 min) ( 10.07)9 (0.34)

Surimi gel B 66.99b 2.57b
(40°C/1 hr) (4.37) (0.21)

Surimi gel C 163.98° 2.78°
(40°C/1 hr-90°C/15 min) (23.02) (0.17)

Turkey gels 41.33d 1.32d
(5.84) (0.11)

Beef gels 26.80e 1.18e
(2.74) (0.08)

Pork gels 27.41e 1.18e
(3.13) (0.04)

a ' ■ >d > M e an s  w ith in  a co lu m n  w ith  d iffe ren t sup e rsc rip ts  are 
s ign ific an t ly  d iffe ren t (P <  0.05). 

r M e an s o f 3 0  observations.
9 V a lue s  given in pa renthesis represent standard  dev iations.

7 5 0 0 X .  S u r i m i  g e l  A  ( “ c o o k e d ” ) ,  a n  o p a q u e  g e l ,  h a d  a  

s m o o t h  a n d  v e r y  d e n s e  n e t w o r k  s t r u c t u r e .  S o m e  p o r e s  a r e  
o b s e r v e d  o n  t h e  g e l  s u r f a c e  i n  w h i c h  w a t e r  w a s  p r o b a b l y  
e n c l o s e d .  S u r i m i  g e l  B  ( “ s e t ” ) ,  a  t r a n s l u c e n t  g e l ,  h a d  a  v e r y  
c o a r s e  s t r u c t u r e  f o r m e d  b y  l a r g e  d e n s e  a g g r e g a t e s .  S o m e  
o p e n  p o c k e t s  s e e m  t o  b e  p r e s e n t  i n  t h e  s t r u c t u r e ,  w h i c h  

m a y  i n d i c a t e  t h a t  w a t e r  w a s  h e l d  i n  l a r g e  a m o u n t s  i n  l o 
c a l i z e d  r e g i o n s .  S u r i m i  g e l  C  ( “ s e t  a n d  c o o k e d ” ) ,  a n  o p a q u e  
g e l ,  e x h i b i t e d  a  c o m b i n a t i o n  o f  f e a t u r e s  f r o m  g e l s  A  a n d  B .

T h e  m i c r o s t r u c t u r e s  o f  t u r k e y  a n d  p o r k  g e l s  a r e  s h o w n  

i n  F i g .  7 ,  a t  a  m a g n i f i c a t i o n  o f  5 0 0 0 X .  T u r k e y  g e l s  h a d  a  

l a c y  n e t w o r k  s t r u c t u r e .  A  l a r g e  n u m b e r  o f  p o r e s  w e r e  q u i t e  
e v e n l y  d i s t r i b u t e d  o n  t h e  g e l  s u r f a c e .  T h e  m i c r o s t r u c t u r e  

p r e s e n t e d  b y  b e e f  a n d  p o r k  g e l s  w a s  n e a r l y  i d e n t i c a l .  A  
s p o n g e - l i k e  n e t w o r k  w a s  o b s e r v e d  i n  t h e s e  g e l s .  T h e  
p r e s e n c e  o f  l a r g e  p o r e s  i n  t h e s e  g e l s  s u g g e s t e d  t h a t  t h e y  
w e r e  a b l e  t o  e n t r a p  w a t e r .

DISCUSSION

T h e r m o r h e o l o g i c a l  s c a n n i n g  o f  s u r i m i  p a s t e

P r e v i o u s  s t u d i e s  i n  o u r  l a b o r a t o r y  ( M o n t e j a n o  e t  a l . ,
1 9 8 3 )  h a v e  i n d i c a t e d  t h a t  s u r i m i  p r e p a r e d  f r o m  A l a s k a  
p o l l o c k  ( T h e r a g r a  c h a l c o g r a m m a )  p r e s e n t e d  a  r i g i d i t y  p e a k  
( “ i n i t i a l  s e t t i n g ” )  i n  t h e  1 0 - 1 5  C  r a n g e  f o l l o w e d  b y  a  d e 
c r e a s e  b e t w e e n  1 5  a n d  2 6 ° C .  T h i s  t r a n s i t i o n ,  h o w e v e r ,  
w a s  n o t  o b s e r v e d  i n  c r o a k e r - t r o u t  s u r i m i  ( F i g .  4 ) .

T h e  r i g i d i t y  p e a k  o b s e r v e d  a t  4 0 ° C  f o r  s u r i m i  ( F i g .  4 )  
i s  t h o u g h t  t o  b e  r e l a t e d  t o  t h e  p h e n o m e n o n  t e r m e d  “ s e t 

t i n g ”  o r  “ s u w a r i ”  c o m m o n l y  o b s e r v e d  i n  a  v a r i e t y  o f  
m i n c e d  f i s h  m u s c l e s  h e l d  b e t w e e n  3 0 °  a n d  4 0 ° C  ( S h i m u z u  
e t  a l . ,  1 9 8 1 ;  M o n t e j a n o  e t  a l . ,  1 9 8 3 ) .  P r e s e n t  e v i d e n c e  
i n d i c a t e s  t h a t  t h e  i n c r e a s e  i n  r i g i d i t y  o b s e r v e d  i n  t h e  
“ s e t t i n g ”  s t a g e  ( t h i s  s t a g e  p r o d u c e s  a  t r a n s l u c e n t  g e l )  is

S U R IM I GELS:

§
9 0 ° (  / 1 5  m m  

4 0 ° C / 1 h r

4 0 ° ( ’/ l  h r — 9 0 ° C / 1 5 m i n

Fig. 6 SEM  m icro g ra p h s o f  c r y o fr a c tu re d  su rfaces o f  th ree  su r im i g e l p rep a ra tio n s. M agn ifica tion  =  7 5 0 0 X .
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Fig. 7 —S E M  m icro g ra p h s o f  c r y o fr a c tu r e d  su rfaces o f  tu rk e y  (A ) a n d  p o r k  (B) gels. M agn ifica tion  =  5 0 0 0 X . B ar len g th  -  5  p.

m a i n l y  d u e  t o  h y d r o p h o b i c  i n t e r a c t i o n s  b e t w e e n  n e i g h b o r 
i n g  p r o t e i n s  w i t h  l i t t l e  c o n t r i b u t i o n  o f  h y d r o g e n  o r  o t h e r  
p o l a r  b o n d s  ( N i w a  1 9 7 5 ;  N i w a  e t  a l . ,  1 9 8 1 c ,  d ,  e ;  1 9 8 2 ) .  
S t r o n g e r  a n d  m o r e  e l a s t i c  g e l s  h a v e  b e e n  r e p o r t e d  t o  b e  
o b t a i n e d  b y  h o l d i n g  m i n c e d  f i s h  p a s t e s  a t  a r o u n d  4 0  C  
p r i o r  t o  n o r m a l  h e a t  t r e a t m e n t  ( W a t a n a b e  e t  a l . ,  1 9 7 4 ) .  I n 
s p e c t i o n  o f  T a b l e  3  s h o w s  t h a t  s u r i m i  g e l  C  ( “ s e t  a n d  
c o o k e d ” )  s h o w e d  a  l a r g e  i n c r e a s e  i n  s t r e n g t h  a n d  a  m o d e r 

a t e  i n c r e a s e  i n  d e f o r m a b i l i t y  a s  c o m p a r e d  t o  t h e  d i r e c t l y -  
c o o k e d  g e l  ( A ) .  A  t w o - s t e p  “ s e t t i n g - c o o k i n g ”  p r o c e d u r e  i s  
c o m m o n l y  u s e d  i n  J a p a n  t o  o b t a i n  f i s h  g e l  p r o d u c t s  w i t h  

g o o d  t e x t u r a l  p r o p e r t i e s  ( T a n i k a w a ,  1 9 7 1 ) .  H o w e v e r  “ s e t 
t i n g ”  n e a r  4 0  C  a p p e a r s  t o  b e  a  d i s t i n c t  p h e n o m e n o n  f r o m  
t h e  t y p e  o f  g e l a t i o n  o r  c o a g u l a t i o n  w h i c h  o c c u r s  a t  m u c h  

h i g h e r  t e m p e r a t u r e s .  ( L a n i e r  e t  a l . ,  1 9 8 0 ;  L i u  e t  a l . ,  1 9 8 2 ) .

T h e  l o w  i n i t i a l  e n e r g y  l o s s  v a l u e  o f  s u r i m i  ( F i g .  5 )  
i n d i c a t e d  t h a t  t h e  r a w  p a s t e  h a d  l i m i t e d  v i s c o u s  c h a r a c t e r  
a n d  w a s  a b l e  t o  s p r i n g  b a c k  t o  n e a r  i t s  o r i g i n a l  s h a p e  u p o n  

t h e  r e m o v a l  o f  a  d e f o r m a t o r y  f o r c e  w i t h  a  m o d e s t  a m o u n t  
o f  s t o r e d  e n e r g y  l o s t  a s  h e a t .  A n  i d e a l  e l a s t i c  m a t e r i a l  
( c o m p l e t e  s h a p e  r e c o v e r y  u p o n  r e m o v a l  o f  a  d e f o r m a t o r y  
f o r c e )  w o u l d  h a v e  0 %  e n e r g y  d a m p i n g .  I t  i s  i n t e r e s t i n g  t o  
n o t i c e  t h a t  t h e  m a j o r  d e c r e a s e  i n  e n e r g y  d a m p i n g  i n  s u r i m i  
( F i g .  5 )  b e g a n  n e a r  t h e  t e m p e r a t u r e  o f  t h e  i n i t i a l  r i g i d i t y  
p e a k  ( 3 5  C ) .  A p p a r e n t l y  t h i s  r a p i d  i n c r e a s e  i n  e l a s t i c i t y  o f  
t h e  s t r u c t u r e  d e p e n d s  o n  p r o t e i n  i n t e r a c t i o n s  r e s p o n s i b l e  
f o r  t h e  “ s e t t i n g ”  p h e n o m e n o n .  T h e  r a p i d  i n c r e a s e  i n  

r i g i d i t y  a n d  e l a s t i c i t y  s t a r t i n g  a t  4 8 ° C  f o r  s u r i m i  ( F i g .  4 )  
s u g g e s t s  t h e  f o r m a t i o n  o f  a  s t a b l e  s t r u c t u r e  d u e  t o  c o n 
t i n u o u s  p r o t e i n  a g g r e g a t i o n .  C o m p a r i s o n  o f  F i g .  4  a n d  5 
i n d i c a t e s  t h a t  a f t e r  a  f a i r l y  e l a s t i c  s t r u c t u r e  h a s  b e e n  o b 
t a i n e d  a t  a b o u t  5 5  C ,  f u r t h e r  t e m p e r a t u r e  i n c r e a s e s  h a v e  
o n l y  a  s m a l l  e f f e c t  o n  e n e r g y  d a m p i n g  b u t  a  l a r g e  e f f e c t  o n  

t h e  r i g i d i t y  o f  t h e  s y s t e m .  A  s i m i l a r  b e h a v i o r  h a s  b e e n  o b 

s e r v e d  i n  s o m e  g l o b u l a r  p r o t e i n  s y s t e m s  ( M o n t e j a n o  e t  a l . ,  

1 9 8 4 b )  a n d  A l a s k a  p o l l o c k  s u r i m i  ( M o n t e j a n o  e t  a l . ,  1 9 8 3 ) .
T h e  d e c r e a s e  i n  r i g i d i t y  o b s e r v e d  a b o v e  6 5  C  m a y  b e  

r e l a t e d  t o  t h e  p h e n o m e n o n  t e r m e d  “ m o d o r i ”  o r  “ r e t u r n 
i n g ”  b y  J a p a n e s e  r e s e a r c h e r s .  ( S h i m u z u  e t  a l . ,  1 9 6 2 ;  T a g a k i ,  
1 9 7 3 ;  N i w a  e t  a l . ,  1 9 8 0 ) .  T h e  m e c h a n i s m  i n v o l v e d  i n  
“ m o r d o r i ”  i s  n o t  w e l l  u n d e r s t o o d ,  h o w e v e r ;  i t  i s  b e l i e v e d  
t h a t  p r o t e o l y t i c  e n z y m e s ,  t e r m e d  a l k a l i n e  p r o t e a s e s ,  a r e  
d i r e c t l y  r e s p o n s i b l e  f o r  t e x t u r e  d e g r a d a t i o n  ( L a n i e r  e t  a l . ,  
1 9 8 1 ;  M a k i n o d a n  a n d  I k e d a ,  1 9 7 1 ) .  T h e  d e t r i m e n t a l  t e x t u r e  

c h a n g e  i n  f i s h  p a s t e s  h e l d  a t  a r o u n d  6 0  C  i s  i r r e v e r s i b l e  a n d  
g o o d  g e l  t e x t u r e  c a n n o t  b e  b r o u g h t  b a c k  e v e n  b y  c o o k i n g  
a t  h i g h e r  t e m p e r a t u r e s  ( T a n i k a w a ,  1 9 7 1 ) .  I t  i s  a l s o  p o s s i b l e  

t h a t  t h e  d e c r e a s e  i n  r i g i d i t y  w a s  d u e  t o  f u r t h e r  p r o t e i n  
t r a n s i t i o n s  o r  j u s t  a  t e m p e r a t u r e  e f f e c t  a f t e r  c o m p l e t i o n  o f  
p r o t e i n  a g g r e g a t i o n .  I n  A l a s k a  p o l l o c k  s u r i m i  M o n t e j a n o  e t  
a l .  ( 1 9 8 3 )  o b s e r v e d  t h a t  a f t e r  a  s m a l l  p l a t e a u  i n  t h e  6 0 -  
6 4  C  r a n g e  t h e r e  w a s  a  c o n t i n u o u s  i n c r e a s e  i n  r i g i d i t y  a t  

t h e  h i g h  t e m p e r a t u r e  e n d .
T h e  t h r e e  d i s t i n c t  t h e r m a l  t r a n s i t i o n s  i n  r i g i d i t y  o b s e r v e d  

i n  c r o a k e r - t r o u t  s u r i m i  a t  4 0  , 4 8  a n d  6 5  C  h a v e  a l s o  b e e n  
o b s e r v e d  i n  s u r i m i  f r o m  o t h e r  f i s h  s p e c i e s .  W u  e t  a l .  ( 1 9 8 4 a )  
r e p o r t e d  t h r e e  e n d o t h e r m  p e a k s  a t  4 0  , 5 4  a n d  6 9  C  f r o m  
D S C  s t u d i e s  o f  A t l a n t i c  c r o a k e r  s u r i m i  ( 3 %  N a C l )  a t  a  h e a t 
i n g  r a t e  o f  1 0  C  p e r  m i n .  A p a r t  f r o m  s p e c i e s  d i f f e r e n c e s ,  
t h e  o c c u r r e n c e  o f  t h e  l a s t  t w o  t r a n s i t i o n s  a t  h i g h e r  t e m p e r a 
t u r e s  t h a n  i n  t h e  p r e s e n t  s t u d y  m a y  b e  a t t r i b u t e d  t o  h e a t i n g  
r a t e  e f f e c t s .  I t  h a s  b e e n  r e p o r t e d  t h a t  a s  h e a t i n g  r a t e  i n 
c r e a s e s ,  t r a n s i t i o n s  i n  a  s y s t e m  a r e  o b s e r v e d  a t  h i g h e r  t e m 
p e r a t u r e s  ( M o n t e j a n o  e t  a l . ,  1 9 8 3 ;  D o n o v a n  e t  a l . ,  1 9 7 5 ) .  

B u r g a r e l l a  ( 1 9 8 3 )  f o u n d  t r a n s i t i o n s  i n  r i g i d i t y  o f  A t l a n t i c  
c r o a k e r  s u r i m i  a t  1 5  , 4 0  , 5 0  a n d  6 0  C .  E n d o t h e r m  p e a k s  
a t  3 6 °  a n d  5 0 ° C  w e r e  o b s e r v e d  i n  D S C  s t u d i e s  o f  a c t o m y o -  
s i n  f r o m  A t l a n t i c  c r o a k e r  ( 3 %  N a C l )  b y  W u  e t  a l .  ( 1 9 8 4 b ) .
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H E A T  IN D U CED  G E L A T IO N  O F  M U S C L E  S Y S T E M S . . .

T h e r m a l  s c a n n i n g  r i g i d i t y  s t u d i e s  c a r r i e d  o u t  b y  W u  e t  a l .  
( 1 9 8 4 b )  o n  a c t o m y o s i n  p a s t e s  ( 3 %  N a C l )  p r e p a r e d  f r o m  
A t l a n t i c  c r o a k e r  s h o w e d  t r a n s i t i o n  t e m p e r a t u r e s  a t  3 8  , 
4 6 °  a n d  6 0 ° C .  M o n t e j a n o  e t  a l .  ( 1 9 8 3 )  o b s e r v e d  t r a n s i t i o n s  
i n  r i g i d i t y  o f  A l a s k a  p o l l o c k  s u r i m i  a t  1 3  , 3 7  , 4 7  a n d  

6 4 ° C .

T h e r m o r h e o l o g i c a l  s c a n n i n g  o f  b e e f ,  p o r k  a n d  t u r k e y  p a s t e s

T h e  i n i t i a l  s m a l l  i n c r e a s e  i n  r i g i d i t y  o b s e r v e d  f o r  b e e f ,  

p o r k  a n d  t u r k e y  ( F i g .  4 )  m a y  b e  a t t r i b u t e d  t o  p r o t e i n - p r o 
t e i n  i n t e r a c t i o n s  w h i c h  h a v e  b e e n  r e p o r t e d  t o  o c c u r  a t  l o w  

t e m p e r a t u r e s  ( A c t o n  e t  a l . ,  1 9 8 1 ;  D e n g  e t  a l . ,  1 9 7 6 ) .  T h e  
s u b s e q u e n t  d e c r e a s e  i n  r i g i d i t y  o b s e r v e d  i n  b e e f  a n d  p o r k  
b e t w e e n  1 3  a n d  2 5  C  m a y  b e  d u e  t o  m e l t i n g  o f  f a t  w h i c h ,  
a l t h o u g h  p r e s e n t  i n  s m a l l  a m o u n t s  i n  t h e  p a s t e s  ( T a b l e  1 ) ,  
c o u l d  h a v e  c o n t r i b u t e d  t o  i n c r e a s e  t h e  v i s c o u s  c h a r a c t e r  o f  
t h e  s y s t e m s .  F i g .  5 s h o w s  t h a t  t h e  e n e r g y  d a m p i n g  o f  b e e f  
a n d  p o r k  i n c r e a s e d  o v e r  t h i s  t e m p e r a t u r e  r a n g e  i n d i c a t i n g  
a n  i n c r e a s e  i n  v i s c o u s  c h a r a c t e r .  T o w n s e n d  e t  a l .  ( 1 9 6 8 )  

u s i n g  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  f o u n d  t h a t  f a t s  f r o m  
b o t h  b e e f  a n d  p o r k  t r i m m i n g s  h a d  t w o  m e l t i n g  z o n e s .  F a t  
f r o m  b e e f  m e l t e d  i n  t h e  3 - 1 4  C  a n d  1 8 - 3 0  C  r a n g e s  w h i l e  
f a t  f r o m  p o r k  m e l t e d  i n  t h e  8 - 1 4 ° C  a n d  1 8 - 3 0 ° C  r a n g e s .  
T h e  a u t h o r s  a l s o  m e a s u r e d  t h e  f a t  m e l t i n g  p r o f i l e  w i t h i n  a  
s a u s a g e  b a t t e r  c o n t a i n i n g  b e e f  a n d  p o r k  f a t  u s i n g  f a t  r e l e a s e  

a s  a  m e a s u r e  o f  s t a b i l i t y .  A  s i g n i f i c a n t  i n c r e a s e  i n  f a t  r e l e a s e  
w a s  r e p o r t e d  a b o v e  1 8  C .  Q u i n n  e t  a l .  ( 1 9 8 0 )  r e p o r t e d  
e n d o t h e r m  p e a k s  a t  1 3  a n d  1 8 . 5  C  f o r  b e e f  a n d  p o r k  f a t ,  
r e s p e c t i v e l y .

I n  t u r k e y ,  l e s s  s h a r p  t r a n s i t i o n s  i n  r i g i d i t y  a n d  e n e r g y  
l o s s  ( F i g .  4  a n d  5 )  w e r e  o b s e r v e d  i n  t h e  1 3 - 2 5  C  r a n g e  a s  
c o m p a r e d  t o  b e e f  a n d  p o r k .  T h i s  p o s s i b l y  i n d i c a t e s  t h a t  f a t  

m e l t i n g  w a s  l i m i t e d  a n d  g r a d u a l .  T h e  f a t  c o n t e n t  o f  t u r k e y  
p a s t e  w a s  s l i g h t l y  l o w e r  t h a n  t h a t  o f  b e e f  a n d  p o r k  ( T a b l e
1 ) .  A d d i t i o n a l l y ,  i t  i s  k n o w n  t h a t  t u r k e y  f a t  c o n t a i n s  a  
l a r g e r  a m o u n t  o f  u n s a t u r a t e d  f a t t y  a c i d s  t h a n  t h e  f a t  o f  

b e e f  a n d  p o r k  a n d ,  t h e r e f o r e ,  h a s  a  d i f f e r e n t  m e l t i n g  p r o 
f i l e .

T h e  r i g i d i t y  p e a k s  p r e s e n t e d  b y  b e e f  a t  4 3  C ,  p o r k  a t  
4 4  C  a n d  t u r k e y  a t  5 0  C  ( F i g .  4 )  r e s e m b l e  t h e  i n i t i a l  p e a k  
o b s e r v e d  i n  s u r i m i  a t  4 0  C .  T h e  r e l a t i v e  i n t e n s i t y  o f  t h i s  
p e a k ,  h o w e v e r ,  w a s  g r e a t e r  i n  s u r i m i .  S e v e r a l  r e s e a r c h e r s  

h a v e  r e p o r t e d  t r a n s i t i o n s  i n  m u s c l e  p r o t e i n s  o c c u r r i n g  
a r o u n d  t h e s e  t e m p e r a t u r e s  ( I s h i o r o s h i  e t  a l . ,  1 9 7 9 ;  Y a s u i  e t  
a l . ,  1 9 8 0 ;  B u r k e  e t  a l . ,  1 9 7 3 ,  S a m e j i m a  e t  a l . ,  1 9 8 1 ) .  B e e f ,  
p o r k  a n d  p o u l t r y  m e a t s  a r e  c l a s s i f i e d  a s  “ n o n - s e t t i n g ”  
m a t e r i a l s  b y  s e v e r a l  J a p a n e s e  r e s e a r c h e r s  ( N i w a  e t  a l . ,  1 9 8 0 ;  
S h i m u z u  e t  a l . ,  1 9 8 1 ) ;  t h a t  i s ,  m u s c l e  s o l s  f r o m  t h e s e  s p e 
c i e s  d o  n o t  f o r m  e l a s t i c  g e l s  a t  4 0  C .  H o w e v e r ,  e v a l u a t i o n  
o f  “ s e t t i n g ”  i s  d o n e  u s i n g  b a t c h  h e a t i n g  a n d  c o o l i n g  o f  

s a m p l e s  a t  p r e d e t e r m i n e d  t e m p e r a t u r e s  f o r  g i v e n  p e r i o d s  o f  
t i m e .  C o n t i n u o u s  r i g i d i t y  s c a n n i n g  h a s  b e e n  o b s e r v e d  t o  b e  
m o r e  s e n s i t i v e  i n  d e t e c t i n g  t r a n s i t i o n s  i n  p r o t e i n  s y s t e m s  
t h a n  b a t c h  t e c h n i q u e s  ( M o n t e j a n o  e t  a l . ,  1 9 8 3 ) .  I f  a  l o w  
t e m p e r a t u r e  “ s e t t i n g ”  o f  b e e f ,  p o r k ,  a n d  t u r k e y  d o e s  o c c u r  
i t  i s  d i f f e r e n t  f r o m  t h a t  o f  f i s h  i n  a t  l e a s t  t w o  a s p e c t s :  ( 1 ) 
i t  o c c u r s  a t  h i g h e r  t e m p e r a t u r e s ,  a n d  ( 2 )  i t  p r o d u c e s  a  
s m a l l e r  i n c r e a s e  i n  r i g i d i t y .  T h e s e  t w o  d i f f e r e n c e s  s e e m  t o  
b e  r e d u c e d  b y  t r e a t m e n t  o f  t h e  p r o t e i n s  w i t h  a r y l a t i n g  
r e g e a n t s  ( N i w a  e t  a l . ,  1 9 8 1 a ,  b ,  e ) .  F u r t h e r  s t u d i e s  a r e  
n e e d e d  t o  c o n f i r m  t h a t  a  t y p e  o f  “ s e t t i n g ”  d o e s  o c c u r  i n  
b e e f ,  p o r k  a n d  t u r k e y  a n d  t o  d e t e r m i n e  w h e t h e r  a  t w o - s t e p  
c o o k i n g  a t  s e l e c t e d  t e m p e r a t u r e s  w o u l d  p r o d u c e  a  t e x t u r a l  
e f f e c t  s i m i l a r  t o  t h a t  o b s e r v e d  i n  f i s h  g e l  p r o d u c t s .

T h e  i n c r e a s e  i n  e n e r g y  l o s s  o b s e r v e d  i n  b e e f  a n d  p o r k  i n  
t h e  4 4 - 5 1 ° C  a n d  3 8 - 4 4  C  r a n g e s ,  r e s p e c t i v e l y ,  ( F i g .  5 )  m a y  

b e  d u e  t o  m e l t i n g  o f  t h e  h i g h e r  m e l t i n g  p o i n t  f r a c t i o n s  o f  
f a t  i n c r e a s i n g  t h e  v i s c o s i t y  o f  t h e  s y s t e m .  T h e s e  t e m p e r a 
t u r e  r a n g e s  c l o s e l y  a g r e e  w i t h  t h e  r e p o r t e d  m e l t i n g  r a n g e s  
o f  4 1 - 4 8  C  f o r  b e e f  f a t  a n d  3 8 - 4 7 ° C  f o r  p o r k  f a t  ( A c t o n  e t

a l . ,  1 9 8 3 ) .  I t  i s  i n t e r e s t i n g  t o  o b s e r v e  t h a t ,  s i m i l a r  t o  t h e  
c a s e  o f  s u r i m i ,  a  v e r y  r a p i d  d e c r e a s e  i n  e n e r g y  l o s s  w a s  o b 
s e r v e d  i n  b e e f ,  p o r k ,  a n d  t u r k e y  ( F i g .  5 )  i m m e d i a t e l y  

f o l l o w i n g  t h e  o c c u r r e n c e  o f  r i g i d i t y  p e a k s  ( F i g .  4 ) .  T h e s e  
o b s e r v a t i o n s  f u r t h e r  s u g g e s t  t h a t  t h e  d e v e l o p m e n t  o f  
e l a s t i c i t y  i n  t h e  s t r u c t u r e s  d e p e n d e d  o n  t h e  p r o t e i n  i n t e r 

a c t i o n s  t h a t  p r o d u c e d  t h e  r i g i d i t y  p e a k s .  A s  w i t h  s u r i m i ,  
t h e  d e c r e a s e  i n  r i g i d i t y  a f t e r  t h e  p e a k s  f o r  b e e f ,  p o r k  a n d  
t u r k e y  d i d  n o t  s e e m  t o  i n f l u e n c e  t h e  r a t e  o f  d e c r e a s e  i n  

e n e r g y  l o s s .
T h e  u n i f o r m  a n d  r a p i d  i n c r e a s e  i n  r i g i d i t y  f o r  b e e f ,  p o r k  

a n d  t u r k e y  t h a t  s t a r t e d  a t  5 6 ° ,  5 3 °  a n d  5 2 . 5  C ,  r e s p e c t i v e 
l y ,  i n d i c a t e d  t h e  f o r m a t i o n  o f  s t a b l e ,  s t i f f ,  a n d  e l a s t i c  
m a t r i x  s t r u c t u r e s  t y p i c a l  o f  h e a t - i n d u c e d  p r o t e i n  g e l s .  

S e v e r a l  r e s e a r c h e r s  h a v e  r e p o r t e d  t r a n s i t i o n s  i n  t h e  t a i l  p o r 

t i o n  o f  t h e  m y o s i n  m o l e c u l e  t o  o c c u r  a t  a r o u n d  5 5  C  
w h i c h  c o n t r i b u t e  t o  n e t w o r k  f o r m a t i o n  ( B u r k e  e t  a l . ,  

1 9 7 3 ;  S a m e j i m a  e t  a l . ,  1 9 8 1 ;  W r i g h t  e t  a l . ,  1 9 7 7 ;  M a r t e n s  
e t  a l . ,  1 9 8 2 ) .  M a x i m u m  d e v e l o p m e n t  o f  r i g i d i t y  a n d  
s t r e n g t h  i n  m y o s i n  g e l s  h a s  b e e n  o b s e r v e d  i n  t h e  5 5 - 7 0  C  
r a n g e  ( I s h i o r o s h i  e t  a l . ,  1 9 7 9 ) .

A s  p r e v i o u s l y  o b s e r v e d  f o r  s u r i m i ;  b e e f ,  p o r k  a n d  
t u r k e y  p r e s e n t e d  a  r a p i d  d e c r e a s e  i n  e n e r g y  l o s s  ( F i g .  5 )  

o v e r  a  s h o r t e r  t e m p e r a t u r e  s p a n  t h a n  f o r  t h e  r a p i d  i n 
c r e a s e  i n  r i g i d i t y  ( F i g .  4 )  s u g g e s t i n g  a  c e r t a i n  i n d e p e n d e n c e  

b e t w e e n  t h e  d e v e l o p m e n t  o f  e l a s t i c i t y  a n d  r i g i d i t y  i n  t h e  
s t r u c t u r e s .  T h e  f i n a l  t r a n s i t i o n  i n  r i g i d i t y  i n  b e e f  a n d  p o r k  
a t  6 8  C  a n d  t u r k e y  a t  6 9  C  m a y  b e  i n  p a r t  a t t r i b u t e d  t o  
d e s t r u c t i o n  o f  i n t e r s t i t i a l  c o l l a g e n  w h i c h  i s  k n o w n  t o  o c c u r  
a t  a p p r o x i m a t e l y  t h e s e  t e m p e r a t u r e s  ( D a v e y  a n d  G i l b e r t ,  
1 9 7 4 ;  D a v e y  a n d  N i e d e r e r ,  1 9 7 7 ;  S t a b u r s v i k  a n d  M a r t e n s ,  

1 9 8 0 ;  H a m m ,  1 9 7 0 ) .

I n  o r d e r  t o  c o n f i r m  t h e  p r e s e n c e  o f  t h e  t r a n s i t i o n s  o b 
s e r v e d  i n  t h e  r i g i d i t y  s c a n n i n g  e v a l u a t i o n ,  t h e  b e e f  w a s  a l s o  
s u b j e c t e d  t o  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r i c  ( D S C )  

s t u d i e s .  T h e  D S C  s t u d i e s  w e r e  c o n d u c t e d  o n  a  b e e f  p a s t e  
p r e p a r e d  a s  d e s c r i b e d  f o r  t h e  s c a n n i n g  r i g i d i t y  t e s t s .  F i g .  8 
s h o w s  t h e  t h e r m o g r a m  o b t a i n e d  f o r  b e e f  a t  a  h e a t i n g  r a t e  

o f  1 0  C / m i n .  T h r e e  p e a k s  w e r e  e v i d e n t  w i t h  m a x i m a  a t  

4 3  , 5 8  a n d  7 1  C  i n  v e r y  c l o s e  a g r e e m e n t  w i t h  t h e  r i g i d i t y  
t r a n s i t i o n s  o b s e r v e d  a t  4 3 ° ,  5 6 °  a n d  6 9 ° C  ( F i g .  4 ) .  S o m e  
r e s e a r c h e r s  h a v e  r e p o r t e d  D S C  t h e r m o g r a m s  o f  w h o l e  b e e f  
m u s c l e s  w i t h  e n d o t h e r m  p e a k s  a t  s l i g h t l y  h i g h e r  t e m p e r a 
t u r e s  t h a n  t h e  o n e s  g i v e n  h e r e  ( W r i g h t  e t  a l . ,  1 9 7 7 ;  S t a b u r s 

v i k  a n d  M a r t e n s ,  1 9 8 0 ;  K a r m a s  a n d  D i M a r c o ,  1 9 7 0 ) .  T h e  
d i f f e r e n c e ,  h o w e v e r ,  m a y  b e  a t t r i b u t e d  t o  t h e  a d d i t i o n  o f  
N a C l  t o  t h e  b e e f  p a s t e  u s e d  i n  t h e  p r e s e n t  s t u d y .  S a l t  h a s  

b e e n  f o u n d  t o  d e c r e a s e  t h e  h e a t  s t a b i l i t y  o f  m u s c l e  p r o t e i n s

Fig. 8—D S C  th erm ogram  fo r  c o m m in u te d  b e e f  m u scles . H eatin o  ra te  
= 1 0 °  C /m in .
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s h i f t i n g  t h e i r  t r a n s i t i o n s  t o  l o w e r  t e m p e r a t u r e s  ( W u  e t  a l . ,  

1 9 8 4 a ;  B u r g a r e l l a ,  1 9 8 3 ;  Q u i n n  e t  a l . ,  1 9 8 0 ) .

P o i s s o n ’s  r a t i o  a n d  m e c h a n i c a l  f a i l u r e  t e s t s

T h e  a v e r a g e  P o i s s o n ’s  r a t i o  v a l u e  o b t a i n e d  f o r  e a c h  o f  

t h e  h e a t - i n d u c e d  g e l  s y s t e m s  t e s t e d  i n  t h e  p r e s e n t  s t u d y  
i n d i c a t e d  t h a t  t h e y  b e h a v e d  a s  n e a r l y  i n c o m p r e s s i b l e  
m a t e r i a l s .  I t  m u s t  b e  n o t e d  t h a t  a  d i f f e r e n c e  i n  c o m p r e s s i 

b i l i t y  e x i s t s  b e t w e e n  c o o k e d  i n t a c t  m u s c l e s  a n d  c o o k e d  
m i n c e d  m u s c l e s ,  p a r t i c u l a r l y  i f  i n c o r p o r a t i o n  o f  a i r  i s  

p r e v e n t e d  d u r i n g  m i n c i n g .  S e g a r s  e t  a l .  ( 1 9 7 7 )  o b t a i n e d  
P o i s s o n ’s  r a t i o  v a l u e s  r a n g i n g  f r o m  0 . 2 0 - 0 . 2 6  i n  v a r i o u s  
i n t a c t  m e a t  m u s c l e s  c o o k e d  t o  a n  i n t e r n a l  t e m p e r a t u r e  o f  
6 3  C ,  i n d i c a t i n g  t h a t  t h e y  w e r e  m o d e r a t e l y  c o m p r e s s i b l e .

T h e  f u n d a m e n t a l  f a i l u r e  t e s t s  p e r f o r m e d  o n  t h e  h e a t -  
i n d u c e d  g e l s  f r o m  s u r i m i  ( 3  c o o k i n g  m e t h o d s ) ,  b e e f ,  p o r k  
a n d  t u r k e y  s h o u l d  c o n t r i b u t e  t o  u n d e r s t a n d i n g  t h e i r  b e 

h a v i o r  u n d e r  l a r g e  f o r c e  a n d  d e f o r m a t i o n  l e v e l s  i n  c o n t r a s t  
t o  t h e  s m a l l  l e v e l s  a p p l i e d  b y  t h e  T S R M .  M e c h a n i c a l  f a i l u r e  
c h a r a c t e r i s t i c s  o f  f o o d s  a r e  w e l l  r e l a t e d  t o  s e n s o r y  t e x t u r e  
d u r i n g  m a s t i c a t i o n  ( W o o d ,  1 9 7 9 ;  H a m a n n ,  1 9 8 3 ;  M o n t e -  
j a n o  a n d  H a m a n n ,  1 9 8 4 )  a n d  m a y  p r o v i d e  a  v a l u a b l e  i n s i g h t  
i n t o  t h e  p r o p e r t i e s  o f  t h e  f i n a l  s t r u c t u r e  o f  e a c h  m a t e r i a l .

T h e  a g r e e m e n t  b e t w e e n  t r u e  c o m p r e s s i o n  a n d  t o r s i o n  
f a i l u r e  p a r a m e t e r s  o b s e r v e d  i n  b e e f  a n d  p o r k  g e l s  ( T a b l e
2 )  i n d i c a t e d  t h a t  b o t h  t e s t s  y i e l d e d  f u n d a m e n t a l  m e a s u r e 

m e n t s  n e a r l y  i n d e p e n d e n t  o f  s p e c i m e n  g e o m e t r y  o r  t e s t  
m o d e .  T h i s  f i n d i n g  p l u s  p r e v i o u s  o b s e r v a t i o n s  o f  a g r e e m e n t  
b e t w e e n  t r u e  c o m p r e s s i o n  a n d  t o r s i o n  f a i l u r e  p a r a m e t e r s  

( M o n t e j a n o  e t  a l . ,  1 9 8 3 ;  1 9 8 4 a ,  b ;  D i e h l  e t  a l . ,  1 9 7 9 )  l e d  u s  
t o  b e l i e v e  t h a t  t o r s i o n a l  t e s t i n g  y i e l d e d  f u n d a m e n t a l  
m e a s u r e m e n t s  f o r  a l l  t h e  g e l s .  I n  t h i s  t e s t  t h e  s p e c i m e n s  

w e r e  s u b j e c t e d  t o  a  c o n d i t i o n  o f  p u r e  s h e a r  t h a t  p r o d u c e d  
c h a n g e  i n  s h a p e  w i t h  n e g l i g i b l e  c h a n g e  i n  v o l u m e  ( H a m a n n ,  
1 9 8 3 ) .  A d d i t i o n a l l y ,  i t  w a s  p o s s i b l e  t o  a p p l y  t h e  l a r g e  s t r a i n  

r e q u i r e d  f o r  f a i l u r e  o f  a l l  s a m p l e s .  F o r  a l l  t h e  g e l  p r e p a r a 
t i o n s ,  a p p r o x i m a t e l y  l i n e a r  t o r q u e  v s .  a n g l e  o f  t w i s t  c u r v e s  
w e r e  o b s e r v e d  i n d i c a t i n g  t h a t  t h e y  e x h i b i t e d  n e a r l y  e l a s t i c  
b e h a v i o r  t o  f a i l u r e .  T h i s  b e h a v i o r  h a s  b e e n  p r e v i o u s l y  

o b s e r v e d  i n  o t h e r  h i g h l y  d e f o r m a b l e  h e a t - i n d u c e d  p r o t e i n  
g e l s  ( M o n t e j a n o  e t  a l . ,  1 9 8 3 ;  1 9 8 4 a ,  b ) .  T h e  e l a s t i c  r e s p o n s e  

o f  t h e s e  g e l s  w a s  a l s o  e x p e c t e d  b e c a u s e  f i n a l  e n e r g y  d a m p 
i n g  w a s  v e r y  l o w  i n  t h e  T S R M  t e s t i n g  ( F i g .  5 ) .

U l t i m a t e  s t r e n g t h  i n  t o r s i o n  a n d  m i c r o s t r u c t u r e  

o f  s u r i m i  g e l s

C o m p a r i s o n  o f  t h e  m e c h a n i c a l  f a i l u r e  p a r a m e t e r s  f r o m  

t o r s i o n a l  t e s t i n g  o f  t h e  t h r e e  s u r i m i  p r e p a r a t i o n s  ( T a b l e  3 )  
i n d i c a t e d  l a r g e  d i f f e r e n c e s  i n  g e l  t e x t u r e  d u e  t o  c o o k i n g  
m e t h o d .  C o o k i n g  a f t e r  “ s e t t i n g ”  ( g e l  C )  p r o d u c e d  g e l s  w i t h  
a  l a r g e  i n c r e a s e  i n  s t r e n g t h  a n d  a  m o d e r a t e  i n c r e a s e  i n  

d e f o r m a b i l i t y  a s  c o m p a r e d  t o  d i r e c t  c o o k i n g  ( g e l  A ) .  T h e  
“ s e t ”  g e l  ( g e l  B )  p r e s e n t e d  o n l y  a n  i n c r e a s e  i n  d e f o r m a b i l i t y  
b u t  n o t  i n  s t r e n g t h  a s  c o m p a r e d  t o  t h e  c o o k e d  g e l .  A p 
p a r e n t l y  t h e  “ s e t t i n g ”  s t a g e  i s  m a i n l y  r e s p o n s i b l e  f o r  t h e  
i n c r e a s e  i n  d u c t i l i t y  ( d e f o r m a b i l i t y )  o f  t h e  g e l s  a n d  f u r t h e r  
c o o k i n g  f o r  t h e  i n c r e a s e  i n  s t r e n g t h .  T h e  a t t r a c t i v e  f o r c e s  
i n v o l v e d  i n  t h e  “ s e t t i n g ”  s t a g e  p r o d u c e  r e l a t i v e l y  w e a k  b u t  

d e f o r m a b l e  s t r u c t u r e s .
I n s p e c t i o n  o f  t h e  m i c r o s t r u c t u r e  o f  t h e  t h r e e  g e l  p r e p a r 

a t i o n s  ( F i g .  6 )  r e v e a l e d  t h a t  t h e  c o o k e d  g e l  ( g e l  A )  h a d  a  
r a n d o m  n e t w o r k  s t r u c t u r e .  T h e  “ s e t ”  g e l  ( G e l  B )  h a d  l a r g e  
c o n g l o m e r a t e s .  T h e s e  c o n g l o m e r a t e s  s e e m  l e s s  i n t e r c o n 
n e c t e d  t h a n  t h e  s m a l l e r  s t r u c t u r a l  p a r t i c l e s  o f  g e l  A ,  w h i c h  
m a y  e x p l a i n  t h e  l o w e r  s t r e n g t h  o f  t h e  s t r u c t u r e .  T h e  
s t r u c t u r e  o f  g e l  B  a l s o  p r e s e n t e d  l a r g e r  p o c k e t s  t h a n  t h e  
o t h e r  s t r u c t u r e s  i n  w h i c h  w a t e r  m a y  h a v e  b e e n  h e l d .  T h i s  
f e a t u r e  m a y  b e  a s s o c i a t e d  w i t h  t h e  t r a n s l u c e n c e  a n d  d e 
f o r m a b i l i t y  o f  t h e  g e l .  M o n t e j a n o  e t  a l .  ( 1 9 8 4 b )  f o u n d  l a r g e  

p o c k e t s  i n  t h e  m i c r o s t r u c t u r e s  o f  s u c c i n y l a t e d  a n d  o l e i c

a c i d  t r e a t e d  e g g  w h i t e  g e l s ,  b o t h  o f  w h i c h  w e r e  t r a n s l u c e n t  

a n d  d e f o r m a b l e  m a t e r i a l s .  T h e  “ s e t ”  a n d  c o o k e d  g e l  ( g e l  C )  

s h o w e d  s o m e  o f  t h e  c o n g l o m e r a t e s  f o r m e d  d u r i n g  “ s e t 
t i n g ” ; h o w e v e r ,  t h e  p r o t e i n  m a t r i x  w a s  m o r e  h i g h l y  i n t e r 
c o n n e c t e d  t h a n  g e l  B  a n d  h a d  s m a l l e r  i n t e r s t i t i a l  s p a c e s .  
T h i s  s t r u c t u r e  p r e s e n t e d  t h e  h i g h e s t  s t r e n g t h  a n d  d e f o r m a 
b i l i t y  o f  t h e  t h r e e  g e l s .

U l t i m a t e  s t r e n g t h  i n  t o r s i o n  a n d  m i c r o s t r u c t u r e  o f  b e e f ,  
p o r k  a n d  t u r k e y  g e l s

T h e  g r e a t e r  s t r u c t u r a l  s t r e n g t h  a n d  d e f o r m a b i l i t y  a t  
f a i l u r e  p r e s e n t e d  b y  t u r k e y  g e l s  a s  c o m p a r e d  t o  b e e f  a n d  
p o r k  g e l s  ( T a b l e  3 )  w a s  n o t  s u r p r i s i n g  s i n c e  t h e  f i n a l  r i g i d i t y  

a n d  e n e r g y  l o s s  v a l u e s  f r o m  T S R M  t e s t i n g  w e r e  a l s o  l a r g e r  
a n d  s m a l l e r ,  r e s p e c t i v e l y ,  i n  t u r k e y  t h a n  i n  b e e f  a n d  p o r k  

( F i g .  5 ) .  A l t h o u g h  f a t  c o n t e n t  w a s  s l i g h t l y  l o w e r  f o r  t u r k e y  
t h a n  f o r  b e e f  a n d  p o r k  ( T a b l e  1 ) ,  t h i s  d o e s  n o t  s e e m  t o  b e  a  
s u f f i c i e n t  r e a s o n  f o r  t h e  i n c r e a s e d  s t r u c t u r a l  s t a b i l i t y  o f  t h e  
t u r k e y  g e l s .  I t  i s  m o s t  l i k e l y  t h a t  t h e  o v e r a l l  p r o t e i n  q u a l i t y  
o f  t u r k e y  w a s  r e s p o n s i b l e  f o r  p r o d u c i n g  s t r o n g e r  a n d  m o r e  

d u c t i l e  g e l s  t h a n  t h o s e  f r o m  b e e f  o r  p o r k .  I t  m u s t  b e  r e 

c a l l e d  t h a t  m o i s t u r e : p r o t e i n  r a t i o  w a s  a d j u s t e d  i n  a l l  t h e  
m a t e r i a l s  t o  b e  t h e  s a m e  v a l u e  ( 5 : 1 )  t o  m i n i m i z e  t h e  e f f e c t  

o f  c o m p o s i t i o n a l  d i f f e r e n c e s .  S e n s o r y  e v a l u a t i o n  b y  a  
t r a i n e d  t e x t u r e  p r o f i l e  p a n e l  ( C i v i l l e  a n d  S z c z e s n i a k ,  1 9 7 3 )  
o f  t h e  a b o v e  g e l s  c a r r i e d  o u t  b y  M o n t e j a n o  a n d  H a m a n n

( 1 9 8 4 )  s h o w e d  t h a t  t u r k e y  g e l s  a l s o  h a d  s i g n i f i c a n t l y  

g r e a t e r  s e n s o r y  f i r m n e s s  a n d  s p r i n g i n e s s  t h a n  e i t h e r  b e e f  o r  
p o r k  g e l s .

S o m e  s t r u c t u r a l  d i f f e r e n c e s  w e r e  a l s o  e v i d e n t  b e t w e e n  
S E M  m i c r o g r a p h s  o f  t u r k e y  a n d  e i t h e r  b e e f  o r  p o r k  g e l s  
( F i g .  7 ) .  A  s t r u c t u r e  w i t h  a  h i g h e r  c o n t e n t  o f  s t r a n d s  a n d  

p a r t i c l e  i n t e r c o n n e c t i o n s  w a s  e v i d e n t  i n  t u r k e y  g e l s  a s  c o m 

p a r e d  t o  b e e f  o r  p o r k  g e l s .  H o w e v e r ,  m u c h  d e n s e r  s t r u c 
t u r e s  w e r e  o b s e r v e d  i n  c o o k e d  s u r i m i  g e l s  t h a n  i n  g e l s  o f  
t u r k e y ,  b e e f  o r  p o r k .  T h e s e  s u r i m i  g e l s  a l s o  e x h i b i t e d  t h e  
l a r g e s t  v a l u e s  o f  s h e a r  s t r e s s  a n d  t r u e  s h e a r  s t r a i n  a t  f a i l u r e .  
A p p a r e n t l y ,  a  r e l a t i o n s h i p  e x i s t s  b e t w e e n  t h e  s t r u c t u r a l  

f e a t u r e s  o f  g e l s  a s  s h o w n  b y  S E M  a n d  t h e i r  t e x t u r a l  
( m e c h a n i c a l  f a i l u r e )  c h a r a c t e r i s t i c s .

C o m p a r i s o n  o f  r i g i d i t y  ( s h e a r )  m o d u l i

I n  a n  a c c o m p a n y i n g  p a p e r  ( M o n t e j a n o  e t  a l . ,  1 9 8 4 b )  i t  

w a s  o b s e r v e d  t h a t  t h e  i n i t i a l  r i g i d i t y  m o d u l u s  ( G ) ,  d e t e r 
m i n e d  b y  t h e  i n i t i a l  s l o p e  o f  t h e  f o r c e - d e f o r m a t i o n  c u r v e ,  
f r o m  c o m p r e s s i v e  t e s t i n g  o f  n a t i v e  a n d  m o d i f i e d  e g g  w h i t e  
g e l s  w a s  n o t  a  g o o d  i n d i c a t o r  o f  t h e i r  r h e o l o g i c a l  d i f f e r 

e n c e s .  T h e  i n i t i a l  a n d  f i n a l  ( f a i l u r e )  r i g i d i t y  m o d u l i  f r o m  
t o r s i o n a l  t e s t i n g  o f  t h e s e  g e l s ,  h o w e v e r ,  r a n k e d  t h e m  i n  t h e  
s a m e  o r d e r  a s  t h e  f i n a l  G  ( a t  9 0 ° C )  f r o m  T S R M  t e s t i n g .  

H i g h e r  G  v a l u e s  w e r e  o b t a i n e d ,  f o r  a l l  t h e  g e l s ,  f r o m  t o r 
s i o n a l  t e s t i n g  a s  c o m p a r e d  t o  T S R M  e v a l u a t i o n s .  T o  f u r t h e r  

s t u d y  t h e  r e l a t i o n s h i p s  a m o n g  t h e  G  v a l u e s  f r o m  d i f f e r e n t  
t e s t s ,  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  m a t e r i a l s  t e s t e d  i n  t h e  
p r e s e n t  s t u d y  a r e  l i s t e d  i n  T a b l e  4 .  T h e  i n i t i a l  G  f r o m  c o m 
p r e s s i o n  t e s t i n g  r a n k e d  t h e  m a t e r i a l s  i n  a  d i f f e r e n t  o r d e r  
t h a n  a n y  o f  t h e  o t h e r  m e a s u r e m e n t s .  T h e  r e s u l t s  s h o w  a  

p a r t i c u l a r l y  l a r g e  d i s c r e p a n c y  f o r  s u r i m i  g e l s .  T h e  l o w e r  
i n i t i a l  G  v a l u e s  o b t a i n e d  f r o m  c o m p r e s s i o n  t e s t i n g  a s  c o m 
p a r e d  t o  t o r s i o n a l  t e s t i n g  i n d i c a t e d  r e l a t i v e l y  l a r g e r  d e f o r 
m a t i o n s  u p o n  t h e  a p p l i c a t i o n  o f  s m a l l  i n i t i a l  s t r e s s e s .  
C a l z a d a  a n d  P e l e g  ( 1 9 7 8 )  n o t e d  t h a t  m u c h  o f  t h e  i n f o r m a 
t i o n  o b t a i n e d  f r o m  c o m p r e s s i v e  f o r c e - d e f o r m a t i o n  c u r v e s  i s  
l o s t  w h e n  u s i n g  n o r m a l  ( “ a p p a r e n t ” )  c o o r d i n a t e s  ( i . e .  
w i t h o u t  c o r r e c t i o n  f o r  t h e  c h a n g e  i n  g e o m e t r y  d u r i n g  t e s t 
i n g )  s i n c e ,  u s u a l l y ,  a l l  t h e  a p p a r e n t  c u r v e s  h a v e  a  s i m i l a r  
g e n e r a l  s h a p e .  T h u s ,  t h e  u s e  o f  t h e  i n i t i a l  s l o p e  f r o m  c o m 
p r e s s i o n  t e s t i n g  a s  a  m e a s u r e m e n t  o f  r h e o l o g i c a l  c h a r a c t e r 
i s t i c s  o f  h e a t - i n d u c e d  p r o t e i n  g e l s  i s  q u e s t i o n a b l e  ( H e r m a n s -  

s o n ,  1 9 8 2 ;  M o n t e j a n o  e t  a l . ,  1 9 8 4 b ) .
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T able 4 —C om p a riso n  o f  sh ear m o d u li  fro m  d if fe r e n t te s ts  fo r  h eat-  
in d u c e d  m u sc le  g e lsa

Material

Initial Ge 
(Compression) 

kPa

Initial Ge 
(Torsion) 

kPa

G at Failure* 
(Torsion) 

kPa

G @90° C 
from 
TSRM 
kPa

Surimi gel A 15.1 2a 28.00b 27.75b 23.81c
(90°C/15 min.) (4.27) (4.12) (4.93) (1.13)

Turkey gels 26.86a
(3.26)

29.94b
(3.55)

29.12b 
(2.74)

24.61°
(1.32)

Beef gels 16.30a
(2.14)

20.88b
(2.64)

21,40b 
(1.92)

12.20°
(2.13)

Pork gels 16.65a
(1.54)

21,83b 
(3.03)

21.86b
(2.32)

14.11°
(1.01)

a,b,c The same letter superscripts within each material indicated
that the associated  num b e rs  are not s ign if ic an t ly  d iffe ren t (P >  
0 .0 5 ) .

a V a lu e s  given in pa renthesis represent standard  deviations.
® F ro m  in itial s lope  o f fo rce -d e fo rm ation  curves.
' R a t io  o f shear stress/shear strain  at failure.

T h e  G  v a l u e s  f r o m  t o r s i o n a l  t e s t i n g  r a n k e d  t h e  m a t e r i a l s  
i n  t h e  s a m e  o r d e r  a s  t h e  G  v a l u e s  f r o m  T S R M  t e s t i n g .  T h e  

l a t t e r ,  h o w e v e r ,  w e r e  a l w a y s  s m a l l e r .  S i n c e  t o r s i o n a l  t e s t i n g  
e v a l u a t e d  c o o k e d  g e l s  a t  r o o m  t e m p e r a t u r e  w h i l e  t h e  T S R M  
e v a l u a t e d  g e l s  a t  9 0  C ,  i t  i s  v e r y  l i k e l y  t h a t  h y d r o g e n  b o n d 
i n g  f o r m a t i o n  d u r i n g  c o o l i n g  c o n t r i b u t e d  t o  t h e  i n c r e a s e d  G  
v a l u e s  o f  t h e  t o r s i o n  s p e c i m e n s .  N i w a  e t  a l .  ( 1 9 8 2 )  o b s e r v e d  
t h a t  t h e  m o d u l u s  o f  r i g i d i t y  o f  a c t o m y o s i n  g e l s  i n c r e a s e d  

s i g n i f i c a n t l y  u p o n  c o o l i n g .  E l e c t r o s t a t i c  c a p a c i t y  m e a s u r e 
m e n t s ,  c o n d u c t e d  b y  t h e s e  a u t h o r s ,  i n d i c a t e d  t h a t  h y d r o 
g e n  b o n d i n g  w a s  i n v o l v e d  i n  t h e  i n c r e a s e  i n  G  d u r i n g  

c o o l i n g .  I t  i s  i n t e r e s t i n g  t o  n o t i c e ,  h o w e v e r ,  t h a t  b e e f  a n d  
p o r k  g e l s  s h o w e d  r e l a t i v e l y  l a r g e r  d i f f e r e n c e s  b e t w e e n  G  
a t  f a i l u r e  f r o m  t o r s i o n  a n d  G  a t  9 0 ° C  f r o m  T S R M  t e s t i n g  a s  

c o m p a r e d  t o  s u r i m i  a n d  t u r k e y  g e l s .

SUMMARY & CONCLUSIONS
C O N T I N U O U S  E V A L U A T I O N  o f  s h e a r  r i g i d i t y  a n d  e n e r g y  
d a m p i n g  d u r i n g  t h e r m a l  p r o c e s s i n g  o f  s u r i m i ,  b e e f ,  p o r k  
a n d  t u r k e y  p a s t e s  p r o v e d  t o  b e  v e r y  s e n s i t i v e  i n  d e t e c t i n g  
s t r u c t u r a l  t r a n s i t i o n s  d u r i n g  t h e  s o l - g e l  t r a n s f o r m a t i o n .  T h e  
m o d u l u s  o f  r i g i d i t y - t e m p e r a t u r e  a n d  e n e r g y  l o s s - t e m p e r a 
t u r e  p l o t s  f o r  a l l  t h e  m a t e r i a l s  s h o w e d  t h e  s a m e  g e n e r a l  

p a t t e r n s  b u t  m a j o r  t r a n s i t i o n s  o c c u r r e d  a t  l o w e r  t e m p e r a 
t u r e s  i n  s u r i m i  a s  c o m p a r e d  t o  p o r k ,  b e e f  a n d  t u r k e y .  T h e  

f i r s t  r i g i d i t y  p e a k  a t t r i b u t e d  t o  c h a n g e s  i n  t h e  p r o t e i n s  w a s  
l a r g e r  i n  s u r i m i  t h a n  i n  a n y  o f  t h e  o t h e r  m a t e r i a l s ,  p r o b a b l y  
a s  a  r e s u l t  o f  t h e  t y p e  a n d / o r  d e g r e e  o f  p r o t e i n - p r o t e i n  

i n t e r a c t i o n .  T h e  p r o t e i n  t r a n s i t i o n s  r e s p o n s i b l e  f o r  t h e s e  
i n i t i a l  r i g i d i t y  p e a k s  i n  t h e  m a t e r i a l s  s e e m e d  t o  b e  r e l a t e d  
d i r e c t l y  t o  t h e  d e v e l o p m e n t  o f  t h e  e l a s t i c  c h a r a c t e r i s t i c s  o f  
t h e  s t r u c t u r e s .  F u r t h e r  p r o t e i n  t r a n s i t i o n s  a t  h i g h e r  

t e m p e r a t u r e s  w e r e  r e q u i r e d  f o r  f u l l  d e v e l o p m e n t  o f  t h e  
r i g i d i t y  i n  t h e s e  m a t e r i a l s .  A  s t e e p  d e c r e a s e  i n  e n e r g y  l o s s  
( i . e .  i n c r e a s e  i n  e l a s t i c i t y )  o b s e r v e d  i n  a l l  t h e  p a s t e s ,  o c 
c u r r e d  o v e r  a  s h o r t e r  t e m p e r t u r e  s p a n  t h a n  t h e  m o s t  
p r o n o u n c e d  i n c r e a s e  i n  r i g i d i t y .  T h u s ,  i t  a p p e a r s  t h a t  o n c e  
a n  e l a s t i c  p r o t e i n  m a t r i x  i s  f o r m e d ,  f u r t h e r  t h e r m a l  p r o c e s 
s i n g  h a s  o n l y  a  s m a l l  e f f e c t  u p o n  e l a s t i c i t y  b u t  a  l a r g e  e f f e c t  
o n  t h e  i n c r e a s e  o f  t h e  r i g i d i t y  ( s t i f f n e s s )  o f  t h e  s t r u c t u r e .  

L i m i t e d  D S C  s t u d i e s  o f  b e e f  p a s t e s  s h o w e d  t r a n s i t i o n s  a t  
a b o u t  t h e  s a m e  t e m p e r a t u r e s  a s  t h e  s c a n n i n g  r i g i d i t y  
e v a l u a t i o n .

F u n d a m e n t a l  s t r u c t u r a l  f a i l u r e  t e s t i n g  o f  h e a t - i n d u c e d  
g e l s  p r e p a r e d  f r o m  s u r i m i  ( t h r e e  d i f f e r e n t  h e a t  t r e a t m e n t s ) ,  
b e e f ,  p o r k  a n d  t u r k e y  s h o w e d  t h a t  u n i a x i a l  c o m p r e s s i o n  
f a i l u r e  t e s t s  a n d  t o r s i o n  f a i l u r e  t e s t s  y i e l d e d  r e s u l t s  t h a t

w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  w h e n  c o m p r e s s i o n  s p e c i m e n  
d e f o r m a t i o n  d i d  n o t  e x c e e d  a b o u t  8 0 %  o f  t h e  o r i g i n a l  
l e n g t h .  T o r s i o n  f a i l u r e  t e s t s  p r e s e n t e d  t h e  a d v a n t a g e  o f  p r o 
d u c i n g  f a i l u r e  i n  a l l  t h e  g e l  p r e p a r a t i o n s .  T o r q u e - a n g l e  o f  
t w i s t  c u r v e s  w e r e  a p p r o x i m a t e l y  l i n e a r  t o  f a i l u r e  f o r  a l l  t h e  

g e l s  t e s t e d  i n  t h i s  s t u d y  i n d i c a t i n g  t h a t  t h e y  w e r e  n e a r l y  

e l a s t i c  m a t e r i a l s .  T o r s i o n  f a i l u r e  p a r a m e t e r s  p r o v i d e d  a  
q u a n t i f i c a t i o n  o f  b o t h  t h e  s t r u c t u r a l  s t r e n g t h  ( s h e a r  s t r e s s )  
a n d  d e f o r m a b i l i t y  ( t r u e  s h e a r  s t r a i n )  o f  t h e  g e l  p r e p a r a 
t i o n s .  T h e  i n i t i a l  s l o p e  o f  t h e  f o r c e - d e f o r m a t i o n  c u r v e  f r o m  
c o m p r e s s i v e  t e s t i n g  i s  n o t  a  r e l i a b l e  i n d i c a t o r  o f  g e l  s t r e n g t h .  

M o d u l u s  o f  r i g i d i t y  v a l u e s  f r o m  T S R M  ( 9 0 ° C )  a n d  t o r s i o n a l  
t e s t i n g  ( r o o m  t e m p e r a t u r e )  r a n k e d  t h e  g e l s  i n  t h e  s a m e  
o r d e r  o f  s t i f f n e s s .  S E M  m i c r o g r a p h s  s h o w e d  l a r g e  d i f f e r 
e n c e s  i n  d e n s e n e s s  a n d  n u m b e r  o f  j u n c t i o n s  a m o n g  t h e  

h e a t - s e t  g e l s  e v a l u a t e d  i n  t h e  p r e s e n t  s t u d y . -

I t  i s  e x p e c t e d  t h a t  t h e  m e t h o d o l o g y  p r e s e n t e d  h e r e  c a n  
a l s o  b e  e m p l o y e d  i n  t h e  q u a n t i f i c a t i o n  o f  t h e r m a l l y - i n 

d u c e d  g e l a t i o n  o f  a  l a r g e  v a r i e t y  o f  m a t e r i a l s  a n d  t o  s t u d y  
t h e  i n f l u e n c e  o f  v a r i o u s  f a c t o r s ,  s u c h  a s  p H ,  s a l t s ,  i o n s ,  

p r o t e i n  c o n c e n t r a t i o n ,  e t c .  P r e s e n t  s t u d i e s  i n  o u r  l a b o r a t o r y  
i n c l u d e  t h e  e f f e c t  o f  s t a r c h e s  a n d  a d d i t i v e  c h e m i c a l  c o m 
p o u n d s  o n  f i s h  p r o t e i n  s y s t e m s  ( W u ,  1 9 8 4 ) ,  c h e m i c a l  
m o d i f i c a t i o n  o f  g l o b u l a r  p r o t e i n s  ( M o n t e j a n o  e t  a l . ,  1 9 8 4 b ) ,  
v a r i a b l e  s a l t  c o n t e n t  i n  f i s h  p r o t e i n  s y s t e m s  ( B u r g a r e l l a ,  
1 9 8 3 ) ,  r i g i d i t y  a c t i v a t i o n  e n e r g i e s  d u r i n g  t h e r m a l  p r o c e s s i n g  

o f  v a r i o u s  m u s c l e  p r o t e i n  s o l s  ( M o n t e j a n o  e t  a l . ,  1 9 8 4 c ) ,  
a n d  e f f e c t s  o f  v a r i o u s  t y p e s  o f  p h o s p h a t e s  o n  t h e r m a l l y  
i n d u c e d  g e l a t i o n  a n d  f i n a l  s t r e n g t h  o f  f i s h  m u s c l e  p r o t e i n  

g e l s  ( M o n t e j a n o ,  1 9 8 4 ) .
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S e m i a u t o m a t e d  M e t h o d  f o r  t h e  A n a l y s i s  

o f  P S P  T o x i n s  i n  S h e l l f i s h

J. JONAS-DAVIES, J. J. SULLIVAN, L. L. KENTALA,
J. LISTON, W. T. IWAOKA, and L. WU

---------------------------- ABSTRACT----------------------------
T h e  m e t h o d  u s e s  a n  a u t o a n a l y z e r  c o n t i n u o u s  f l o w  r e a c t i o n  s y s t e m  
t o  o x i d i z e  t o x i n  i n  s t a n d a r d  a c i d  e x t r a c t s  o f  s h e l l f i s h ,  p r e p a r e d  f o r  
m o u s e  b i o a s s a y ,  t o  d e r i v a t i v e s  w h i c h  a r e  d e t e c t e d  b y  f l u o r e s c e n c e .  
O x i d a t i o n  is b y  p e r i o d i c  a c i d  u n d e r  a l k a l i n e  ( N H 4 O H )  c o n d i t i o n s  
a n d  is f o l l o w e d  b y  a c i d i f i c a t i o n  b y  a c e t i c  a c id .  C o n c e n t r a t i o n s  o f  
10  M g/1 0 0 g  t o x i n  a n d  a b o v e  c a n  b e  m e a s u r e d  w i t h  g o o d  r e p r o d u c i 
b i l i t y  a n d  a c c u r a c y :  c o e f f i c i e n t  o f  v a r i a t i o n  w a s  9 . 5 %  f o r  s a m p l e s  
w i t h  6 0  p g / l O O g  o r  g r e a t e r .  C o r r e l a t i o n  w i t h  t h e  m o u s e  b i o a s s a y  
w a s  0 . 8 2  f o r  2 0 4  s a m p l e s  ( t o x i n f r o m  0 - 2 0 0 0  M g /1 0 0 g ) .  T h e  m e t h o d  
is p r o p o s e d  t o  s c r e e n  s h e l l f i s h  s a m p l e s  f o r  P S P  t o x i n s  w i t h  o n l y  
s a m p l e s  f a l l i n g  i n t o  t h e  r a n g e  6 0 - 2 5 0  M g/lO O g b e i n g  s u b j e c t  t o  t h e  
m o r e  t e d i o u s  a n d  e x p e n s i v e  m o u s e  b i o a s s a y .

INTRODUCTION
P A R A L Y T I C  S H E L L F I S H  P O I S O N I N G  ( P S P )  i s  a  p e r s i s 
t e n t  p r o b l e m  i n  m a n y  o f  t h e  n o r t h e r n  c o a s t a l  a r e a s  o f  t h e  

w o r l d  i n v o l v i n g  t h e  s p o r a d i c  o c c u r r e n c e  o f  h i g h l y  t o x i c  
b i v a l v e  m o l l u s c s  d u r i n g  t h e  s u m m e r  m o n t h s .  S h e l l f i s h  b e 

c o m e  t o x i c  a f t e r  f e e d i n g  o n  d i n o f l a g e l l a t e s  o f  t h e  g e n u s  
G o n y a u l a x ,  t h e  p r i m a r y  p r o d u c e r s  o f  a  n u m b e r  o f  p o t e n t  
n e u r o t o x i n s  ( S u l l i v a n  a n d  I w a o k a ,  1 9 8 3 ) .  P r o g r a m s  h a v e  
b e e n  e s t a b l i s h e d  i n  m a n y  a r e a s  a f f e c t e d  b y  P S P  t o  m o n i t o r  
s h e l l f i s h  t o x i c i t y  l e v e l s  a n d  t h e  l i m i t  a t  w h i c h  a  s h e l l f i s h  
b e d  i s  c l o s e d  i s  s e t  a t  8 0  jug  o f  t o x i n  p e r  l O O g  o f  s h e l l f i s h  
m e a t .  C u r r e n t l y ,  t e s t i n g  f o r  t h e  p r e s e n c e  o f  t h e  P S P  t o x i n s  
i s  p e r f o r m e d  b y  t h e  s t a n d a r d  m o u s e  b i o a s s a y  ( A O A C ,

1 9 8 0 ) .  D u e  t o  p r o b l e m s  i n h e r e n t  i n  t h i s  a s s a y ,  i n c l u d i n g  
t i m e ,  e x p e n s e  a n d  a  v a r i a t i o n  o f  ± 2 0 %  ( S h i m i z u  a n d  R a g e l i s ,
1 9 7 9 ) ,  t h e r e  i s  a  n e e d  f o r  m o r e  r a p i d  a n d  a c c u r a t e  a s s a y  

t e c h n i q u e s .
A  n u m b e r  o f  a l t e r n a t i v e  a s s a y  p r o c e d u r e s  h a v e  b e e n  

d e v e l o p e d  w i t h  t h e  m o s t  s e n s i t i v e  b e i n g  t h e  B a t e s  a n d  
R a p o p o r t  ( 1 9 7 5 )  f l u o r o m e t r i c  t e c h n i q u e .  T h i s  a s s a y  is  
b a s e d  o n  a l k a l i n e  o x i d a t i o n  o f  t h e  P S P  t o x i n s  t o  f l u o r e s c e n t  
d e r i v a t i v e s .  T h e  m e t h o d  h a s  b e e n  a d a p t e d  a s  a  d e t e c t i o n  
m e t h o d  i n  l i q u i d  c o l u m n  c h r o m a t o g r a p h y  b y  B u c k l e y  
e t  a l .  ( 1 9 7 8 )  a n d  i n  h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g 
r a p h y  ( H P L C )  b y  S u l l i v a n  a n d  I w a o k a  ( 1 9 8 3 ) .  A  c o m p a r a 

t i v e  s t u d y  w a s  m a d e  b e t w e e n  t h e  H P L C  a n d  m o u s e  b i o a s s a y  

m e t h o d s  ( S u l l i v a n  e t  a l . ,  1 9 8 3 a )  a n d ,  b a s e d  o n  t h i s ,  i m 
p r o v e m e n t s  t o  t h e  s y s t e m  h a v e  b e e n  r e p o r t e d  ( S u l l i v a n  a n d  
W e k e l l ,  1 9 8 4 ) .

F o l l o w i n g  t h e  d e v e l o p m e n t  o f  t h e  H P L C  a s s a y  f o r  t h e  
P S P  t o x i n s ,  i t  b e c a m e  a p p a r e n t  t h a t  t h e  r e a c t i o n  m a n i f o l d  
a p p a r a t u s  u s e d  i n  t h i s  t e c h n i q u e  w a s  w e l l  s u i t e d  f o r  a n  
a u t o a n a l y z e r  s y s t e m .  T h i s  c a n  b e  a c c o m p l i s h e d  b y  r e p l a c i n g  
t h e  H P L C  p u m p ,  i n j e c t o r  a n d  c o l u m n  w i t h  a n  a u t o  s a m p l e r .

A u th o r s  Jonas-D avies, L is to n , a n d  Wu are a f f ilia te d  w ith  th e In sti
tu te  fo r F o o d  S c ien ce  a n d  T ech n o lo g y , C ollege o f  O cean a n d  
F ish ery  S c ien ces, U niv. o f  W ash in g ton , S e a tt le , W A 9 8 1 9 5 . A u th o r  
S u llivan  is a f f ilia te d  w ith  th e  S e a fo o d  P ro d u c ts  R esearch  C en ter,
U.S. F o o d  81 D rug A d m in is tra tio n , S e a tt le , W A 9 8 1 7 4 . A u th o r  
K en ta la  is a f f ilia te d  w ith  th e  D ep t, o f  S o c ia l & H ealth  Serv ices, 
S ta te  o f  W ash ington , S e a ttle , W A 9 8 1 0 4 . A u th o r  Iw aoka , fo rm er ly  
w ith  th e  Univ. o f  W ash in g ton , is n o w  w ith  th e  S ta te  D ep t, o f  H ealth , 
L a b o ra to r ie s  B ranch, H on o lu lu , HI 9 6 1 8 3 .

T h e  f l u o r e s c e n c e  r e s p o n s e  i n  t h e  a u t o a n a l y z e r  s y s t e m  is  
t h e r e f o r e  r e p r e s e n t a t i v e  o f  t h e  t o t a l  t o x i n  c o n t e n t  i n  t h e  

s a m p l e ,  r e g a r d l e s s  o f  w h i c h  t o x i n s  a r e  p r e s e n t .  A n  a u t o 
m a t e d  s y s t e m  h a s  s e v e r a l  a d v a n t a g e s  o v e r  a  b i o a s s a y ,  i n c l u d 

i n g  s p e e d ,  e c o n o m y  a n d  r e p r o d u c i b i l i t y .  T h e  o b j e c t  o f  t h e  
w o r k  d e s c r i b e d  i n  t h i s  p a p e r  w a s  t h e  d e v e l o p m e n t  o f  t h e  

a u t o a n a l y z e r  s y s t e m .  T h e  s y s t e m  w a s  t e s t e d  w i t h  a  s t u d y  
c o n d u c t e d  t o  c o m p a r e  t h e  r e s u l t s  o f  t h e  a u t o a n a l y z e r  w i t h  
t h e  s t a n d a r d  m o u s e  b i o a s s a y  f o r  s h e l l f i s h  s a m p l e s  r e p r e s e n t 

i n g  a  v a r i e t y  o f  s p e c i e s .

MATERIALS & METHODS

S a m p l e  p r e p a r a t i o n  a n d  m o u s e  b i o a s s a y s

S h e l l f i s h  s a m p l e s  w e r e  c o l l e c t e d  a t  v a r i o u s  l o c a t i o n s  a r o u n d  
P u g e t  S o u n d ,  W a s h i n g t o n ,  c h i l l e d  o n  ic e ,  t r a n s p o r t e d  t o  t h e  l a b o r a 
t o r y  a n d  e x t r a c t e d  a c c o r d i n g  t o  t h e  m e t h o d s  d e s c r i b e d  i n  t h e  A O A C
( 1 9 8 0 ) .  A  p o r t i o n  o f  t h e  s u p e r n a t e  w a s  t e s t e d  f o r  t o x i c i t y  b y  t h e  
m o u s e  b i o a s s a y  u s i n g  1 9 - 2 l g  S w is s  W e b s t e r  m i c e .  A  s e c o n d  a l i q u o t  
o f  t h e  s u p e r n a t e  w a s  s t o r e d  f r o z e n  f o r  p e r i o d s  r a n g i n g  f r o m  1 w k  t o  
1 m o n t h  a n d  t e s t e d  f o r  t o t a l  t o x i n  c o n t e n t  b y  t h e  a u t o a n a l y z e r  
m e t h o d .

T o  p r e p a r e  s a m p l e s  f o r  t h e  a u t o a n a l y z e r ,  t h e  s h e l l f i s h  a c i d  
h o m o g e n a t e s  w e r e  c e n t r i f u g e d  f o r  5 m i n  a t  3 0 0 0  r p m ,  a  p o r t i o n  o f  
t h e  s u p e r n a t e  m i x e d  1:1  w i t h  a b s o l u t e  m e t h a n o l ,  c h i l l e d  o v e r n i g h t  
a n d  c e n t r i f u g e d  f o r  5 m i n  a t  3 0 0 0  r p m .  A l i q u o t s  o f  t h e  s u p e r -  
n a t e s  w e r e  d i l u t e d  1 : 1 0 0  w i t h  0 . 0 1 N  a c e t i c  a c i d ,  f i l t e r e d  t h r o u g h  
0 . 4 5  g m  f i l t e r s  ( M i l l i p o r e ,  T y p e  H A )  a n d  p l a c e d  i n  a u t o a n a l v z e r  
c u p s  f o r  a n a l y s i s .

A p p a r a t u s  a n d  r e a g e n t s

T h e  a u t o a n a l y z e r  is b a s e d  o n  a n  a p p a r a t u s  d e v e l o p e d  f o r  t h e  
H P L C  t e c h n i q u e  d e s c r i b e d  b y  S u l l i v a n  a n d  I w a o k a  ( 1 9 8 3 )  ( f l o w  
d i a g r a m  is i l l u s t r a t e d  i n  F ig .  1) . T h e  m a j o r  e q u i p m e n t  c o n s i s t s  o f  
a  S a m p l e r  I I  a n d  p r o p o r t i o n i n g  p u m p  ( T e c h n i c o n  I n d u s t r i a l  S y s t e m s ,  
T a r r y t o w n ,  N Y ) ,  s p e c t r o f l u o r o m e t e r  ( M P F - 2 A ,  P e r k i n  E l m e r  C o r p . ,  
N o r w a l k ,  C T )  a n d  r e c o r d e r  ( O m n i s c r i b e ,  F i s h e r  S c i e n t i f i c ) .  T h e  
r e a c t i o n  m a n i f o l d  c o n s i s t s  o f  s t a n d a r d  T e c h n i c o n  A u t o a n a l y z e r  
p u m p  t u b i n g  w i t h  f a b r i c a t e d  p u l s e  d a m p e n e r s ,  t e e s  a n d  a  r e a c t i o n  
c o i l .  T h e  p u l s e  d a m p e n e r s  a r e  1 m L  g la ss  v ia ls  t o  w h i c h  1 / 1 6  i n c h  
s t a i n l e s s  s t e e l  ( s s)  t u b i n g  h a d  b e e n  f a s t e n e d  w i t h  e p o x y  c e m e n t .  
L o w  v o l u m e  m i x i n g  t e e s  w e r e  c o n s t r u c t e d  f r o m  a  1 / 2  i n c h  t h i c k  
p l e x i g l a s s  b l o c k  a n d  ss t u b i n g :  t h e  r e a c t i o n  c o i l  c o n s i s t s  o f  a  T e f l o n  
c a p i l l a r y  t u b e  ( 0 . 5 6  m m  x 4 . 9  m )  s u b m e r g e d  in  a  7 5 ° C  w a t e r  b a t h .

R e a g e n t s  f o r  t h e  a u t o a n a l y z e r  w e r e  p r e p a r e d  in  d i s t i l l e d  w a t e r  
a n d  c o n s i s t e d  o f  p e r i o d i c  a c i d  ( 5 . 0  m M ) ,  a m m o n i u m  h y d r o x i d e  (1 . 5  
M )  a n d  a c e t i c  a c i d  ( 5 . 5 M ) .  T h e  f l u o r e s c e n c e  o f  t h e  o x i d i z e d  t o x i n s  
w a s  m e a s u r e d  w i t h  t h e  s p e c t r o f l u o r o m e t e r  s e t  a t  e x c i t a t i o n  a n d  e m i s 
s io n  w a v e l e n g t h s  o f  3 4 0  a n d  3 8 8  n m ,  r e s p e c t i v e l y .  S l i t  w i d t h s  ( 2 0 -  
3 0  n m )  a n d  d e t e c t o r  s e t t i n g s  w e r e  u s e d  w h i c h  m a x i m i z e d  s e n s i t i v i t y .  
P e a k  h e i g h t s  w e r e  m e a s u r e d  a n d  u s e d  i n  a ll  c a l c u l a t i o n s .

S t a n d a r d s  a n d  c a l c u l a t i o n s

A  g r o u p  o f  f i v e  s a x i t o x i n  ( S T X )  s t a n d a r d s  ( 2 . 5 - 4 0  n g / g )  ( d i l u t e d  
f r o m  S T X  o b t a i n e d  f r o m  t h e  F o o d  &  D r u g  A d m i n i s t r a t i o n ,  C i n c i n 
n a t i ,  O H )  w a s  r u n  w i t h  e a c h  s e t  o f  s a m p l e s  t o  p r e p a r e  c a l i b r a t i o n  
c u r v e s .  D u r i n g  a  r u n ,  s a m p l e s  w e r e  a n a l y z e d  i n  d u p l i c a t e  b o t h  w i t h  
a n d  w i t h o u t  t h e  p e r i o d i c  a c i d  r e a g e n t  ( r e p l a c e d  w i t h  w a t e r ) .  S u b s t i 
t u t i n g  w a t e r  f o r  t h e  p e r i o d i c  a c i d  a l l o w e d  d e t e r m i n a t i o n  o f  b a c k 
g r o u n d  f l u o r e s c e n c e  ( m e a s u r e d  a s  p e a k  h e i g h t )  w h i c h  w a s  s u b t r a c t e d  
f r o m  t h e  t o t a l  a v e r a g e  f l u o r e s c e n c e  ( m e a s u r e d  a s  p e a k  h e i g h t )  f o r  
t h e  r u n s  w i t h  p e r i o d i c  a c i d .  T h e  t o x i n  c o n c e n t r a t i o n  o f  t h e  e x t r a c t  
( a s  S T X )  w a s  m u l t i p l i e d  b y  n e c e s s a r y  d i l u t i o n  f a c t o r s  a n d  f i n a l
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t o x i c i t y  w a s  e x p r e s s e d  in  g g  o f  s a x i t o x i n  p e r  lO O g  o f  s h e l l f i s h  t i s s u e .
R e s u l t s  f r o m  t h e  m o u s e  b i o a s s a y  a n d  a u t o a n a l y z e r  t e c h n i q u e s  

w e r e  c o m p a r e d  u s i n g  P e a r s o n ’s c o r r e l a t i o n  c o e f f i c i e n t  a n d  l i n e a r  
r e g r e s s i o n  ( Z a r ,  1 9 7 4 ) .  T h e  d a t a  w e r e  a s s i g n e d  t o  t h r e e  g r o u p s ;  l o w  
( < 6 1  M g /1 0 0 g ) ,  m e d i u m  ( 6 1 - 2 5 0  p g / l O O g )  a n d  h i g h  ( > 2 5 0  j u g /1 0 0 g ) ,  
a c c o r d i n g  t o  t o x i c i t i e s  o b t a i n e d  f r o m  t h e  a u t o a n a l y z e r .  T h e  m e a n  o f  
t h e  d i f f e r e n c e s  f o r  e a c h  g r o u p  w a s  c a l c u l a t e d  b y :

r ( A A - M B A )

n

w h e r e  ( A A - M B A )  is t h e  d i f f e r e n c e  b e t w e e n  t h e  a u t o a n a l y z e r  
r e s u l t s  ( A A )  a n d  t h e  m o u s e  b i o a s s a y  r e s u l t s  ( M B A )  f o r  a  s in g le  
s a m p l e  a n d  ( n )  is t h e  t o t a l  n u m b e r  o f  s a m p l e s  f o r  t h a t  g r o u p .

T o  d e t e r m i n e  t h e  p r e c i s i o n  o f  t h e  a u t o a n a l y z e r  m e t h o d ,  a n a l y s i s  
o f  a  r a n d o m  g r o u p  o f  s a m p l e s  w a s  r e p e a t e d  f o u r  t i m e s  o v e r  a  p e r i o d  
o f  1 w k .  T h e  s a m p l e s  w e r e  k e p t  f r o z e n  u n t i l  u s e  a n d  e a c h  d a y  
t h a w e d  a n d  p r e p a r e d  a s  p r e v i o u s l y  d e s c r i b e d .  T h e r e  w a s  n o  i n d i c a 
t i o n  o f  c h a n g e  in  t o x i n  c o n t e n t  o v e r  t i m e .  T h e  r e s u l t s  o f  t h e s e  r e p e 
t i t i o n s  w e r e  u s e d  t o  c a l c u l a t e  a n  a v e r a g e  c o e f f i c i e n t  o f  v a r i a t i o n  ( t h e  
s t a n d a r d  d e v i a t i o n  as  a  p e r c e n t  o f  t h e  m e a n ) .

T h e  r e l a t i v e  i n t e n s i t y  o f  f l u o r e s c e n c e  o f  t h e  i n d i v i d u a l  P S P  
t o x i n s  w a s  d e t e r m i n e d  b y  p r e p a r i n g  e q u i m o l a r  s o l u t i o n s  o f  e a c h  
t o x i n  in  0 . 0 3 N  H O A C  a n d  t e s t i n g  e a c h  t o x i n  s o l u t i o n  o n  t h e  a u t o 
a n a l y z e r .  R e s u l t i n g  p e a k  h e i g h t s  w e r e  c o m p a r e d  a n d  a s s i g n e d  re l a 
t iv e  v a lu e s ,  w i t h  s a x i t o x i n  u s e d  a s  t h e  b a s i s  f o r  c o m p a r i s o n .

RESULTS

Autoanalyzer system

A  t y p i c a l  c h a r t  r e c o r d i n g  f o r  a  s e t  o f  s t a n d a r d s  a n d  s a m 
p l e s  i s  i l l u s t r a t e d  i n  F i g .  2 .  T h e  S T X  s t a n d a r d s  ( 2 . 5 - 4 0 n g / g )  
p r o d u c e d  a  l i n e a r  c a l i b r a t i o n  c u r v e  a n d  t h e  b l a n k  r u n  ( w i t h 

o u t  p e r i o d i c  a c i d )  e x h i b i t e d  n o  r e s p o n s e  f o r  t h e  s t a n d a r d s .  
T h e  b a c k g r o u n d  f l u o r e s c e n c e  v a r i e d  s l i g h t l y  f r o m  s a m p l e  t o  

s a m p l e .  T h e  n o i s e  t o  p e a k  h e i g h t  r a t i o  g i v e s  a  l o w e r  l i m i t  o f  
t o x i n  d e t e r m i n a t i o n  o f  1 0  j u g / l O O g .

R e p r o d u c i b i l i t y  o f  t h e  a u t o a n a l y z e r  m e t h o d  w a s  d e t e r 

m i n e d  b y  c a l c u l a t i n g  t h e  C o e f f i c i e n t  o f  V a r i a t i o n  ( C V )  f o r  
a  r e p e a t e d  g r o u p  o f  r a n d o m l y  c h o s e n  s a m p l e s .  O f  t h e  1 8  
s a m p l e s  a n a l y z e d ,  t w o  w e r e  r e p e a t e d l y  f o u n d  t o  b e  N T D  

( n o  t o x i n  d e t e c t a b l e  — u n d e r  1 0  / i g / 1 0 0 g ) .  F i v e  s a m p l e s  
b e t w e e n  1 0  a n d  6 0  / r g / 1 0 0 g  y i e l d e d  a n  a v e r a g e  C V  o f  

2 9 . 5 % ,  w i t h  a  r a n g e  o f  1 9 . 4 - 3 4 . 1 % .  F i v e  s a m p l e s  f e l l  i n  t h e  
m o d e r a t e  r a n g e  o f  6 0 - 2 5 0  j u g / l O O g ,  a n d  s h o w e d  a n  a v e r a g e  

C V  o f  1 4 . 1 % ,  w i t h  a  r a n g e  o f  9 . 8 - 1 5 . 8 % .  F o r  t h e  s i x

s a m p l e s  o v e r  2 5 0  ¡Jtg / l O O g ,  t h e  a v e r a g e  C V  w a s  5 . 7 %  a n d  

t h e  r a n g e  w a s  3 . 8 - 1 0 . 2 % .  T h e  m e a n  t o x i c i t i e s  o f  t h e  s a m p l e s  
v a r i e d  f r o m  N T D  t o  1 3 0 2  / u g / 1 0 0 g  w h i l e  t h e  s t a n d a r d  d e v i a 

t i o n s  r a n g e d  f r o m  1 0 . 2  ( l o w  s a m p l e s )  t o  5 5 . 2  ( h i g h  s a m p l e s ) .  
B e c a u s e  s a m p l e s  a n d  s t a n d a r d s  w e r e  p r e p a r e d  f r e s h  b e f o r e  
e a c h  r u n ,  t h e s e  m e a s u r e s  i n c l u d e  a l l  p o t e n t i a l  s o u r c e s  o f  
v a r i a t i o n  ( s t o r a g e ,  p r e p a r a t i o n ,  h a n d l i n g ,  a n d  e q u i p m e n t ) .

Fig. 2 —C hart reco rd in g  o f  s a x ito x in  s ta n d a rd s  a n d  16  shellfish  
sa m p les . U p p e r  trace: o x id iz e d  w ith  p e r io d ic  ac id ; lo w e r  trace: (th e  
b la n k  run) sam e sa m p les w ith o u t p e r io d ic  acid . The f ir s t co lu m n  o f  
figures l is ts  a c tu a l co n c e n tra tio n  (as S T X ) in  final d ilu tio n  a n d  
s e c o n d  co lu m n  is ca lc u la te d  to x ic i ty  o f  sh e llfish  tissue.

Fig. 7—F lo w  d iagram  o f  PSP a u to a n a ly ze r  
s y s te m . F lo w  ra te s  are in d ica ted , a long  
w ith  th e  c o rre sp o n d in g  c o lo r  co d in g  fo r  
T ech n icon  a u to a n a ly ze r  tubing. D eta ils  
o f  rea c tio n  c o n d itio n s  are in  th e  t e x t  
(S:W -Sam ple:W ash  ra tio : D /B -D ebu b-
b ler).

S a m p le r  II 

30/hr (1:2. S:W)

W a s te
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PSP AUTOANALYZER . . .

C o m p a r a t i v e  s t u d y

T h e  r e s u l t s  f o r  t h e  c o m p a r a t i v e  s t u d y  b e t w e e n  t h e  a u t o 
a n a l y z e r  a n d  m o u s e  b i o a s s a y  a r e  p r e s e n t e d  i n  T a b l e  1 .  F o r  

p u r p o s e s  o f  s t a t i s t i c a l  a n a l y s i s ,  a l l  v a l u e s  l i s t e d  a s  N T D  ( n o  
t o x i n  d e t e c t a b l e )  f o r  t h e  m o u s e  b i o a s s a y  w e r e  c o n v e r t e d  t o  
4 0  / u g / 1 0 0 g ,  t h e  v a l u e  c o n s i d e r e d  t o  b e  t h e  l o w e r  l e v e l  o f  
d e t e c t i o n  f o r  t h e  m o u s e  b i o a s s a y .  S i m i l a r l y ,  a l l  v a l u e s  f r o m  
t h e  a u t o a n a l y z e r  w h i c h  w e r e  c a l c u l a t e d  t o  b e  b e l o w  4 0  / r g /  
l O O g  w e r e  c o n v e r t e d  t o  4 0 / U g / 1 0 0 g  d u r i n g  s t a t i s t i c a l  a n a l y 
s i s .  T h e  4 9  s a m p l e s  w h i c h  w e r e  s h o w n  t o  b e  a t  o r  b e l o w  4 0  
/ i g / 1 0 0 g  b y  b o t h  t h e  a u t o a n a l y z e r  a n d  t h e  m o u s e  b i o a s s a y  
w e r e  o m i t t e d  f r o m  T a b l e  1 ,  a l t h o u g h  t h e y  w e r e  i n c l u d e d  i n  

a l l  c a l c u l a t i o n s .
I n  a d d i t i o n  t o  T a b l e  1, r e s u l t s  f o r  t h o s e  s a m p l e s  o v e r  4 0  

Idg / l O O g  a r e  p r e s e n t e d  i n  a  s c a t t e r  d i a g r a m  i n  F i g .  3 .  T h e  
r e g r e s s i o n  l i n e  s h o w s  a  s l i g h t  s h i f t  i n  t h e  d i r e c t i o n  o f  t h e  
a u t o a n a l y z e r ,  i n d i c a t i n g  h i g h e r  t h a n  e x p e c t e d  r e s u l t s  f r o m

T able 1—T o x ic ity  o f  sh e llfish  as d e te r m in e d  b y  a u to a n a ly ze r  (A A )  
a n d  m o u se  b io a ssa y  {M B A ) in  t±g S T X /IO O g  tissue

AA MBA AA MBA AA MBA AA MBA

10 50 120 NTD 250 270 510 340
40 50 120 150 260 NTD 520 1200
40 50 130 80 260 130 530 440
40 50 130 40 260 450 550 230
50 NTDa 130 50 270 260 550 550
50 NTD 130 70 280 110 560 120
50 NTD 130 70 290 280 570 380
50 NTD 130 100 300 100 600 400
50 NTD 130 100 330 200 640 520
50 50 130 130 340 40 650 490
50 180 140 NTD 340 80 660 760
50 NTD 140 40 340 310 670 750
50 40 140 70 350 400 690 940
50 60 140 50 350 110 690 540
60 NTD 140 60 360 370 710 510
60 NTD 150 NTD 370 170 720 440
60 NTD 150 NTD 370 190 730 140
60 40 150 120 370 240 770 440
70 NTD 160 100 370 80 780 460
70 NTD 160 40 380 130 780 780
80 NTD 160 220 390 180 800 500
80 NTD 160 470 400 NTD 800 630
80 60 170 90 400 240 820 210
80 NTD 170 50 410 240 890 590
80 NTD 180 50 430 NTD 910 440
80 NTD 180 80 430 260 910 440
80 50 180 230 440 100 970 390
90 NTD 190 50 440 70 980 1050
90 NTD 190 70 450 300 1040 1530
90 40 200 120 450 440 1190 2140
90 50 200 130 450 540 1220 860
90 120 200 100 450 610 1330 970

100 40 210 260 460 210 2030 1140
100 50 220 140 460 450
100 110 220 110 470 320
110 80 220 130 490 430
110 NTD 250 50 500 370
110 60 250 260 500 400

a N T D  -= N o  to x in  detectab le

T able 2 -M ea n  o f  th e  d iffe ren ces  b e tw e e n  a u to a n a ly ze r  a n d  m o u se
b io a ssa y

95% Confidence
Group'a (n) Mean Std Dev interval

Low (71) -0.6 17.2 —4.8 to 3.8
Medium (54) 49.5 68.3 32.0 to 67.0
High (73) 158.3 273.0 92.7 to 223.8

Total (204) 69.1 177.0 44.7 to 93.4

3 L o w  = < 6 0  M 9/100g; M e d iu m = 6 0 -2 5 0 MQ/lOOg; High = > 2 5 0
p g / 1 0 0 g

t h e  a n a l y s i s  b y  t h i s  m e t h o d .  T h e  a m o u n t  a n d  d i r e c t i o n  o f  
t h e  d e v i a t i o n  o f  a u t o a n a l y z e r  r e s u l t s ,  f r o m  t h o s e  o f  t h e  
m o u s e  b i o a s s a y  i s  f u r t h e r  i n d i c a t e d  b y  d i v i d i n g  t h e  d a t a  
i n t o  g r o u p s ,  b a s e d  o n  t h e  a u t o a n a l y z e r  r e s u l t s ,  a n d  c a l c u 
l a t i n g  t h e  m e a n  o f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  t w o  a s s a y s  
( T a b l e  2 ) .  F o r  v a l u e s  u n d e r  6 0  j u g / 1  O O g ( a s  m e a s u r e d  b y  t h e  
a u t o a n a l y z e r )  a t  t h e  9 5 %  c o n f i d e n c e  l e v e l  t h e r e  w a s  n o  s i g 
n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  a u t o a n a l y z e r  a n d  t h e  m o u s e  

b i o a s s a y .  T h e r e  w a s  a  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  
t w o  m e t h o d s  a t  h i g h e r  l e v e l s  o f  t o x i c i t y  a n d  t h i s  d i f f e r e n c e  
i n c r e a s e d  a s  t h e  t o x i n  l e v e l  i n c r e a s e d .

P a s t  s t u d i e s  h a v e  s h o w n  d i f f e r e n c e s  i n  t h e  t y p e s  o f  t o x i n s  
p r e s e n t  i n  v a r i o u s  s p e c i e s  o f  s h e l l f i s h  i n  t h e  P u g e t  S o u n d  
a r e a  ( S u l l i v a n ,  1 9 8 2 ) .  T o  d e t e r m i n e  w h e t h e r  t h e s e  d i f f e r i n g  

t o x i n  p r o f i l e s  w e r e  a f f e c t i n g  t h e  c o m p a r i s o n  b e t w e e n  t h e  

t w o  m e t h o d s ,  a  P e a r s o n ’s  c o r r e l a t i o n  c o e f f i c i e n t  w a s  c a l c u 
l a t e d  f o r  e a c h  i n d i v i d u a l  s p e c i e s  ( T a b l e  3 ) .  T h e  t o t a l  c o r r e 

l a t i o n  f o r  a l l  s a m p l e s  w a s  0 . 8 2 .  W h e n  d i v i d e d  i n t o  s p e c i e s ,  
d i f f e r e n c e s  i n  t h e  c o r r e l a t i o n  c o e f f i c i e n t  w e r e  e v i d e n t ,  r a n g 
i n g  f r o m  0 . 7 7  i n  l i t t l e n e c k  c l a m s  t o  0 . 9 0  i n  b u t t e r  c l a m s .

DISCUSSION

A u t o a n a l y z e r  s y s t e m

T h e  a u t o a n a l y z e r  s y s t e m  a s  d e s c r i b e d  h e r e  p r o v i d e s  a  

r a p i d  t e c h n i q u e  f o r  t h e  a n a l y s i s  o f  P S P  t o x i n s .  T h e  a u t o 

a n a l y z e r  s y s t e m  w a s  d e v e l o p e d  u s i n g  s t a n d a r d  T e c h n i c o n  

e q u i p m e n t  w i t h  f a b r i c a t e d  t e e s  a n d  r e a c t i o n  c o i l .  T e c h n i 
c o n  h a r d w a r e  c o u l d  e a s i l y  b e  u s e d  f o r  t h e  t e e s ,  p u l s e  d a m p 
e n e r s ,  d e b u b b l e r s  a n d  f i t t i n g s  i n  t h i s  s y s t e m ,  a l t h o u g h  i t

Fig. 3 -C o m p a r is o n  o f  a u to a n a ly ze r  a n d  m o u se  b io a ssa y  re su lts  fo r  
sa m p les o v e r  4 0  g g /1 0 0 g  {N o te  lo g /lo g  sca le).

T able 3 —C orre la tion  o f  m o u se  b io a ssa y  a n d  a u to a n a ly ze r  re su lts  b y  
sp ec ies

Group
No. of 

samples
Pearson's Correlation 

Coefficient

Littleneck Clams 34 0.77
Mussels 64 0.78
Butter Clams 47 0.90
Oysters 29 0.87
Miscellaneous 24 0.80

Total 204 0.82
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m a y  b e  n e c e s s a r y  t o  o p t i m i z e  f l o w  r a t e s  a n d  r e a c t i o n  t e m 

p e r a t u r e s .  T h e  f l u o r e s c e n c e  d e t e c t o r  u s e d  t h r o u g h o u t  t h e  
s t u d y  p r o v i d e d  v e r y  g o o d  s e n s i t i v i t y  a n d ,  b e c a u s e  o f  f u l l y  

a d j u s t a b l e  e m i s s i o n  a n d  e x c i t a t i o n  m o n o c h r o m a t o r s ,  a l l o w e d  
f l e x i b i l i t y  u n d e r  a  v a r i e t y  o f  c o n d i t i o n s .  H o w e v e r ,  p r e l i m i 

n a r y  i n v e s t i g a t i o n s  i n  t h i s  l a b o r a t o r y  i n d i c a t e  t h a t  l e s s  
e x p e n s i v e  f i l t e r  f l u o r o m e t r i c  d e t e c t o r s  m a y  a l s o  p e r f o r m  

a d e q u a t e l y  i n  t h i s  a u t o a n a l y z e r  s y s t e m ,  p r o v i d e d  t h a t  
a p p r o p r i a t e  f i l t e r  a n d  l a m p  c o m b i n a t i o n s  a r e  s e l e c t e d .  B e 
c a u s e  o f  t h e  s e n s i t i v i t y  o f  t h e  p r e s e n t  a u t o a n a l y z e r  s y s t e m ,  
s a m p l e s  w e r e  d i l u t e d  1 : 1 0 0  i n  0 . 0 I N  a c e t i c  a c i d  a f t e r  t h e  
m e t h a n o l  p r e c i p i t a t i o n  s t e p  w i t h  t h e  s a m e  a c e t i c  a c i d  s o l u 

t i o n  u s e d  a s  a  w a s h  f o r  t h e  a u t o s a m p l e r .  W i t h  t h i s  d i l u t i o n ,  
t h e  t o x i n  c o n c e n t r a t i o n  i n  t h e  m a j o r i t y  o f  s h e l l f i s h  s a m p l e s  

f e l l  w i t h i n  t h e  r a n g e  o f  S T X  s t a n d a r d s  i n d i c a t e d  i n  F i g .  2 .  
A  f e w  s a m p l e s ,  h o w e v e r ,  n e e d e d  a n  a d d i t i o n a l  d i l u t i o n  t o  
b r i n g  t h e  p e a k s  o n  s c a l e .

C o r r e l a t i o n  b e t w e e n  t h e  a u t o a n a l y z e r  s y s t e m  a n d  t h e  
s t a n d a r d  m o u s e  b i o a s s a y  w a s  g e n e r a l l y  q u i t e  g o o d  a n d  t h e r e  
a r e  s e v e r a l  f a c t o r s  t h a t  i n f l u e n c e  t h i s  c o r r e l a t i o n .  T h e  f i r s t  
o f  t h e s e  i s  t h e  d i f f e r e n t i a l  i n t e n s i t i e s  o f  f l u o r e s c e n c e  e x 
h i b i t e d  b y  t h e  v a r i o u s  P S P  t o x i n s .  T h e  r e l a t i v e  f l u o r e s c e n c e  
o f  t h e  t o x i n s  v a r i e s  b y  a p p r o x i m a t e l y  a  f a c t o r  o f  4 0  ( T a b l e
4 ) .  T h e  t o x i n  p r o f i l e ,  t h e r e f o r e ,  w i l l  g r e a t l y  a f f e c t  t h e  
a c c u r a c y  o f  e s t i m a t e s  o f  o v e r a l l  t o x i c i t y .  T h i s  p o i n t  i s  
d e m o n s t r a t e d  b y  t h e  w i d e  v a r i a t i o n  i n  c o r r e l a t i o n  o f  r e s u l t s  
b e t w e e n  s p e c i e s .  T h e  b u t t e r  c l a m ,  S a x i d o m u s  g i g a n t e u s ,  
h i s t o r i c a l l y  w a s  n o t e d  t o  c o n t a i n  p r e d o m i n a n t l y  s a x i t o x i n  
( S u l l i v a n ,  1 9 8 2 ) ;  s i n c e  t h e  a u t o a n a l y z e r  w a s  c a l i b r a t e d  w i t h  
S T X ,  t h i s  s p e c i e s  s h o w e d  t h e  h i g h e s t  a u t o a n a l y z e r - m o u s e  
b i o a s s a y  c o r r e l a t i o n .  T h e  n a t i v e  l i t t l e n e c k  c l a m ,  P r o t o t h a c a  

s t a m i n e a ,  h o w e v e r ,  h a s  s h o w n  t o  c o n t a i n  p r i m a r i l y  m e t a b 

o l i t e s  o f  G o n y a u t o x i n s  I I  a n d  I I I ,  w h i c h  w e r e  a l m o s t  t w i c e  
a s  f l u o r e s c e n t  a s  T T X  ( S u l l i v a n  e t  a l . ,  1 9 8 3 b )  a n d  t h i s  
g r o u p  s h o w e d  t h e  l o w e s t  a u t o a n a l y z e r - m o u s e  b i o a s s a y  
c o r r e l a t i o n .

I n  a d d i t i o n  t o  d i f f e r i n g  f l u o r e s c e n c e ,  t h e  i n d i v i d u a l  P S P  
t o x i n s  d i s p l a y e d  a  w i d e  r a n g e  o f  a b s o l u t e  t o x i c i t i e s  ( S u l l i 

v a n ,  1 9 8 2 ) .  I n  s a m p l e s  w i t h  a  p r e p o n d e r a n c e  o f  t h e  h i g h l y  

f l u o r e s c e n t / l o w  t o x i c i t y  t o x i n s  t h e  a u t o a n a l y z e r  o v e r e s t i 
m a t e d  t h e  t o x i c i t y ,  w h i l e  a n  u n d e r e s t i m a t i o n  o c c u r r e d  i n  

s a m p l e s  c o n t a i n i n g  l a r g e  a m o u n t s  o f  t h e  N - l  h y d r o x y  
t o x i n s  ( h i g h  t o x i c i t y / l o w  f l u o r e s c e n c e ) .  I t  i s  g e n e r a l l y  r e c 

o g n i z e d  t h a t  t h e  t y p e s  o f  t o x i n s  i n  s h e l l f i s h  v a r y  d e p e n d i n g  
o n  s p e c i e s  a n d  l o c a l i t y .  I t  d o e s  a p p e a r ,  t h o u g h ,  t h a t  i n  a  
p a r t i c u l a r  a r e a  t o x i n  p r o f i l e s  a r e  f a i l r y  c o n s t a n t ,  w h i c h  m a y  

b e  d u e  t o  t h e  l o c a l i z e d  o c c u r r e n c e  o f  i n d i v i d u a l  s t r a i n s  o f  

d i n o f l a g e l l a t e s  ( H a l l ,  1 9 8 2 ) .  A p p l y i n g  t h e  a u t o a n a l y z e r  t o  
t h e  a n a l y s i s  o f  s h e l l f i s h  i s  t h e r e f o r e  a  m a t t e r  o f  d e t e r m i n i n g  
t h e  r e l a t i o n s h i p  b e t w e e n  f l u o r e s c e n c e  a n d  t o x i c i t y  i n  a  
p a r t i c u l a r  a r e a .  T h i s  c a n  b e  a c c o m p l i s h e d  e i t h e r  b y  d e t e r 
m i n i n g  t h e  t o x i n  p r o f i l e  o r  b y  d e v e l o p i n g  t h e  c o r r e l a t i o n  
b e t w e e n  t h e  a u t o a n a l y z e r  a n d  m o u s e  b i o a s s a y  r e s u l t s  f o r  
t h e  s h e l l f i s h  f r o m  a  p a r t i c u l a r  l o c a l i t y .  P r e l i m i n a r y  f i n d i n g s  
f r o m  H P L C  a n a l y s e s  i n d i c a t e d  t h a t  t o x i n  p r o f i l e s  i n  t h e  
P u g e t  S o u n d  a r e a  w e r e  f a i r l y  c o n s t a n t  a n d ,  w h i l e  t h e  p o o r l y  
f l u o r e s c i n g  t o x i n s  w e r e  p r e s e n t ,  t h e y  w e r e  u s u a l l y  a c c o m 
p a n i e d  b y  t h e  m o r e  h i g h l y  f l u o r e s c e n t  f o r m s  a t  e q u a l  o r  
g r e a t e r  c o n c e n t r a t i o n .

Comparative study

A l t h o u g h  m o s t  s a m p l e s  a n a l y z e d  s h o w e d  g o o d  c o r r e l a 
t i o n  b e t w e e n  t h e  a u t o a n a l y z e r  a n d  t h e  m o u s e  b i o a s s a y ,  
s o m e  s a m p l e s  d i d  n o t .  P o s s i b l e  r e a s o n s  f o r  t h i s  n o n c o r r e l a 
t i o n ,  s u c h  a s  t h e  w i d e  r a n g e  o f  t o x i n  f l u o r e s c e n c e  a n d  t o x i 

c i t i e s ,  h a v e  a l r e a d y  b e e n  d i s c u s s e d .  I n  m o s t  i n s t a n c e s ,  t h e  
a u t o a n a l y z e r  e s t i m a t e  i s  h i g h e r  t h a n  t h a t  o f  t h e  b i o a s s a y .  
W h i l e  t h i s  e r r o r  m i g h t  p r e s e n t  a n  e c o n o m i c  p r o b l e m ,  d u e  t o  
t h e  c l o s u r e  o f  s h e l l f i s h  h a r v e s t  i n  a r e a s  w h e r e  t o x i c i t i e s  
a r e  b e l o w  t h e  c l o s u r e  l e v e l ,  i t  d o e s  n o t  i n v o l v e  a  p u b l i c

T able 4 —R e la tiv e  In te n s ity  o f  flu o rescen ce  o f  P SP  to x in s  in  th e  
a u to a n a ly ze r  p ro c e d u re

Toxin
Relative

fluorescence
Relative
toxicity3

Saxitoxin 1.00 1.00
Neosaxitoxin 0.04 1.00
Gonyautoxin 1 0.05 0.73
Gonyautoxin 11 1.80 0.42
Gonyautoxin III 1.80 0.67
Gonyautoxin 1V 0.05 0.27

B1 0.41 <0.05
B2 0.05 0.09
C1 0.48 0.06
C2 0.48 0.02

a T o x ic it y  values are estim ates based o n  reported  to x ic it ie s  in liter
ature (Su llivan , 1982 ).

h e a l t h  r i s k .  O n l y  o n e  s a m p l e  w a s  i n c o r r e c t l y  d e t e r m i n e d  t o  

‘ b e  s a f e  b y  t h e  a u t o a n a l y z e r  m e t h o d  ( 5 0  j U g / l O O g )  w h e r e  t h e  
m o u s e  b i o a s s a y  i n d i c a t e d  a  c l o s u r e  c o n d i t i o n  ( 1 8 0  / r g / 1 0 0 g ) .  
H P L C  a n a l y s i s  o f  t h i s  s a m p l e  i n d i c a t e d  t h a t  t h e  m a j o r  t y p e  
o f  t o x i n  p r e s e n t  w a s  n e o s a x i t o x i n ,  a  w e a k l y  f l u o r e s c i n g  
t o x i n .  T h i s  w a s  a  s a m p l e  o f  s c a l l o p s  t a k e n  i n  a n  a r e a  r e m o t e  
f r o m  t h e  o t h e r  s a m p l i n g  s t a t i o n s  i n  P u g e t  S o u n d  a n d  m a y  
i n d i c a t e  t h a t  t h e r e  w a s  a  s e p a r a t e  d i n o f l a g e l l a t e  p o p u l a t i o n  

o n  t h a t  p o r t i o n  o f  t h e  c o a s t  w h i c h  p r o d u c e d  p r i m a r i l y  t h e  
w e a k l y  f l u o r e s c e n t  N - l  h y d r o x y t o x i n s ,  s u c h  a s  n e o s a x i 
t o x i n .  T h i s  c a s e  i l l u s t r a t e s  t h e  p o i n t  t h a t  i m p l e m e n t a t i o n  o f  
a  r o u t i n e  a u t o a n a l y z e r  m o n i t o r i n g  s y s t e m  m u s t  b e  p r e 
c e d e d  b y  t h e  e s t a b l i s h m e n t  o f  a  c o r r e l a t i o n  b e t w e e n  

f l u o r e s c e n c e  a n d  t o x i c i t y  i n  a  p a r t i c u l a r  a r e a .
A n  a d d i t i o n a l  f a c t o r  c o n t r i b u t i n g  t o  t h e  n o n c o r r e l a t i o n  

o f  c e r t a i n  s a m p l e s  i s  t h e  i n h e r e n t  i n a c c u r a c y  o f  t h e  m o u s e  
b i o a s s a y  i t s e l f  w h i c h  i s  o f t e n  p l a c e d  a t  ± 2 0 % .  T h i s  v a r i a t i o n  
i n  t o x i c i t y  e s t i m a t e s  s h o u l d  b e  k e p t  i n  m i n d  w h e n  c o m p a r 
i n g  r e s u l t s  f o r  a n y  p a r t i c u l a r  s a m p l e  ( T a b l e  1 ) .

D e s p i t e  t h e s e  v a r i o u s  p o t e n t i a l  s o u r c e s  o f  v a r i a b i l i t y  
b e t w e e n  a u t o a n a l y z e r  a n d  b i o a s s a y  r e s u l t s ,  t h e  a u t o a n a l y z e r  
h a s  s h o w n  e x c e l l e n t  p r o m i s e  a s  a  m e t h o d  f o r  s h e l l f i s h  

t o x i c i t y  m o n i t o r i n g  i n  t h e s e  e a r l y  t r i a l s .  I f  u s e d  a s  a  s c r e e n 
i n g  m e t h o d ,  t h e  a u t o a n a l y z e r  c o u l d  s a f e l y  a n d  q u i c k l y  
e l i m i n a t e  t h e  s a m p l e s  f o u n d  t o  b e  v e r y  h i g h  a n d  v e r y  l o w  i n  
t o x i n  c o n t e n t .  T a b l e  2  i n d i c a t e s  t h a t  t h e r e  w a s  n o  s i g n i f i c a n t  

d i f f e r e n c e  b e t w e e n  t h e  t w o  m e t h o d s  f o r  s a m p l e s  b e l o w  
6 0 / i g / 1 0 0 g .  A l t h o u g h  c o r r e l a t i o n  b e t w e e n  t h e  t w o  m e t h o d s  
w a s  n o t  a s  g o o d  a t  h i g h e r  l e v e l s  o f  t o x i c i t y ,  a  c u t o f f  p o i n t  
o f  2 5 0  p g / l 0 0 g  w o u l d  a l l o w  t h e  a u t o a n a l y z e r  t o  e l i m i n a t e  

a s  “ u n s a f e ”  m o s t  o f  t h e  v e r y  t o x i c  s a m p l e s .  I n d e e d ,  o n l y  
3 %  o f  t h e  s a m p l e s  w o u l d  h a v e  b e e n  i n a c c u r a t e l y  l a b e l l e d  a s  
a b o v e  8 0  p g / l 0 0 g  w h e n  t h e y  w e r e ,  i n  f a c t ,  b e l o w  t h e  l e g a l  
l i m i t  a s  i n d i c a t e d  b y  t h e  m o u s e  b i o a s s a y .  T h i s  “ s c r e e n i n g  
s y s t e m ”  w o u l d  m o s t  l i k e l y  i n v o l v e  e s t a b l i s h i n g  u p p e r  a n d  
l o w e r  l i m i t s  a s  m e a s u r e d  b y  t h e  a u t o a n a l y z e r .  F o l l o w i n g  
t h e  i n i t i a l  a u t o a n a l y z e r  s c r e e n i n g ,  s a m p l e s  t h a t  f e l l  b e t w e e n  
t h e  u p p e r  a n d  l o w e r  l i m i t s  w o u l d  b e  r e a n a l y z e d  b y  b i o a s s a y ,  
w h i l e  n o  f u r t h e r  a n a l y s i s  w o u l d  b e  n e c e s s a r y  f o r  s a m p l e s  
f a l l i n g  b e l o w  t h e  l o w e r  l i m i t  o r  a b o v e  t h e  u p p e r  l i m i t .  T h e  
c h o i c e  o f  6 0  a n d  2 5 0  j u g / l O O g  a s  l o w e r  a n d  u p p e r  l i m i t s  w a s  
b a s e d  o n  i n i t i a l  e x a m i n a t i o n  o f  t h e  d a t a ,  b u t  i s  s u p p o r t e d  
b y  t h e  s t a t i s t i c a l  a n a l y s i s .  U s i n g  t h e s e  p a r a m e t e r s  t o  d i v i d e  
t h e  d a t a  i n t o  l o w ,  m e d i u m  a n d  h i g h  g r o u p s ,  a  S p e a r m a n ’s 
r a n k  c o r r e l a t i o n  t e s t  o f  t h e  d a t a  g i v e s  a  v a l u e  o f  0 . 7 8 .  S m a l l  
m o d i f i c a t i o n s  i n  t h e  l o w e r  a n d  u p p e r  c u t o f f  p o i n t s  d o  n o t  
a l t e r  t h i s  c o r r e l a t i o n  c o e f f i c i e n t  s i g n i f i c a n t l y .  U s i n g  t h e  
a u t o a n a l y z e r  a s  a  s c r e e n i n g  t e s t  f o r  t h e  b i o a s s a y ,  w i t h  a l l  
s a m p l e s  b e t w e e n  6 0  a n d  2 5 0  p g / l O O g  s l a t e d  f o r  r e t e s t  b y  

t h e  b i o a s s a y ,  7 0 %  o f  t h e  s a m p l e s  a n a l y z e d  i n  t h i s  s t u d y  
w o u l d  h a v e  b e e n  e l i m i n a t e d  f r o m  f u r t h e r  t e s t i n g .  R e c o r d s  
a t  t h e  P S P  l a b o r a t o r y  ( S t a t e  o f  W a s h i n g t o n ,  D e p t ,  o f  S o c i a l  

&  H e a l t h  S e r v i c e s )  i n d i c a t e  t h a t  t h i s  i s  a  r e a l i s t i c  e s t i m a t e  o f
—C o n tin u ed  on  p a g e  1 5 1 6
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--------------------------- ABSTRACT----------------------------
E x p e r i m e n t s  d e t e c t e d  e f f e c t s  o f  p H  o n  l i p id  o x i d a t i o n  o f  f r e s h  
g r o u n d  p o r k .  P ig s  r e c e i v e d  a n t e m o r t e m  e p i n e p h r i n e  i n j e c t i o n s  o r  
p o s t m o r t e m  c a r c a s s  e l e c t r i c a l  s t i m u l a t i o n  t o  m a n i p u l a t e  u l t i m a t e  
p o s t m o r t e m  p H .  H i g h - p H  ( > 6 . 1 0 )  s a m p l e s  h a d  l o w e r  T B A  v a lu e s  
t h a n  l o w - p H  s a m p l e s .  N o n s i g n i f i c a n t  d i f f e r e n c e  i n  T B A  v a l u e s  b e 
t w e e n  h i g h - p H  p r e r i g o r -  a n d  p o s t r i g o r - g r o u n d  s a m p l e s  i n d i c a t e d  
t h a t ,  a t  c o m m o n  h i g h  p H ,  t i m e  o f  g r i n d i n g  h a d  n o  e f f e c t  o n  l i p id  
o x i d a t i o n .  D i f f e r e n c e s  i n  T B A  v a l u e s  b e t w e e n  p r e r i g o r  h i g h -  a n d  
l o w - p H  s a m p l e s  a n d  p o s t r i g o r  h i g h -  a n d  l o w - p H  s a m p l e s  i n d i c a t e d  
t h a t ,  w i t h  i d e n t i c a l  g r i n d i n g  t r e a t m e n t s ,  i n h i b i t i o n  o f  o x i d a t i o n  
o c c u r r e d  a t  h i g h  p H .  M e t m y o g l o b i n  w a s  r e l a t i v e l y  h i g h  i n  b o t h  
l o w -  a n d  h i g h - p H  m u s c l e  a n d  w a s  n o t  c a t a l y t i c a l l y  a c t i v e  a t  h i g h  
P H .

INTRODUCTION
S E V E R A L  C A T A L Y S T S  o f  l i p i d  o x i d a t i o n  h a v e  b e e n  i d e n 
t i f i e d .  H e m e  p r o t e i n s  c a t a l y z e  l i p i d  o x i d a t i o n  i n  l i n o l e a t e  
m o d e l  s y s t e m s  ( K w o h ,  1 9 7 1 ) ,  e g g  y o l k  p h o s p h o l i p i d  d i s 
p e r s i o n s  ( L o v e  a n d  P e a r s o n ,  1 9 7 6 ) ,  m e n h a d e n  o i l  ( B r o w n  
e t  a l . ,  1 9 6 3 ) ,  r a w  m e a t  s y s t e m s  ( L i u ,  1 9 7 0 )  a n d  c o o k e d  
m e a t s  ( Y o u n a t h a n  a n d  W a t t s ,  1 9 5 9 ) .  M e t a l  c a t a l y s i s  i s  
d o c u m e n t e d  i n  m o d e l  s y s t e m s  ( W i l l s ,  1 9 6 5 ) ,  r a w  m e a t  

s y s t e m s  ( T a y  e t  a l . ,  1 0 8 3 ) ,  a n d  i n  c o o k e d  m e a t  ( S a t o  a n d  
H e g a r t y ,  1 9 7 1 ) .  I g e n e  e t  a l .  ( 1 9 7 9 )  s u g g e s t e d  t h a t  t h e  r a p i d  
i n c r e a s e  i n  t h i o b a r b i t u r i c  a c i d  ( T B A )  v a l u e s  o f  m e a t  a f t e r  
c o o k i n g  i s  c a u s e d  b y  c a t a l y t i c a l l y  a c t i v e  f r e e  i r o n  r e l e a s e d  
f r o m  h e m e  p r o t e i n s .

P r e r i g o r - g r o u n d  p o r k  h a s  a  h i g h e r  u l t i m a t e  p H  a n d  i s  l e s s  
s u s c e p t i b l e  t o  l i p i d  o x i d a t i o n  t h a n  p o s t r i g o r - g r o u n d  p o r k  

( J u d g e  a n d  A b e r l e ,  1 9 8 0 ;  D r e r u p  e t  a l . ,  1 9 8 1 ;  T a y  e t  a l . ,  
1 9 8 3 ) .  W h e t h e r  t h e  o b s e r v e d  i n h i b i t i o n  o f  o x i d a t i o n  i s  
c a u s e d  b y  e l e v a t e d  p H  o r  a  s p e c i f i c  a c t i o n  o f  t h e  p r e r i g o r  
g r i n d i n g  i s  u n c l e a r .

W e  c o n d u c t e d  t h i s  s t u d y  t o  d e t e r m i n e  t h e  e f f e c t ,  i f  a n y ,  
o f  i n d u c e d  h i g h  p H  o n  t h e  r a t e  o f  l i p i d  o x i d a t i o n  i n  g r o u n d  

p o r k .  T h e  e x p e r i m e n t s  w e r e  d e s i g n e d  t o  s e p a r a t e  t h e  
e f f e c t s  o f  r i g o r  s t a t e  a t  t h e  t i m e  o f  g r i n d i n g  f r o m  t h o s e  o f  
p H .  T h e  r e l a t i o n s h i p  b e t w e e n  m e t m y o g l o b i n  c o n c e n t r a 

t i o n s  a n d  e x t e n t  o f  l i p i d  o x i d a t i o n  w a s  a l s o  e x a m i n e d .

MATERIALS & METHODS

E x p e r i m e n t  1

T w e n t y - e i g h t  p ig s  w e i g h i n g  9 5  -  1 2 0  k g  w e r e  u s e d .  C o n t r o l  p ig s  
h a d  a c c e s s  t o  f e e d  u n t i l  s l a u g h t e r  a n d  t r e a t e d  p i g s  w e r e  n o t  f e d  
d u r i n g  t h e  2 4  h r  p e r i o d  b e f o r e  s l a u g h t e r .  T r e a t e d  p ig s  w e r e  g iv e n  
a  s u b c u t a n e o u s  i n j e c t i o n o f  a d r e n a l i n  c h l o r i d e  ( e p i n e p h r i n e )  
s o l u t i o n  ( 1 : 1 0 0 0 ,  P a r k e - D a v i s )  4  h r  b e f o r e  s l a u g h t e r  a t  a  d o s a g e  o f  
0 . 2 5  m g / k g  b o d y  w e i g h t .

W i t h i n  4 5  m i n  a f t e r  e x s a n g u i n a t i o n ,  t h e  t r i c e p s  b r a c h i i  m u s c l e

A u th o r  Ju dge is a f f i l ia te d  w ith  th e  D e p t, o f  A n im a l S c ien ce  a n d  
a u th o rs  P eng a n d  M ills are a ff i l ia te d  w ith  th e  D ep t, o f  F o o d  S c ien ce , 
P urdu e U niv., W est L a fa y e tte , IN  4 7 9 0 7 . A u th o r  Y a so sk y , fo rm er ly  
w ith  P urdu e, is  n o w  w ith  The P illsb u ry  Co., R esearch  & D e v e lo p 
m e n t  L a b o ra to rie s , 3 1 1  S e c o n d  S t. S o u th e a st, M in n eapolis , M N  
5 5 4 1 4 . A u th o r  A b e r le , fo rm e r ly  w ith  P urdu e, is n o w  a f f i l ia te d  w ith  
th e  D ep t, o f  A n im a l S c ien ce , U niv. o f  N ebraska , L in co ln , N E  6 8 5 8 3 .

w a s  r e m o v e d  f r o m  o n e  s id e  o f  e a c h  c a r c a s s .  T h e  m u s c l e  w a s  t r i m m e d  
o f  a l l  v i s ib l e  f a t  a n d  c o n n e c t i v e  t i s s u e  a n d  g r o u n d  i n  s u c c e s s i o n  
t h r o u g h  p l a t e s  w i t h  9 . 5  a n d  4 . 8  m m  o p e n i n g s .  A p p r o x i m a t e l y  a  
1 0 0 - g  s a m p l e  w a s  t h e n  s p r e a d  i n t o  a  3 m m  l a y e r ,  w r a p p e d  i n  o x y g e n  
p e r m e a b l e ,  m o i s t u r e - i m p e r m e a b l e  w r a p ,  p l a c e d  o n  a  r a c k  t o  a s s u r e  
m a x i m u m  o x y g e n  t r a n s m i s s i o n  a n d  s t o r e d  a t  3 ° C .  A t  2 4  h r  p o s t 
m o r t e m ,  t h e  t r i c e p s  b r a c h i i  m u s c l e  w a s  r e m o v e d  f r o m  t h e  o p p o 
s i t e  s i d e  o f  e a c h  c a r c a s s  a n d  p r e p a r e d  i d e n t i c a l l y  t o  t h e  p r e r i g o r  
s a m p l e .

T h e  p H  v a l u e s  o f  a ll  s a m p l e s  w e r e  d e t e r m i n e d  i n  d u p l i c a t e  2 4  
h r  p o s t m o r t e m  w i t h  a  g la s s  e l e c t r o d e  a f t e r  w h i c h  e a c h  s a m p l e  
r e c e i v e d  a  1 %  a d d i t i o n  o f  N e o s p o r i n  p o w d e r  ( P o l y m y x i n  B - b a c i -  
t r a c i n  n e o m y c i n )  a n d  w a s  m i x e d  b y  h a n d .  T h i o b a r b i t u r i c  a c i d  
( T B A )  v a l u e s  w e r e  d e t e r m i n e d  o n  d u p l i c a t e  s a m p l e s  a t  1 ,  4 ,  8 a n d  
1 2  d a y s  p o s t m o r t e m  w i t h  t h e  p r o c e d u r e s  o f  T a r l a d g i s  e t  a l .  ( 1 9 6 0 ) .  
S t a n d a r d  c u r v e s  w e r e  p r e p a r e d  u s i n g  t e t r a e t h o x y p r o p a n e .

L o g  T B A  v a l u e s  a n d  p H  v a l u e s  w e r e  s t a t i s t i c a l l y  a n a l y z e d  w i t h  
a n a l y s i s  o f  v a r i a n c e  f o r  f a c t o r i a l  d e s i g n  ( H a r v e y ,  1 9 7 5 ) .  S i g n i f i c a n t  
d i f f e r e n c e s  a m o n g  m e a n s  w e r e  t e s t e d  w i t h  D u n c a n ’s n e w  m u l t i p l e  
r a n g e  t e s t  ( L i ,  1 9 6 4 ) .  L o g  t r a n s f o r m a t i o n s  o f  T B A  v a l u e s  w e r e  m a d e  
t o  a c h i e v e  h o m o g e n e i t y  o f  v a r i a n c e  s i n c e  t h e  v a r i a n c e  i n c r e a s e d  w i t h  
t i m e  p o s t m o r t e m .

E x p e r i m e n t  2

T w e n t y - t w o  p ig s  w e i g h i n g  9 5  -  1 2 0  k g  w e r e  u s e d .  A l l  p i g s  h a d  
a c c e s s  t o  f e e d  u n t i l  s l a u g h t e r .  T r e a t e d  c a r c a s s e s  w e r e  e l e c t r i c a l l y  
s t i m u l a t e d  a p p r o x i m a t e l y  3 0  m i n  a f t e r  e x s a n g u i n a t i o n .  S t i m u l a t i o n  
c o n s i s t e d  o f  2  s e c  p u l s e s  ( 4 8 0  V ,  2 . 0  -  3 .5  A )  i n t e r m i t t e n t  w i t h  1 
s e c  p a u s e s  f o r  a t o t a l  o f  2  m i n .  A f t e r  a  2 - m i n  p a u s e ,  t h e  s t i m u l a t i o n  
c y c l e  w a s  r e p e a t e d  u n t i l  m i n i m a l  m u s c l e  c o n t r a c t i o n  w a s  o b s e r v e d .  
T h e  e n t i r e  l e n g t h  o f  t r e a t m e n t  w a s  a p p r o x i m a t e l y  1 2  m i n .

P r e -  a n d  p o s t r i g o r  m u s c l e  s a m p l e s  w e r e  r e m o v e d  a n d  p r e p a r e d  
a s  i n  e x p e r i m e n t  1 .  T h e  p H  m e a s u r e m e n t s ,  a n t i b i o t i c  a d d i t i o n ,  T B A  
a n a l y s e s ,  a n d  s t a t i s t i c a l  a n a l y s e s  w e r e  a l s o  d o n e  a s  i n  e x p e r i m e n t  1 .

E x p e r i m e n t  3

T e n  p ig s  w e i g h t i n g  9 5  -  1 2 0  k g  w e r e  u s e d .  A n i m a l  t r e a t m e n t s ,  
s a m p l e  p r e p a r a t i o n s ,  p H  d e t e r m i n a t i o n s ,  a n a l y s e s  o f  d a t a  a n d  
a n t i b i o t i c  a d d i t i o n s  w e r e  a s  i n  e x p e r i m e n t  1. T B A  v a l u e s  a n d  
m e t m y o g l o b i n  p e r c e n t a g e s  w e r e  d e t e r m i n e d  0 ,  4 ,  8 a n d  1 2  d a y s  
a f t e r  g r i n d i n g .  A n  a b s o r b a n c e  m e t h o d  ( K r z y w i c k i ,  1 9 8 2 )  w a s  u s e d  
t o  d e t e r m i n e  t h e  r e l a t i v e  p e r c e n t a g e s  o f  m e t m y o g l o b i n  v e r s u s  r e 
d u c e d  m y o g l o b i n .  S t a t i s t i c a l  a n a l y s e s  w e r e  p e r f o r m e d  a s  i n  e x 
p e r i m e n t  1 .

RESULTS & DISCUSSION

Experiment 1
P r e r i g o r  c o n t r o l  g r o u n d  p o r k  h a d  a  h i g h e r  ( P  <  0 . 0 5 )  

u l t i m a t e  p H  a n d  a  l o w e r  ( P  <  0 . 0 5 )  r a t e  o f  l i p i d  o x i d a t i o n  
t h a n  p o s t r i g o r  c o n t r o l  g r o u n d  p o r k  ( F i g .  1 ) .  T h e s e  r e s u l t s  
a r e  c o n s i s t e n t  w i t h  t h o s e  o f  J u d g e  a n d  A b e r l e  ( 1 9 8 0 )  a n d  

D r e r u p  e t  a l .  ( 1 9 8 1 ) .  B o t h  e p i n e p h r i n e - t r e a t e d  g r o u p s  h a d  
m u s c l e  t i s s u e  w i t h  h i g h e r  ( P  <  0 . 0 5 )  u l t i m a t e  p H  a n d  l o w e r  

( P  <  0 . 0 5 )  r a t e s  o f  l i p i d  o x i d a t i o n  t h a n  t h e  c o n t r o l  g r o u p s .  
T h e  i n h i b i t i o n  o f  l i p i d  o x i d a t i o n  o b s e r v e d  i n  t h e s e  s a m p l e s  
w a s  p r o b a b l y  d u e  t o  t h e  i n h i b i t o r y  e f f e c t  o f  h i g h  p H  o n  
o x i d a t i o n  ( W i l l s ,  1 9 6 5 ;  K w o h ,  1 9 7 1 ) .

A  c o m p a r i s o n  o f  p r e r i g o r - g r o u n d  a n d  p o s t r i g o r - g r o u n d  
m u s c l e  t i s s u e  f r o m  e p i n e p h r i n e - i n j e c t e d  p i g s  a l l o w s  o n e  t o  
e x a m i n e  s a m p l e s  w i t h  d i f f e r e n t  g r i n d i n g  t i m e s  b u t  w i t h  
r e l a t i v e l y  h i g h  p H  ( 6 . 5 3  a n d  6 . 3 9  r e s p e c t i v e l y )  v a l u e s .
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Fig. 1—T B A  n u m b ers  in p re rig o r- a n d  p o s tr ig o r-g ro u n d  p o r k  a f te r  
a n te m o r te m  ep in ep h rin e  (E x p e r im e n t 1). S B  o f  lea s t squ ares m ean s:  
D a y  1 = 0 .0 2 ;  4  = 0 .1 7 ;  8 =  0 .2 8 ;  12  =  0 .4 6 .

Fig. 2 —TBA n u m b ers  in p re rig o r- a n d  p o s tr ig o r-g ro u n d  p o r k  a f te r  
carcass e le c tr ica l s t im u la tio n  (E x p e r im e n t 2 ). S E  o f  lea s t squ ares  
m ean s: D a y  1 =  0 .0 2 ;  4  =  0 .1 8 ;  8 =  0 .2 7 ;  12  =  0 .4 4 .

E v e n  t h o u g h  t h e r e  w a s  a  s l i g h t  d i f f e r e n c e  ( P  <  0 . 0 5 )  i n  
p H ,  t h e  n o n s i g n i f i c a n t  d i f f e r e n c e  ( P  >  0 . 0 5 )  i n  T B A  v a l u e s  
i n d i c a t e d  t h a t ,  i n  h i g h  p H  m u s c l e  t i s s u e ,  t i m e  o f  g r i n d i n g  
h a d  n o  e f f e c t  o n  l i p i d  o x i d a t i o n .

P o s t r i g o r - g r o u n d  m u s c l e  f r o m  e p i n e p h r i n e - i n j e c t e d  a n d  
c o n t r o l  p i g s  c a n  b e  u s e d  t o  c o m p a r e  s a m p l e s  w i t h  i d e n t i c a l  
t i m e s  o f  g r i n d i n g  b u t  w i t h  d i f f e r e n t  ( P  <  0 . 0 5 )  p H  v a l u e s  
( F i g .  1 ) .  B e c a u s e  t i m e  o f  g r i n d i n g  w a s  i d e n t i c a l  f o r  a l l  
s a m p l e s ,  t h e  l o w e r  ( P  <  0 . 0 5 )  T B A  v a l u e s  o b s e r v e d  f o r  h i g h  
p H  s a m p l e s  i n d i c a t e d  t h a t ,  w h e n  a l l  s a m p l e s  w e r e  p o s t 
r i g o r  g r o u n d ,  h i g h  p H  i n h i b i t e d  l i p i d  o x i d a t i o n .

Experiment 2
P r e r i g o r  g r o u n d  p o r k  h a d  a  h i g h e r  ( P  <  0 . 0 5 )  p H  a n d  

l o w e r  ( P  <  0 . 0 5 )  r a t e  o f  l i p i d  o x i d a t i o n  w h e n  c o m p a r e d  t o  

c o m p a r a b l y  t r e a t e d  p o s t r i g o r - g r o u n d  s a m p l e s ,  b u t  w e  
o b s e r v e d  t h a t  c a r c a s s  e l e c t r i c a l  s t i m u l a t i o n  c a u s e d  e l e v a t e d  
( P  <  0 . 0 5 )  T B A  v a l u e s  a n d  l o w e r  ( P  <  0 . 0 5 )  p H  i n  p r e r i g o r -  

g r o u n d  s a m p l e s  w h e r e a s  i t  h a d  n o  s i g n i f i c a n t  e f f e c t  o n  

e i t h e r  T B A  o r  p H  v a l u e s  f o r  p o s t r i g o r - g r o u n d  p o r k  ( F i g .  2 ) .

S p e c i f i c  p a i r s  o f  t r e a t m e n t  c e l l s  w e r e  c o m p a r e d  t o  
d e t e r m i n e  t i m e  o f  g r i n d i n g  a n d  p H  e f f e c t s .  C o m p a r i s o n  o f  
p r e r i g o r - g r o u n d  m u s c l e  t i s s u e  f r o m  t h e  s t i m u l a t e d  a n d  c o n 

t r o l  c a r c a s s e s  u t i l i z e d  s a m p l e s  w i t h  i d e n t i c a l  t i m e s  o f  g r i n d 
i n g  b u t  w i t h  d i f f e r e n t  ( P  <  0 . 0 5 )  p H  v a l u e s  ( F i g .  2 ) .  T h e  
l o w e r  T B A  v a l u e s  f o r  t h e  p r e r i g o r - g r o u n d  m u s c l e  t i s s u e  
f r o m  c o n t r o l  c a r c a s s e s  i n d i c a t e d  t h a t ,  w h e n  a l l  s a m p l e s  
w e r e  p r e r i g o r  g r o u n d ,  h i g h  p H  i n h i b i t e d  l i p i d  o x i d a t i o n .

A  c o m p a r i s o n  o f  p r e r i g o r -  a n d  p o s t r i g o r - g r o u n d  m u s c l e  
t i s s u e  f r o m  e l e c t r i c a l l y  s t i m u l a t e d  c a r c a s s e s  u t i l i z e d  s a m p l e s  
w i t h  d i f f e r e n t  g r i n d i n g  t i m e s  a n d  r e l a t i v e l y  l o w  p H  v a l u e s .  
T h e  l o w e r  ( P  <  0 . 0 5 )  T B A  v a l u e s  f o r  t h e  p r e r i g o r  g r o u n d  
s a m p l e s  s u g g e s t  t h a t  t i m e  o f  g r i n d i n g  m a y  h a v e  a n  e f f e c t  

o n  l i p i d  o x i d a t i o n  a t  r e l a t i v e l y  l o w  p H .  H o w e v e r ,  t h e  p H  
v a l u e s  o f  t h e  s a m p l e s ,  t h o u g h  r e l a t i v e l y  l o w ,  w e r e  s i g n i f i 
c a n t l y  ( P  <  0 . 0 5 )  d i f f e r e n t .  A s  s h o w n  i n  F i g .  3 ,  s e n s i t i v i t y  
t o  o x i d a t i o n  i n c r e a s e d  r e m a r k a b l y  a s  p H  d e c r e a s e d  f r o m  
a p p r o x i m a t e l y  5 . 9 .  A  s m a l l  d e c r e a s e  i n  p H  i n  t h i s  l o w e r  
r a n g e  o f  p H  v a l u e s  w a s  a s s o c i a t e d  w i t h  a  l a r g e  i n c r e a s e  i n  
T B A  v a l u e s .  T h u s ,  t h e  r e l a t i v e l y  l o w  T B A  v a l u e s  o b s e r v e d  

i n  p r e r i g o r - g r o u n d  s a m p l e s  w e r e  p r o b a b l y  a  r e s u l t  o f  a  
s l i g h t l y  h i g h e r  u l t i m a t e  p H  a s  c o m p a r e d  t o  p o s t r i g o r - g r o u n d  

s a m p l e s  a n d  n o t  d u e  t o  t i m e  o f  g r i n d i n g .

Fig. 3 —TBA values a f te r  12  d  s to ra g e  a t  2 °  C  vs. 2 4 - h r p H  in g ro u n d  
p o rc in e  m u sc le  (E x p er im e n ts  1, 2  a n d  3  c o m b in e d ) . T he TBA c o o r 
d in a te s  o f  th e  lin e w ere  o b ta in e d  b y  an a n tilo g  tra n sfo rm a tio n  o f  
th e  o rd in a te s  o f  a b e s t- f i t  lin e fo r  lo g  TBA vs p H .

Experiment 3
T B A  v a l u e s  a n d  m e t m y o g l o b i n  c o n c e n t r a t i o n s  i n  m u s 

c l e s  f r o m  c o n t r o l  a n d  e p i n e p h r i n e - i n j e c t e d  p i g s  a f t e r  p r e 
r i g o r  a n d  p o s t r i g o r  g r i n d i n g  a r e  s h o w n  i n  F i g .  4 .  R e s u l t s  
w e r e  s i m i l a r  t o  t h o s e  o f  e x p e r i m e n t  1 , y e t  a l l  s a m p l e s  h a d  
r e l a t i v e l y  h i g h  m e t m y o g l o b i n  c o n c e n t r a t i o n s .  B e c a u s e  n o  
r e l a t i o n s h i p  w a s  o b s e r v e d  b e t w e e n  l i p i d  o x i d a t i o n  a n d  m e t 
m y o g l o b i n  c o n c e n t r a t i o n s ,  w e  c o n c l u d e  t h a t  m e t m y o g l o b i n  
i s  n o t  a n  a c t i v e  c a t a l y s t  o f  l i p i d  o x i d a t i o n  i n  a  h i g h  p H  
r a w  m e a t  s y s t e m .  T h e s e  r e s u l t s  m a y  c o n f l i c t  w i t h  t h e  c o n 
c l u s i o n s  o f  L i u  ( 1 9 7 0 )  a n d  K w o h  ( 1 9 7 1 )  b e c a u s e  t h e  i n h i b i 
t i o n  o f  o x i d a t i o n  w a s  a p p a r e n t l y  a  d i r e c t  r e s u l t  o f  h i g h
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Fig. 4 —TBA n u m b ers  a n d  m e tm y o g lo b in  c o n c e n tra tio n s  in p rerigor-  
a n d  p o str ig o r-g ro u n d  p o r k  a f te r  a n te m o r te m  ep in ep h rin e  tE x p er i
m e n t  3 ). S E  o f  le a s t squ ares m ean s: (T B A ) D a y  0  = 0 .0 1 ;  4  = 
0 .3 9 ;  8 =  0 .6 4 ;  12  = 1.14. (M e tm yo g lo b in )  D a y  0  = 1 .36 ; 4  = 4 .9 9 ;  
8 = 3 .8 2 ;  12  = 5 .0 7 .

p H  r a t h e r  t h a n  t h e  r e d u c t i o n  o f  m e t m y o g l o b i n  t o  t h e  n o n -  
c a t a l y t i c  m y o g l o b i n  f o r m .  F u r t h e r ,  t h e  d a t a  c a s t  d o u b t  o n  
t h e  p r o p o s i t i o n  t h a t  m e t m y o g l o b i n  c a t a l y z e s  l i p i d  o x i d a 

t i o n  i n  f r e s h ,  r e f r i g e r a t e d  m e a t  p r o d u c t s .

CONCLUSIONS
T H E  M E C H A N I S M  b y  w h i c h  p H  c o n t r o l s  l i p i d  o x i d a t i o n  i n  
r a w  m e a t  i s  u n c l e a r  b u t  F i g .  3 s h o w s  t h a t  a  c r i t i c a l  p H  
v a l u e  o f  ^ 6 . 1 0  o r  h i g h e r  i s  n e e d e d  t o  a t t a i n  m a x i m u m  
i n h i b i t i o n .  E v i d e n c e  s u g g e s t s  t h a t  t h e  i n h i b i t i o n  m a y  b e  

t h e  r e s u l t  o f  p H  e f f e c t s  o n  m e t a l  c a t a l y s t s  ( L i u  a n d  W a t t s ,  
1 9 7 0 ;  L o v e  a n d  P e a r s o n ,  1 9 7 4 ;  T a y  e t  a l . ,  1 9 8 3 ) .  W i l l s  
( 1 9 6 5 )  s h o w e d  t h a t  F e ,  M n ,  C o ,  a n d  C u  a r e  c a t a l y s t s  o f  
l i p i d  o x i d a t i o n .  A l l  o f  t h e s e  m e t a l s  a r e  p r e s e n t  i n  v a r y i n g  
c o n c e n t r a t i o n s  i n  m u s c l e  t i s s u e .

P o w e l l - B a k e r  a n d  S a r o f f  ( 1 9 6 5 )  a n d  A p p u r a o  a n d  N a r a -  
s i n g a  R a o  ( 1 9 7 5 )  s u g g e s t e d  t h a t  t h e  i m i d a z o l e  o r  a m i n o  
g r o u p s  o f  p r o t e i n s  p l a y  a n  i n t e g r a l  p a r t  i n  t h e  c h e l a t i o n  o f  
m e t a l  i o n s .  I t  c o u l d  b e  t h e o r i z e d  t h a t  t h e  i o n i z a t i o n  o f

h i s t i d i n e  r e s i d u e s  ( p K  <  6 . 0 )  a t  l o w  p H  c o u l d  a l t e r  t h e  n e t  
c h a r g e  a n d / o r  t e r t i a r y  s t r u c t u r e  o f  p r o t e i n s  t h u s  r e d u c i n g  

t h e i r  a b i l i t y  t o  s e q u e s t e r  c a t a l y t i c  i o n s  s u c h  a s  M n ,  C u ,  C o  
a n d  F e .
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D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  o f  B e e f  M u s c l e :  

I n f l u e n c e  o f  P o s t m o r t e m  C o n d i t i o n i n g

C. J. FINDLAY and D. W. STANLEY

----------------------------ABSTRACT----------------------------
D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( D S C )  w a s  u s e d  t o  f o l l o w  t h e  
c h a n g e s  in  t h e  e n d o t h e r m i c  t r a n s i t i o n s  o f  b e e f  m u s c l e  d u r i n g  c o n d i 
t i o n i n g .  S t e r n o m a n d i b u l a r i s  m u s c l e  h e l d  a t  5 ° C  f r o m  2 - 8  d a y s  
p o s t m o r t e m  r e s u l t e d  i n  a  s i g n i f i c a n t  (P  <  0 . 0 5 )  d r o p  in  t h e  t o t a l  
h e a t  o f  t r a n s i t i o n  ( A H )  f r o m  3 . 8  t o  3 . 0  J /g .  T h e  m y o s i n  t r a n s i t i o n  
d e c r e a s e d  f r o m  5 7 . 8 °  t o  5 5 . 2 ° C  w h i l e  t h e  a c t i n  t r a n s i t i o n  i n c r e a s e d  
f r o m  8 1 . 8 °  t o  8 3 . 2 ° C  ( P  <  0 . 0 5 ) .  S t o r a g e  t i m e  a n d  t e m p e r a t u r e  
w e r e  v a r i e d  t o  g e n e r a t e  a  r e s p o n s e  s u r f a c e  o f  t h e r m a l  d a t a  f o r  p s o a s  
m a j o r  a n d  s e m i m e m b r a n e o s u s  m u s c l e .  T h e  d e c r e a s e  i n  A H  o f  p s o a s  
m a j o r  w a s  o p t i m a l  b e t w e e n  1 0 °  a n d  1 3 ° C .  T o t a l  A H  o f  s e m i m e m 
b r a n e o s u s  ( 3 . 9  J / g )  w a s  s i g n i f i c a n t l y  g r e a t e r  ( P  <  0 . 0 5 )  t h a n  t h a t  o f  
p s o a s  m a j o r  ( 3 . 4  J /g ) .

INTRODUCTION
T H E  P R A C T I C E  O F  H A N G I N G  B E E F  c a r c a s s e s  t o  i m p r o v e  
t e n d e r n e s s  w a s  e s t a b l i s h e d  l o n g  b e f o r e  t h e  e n z y m o l o g y  o f  
c o n d i t i o n i n g  w a s  s c i e n t i f i c a l l y  i n v e s t i g a t e d .  T h e  e n z y m e s  

r e s p o n s i b l e  f o r  t h e  d e g r a d a t i o n  o f  m y o f i b r i l l a r  p r o t e i n s  
d u r i n g  c o n d i t i o n i n g  h a v e  b e e n  s t u d i e d  e x t e n s i v e l y  a n d  t h e  
l i t e r a t u r e  w a s  r e v i e w e d  c o m p r e h e n s i v e l y  b y  P e n n y  ( 1 9 8 0 ) .  
C a l c i u m  a c t i v a t e d  n e u t r a l  p r o t e a s e  ( C A N P )  h a s  b e e n  i m 
p l i c a t e d  i n  t h e  b r e a k d o w n  o f  t h e  Z - d i s c  a n d  t h e  f r a g m e n t a 
t i o n  o f  m y o f i b r i l s .  C a t h e p s i n s  B a n d  D ,  w h i c h  h a v e  p H  
o p t i m a  b e l o w  4 ,  h a v e  a l s o  b e e n  s h o w n  t o  d e g r a d e  m y o 
f i b r i l l a r  p r o t e i n s  ( Y a t e s  e t  a l . ,  1 9 8 3 ) .  T h e  r a t e  a n d  n a t u r e  o f  
p r o t e o l y s i s  v a r i e s  b e t w e e n  m u s c l e s  d e p e n d i n g  o n  t h e i r  
a v a i l a b l e  e n z y m e  c o n c e n t r a t i o n  a n d  h o l d i n g  t e m p e r a t u r e .  I t  
w a s  r e c e n t l y  r e p o r t e d  t h a t  a t  4  C  a n d  p H  7  c a t h e p t i c  a c t i v 

i t y  i s  m i n i m i z e d ,  w h i l e  a t  3 7  C  a n d  p H  5 . 4  C A N P  a c t i v i t y  

i s  l o w  ( Y a t e s  e t  a l . ,  1 9 8 3 ) .  T h e s e  r e s e a r c h e r s  a l s o  n o t e d  t h e  
d e g r a d a t i o n  o f  m y o s i n  a n d  r e l a t e d  t h i s  t o  a  r e d u c t i o n  i n  t h e  

r i g o r  c r o s s b r i d g e s  e f f e c t i n g  a  m e c h a n i c a l  w e a k e n i n g  o f  t h e  
m y o f i b r i l .  S m i t h  e t  a l .  ( 1 9 7 8 )  c o n c l u d e d  t h a t  m a x i m u m  
t e n d e r i z i n g  w a s  a c h i e v e d  f o r  m o s t  b e e f  m u s c l e s  a f t e r  11 
d a y s  s t o r a g e  a t  4  C ,  b u t  t h a t  s o m e  m u s c l e s  r e a c h e d  t h e i r  

m i n i m u m  s h e a r  v a l u e s  i n  5 d a y s  w h i l e  o t h e r s  r e q u i r e d  2 8  
d a y s .  D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( D S C )  h a s  b e e n  u s e d  
t o  r e l a t e  t h e  d e n a t u r a t i o n  o f  m u s c l e  p r o t e i n s  t o  t h e  t e x t u r a l

A u th o rs  F in d la y  a n d  S ta n le y  are a f f i l ia te d  w ith  th e  D ep t, o f  F o o d  
S cien ce, Univ. o f  G u elph , G u elph , O n tario , Canada N 1 G  2W 1.

c h a n g e s  c a u s e d  b y  c o o k i n g  ( F i n d l a y  a n d  S t a n l e y ,  1 9 8 4 a ,  

M a r t e n s  e t  a l . ,  1 9 8 2 ) .  T h e  t r a n s i t i o n  t e m p e r a t u r e  a n d  A H  
o f  m u s c l e  p r o t e i n s  h a v e  b e e n  s h o w n  t o  b e  s e n s i t i v e  t o  
c h a n g e s  i n  p H  a n d  i o n i c  s t r e n g t h  ( W r i g h t  e t  a l . ,  1 9 7 7 ,  
W r i g h t  a n d  W i l d i n g ,  1 9 8 4 ) .  B e c a u s e  D S C  h a s  b e e n  s h o w n  t o  
b e  u s e f u l  i n  a c c u r a t e l y  m e a s u r i n g  t h e r m a l  p r o p e r t i e s  o f  

m u s c l e ,  t h i s  s t u d y  w a s  u n d e r t a k e n  t o  d e t e r m i n e  t h e  e f f e c t  
o f  c o n d i t i o n i n g  o f  b e e f  o n  D S C  t h e r m a l  c u r v e s .

MATERIALS & METHODS
B E E F  N E C K  M U S C L E  ( s t e r n o m a n d i b u l a r i s )  w a s  o b t a i n e d  f r o m  
f o u r  18 m o n t h - o l d  C h a r o l a i s  c r o s s b r e e d  h e i f e r s  i m m e d i a t e l y  p o s t 
m o r t e m  a n d  r e s t r a i n e d  t o  p r e v e n t  s h o r t e n i n g .  T h e  s a m p l e s  w e r e  
w r a p p e d  in  d a m p  p a p e r  t o w e l  a n d  h e l d  a t  2 0 ° C  f o r  8 h r  b e f o r e  
h o l d i n g  i s o t h e r m a l l y  a t  5 ° C  f o r  2 ,  4 ,  6 a n d  8 d a y s .  S a r c o m e r e  
l e n g t h ,  a s  m e a s u r e d  b y  l a s e r  d i f f r a c t i o n ,  a v e r a g e d  1 . 9 5  p m  ( sd  0 . 1 2  
Mm).

B e e f  p s o a s  m a j o r  ( s a r c o m e r e  l e n g t h  3 . 1 2 ,  s d  0 . 0 9  Mm) a n d  s e m i 
m e m b r a n e o s u s  ( s a r c o m e r e  l e n g t h  2 . 3 3 ,  s d  0 . 0 6  Mm) m u s c l e s  w e r e  
t a k e n  f r o m  a n o t h e r  g r o u p  o f  f o u r  18  m o n t h - o l d  C h a r o l a i s  c r o s s 
b r e e d  h e i f e r s  8 h r  p o s t m o r t e m ,  c o m m i n u t e d ,  b l e n d e d ,  d i v i d e d  i n t o  
5 0 g  s a m p l e s  a n d  s e a l e d  in  p l a s t i c  b a g s .  A  t w o  v a r i a b l e  r o t a t a b l e  
d e s i g n  w a s  u s e d  t o  o p t i m i z e  t h e  e x p e r i m e n t  a n d  y i e l d  r e s p o n s e  s u r 
f a c e  d a t a  o n  t h e  e f f e c t  o f  v a r y i n g  t i m e  a n d  t e m p e r a t u r e  o f  c o n d i 
t i o n i n g  ( M u l l e n  a n d  E n n i s ,  1 9 7 9 ) .  T e m p e r a t u r e  l e v e l s  o f  3 ° ,  8 ° ,  
1 5 . 5 ° ,  2 3 °  a n d  2 8 ° C  w e r e  u s e d  f o r  s t o r a g e  t i m e s  o f  8 , 2 2 ,  5 6 ,  9 0  
a n d  1 0 4  h r .

D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  w a s  p e r f o r m e d  u s i n g  t h e  m e t h 
o d s  p r e v i o u s l y  d e s c r i b e d  b y  F i n d l a y  a n d  S t a n l e y  ( 1 9 8 4 b ) .  T h e r m a l  
c u r v e s  w e r e  a n a l y z e d  f o r  t e m p e r a t u r e s  o f  m a x i m u m  t r a n s i t i o n ,  
T m a x  ( T j ,  T 2 , T 3 a n d  T 4 ) a n d  c o r r e s p o n d i n g  h e a t s  o f  t r a n s i t i o n  
( A H ) .  T h e  d a t a  w e r e  a n a l y z e d  b y  m u l t i p l e  r e g r e s s i o n  a n d  r e s p o n s e  
s u r f a c e  p l o t s  w e r e  g e n e r a t e d  u s i n g  t h e  S t a t i s t i c a l  A n a l y s i s  S y s t e m  
( H e l w i g  a n d  C o u n c i l ,  1 9 7 9 ) .

RESULTS
S E V E R A L  T H E R M A L  T R A N S I T I O N S  c h a n g e d  s i g n i f i c a n t 
l y  ( P  <  0 . 0 5 )  d u r i n g  t h e  t i m e  c o u r s e  o f  5 ° C  i s o t h e r m a l  s t o r 

a g e  o f  b e e f  s t e r n o m a n d i b u l a r i s  m u s c l e  ( T a b l e  1 ) .  T h e  f i r s t  
t r a n s i t i o n  ( T j ) ,  a t t r i b u t e d  t o  m y o s i n  ( W r i g h t  e t  a l . ,  1 9 7 7 ;  

S t a b u r s v i k  a n d  M a r t e n s ,  1 9 8 0 ) ,  s h i f t e d  f r o m  5 7 . 8 °  t o  
5 5 . 2 ° C ,  w h i l e  t h e  A H  d e c r e a s e d  f r o m  c a .  0 . 7 2  t o  0 . 5 5  J / g .  
T h e  s e c o n d  t r a n s i t i o n  ( T 2 ) s h o w e d  a  m a j o r  d e c r e a s e  i n  A H  

f r o m  1 . 9 7  t o  1 . 4 7  J / g ,  b u t  r e m a i n e d  a t  c a .  6 6 ° C .  T h e  a c t i n  
t r a n s i t i o n  ( T 3 ) i n c r e a s e d  f r o m  8 1 . 8 °  t o 8 3 . 2 ° C  a n d  d r o p p e d

T able 1— E ffe c t  o f  iso th erm a l co n d itio n in g  on  th e  Tm g x  a n d  AH  values b e e f  s te rn o m a n d ib u la r is  m u sc le  (n = 15)

Aging (days) +

Transition temperature (Tmax O Heat of transition (J/g)

T i t 2 T 3 AHj a h 2 a h 3 AHTotal
2 57.82 a* 66.33 a 81.84 a 0.725 a 1.969 a 1.127 a 3.821 a

(Std dev) (1.77) (1.16) (0.37) (0.115) (0.329) (0.179) (0.477)

4 56.04 b,c 65.69 b 82.59 b 0.655 a.b 1.875 a,b 1.098 a 3.629 a
(2.34) (0.99) (0.70) (0.102) (0.387) (0.195) (0.499)

6 56.60 b 66.15 b 82.96 c 0.599 b,c 1.601 b.c 1.027 a.b 3.227 b
(2.35) (1.13) (0.72) (0.126) (0.394) (0.207) (0.578)

8 55.16 c 66.97 a 83.20 c 0.551 c 1.465 c 0.967 b 2.983 b
(2.91) (1.23) (0.73) (0.118) (0.393) (0.176) (0.505)

* M eans in the sam e c o lu m n  w ith  the sam e letter are not s ign ific an t ly  d ifferen t P <  0.05, u sing  D u n c a n ’s M u lt ip le  Range  Test.
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D SC O F  B E E F  M U S C L E . . .

f r o m  1 . 1 3  t o  0 . 9 7  J / g .  T h e  t o t a l  A H  o v e r  t h e  r a n g e  4 5 -  

9 2 ° C  d r o p p e d  f r o m  c a .  3 . 8  t o  3 . 0  J / g .  T h e r m a l  c u r v e s  o f  2 ,  
4 , 6  a n d  8  d a y s  s t o r a g e ,  n o r m a l i z e d  t o  1 0  m g  w e t  m u s c l e ,  

a p p e a r  i n  F i g .  1.
D u r i n g  c o n d i t i o n i n g  a t  5  C ,  t h e  A H  v a l u e s  f o r  a l l  t r a n s i 

t i o n s  o f  b e e f  s t e r n o m a n d i b u l a r i s  m u s c l e  d e c l i n e d  s t e a d i l y .  
T h e  d e c r e a s e  i n  t h e  A H  o f  m y o s i n  ( T j )  w a s  a c c o m p a n i e d  
b y  a  d r o p  i n  T m a x  w h i l e  a c t i n  ( T 3 ) i n c r e a s e d  i n  t r a n s i t i o n  

t e m p e r a t u r e .  I t  i s  c l e a r  t h a t  t h e s e  t h r e e  m a j o r  e n d o t h e r m i c  
t r a n s i t i o n s  o f  b e e f  m u s c l e  a r e  n o t  t h e  d i s c r e t e  e v e n t s  a t t r i b 
u t e d  t o  m y o s i n ,  c o l l a g e n  a n d  a c t i n  b y  S t a b u r s v i k  a n d  
M a r t e n s  ( 1 9 8 0 )  b u t  a  n e t  r e s p o n s e  o f  t h e  m u s c l e  p r o t e i n s  

r e f l e c t i n g  t h e i r  a s s o c i a t i o n  a n d  e n v i r o n m e n t  a s  d i s c u s s e d  

b e l o w .

40 60 80 100

Tem perature  (°C)

Fig. 1—D S C  th erm a l cu rves o f  b e e f  s te rn o m a n d ib u la r is  m u scle  
s to r e d  a t  5 ° C  fo r  2 , 4 , 6  a n d  8  d a y s  p o s tm o r te m . Each cu rve  is th e  
su m  o f  10  sa m p le s  n o rm a lized  to  10  m g  w e t  m u scle.

I t  w a s  n o t e d  b y  W r i g h t  e t  a l .  ( 1 9 7 7 )  a n d  W r i g h t  a n d  

W i l d i n g  ( 1 9 8 4 )  t h a t  a l t h o u g h  m y o s i n  a p p e a r e d  t o  h a v e  a  
s i n g l e  t r a n s i t i o n  i n  f r e s h  m u s c l e ,  i s o l a t e d  m y o s i n  h a d  t h r e e  
t r a n s i t i o n s  t h a t  h a v e  b e e n  r e l a t e d  t o  t h e  t h r e e  s t r u c t u r a l  

s u b u n i t s ,  l i g h t  m e r o m y o s i n  a n d  h e a v y  m e r o m y o s i n s  S j  a n d  
S 2 a n d  w a s  s e n s i t i v e  t o  c h a n g e s  i n  p H  a n d  i o n i c  e n v i r o n 
m e n t .  P r o t e o l y s i s  o f  t h e  t h i c k  f i l a m e n t  m a y  b e  r e s p o n s i b l e  
f o r  c l e a v a g e  o f  t h e  m y o s i n  a n d  t h e  l i b e r a t i o n  o f  m o r e  l a b i l e  
s u b u n i t s .  C o n v e r s e l y ,  t h e  d i s s o c i a t i o n  o f  a c t i n  f r o m  t h e  
a c t o m y o s i n  c o m p l e x  m a y  l e a d  t o  g r e a t e r  t h e r m a l  s t a b i l i t y  
a n d  t h e  h i g h e r  a c t i n  t r a n s i t i o n  t e m p e r a t u r e  o b s e r v e d  w i t h  

c o n d i t i o n i n g .

T h e  i n t e r a c t i o n  o f  t e m p e r a t u r e  a n d  s t o r a g e  t i m e  w a s  
i n v e s t i g a t e d  u s i n g  a  r o t a t a b l e  d e s i g n  e x p e r i m e n t .  P s o a s  

m a j o r  w a s  s e l e c t e d  f o r  i t s  t e n d e r n e s s  a n d  l o w  c o n n e c t i v e  
t i s s u e  c o n t e n t  w h i l e  s e m i r n e m b r a n e o s u s  i s  k n o w n  t o  p o s s e s s  
m o r e  c o n n e c t i v e  t i s s u e  a n d  i s  a  t o u g h e r  c u t  o f  m e a t  ( S w a t -  

l a n d ,  1 9 8 4 ) .  M u l t i p l e  r e g r e s s i o n  w a s  u s e d  t o  p r o v i d e  a n  
e q u a t i o n  t o  g e n e r a t e  a  r e s p o n s e  s u r f a c e .  T a b l e  2  c o n t a i n s  
t h e  m e a n ,  s t a n d a r d  d e v i a t i o n ,  p r o b a b i l i t y  a n d  R 2 v a l u e s  f o r  

T m a x  a n d  A H  v a l u e s  f o r  b o t h  m u s c l e s .  T h e  t o t a l  A H  f o r  
s e m i r n e m b r a n e o s u s  w a s  3 . 9  J / g  w h i l e  t h a t  f o r  p s o a s  m a j o r  
w a s  o n l y  3 . 4  J / g  ( P  <  0 . 0 5 ) ,  p r o b a b l y  r e f l e c t i n g  t h e  l o w e r  

c o n n e c t i v e  t i s s u e  c o n t e n t  o f  p s o a s  m a j o r .
T h e  r e s p o n s e  s u r f a c e  m o d e l s  g e n e r a t e d  b y  r e g r e s s i o n  

a n a l y s i s  o f  p s o a s  m a j o r  t h e r m a l  c u r v e s  r e v e a l e d  t h a t  t h e  
e f f e c t  o f  s t o r a g e  t e m p e r a t u r e  a n d  t i m e  o n  A H j  a c c o u n t e d  

f o r  6 8 %  o f  t h e  v a r i a t i o n  a t  P  =  0 . 0 9 1 3  ( F i g .  2 ) .  T h e  m o d e l  
f o r  t o t a l  A H  ( F i g .  3 )  a c c o u n t e d  f o r  7 0 %  o f  t h e  v a r i a t i o n  

( P  =  0 . 0 7 1 4 ) .  T h e  T 4  t r a n s i t i o n  g a v e  a  s i g n i f i c a n t  ( P  =  
- 0 . 0 1 4 5 )  t e m p e r a t u r e  r e s p o n s e  ( F i g .  4 ) .  A n a l y s i s  o f  t h e  t h e r -

Fig. 2 —A H ] (Z) o f  p so a s  m a jo r  as a fu n c tio n  o f  s to ra g e  t im e  (X )  
a n d  tem p era tu re  (Y ). (Z  = 0 .6 1 5  — 0 .0 0 1 0 7  X  + 0 .0 2 5 2 8  Y  — 
0 .0 0 0 0 1 6  X 2  + 0 .0 0 1 2 3  Y 2  _ 0 .0 0 0 1 9 8  X * Y ;  R 2  = 0 .6 8 3 ;  P  = 
0 .0 9 1 3 ) .

T able 2 —R egression  a n a lysis  o f  th e ro ta ta b le  design  th erm a l cu rves o f  b e e f  m u sc le  (n =  13)

Temperature of Transition (Tmax“C) Heat of Transition (J/g)

Muscle T 1 T 2 t 3 T 4 AH ! a h 2 a h 3 a h 4 AHTotal
Psoas major

Mean 54.49 66.77 80.79 89.97 0.398 0.516 0.686 • 0.046 3.413
Std dev 0.91 1.78 0.42 0.43 0.084 0.096 0.082 0.024 0.420
Probability = 0.3867 0.8779 0.3902 0.0145 0.0913 0.2878 0.2295 0.3884 0.0714

R2 0.4677 0.1921 0.4658 0.8229 0.6829 0.5257 0.5639 0.4668 0.7076

Semirnembraneosus
Mean 55.12 66.62 80.77 89.95 0.481 0.519 0.624 0.038 3.928
Std dev 1.15 1.41 0.36 0.57 0.124 0.150 0.024 0.012 0.581
Probability = 0.1442 0.3900 0.0067 0.2531 0.3541 0.3054 0.0001 0.8321 0.8847

R2 0.6300 0.4659 0.8597 0.5480 0.4861 0.5148 0.9670 0.2240 0.1870
Regression model: d.f. =5; Z = aX + b X2 + cY + dV2 + eXY + f ; X = storage time (h); Y =storage temperature (°C).
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m a l  c u r v e s  o f  s e m i m e m b r a n e o s u s  s h o w e d  a  s i g n i f i c a n t  r e 
s p o n s e  f o r  t e m p e r a t u r e ,  P  =  0 . 0 0 6 7 ,  ( F i g .  5 )  a n d  A H ,  P  =  

0 . 0 0 0 1  ( F i g .  6 )  f o r  t h e  a c t i n  t r a n s i t i o n  ( T 3 ) .

D S C  t h e r m a l  c u r v e s  a r e  d i f f i c u l t  t o  a n a l y z e  i n  t h e  f o r m  

o f  d i s c r e t e  d a t a  d u e  t o  t h e  n e t  h e a t  f l o w  b e i n g  m e a s u r e d  
a n d  t h e  p r o b a b i l i t y  o f  i n t e r a c t i o n s  b e t w e e n  p r o t e i n s .  H o w 
e v e r ,  t o  u t i l i z e  t h e  p o w e r  o f  t h r e e  d i m e n s i o n a l  p l o t t i n g  a  
d i s c r e t e  r e s p o n s e  i s  r e q u i r e d .  T h e  t h e r m a l  d a t a  t h a t  p r o v e d  
t o  b e  s i g n i f i c a n t  d e m o n s t r a t e d  c h a n g e s  t h a t  a r e  c o n s i s t e n t  
w i t h  t h e  c u r r e n t  u n d e r s t a n d i n g  o f  t h e  e n z y m o l o g y  o f  c o n 
d i t i o n i n g .  T h e  A H X o f  b e e f  p s o a s  m a j o r  ( F i g .  2 )  s h o w e d  i t s  

g r e a t e s t  r e d u c t i o n  i n  A H j  a r o u n d  1 2 - 1 3 ° C ,  t h e  t e m p e r a 
t u r e  u s e d  c o m m e r c i a l l y  f o r  c a r c a s s  c o n d i t i o n i n g .  A l m o s t  n o  
c h a n g e  o c c u r r e d  a t  3  C ,  w h i l e  t h e  i n i t i a l l y  h i g h e r  A H  a t  
h i g h e r  s t o r a g e  t e m p e r a t u r e  d e c l i n e d  r a p i d l y  a s  p r o t e o l y s i s  

p r o g r e s s e d .  T h e  t o t a l  A H  f o r  p s o a s  m a j o r  ( F i g .  3 )  h a d  i t s  
h i g h e s t  v a l u e  a t  3  C  a n d  a t  t h e  i n i t i a l  t i m e .  W i t h  a n  i n c r e a s e  
i n  s t o r a g e  t e m p e r a t u r e  t h e r e  w a s  a  r a p i d  d e c r e a s e  i n  A H  

c o m m e n s u r a t e  w i t h  p r o t e o l y s i s .  A g a i n ,  i t  a p p e a r s  t h a t  t e m 
p e r a t u r e s  o f  1 0 - 1 5  C  r e s u l t e d  i n  a  m o r e  r a p i d  r e d u c t i o n  i n  

A H  t o  t h e  3  J / g  v a l u e  t h a t  i s  t y p i c a l  o f  a g e d  m e a t .
T h e  c u r r e n t l y  u n i d e n t i f i e d  ( F - a c t i n ,  d e s m i n  ? )  T 4  t r a n 

s i t i o n  o f  p s o a s  m a j o r  a c c o u n t e d  f o r  l e s s  t h a n  2 %  o f  t h e  
t o t a l  A H .  T h i s  t r a n s i t i o n  t e m p e r a t u r e  i n c r e a s e d  g r a d u a l l y  

( F i g .  4 )  a t  l o w  s t o r a g e  t e m p e r a t u r e s  b u t  r o s e  m o r e  r a p i d l y

Fig. 3 —T o ta l AH (Z) o f  p so a s  m a jo r  as a fu n c tio n  o f  sto ra g e  tim e  
(X ) a n d  tem p era tu re  (Y ). (Z  =  6 .4 6  — 0 .0 4 0 8 7  X  — 0 .1 7 9 6  Y  + 
0 .0 0 0 1 7 8  X 2 + 0 .0 0 2 5 3  Y2 + 0 .0 0 0 7 5  X * Y ;  R 2 = 0 .7 0 8 ;  P  =  
0 .0 7 1 4 ) .

Fig. 5- T 3  tra n sitio n  te m p e ra tu re  (Z) o f  se m im em b ra n eo su s as a 
fu n c tio n  s to ra g e  tim e  (X ) a n d  tem p era tu re  (Y ) . (Z  =  0 .0 3 8 2  + 
0 .0 0 8 2 5  X  + 0 .0 5 9 8  Y  -  0 .0 0 0 0 0 5  X 2 -  0 .0 0 1 1 3  Y2 -  0 .0 0 0 5 4  
X * Y ; R 2 =  0 .9 6 7 ;  P =  0 .0 0 0 1 ) .

a t  h i g h e r  i n i t i a l  s t o r a g e  t e m p e r a t u r e .  A t  h i g h e r  s t o r a g e  

t e m p e r a t u r e s  t h e r e  w a s  a  s i g n i f i c a n t  d e c r e a s e  i n  T m a x  

p a r a l l e l i n g  t h e  c a t h e p t i c  a c t i v i t y  n o t e d  b y  Y a t e s  e t  a l .
( 1 9 8 3 ) .

S e m i m e m b r a n e o s u s  g a v e  h i g h l y  s i g n i f i c a n t  r e s p o n s e s  f o r  
b o t h  t e m p e r a t u r e  a n d  h e a t  o f  t h e  a c t i n  t r a n s i t i o n .  T h e  r e 
s p o n s e  s u r f a c e s  ( F i g .  5  a n d  6 )  d i s p l a y e d  t h e  s a m e  g e n e r a l  
s h a p e  w i t h  m a x i m a  a t  2 8 ° C  i n i t i a l l y  b u t  a t  3 ° C  a f t e r  1 0 4  
h r .  A t  h i g h  s t o r a g e  t e m p e r a t u r e  t h e r e  w a s  a  s t e a d y  d e c l i n e  
i n  T m a x  a n d  A H  o f  t h e  a c t i n  t r a n s i t i o n  r e s u l t i n g  f r o m  p r o 

t e o l y t i c  a c t i v i t y .  A t  l o w  t e m p e r a t u r e  t h e r e  w a s  a  g r a d u a l  
i n c r e a s e  i n  A H  a n d  i n  T m a x  s i m i l a r  t o  t h a t  f o u n d  i n  t h e  

b e e f  s t e r n o m a n d i b u l a r i s  s t o r e d  i s o t h e r m a l l y  a t  5 ° C .

SUMMARY & CONCLUSIONS
T H E  I N T E R A C T I O N S  o f  m u s c l e  p r o t e i n s  d u r i n g  h e a t i n g  
m u s t  b e  u n d e r s t o o d  b e f o r e  t h e  c h a n g e s  i n  e n d o t h e r m i c  
p r o f i l e s  o f  m e a t  c a n  b e  q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  d e g r a 

d a t i o n  o b s e r v e d  d u r i n g  c o n d i t i o n i n g .  I n  g e n e r a l ,  t h e  t o t a l  
A H  v a l u e  f o r  m u s c l e  d e c l i n e d  d u r i n g  c o n d i t i o n i n g .  T h e  i n 

c r e a s e  i n  t h e  t r a n s i t i o n  t e m p e r a t u r e  o f  a c t i n  a s  a  r e s u l t  o f  
c o n d i t i o n i n g  i n  b o t h  s t e r n o m a n d i b u l a r i s  a n d  s e m i m e m 
b r a n e o s u s  p a r a l l e l e d  t h e  a c t i n  s h i f t  o b s e r v e d  w h e n  s a r c o 
m e r e  l e n g t h  w a s  i n c r e a s e d  ( F i n d l a y  a n d  S t a n l e y ,  1 9 8 4 b ) .

Fig. 4—T4 tran sition  tem p era tu re  (Z ) o f  p so a s  m a jo r  as a fu n ctio n  
o f  sto ra g e  tim e  (X ) a n d  tem p era tu re  (Y ). (Z  = 8 7 .9  + 0 .0 1 7 1 4  X  + 
0 .2 8 4 1  Y  + 0 .0 0 0 0 7 5  X 2 -  0 .0 0 3 0 2  Y2 -  0 .0 0 3 0 8  X * Y ;  R 2 = 
0 .8 2 3 ;  P =  0 .0 1 4 5 ) .

Fig. 6— A H 3 (Z ) o f  se m im em b ra n eo su s as a fu n c tio n  o f  sto rage  tim e  
(X ) a n d  tem p era tu re  (Y ). (Z  = 7 8 .3  + 0 .0 5 2 9  X  + 0 .2 7 2 8  Y  — 
0 .0 0 0 1 7 9  X 2 -  0 .0 0 5 2 6  Y2 -  0 .0 0 2 9 6  X * Y ;  R 2 = 0 .8 6 0 ;  P  = 
0 .0 0 6 7 ) .
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D SC O F  B E E F  M U S C L E . . .

T h e  m i n o r  r e d u c t i o n  i n  A H  o f  p r o t e i n  t r a n s i t i o n s  d u r i n g  

c o n d i t i o n i n g ,  l e s s  t h a n  1%  o f  t h e  e n e r g y  r e q u i r e d  t o  i n c r e a s e  
t h e  t e m p e r a t u r e  o f  m e a t  d u r i n g  c o o k i n g ,  e m p h a s i z e s  t h e  

i m p o r t a n c e  o f  t h e  t e m p e r a t u r e  o f  t r a n s i t i o n .  A  s h i f t  t o w a r d s  
h i g h e r  t r a n s i t i o n  t e m p e r a t u r e s  i n  m e a t  c o o k e d  t o  a  s p e c i f i c  
i n t e r n a l  t e m p e r a t u r e  w i l l  r e s u l t  i n  a  g r e a t e r  p r o p o r t i o n  o f  

u n d e n a t u r e d  m y o f i b r i l l a r  p r o t e i n s  a n d ,  i t  w o u l d  b e  s u p 
p o s e d ,  c o n c o m i t a n t l y  l e s s  m y o f i b r i l l a r  t o u g h e n i n g .  T h e  

t e n d e r i z i n g  e f f e c t  o f  c o n d i t i o n i n g  o n  b e e f  m u s c l e  h a s  b e e n  
w e l l  e s t a b l i s h e d ;  h o w e v e r ,  t h e  r e l a t i v e  i m p o r t a n c e  o f  C A N P  

o r  c a t h e p s i n s  B  a n d  D  i n  m e a t  t e n d e r n e s s  i s  s t i l l  n o t  c l e a r .  
D S C  m a y  p r o v i d e  a  w a y  t o  f o l l o w  t h e  d e g r a d a t i o n  o f  m y o 
f i b r i l l a r  p r o t e i n s  d u r i n g  c o n d i t i o n i n g .  T h e  c o n t r i b u t i o n  a n d  

i n t e r a c t i o n  o f  i n d i v i d u a l  m u s c l e  p r o t e i n s  t o  t h e  e n d o t h e r 
m i c  p r o f i l e  o f  m u s c l e  r e q u i r e s  f u r t h e r  r e s e a r c h  b e f o r e  i t s  

e f f e c t  o n  c o o k e d  m e a t  t e n d e r n e s s  i s  u n d e r s t o o d .
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t h e  p r o p o r t i o n  o f  n o n t o x i c  a n d  v e r y  t o x i c  s a m p l e s  r e c e i v e d  

d u r i n g  a  s e a s o n .  O v e r  a  5 - m o n t h  p e r i o d ,  a n  a u t o a n a l y z e r  
s y s t e m  w o u l d  h a v e  e l i m i n a t e d  t h e  b i o a s s a y s  o n  7 0 - 8 0 %  o f  
t h e  a p p r o x i m a t e l y  1 5 0 0  s a m p l e s  r o u t i n e l y  a n a l y z e d .  
A n o t h e r  a d v a n t a g e  o f  a u t o a n a l y z e r  s c r e e n i n g  i s  t h e  a v a i l 

a b i l i t y  o f  a n  e s t i m a t e  o f  t o x i n  l e v e l  f o r  a l l  s a m p l e s ,  t h u s  
r e d u c i n g  t h e  n u m b e r  o f  t r i a l s  n e c e s s a r y  t o  e s t a b l i s h  t h e  
p r o p e r  d i l u t i o n  f o r  t h o s e  s a m p l e s  w h i c h  a r e  r e t e s t e d  b y  t h e  

b i o a s s a y .
T h e  r e s u l t s  o f  t h i s  s t u d y  s h o w  t h a t  t h e  a u t o a n a l y z e r  h a s  

g r e a t  p o t e n t i a l  a s  a  r o u t i n e  m o n i t o r i n g  s y s t e m  f o r  P S P .  
A d d i t i o n a l  w o r k  i s  c u r r e n t l y  b e i n g  c o n d u c t e d  t o  r e f i n e  t h e  
t e c h n i q u e  a n d  t o  d e t e r m i n e  t h e  e x a c t  c o r r e l a t i o n  b e t w e e n  
t h e  m o u s e  b i o a s s a y  a n d  t h e  a u t o a n a l y z e r  i n  t h i s  r e g i o n .  

F u r t h e r  c o m p a r i s o n  t e s t i n g  w i l l  h e l p  t o  e s t a b l i s h  a n  e x a c t  
r e l a t i o n s h i p  b e t w e e n  t h e  r e s u l t s  o f  t h e  a u t o a n a l y z e r  a n d  t h e  
b i o a s s a y  a n d  m a y  l e a d  t o  a  p r e d i c t i v e  m a t h e m a t i c a l  f a c t o r ,  

t h e  u s e  o f  w h i c h  w o u l d  a l l o w  a  c l o s e r  c o r r e s p o n d e n c e  b e 

t w e e n  t h e  t w o  t e c h n i q u e s .  A s  d e s c r i b e d  e a r l i e r ,  l a b o r a t o r i e s  
i n  o t h e r  r e g i o n s  o f  t h e  c o u n t r y  w i l l  n e e d  t o  d o  e x t e n s i v e  

c o m p a r i s o n  t e s t i n g  t o  d e t e r m i n e  t h e  l e v e l  o f  c o r r e l a t i o n  
b e t w e e n  t h e  t w o  t e c h n i q u e s  i n  t h e i r  p a r t i c u l a r  r e g i o n .
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------------------------ — ABSTRACT----------------------------
A  s i m p l e  a n d  s e n s i t i v e  f l u o r e s c e n c e - m e a s u r i n g  t e c h n i q u e  w a s  d e v e l 
o p e d  t o  a s s e s s  e x t e n t  o f  l i p i d  o x i d a t i o n  i n  f r e e z e - d r i e d  m e a t s .  S o l 
v e n t  e x t r a c t s  o f  r e c o n s t i t u t e d  s t o r e d  s a m p l e s  w e r e  a s s a y e d  b y  f l u o r i -  
m e t r y .  S p e c t r a  o f  “ o x i d i z e d ”  m e a t s  s h o w  m a x i m u m  e x c i t a t i o n  a n d  
e m i s s i o n  w a v e l e n g t h s  o f  X ex  =  3 5 0  a n d  \ e m  = 4 4 0  n m ,  r e s p e c t i v e l y .  
A t  X em  o f  4 4 0  n m ,  “ u n o x i d i z e d ”  m e a t s  s h o w  t h r e e  p e a k s  in  e x c i 
t a t i o n  s p e c t r u m  a t  A e x j  =  3 0 8 ,  \ e x j  =  3 1 8  ( m a x . ) ,  a n d  X e x 3 = 3 5 0  
n m .  H o w e v e r ,  a t  Xex o f  3 5 0  n m ,  t h e s e  s a m p l e s  s h o w  a p e a k  a t  \ e m  
= 4 7 6  n m .  T h e  i n t e n s i t y  r a t i o  o f  X e x 3 o r  X em  o v e r  \ e x 2 a r e  u s e f u l  
a s  s e n s i t i v e  a n d  r e l i a b l e  “ i n t e r n a l  s t a n d a r d s ”  o f  l i p id  o x i d a t i o n .  
P r e s e n c e  o f  1 0 0  p p m  T B H Q  ( m o n o t e r t i a r y  b u t y l h y d r o q u i n o n e ) ,  
a b s e n c e  o f  o x y g e n ,  a n d  c o m p r e s s i o n  o f  m e a t  b e f o r e  f r e e z e - d r y i n g ,  
w h i c h  p r o t e c t  a g a i n s t  o x i d a t i o n  a l s o  r e s u l t  i n  C o r r e s p o n d i n g  r e d u c 
t i o n s  o f  t h e s e  r a t i o s .

INTRODUCTION
T R A D I T I O N A L  M E T H O D S  f o r  a s s e s s m e n t  o f  t h e  s t a t e  o f  
o x i d a t i o n ,  i n c l u d i n g  p e r o x i d e  v a l u e  a n d  T B A  t e s t s  g i v e  
g o o d  r e s u l t s  i n  m o d e l  s y s t e m s  a n d  i n  f r e s h  o r  f r o z e n  m e a t s  
b u t  d o  n o t  p r o d u c e  s a t i s f a c t o r y  r e s u l t s  i n  f r e e z e - d r i e d  

m e a t s .  A  t e c h n i q u e  w h i c h  s e e m e d  p r o m i s i n g  w a s  a s s a y  o f  
f l u o r e s c e n t  p r o d u c t s  o f  r e a c t i o n s  b e t w e e n  o x i d i z i n g  l i p i d s  
a n d  p r o t e i n s .  D e t e c t i o n  o f  l i p i d  o x i d a t i o n  p r o d u c t s  b y  
f l u o r e s c e n c e  t e c h n i q u e  h a s  b e e n  a p p l i e d  m o s t l y  i n  b i o l o g i 
c a l  t i s s u e s  ( G r a y ,  1 9 7 8 ;  L o g a n i  a n d  D a v i e s ,  1 9 8 0 ) .  I n  a  

r e c e n t  r e v i e w ,  M e l t o n  ( 1 9 8 3 )  f o u n d  n o  r e p o r t s  o f  s t u d i e s  
t h a t  u s e d  f l u o r e s c e n c e  t o  s t u d y  l i p i d  o x i d a t i o n  i n  m u s c l e  

f o o d s .  C r a w f o r d  e t  a l .  ( 1 9 6 6 )  f o u n d  t h a t  r e a c t i o n  b e t w e e n  
m a l o n a l d e h y d e  a n d  g l y c i n e  i n v o l v e s  1 , 4  a d d i t i o n  o f  t h e  
n u c l e o p h i l i c  n i t r o g e n  a t o m  o f  g l y c i n e  t o  t h e  e n o l i c  c a r b o n  
a t o m  o f  t h e  a ,  |3 u n s a t u r a t e d  c a r b o n y l  s y s t e m  o f  t h e  e n o l  
f o r m  o f  m a l o n a l d e h y d e ,  f o l l o w e d  b y  l o s s  o f  w a t e r ,  t o  f o r m  
t h e  e n a m i n e ,  N - p r o p - 2  e n a l  a m i n o  a c e t i c  a c i d .  T h e y  i n d i 
c a t e d  a  c o n d e n s a t i o n  i n  a  1 t o  1 m o l a r  r a t i o .  C h i o  a n d  
T a p p e l  ( 1 9 6 9 )  f o u n d  t h a t  t h e  f l u o r e s c e n t  c o m p o u n d s ,  
d e r i v e d  f r o m  g l y c i n e ,  l e u c i n e ,  a n d  v a l i n e  s h o w e d  e x c i t a t i o n  
w a v e l e n g t h  o f  3 7 0 ,  a n d  e m i s s i o n  w a v e l e n g t h  o f  4 5 0  n m .  
T h e  a u t h o r s  a t t r i b u t e d  t h e  t y p i c a l  e l e c t r o n i c  a b s o r p t i o n  

a n d  f l u o r e s c e n c e  p r o p e r t i e s  t o  t h e  c h r o m o p h & r i c  s y s t e m  
N C = C - C = N  w h i c h  c o n t a i n s  6  Tt e l e c t r o n s .  T h e y  r e p o r t e d  
t h a t  1 m o l e  o f  m a l o n l a d e h y d e  r e a c t s  w i t h  2  m o l e s  o f  a m i n o  
a c i d  e s t e r s  t o  y i e l d  N , N ' - d i s u b s t i t u t e d  1 a m i n o - 3  i m i n o  
p r o p e n e s .

D i l l a r d  a n d  T a p p e l  ( 1 9 7 1 )  f o u n d  t h a t  f l u o r e s c e n c e  t e c h 
n i q u e s  c a n  m e a s u r e  t h e  S c h i f f  b a s e  p r o d u c t  a t  a  l e v e l  o f  1 
p p b ,  w h i c h  o n  t h e  m o l a r  b a s i s  i s  1 0  t o  1 0 0  t i m e s  m o r e  
s e n s i t i v e  t h a n  t h e  c o l o r i m e t r i c  T B A  a s s a y .  T h i s  c o n f i r m s  
t h e  f i n d i n g s  o f  S a w i c k i  e t  a l .  ( 1 9 6 3 )  w h o  r e p o r t e d  t h a t  
s p e c t r o f l u o r o m e t r i c  m e t h o d  i s  b y  f a r  t h e  m o s t  s e n s i t i v e  
a n d  h i g h l y  s e l e c t i v e  m e t h o d  f o r  d e t e r m i n a t i o n  o f  m a l o n a l 

d e h y d e .
D i l l a r d  a n d  T a p p e l  ( 1 9 7 3 )  f o u n d  t h a t  a  c o n j u g a t e d  

S c h i f f  b a s e  s t r u c t u r e  i s  r e q u i r e d  f o r  f l u o r e s c e n c e .  H e n c e ,

A u th o rs  K am arei a n d  K are l are  a f f ilia te d  w ith  th e  D ep t, o f  N u tr i
tio n  & F o o d  S cien ce , M assachu setts I n s titu te  o f  T ech n o lo g y , C am 
bridge , M A 0 2 1 3 9 .

m o n o m e r  a m i n o - m a l o n l a d e h y d e  p r o d u c t s  a r e  n o t  f l u o r e s 

c e n t ,  b u t  l o w  l e v e l s  o f  t h e  d i m e r  p r o d u c t s  a r e  e a s i l y  d e t e c t e d  
b y  s e n s i t i v e  f l u o r e s c e n c e  t e c h n i q u e .  T h u s ,  R N = C H - C H =  
C H O H  d o e s  n o t  f l u o r e s c e ,  b u t ,  R N = C H - C H = C H N H R  
d o e s .  S i m i l a r  r e s u l t s  a r e  r e p o r t e d  b y  M a l s h e t  a n d  T a p p e l

( 1 9 7 3 )  a n d  T r o m b l y  a n d  T a p p e l  ( 1 9 7 5 ) .  S t u d i e s  u s i n g  
f l u o r e s c e n c e  t e c h n i q u e  t o  i n v e s t i g a t e  t h e  p e r o x i d a t i o n  
p r o d u c t s ,  h a v e  b e e n  r e p o r t e d  o n  p h o s p h o l i p i d s  ( B i d l a c k  

a n d  T a p p e l ,  1 9 7 3 ) ,  D N A  ( R e i s s  a n d  T a p p e l ,  1 9 7 3 ) ,  r e d  
c e l l s  ( G o l d s t e i n  a n d  M c D o n a g h ,  1 9 7 6 ) ,  h e m o g l o b i n  ( G r o s s -  
m a n  e t  a l . ,  1 9 7 9 ) ,  b r a i n  l i p i d s  ( G u t t r i d g e  e t  a l . ,  1 9 8 2 ) ,  a n d  
f i s h  m u s c l e  d u r i n g  f r o z e n  s t o r a g e  ( D a v i s ,  1 9 8 2 ;  D a v i d  a n d  
R e e c e ,  1 9 8 2 ) .

I n v e s t i g a t o r s  h a v e  r e p o r t e d  t h a t  l i p i d - p r o t e i n  i n t e r a c t i o n s  

c a u s e  b r o w n i n g  s i m i l a r  t o  n o n e n z y m a t i c  b r o w n i n g  ( P o k o r n y ,
1 9 8 1 )  a n d  h a v e  u s e d  f l u o r e s c e n c e  a s  a n  a n a l y t i c a l  t e c h n i q u e  
f o r  p a r a l l e l  s t u d i e s  o n  l i p i d  a n d  c a r b o h y d r a t e - d e r i v e d  

c a r b o n y l  g r o u p s  w i t h  a m i n o  f u n c t i o n a l  g r o u p s  ( P o r t e r  e t  
a l . ,  1 9 8 3 ) .

C o n s i d e r i n g  a b o v e  r e p o r t s  a n d  l a c k  o f  a n y  f l u o r e s c e n c e  
s t u d y  o n  l i p i d  o x i d a t i o n  i n  f r e e z e - d r i e d  m u s c l e  f o o d s ,  o u r  
o b j e c t i v e  w a s  t o  u s e  a n d  d e v e l o p  s u c h  t e c h n i q u e  t o  e v a l u 
a t e  t h e  e x t e n t  o f  l i p i d  o x i d a t i o n  i n  s t o r e d  f r e e z e - d r i e d  
m e a t s .  W e  f u r t h e r  u s e d  t h i s  t e c h n i q u e  t o  e v a l u a t e  t h e  

e f f e c t i v e n e s s  o f  r e d u c t i o n  o f  h e a d s p a c e  o x y g e n  a n d  o f  
p r e s e n c e  o f  a n  a n t i o x i d a n t  ( A . O . )  i n  i m p r o v i n g  t h e  s t a b i l i t y  
o f  s u c h  f r e e z e - d r i e d  m e a t s .

MATERIALS & METHODS

P r e p a r a t i o n  a n d  s t o r a g e  o f  f r e e z e - d r i e d  m e a t

A ll  s t e p s  o f  m e a t  p r e p a r a t i o n  w e r e  c o n d u c t e d  i n  t h e  c o l d  ( a p 
p r o x .  4 ° C ) ,  u n l e s s  o t h e r w i s e  s t a t e d .  F r e s h ,  c h o i c e - g r a d e  b e e f  w a s  
d e b o n e d ,  c h o p p e d ,  a n d  t r i m m e d  t o  a p p r o x i m a t e l y  15  + 1 %  f a t .  
M e a t  w a s  t e m p e r e d  ( - 2 ° C ,  17  h r ) ,  f l a k e d ,  a n d  d i v i d e d  i n t o  t w o  
b a t c h e s  f o r  a n t i o x i d a n t  ( A . O . )  t r e a t m e n t .

T h e  c o n t r o l  b a t c h  r e c e i v e d  o n l y  0 . 5 %  s o d i u m  c h l o r i d e  a n d  0 . 2 %  
s o d i u m  t r i p o l y p h o s p h a t e  ( T P P ) .  T h e  o t h e r  b a t c h  w a s  t r e a t e d  in  
a d d i t i o n  w i t h  1 0 0  p p m  m o n o t e r t i a r y  b u t y l h y d r o q u i n o n e  ( T B H Q )  
( b a s e d  o n  f i n a l  d r y  w e i g h t )  a s  a n t i o x i d a n t .  A  s o l u t i o n  o f  a n t i o x i 
d a n t  ( 0 . 2 % )  w a s  i n i t i a l l y  p r e p a r e d  b y  d i s s o l v i n g  T B H Q  in  a  m i x t u r e  
(1 +  9 )  o f  a b s o l u t e  e t h a n o l  a n d  w a t e r .  T h e  b a t c h e s  w e r e  m i x e d  in  
s t a i n l e s s  s t e e l  m i x e r s  u n d e r  v a c u u m  ( 2 0  i n c h e s )  f o r  1 2 - 1 3  m i n .  T h e  
p r o d u c t  w a s  t h e n  s t u f f e d  i n t o  p o l y e t h y l e n e  c a s in g s ,  r e t e m p e r e d ,  
c o m p r e s s e d ,  a n d  s l i c e d  i n t o  1 5 5 —16 0 g  s a m p l e s .  S a m p l e s  w e r e  f r o z e n  
in  a  b l a s t  f r e e z e r  f o r  4  h r  a n d  t h e n  f r e e z e - d r i e d  f o r  3 6  h r  t o  a  f in a l  
m o i s t u r e  o f  1%. T h e  f i n a l  w e i g h t s  o f  s a m p l e s  w e r e  b e t w e e n  5 3 - 5 7 g .  
F o r  h a l f  o f  t h e  s a m p l e s ,  t o  b e  “ s t o r e d ”  i n  a b s e n c e  o f  a i r ,  t h e  v a c u u m  
w a s  r e l e a s e d  w i t h  d r y  n i t r o g e n .  F o r  t h e  o t h e r  h a l f ,  t o  b e  “ s t o r e d ”  
u n d e r  a i r  t h e  v a c u u m  w a s  r e l e a s e d  w i t h  d r y  a i r .  A ll  c o n t r o l  a n d  
T B H Q - t r e a t e d  s a m p l e s  w e r e  p l a c e d  i n  f l e x i b l e  p o u c h e s  a n d  d o u b l e  
s e a l e d  in  t h e  p r e s e n c e  o r  a b s e n c e  o f  a i r  ( v a c u u m ) .

D u r i n g  p r e p a r a t i o n  o f  f r e e z e - d r i e d  b e e f ,  t h r e e  s a m p l e s  ( e a c h  in  
d u p l i c a t e )  w e r e  r e m o v e d  a t  v a r i o u s  s t e p s  o f  p r o c e s s i n g  a n d  w e r e  
l a b e l e d  A  ( f r e s h  b e e f ) ,  B ( m i x e d  w i t h  i n g r e d i e n t s ) ,  a n d  C  ( p r o c 
e s s e d  u p  t o  f r e e z e - d r y i n g ) .

S a m p l e s  w e r e  t h e n  s t o r e d  a t  3 7 ° C  f o r  s u i t a b l e  t i m e  i n t e r v a l s  ( u p  
t o  3 0  d a y s ) ,  w h e n  t h e y  w e r e  r e m o v e d  f r o m  t h e  s t o r a g e  r o o m  a n d  
t h e  e x t e n t  o f  l ip id  o x i d a t i o n  w a s  d e t e r m i n e d  b y  t h e  f o l l o w i n g  
f l u o r i m e t r y  m e t h o d .

T o  s t u d y  t h e  e f f e c t  o f  c o m p r e s s i o n  d u r i n g  p r o c e s s i n g  o n  o x i d a 
t i o n  d u r i n g  f o l l o w i n g  s t o r a g e ,  t h e  a d d i t i o n a l  c o l d  ( - 4 0 ° C )  f r e e z e -
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d r i e d  s a m p l e s  w e r e  g r o u n d ,  u s i n g  a K r u p s  h o u s e h o l d  c o f f e e  m i l l  
( t y p e  2 0 3 ) ,  f o r  5 sec  a t  4 ° C .  D u p l i c a t e  1 .6 -g  s a m p l e s  o f  t h e  r e s u l t a n t  
h o m o g e n e o u s  g r o u n d  f r e e z e - d r i e d  b e e f  w e r e  t h e n  w e i g h e d  in  25  m l  
g la ss  E r l e n m e y e r  f l a s k s  a n d  s t o r e d  a t  3 7 ° C ,  u n d e r  a i r ,  f o r  u p  t o  3 
d a y s  ( 0 ,  1, 2  a n d  3 d a y s ) .

P r e p a r a t i o n  o f  s a m p l e s  f o r  f l u o r e s c e n c e  a s s a y

F o r  f l u o r e s c e n c e  a s s a y ,  f r e e z e - d r i e d  s a m p l e s  w e r e  d e s i g n a t e d  
i n t o  f o u r  g r o u p s  a s  f o l l o w s :

G r o u p  1 ( c o n t r o l ,  u n d e r  a i r ) ;
G r o u p  2  ( c o n t r o l ,  u n d e r  v a c u u m ) ;
G r o u p  3 ( A .O .  t r e a t e d ,  u n d e r  a i r ) ;
G r o u p  4  ( A . O .  t r e a t e d ,  u n d e r  v a c u u m ) .

T a b le  1— S te p - b y - s t e p  p r e p a r a t i o n  o f  f r e e z e - d r ie d  ( F - D )  b e e f  f o r  

f lu o r e s c e n c e  s t u d y

Reconstitute F-D beef samples to initial moisture content 
(1,6g sample + 3.4 mL H20)

Vortex and store 
, (15 min @ room temp)

Add 25 mL CHCI3:MeOH (2:1)

Mix (15 min) and transfer 
to centrifuge tube

Rinse with 10 mL H20

*
Centrifuge (104 x g  for 5 min @ room temp)

Remove aqueous phase 
(aspiration)

Collect solvent layer

Filter (2X) SS #595

Fluorimetry assay

F ig .  1—  T y p i c a l  e x c i t a t i o n  a n d  e m is s io n  s p e c t r a  o f  u n o x i d i z e d  

(------ ) vs o x i d i z e d  (---)  f r e e z e - d r ie d  b e e f .

F o r  e a c h  t r e a t m e n t ,  d u p l i c a t e  s a m p l e s  w e r e  a n a l y z e d .  P r e p a r a 
t i o n  o f  f r e e z e - d r i e d  b e e f  s a m p l e s  f o r  a s s a y  b y  f l u o r e s c e n c e  t e c h 
n i q u e s  w a s  p e r f o r m e d  a s  f o l l o w s :

F r e e z e - d r i e d  b e e f  s a m p l e s  w e r e  r e c o n s t i t u t e d  t o  i n i t i a l  m o i s t u r e  
c o n t e n t  ( 1 . 6 g  s a m p l e  +  3 . 4  m L  H 2 O ) ,  v o r t e x e d ,  a n d  s t o r e d  f o r  15 
m i n  a t  r o o m  t e m p e r a t u r e .  T o  e x t r a c t  t h e  f l u o r e s c e n t  c o m p o u n d s ,  
2 5  m L  s o l v e n t  ( C H C ^ M e O H ,  2 : 1 )  w e r e  a d d e d  t o  t h e  p a s t e ,  m i x e d  
(1 5  m i n ) ,  t r a n s f e r r e d  t o  a c e n t r i f u g e  t u b e ,  a n d  r i n s e d  w i t h  1 0  m L  
w a t e r .  T h e  m i x t u r e  w a s  c e n t r i f u g e d  a t  1 0 , 0 0 0  x g  f o r  5 m i n  a t  r o o m  
t e m p e r a t u r e .  T h e  a q u e o u s  p h a s e  w a s  r e m o v e d  b y  a s p i r a t i o n  a n d  t h e  
c o l l e c t e d  s o l v e n t  l a y e r  w a s  f i l t e r e d  t w o  t i m e s  (S S  # 5 9 8 )  a n d  u s e d  t o  
o b t a i n  t h e  f l u o r e s c e n c e  s p e c t r a .  T h e  p r o c e d u r e  f o r  p r e p a r a t i o n  o f  
b e e f  s a m p l e s  f o r  f l u o r e s c e n c e  s t u d y  is s u m m a r i z e d  i n  T a b l e  1. N o n -  
f r e e z e - d r i e d  A ,  B, a n d  C  s a m p l e s ,  t a k e n  d u r i n g  p r o c e s s i n g  l i n e ,  d i d  
n o t  r e q u i r e  r e c o n s t i t u t i o n .

F l u o r e s c e n c e  s p e c t r a  w e r e  d e t e r m i n e d  w i t h  a n  A m i n c o - B o w m a n  
s p e c t r o p h o t o f l u o r o m e t e r  ( A m e r i c a n  I n s t r u m e n t  C o . ,  I n c . ) .  S t a n d a r d  
s o l u t i o n  w a s  q u i n i n e  s u l f a t e  (1 p p m  in  0 . 1 N  H 2 S O 4 ). T h e  s l i t  a r 
r a n g e m e n t  w a s  a s  f o l l o w s :  e x c i t a t i o n  e x i t  s l i t  1 m m ,  e m i s s i o n  e n 
t r a n c e  s li t  2  m m ,  e x i t  s l i t  2  m m .  T h e  m e t e r  m u l t i p l i e r  s e t t i n g  w a s  
d e p e n d e n t  u p o n  t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  e a c h  s a m p l e  a n d  w a s  
s e t  a t  3 a n d / o r  1 0 .  S c a n n i n g  w a s  p e r f o r m e d  a t  1 2 0  n m / m i n  ( w a v e 
l e n g t h )  a n d  5 c m / m i n  ( r e c o r d e r ) .

RESULTS & DISCUSSION
P U R E  S O L V E N T  ( C H C l 3 : M e O H ,  2 : 1 )  d i d  n o t  s h o w  a n y  
p e a k  i n  e i t h e r  e x c i t a t i o n  o r  e m i s s i o n  r a n g e .  S c a n n i n g  o f  
w e l l - o x i d i z e d ,  f r e e z e - d r i e d  b e e f  f o r  1 0  n m  i n c r e m e n t s  i n  

b o t h  e x c i t a t i o n  a n d  e m i s s i o n  r a n g e  i n d i c a t e d  t h a t  e x c i t a 
t i o n  a t  3 5 0  n m  r e s u l t e d  i n  t h e  “ m a x i m u m ”  e m i s s i o n  a t  
4 4 0  n m .  W h e n  e m i s s i o n  w a v e l e n g t h  w a s  s e t  a t  4 4 0  n m ,  t h e  

e x c i t a t i o n  s p e c t r u m  s h o w e d  t h e  “ m a x i m u m ”  w a v e l e n g t h  o f  
3 5 0  n m .  C o n s e q u e n t l y ,  f o r  o b t a i n i n g  t h e  e x c i t a t i o n  s p e c t r a  
( 2 0 0 - 3 8 0  n m )  o f  a l l  s a m p l e s ,  t h e  e m i s s i o n  w a v e l e n g t h  w a s  

s e t  a t  A e m  • m a x  ( 4 4 0  n m )  a n d  f o r  o b t a i n i n g  t h e  e m i s s i o n  
s p e c t r a  ( 3 8 0 - 6 3 2  n m ) ,  t h e  e x c i t a t i o n  w a v e l e n g t h  w a s  s e t  a t  

X e x  • m a x  ( 3 5 0  n m ) .  F i g .  1 s h o w s  t h e  t y p i c a l  e x c i t a t i o n  
a n d  e m i s s i o n  s p e c t r a  o f  u n o x i d i z e d  v s  o x i d i z e d  ( s t o r e d )  
f r e e z e - d r i e d  b e e f .

F ig .  2 — In c r e a s e  o f  \ e x 3A e x 2 In  c o m p r e s s e d  f r e e z e - d r ie d  b e e f  u p o n  

s t o r a g e  ( u n d e r  a i r )  a t  3 7 ° C.
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Fig. 3—Increase of \ex3 A ex 2  in compressed freeze-dried beef upon 
storage funder vacuum) at 37°C.

F l u o r e s c e n c e - d e r i v e d  i n d i c e s  o f  d u p l i c a t e  s a m p l e s  t a k e n  
d u r i n g  p r o c e s s i n g  ( A ,  B ,  a n d  C )  a s  w e l l  a s  f r e e z e - d r i e d  

s a m p l e s  g r o u p s  1 , 2 ,  3 ,  a n d  4  s t o r e d  f o r  0 ,  1 , 2 ,  3 ,  6 , 1 0 ,  2 0 ,  

a n d  3 0  d a y s  ( a t  3 7 ° C )  a r e  p r e s e n t e d  i n  F i g .  2  t h r o u g h  5 .
I t  i s  c l e a r  f r o m  F i g .  1 t h a t  i n  t h e  e x c i t a t i o n  s p e c t r a ,  

t h e r e  a r e  e s s e n t i a l l y  t h r e e  p e a k s  w i t h  t h e  f o l l o w i n g  m a x i 
m u m  w a v e l e n g t h s :  A e x x =  3 0 8  ±  2  n m ;  X e x 2 =  3 1 8  ±  2  n m ;  
X e x 3 =  3 5 0  ±  2  n m .  T h e  i n t e n s i t y  o f  t h e s e  p e a k s  v a r i e d ,  

d e p e n d i n g  o n  t h e  e x t e n t  o f  o x i d a t i o n .  U n o x i d i z e d  s a m p l e s  
( e . g .  A ,  B ,  C  a n d / o r  t i m e  z e r o  f r e e z e - d r i e d  s a m p l e )  X e x 2 
a n d  X e x 3 h a d  t h e  h i g h e s t  a n d  l o w e s t  i n t e n s i t i e s ,  r e s p e c t i v e 

l y .  A s  t h e  e x t e n t  o f  o x i d a t i o n  p r o c e e d s ,  X e x 2 i n t e n s i t y  

d e c r e a s e d  ( p r o g r e s s i v e l y  a p p e a r e d  a s  s h o u l d e r )  w h i l e  t h a t  o f  
X e x 3 i n c r e a s e d .  T h e  s h i f t  i n  c h a r a c t e r i s t i c  p e a k s  c o u l d  w e l l  
b e  u s e d  t o  a s s e s s  t h e  d e g r e e  o f  c h a n g e s  i n  o x i d a t i o n .  C o n 
s e q u e n t l y ,  t h e  r a t i o  o f  X e x 3 / X e x 2 i n t e n s i t y  m a y  s e r v e  a s  

a n  “ i n t e r n a l  s t a n d a r d ”  f o r  d e t e r m i n a t i o n  o f  t h e  e x t e n t  o f  
l i p i d  o x i d a t i o n  i n  f r e e z e - d r i e d  m e a t s .

I n  t h e  e m i s s i o n  s p e c t r a ,  t h e r e  w a s  o n l y  o n e  b r o a d  
s i n g l e  p e a k  w h o s e  i n t e n s i t y  g r a d u a l l y  i n c r e a s e d  u p o n  o x i 
d a t i o n  w h i l e  i t s  m a x i m u m  w a v e l e n g t h  s h i f t e d  f r o m  4 7 6  ±  2  
n m  t o w a r d  4 4 0  ±  2  n m .  I n t e n s i t y  i n c r e a s e  o f  e m i s s i o n  p e a k  
( X e m ) ,  o r  m o r e  p r e c i s e l y ,  i t s  r a t i o  t o  X e x 2 , c o u l d  s e r v e  a s  
a n o t h e r  i n d e x  f o r  d e t e r m i n a t i o n  o f  l i p i d  o x i d a t i o n  b y  
f l u o r e s c e n c e  t e c h n i q u e .

T o  i n v e s t i g a t e  t h e  e f f e c t  o f  a n t i o x i d a n t  ( 1 0 0  p p m  
T B H Q ) ,  w e  c a l c u l a t e d  a n d  u s e d  b o t h  i n t e r n a l  s t a n d a r d s  ( %  
i n t e n s i t y  X e x 3 / X e x 2 a n d  X e m / X e x 2 )  f o r  e a c h  s a m p l e  a n d  
u s e d  t h e  m e a n  v a l u e  o f  t w o  r e p l i c a t e s  f o r  g r a p h i c  r e p r e s e n 
t a t i o n  o f  t h e  d a t a .

F i g .  2  c o m p a r e s  t h e  e x t e n t  o f  o x i d a t i o n ,  d e t e r m i n e d  
f r o m  X e x 3 / X e x 2 r a t i o  ( o r d i n a t e  a x i s )  f o r  s a m p l e s  o f  g r o u p s  
1 a n d  3  ( a i r  a s  h e a d s p a c e )  s t o r e d  a t  3 7 ° C  f o r  u p  t o  3 0  d a y s .  

A p p l i c a t i o n  o f  a n t i o x i d a n t  ( 1 0 0  p p m  T B H Q )  h a d  a  p r o 
n o u n c e d  e f f e c t  o n  t h e  p r e v e n t i o n  o f  l i p i d  o x i d a t i o n  a s  
m e a s u r e d  b y  t h e  a b o v e  r a t i o .  F i g .  3  c o m p a r e s  t h e  e x t e n t  o f  

o x i d a t i o n ,  d e t e r m i n e d  f r o m  X e x 3 / X e x 2 r a t i o ,  i n  s a m p l e s

Fig 4—Increase of \em Aex2  in compressed freeze-dried beef upon 
storage (under air) at 37°C.

Fig. 5—Increase of \em Aex2  in compressed freeze-dried beef upon 
storage (under vacuum) at 37°C.

t a k e n  d u r i n g  p r o c e s s i n g  a s  w e l l  a s  s t o r e d  s a m p l e s  o f  g r o u p s  
2  a n d  4  ( u n d e r  v a c u u m ,  n o  h e a d s p a c e ) .  T h e  o v e r a l l  r a t e  
a n d  e x t e n t  o f  l i p i d  o x i d a t i o n  i n  t h e s e  s a m p l e s  w a s  m u c h  
l e s s  t h a n  w h e n  a i r  w a s  p r e s e n t  a s  h e a d s p a c e  ( F i g .  2 ) .  C o n 

s e q u e n t l y ,  t h i s  m e t h o d  d e t e c t e d  t h e  p r o t e c t i o n  a f f o r d e d  b y
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Fig. 6 — "Earlier” detection of antioxidant protective effect in ground 
(not compressed) freeze-dried beef from \ex3 A ex 2  values upon 
storage at 37°C.

a b s e n c e  o f  a i r .  W h e n  t h e  h e a d s p a c e  d i d  n o t  c o n t a i n  a n y  
o x y g e n ,  t h e r e  w a s  n o  e f f e c t  o f  a n t i o x i d a n t ,  a g a i n  c o n f i r m i n g  

t h a t  t h e  r a t i o  w a s  s p e c i f i c a l l y  m e a s u r i n g  o x i d a t i o n  e f f e c t s .  
I t  i s  a l s o  n o t a b l e  t h a t  s a m p l e s  t a k e n  d u r i n g  p r o c e s s i n g  ( A ,  
B ,  a n d  C )  d i d  n o t  b u i l d  u p  a n y  f l u o r e s c e n t  o x i d a t i o n  p r o d 

u c t s  a n d  i n  f a c t  t h e r e  w a s  n e g l i g i b l e  i n c r e a s e  i n  o r d i n a t e  
a x i s  f r o m  s a m p l e s  A  u p  t o  t h e  t i m e  z e r o  f r e e z e - d r i e d  s a m 

p l e s ,  r e f l e c t i n g  g o o d  m a n u f a c t u r i n g  p r a c t i c e  i n  p r e p a r a t i o n  

o f  t h e s e  s a m p l e s .  F i g .  4  a n d  5 p r e s e n t  t h e  d a t a  o f  F i g .  2  a n d  
3 ,  r e s p e c t i v e l y ;  t h e  o n l y  d i f f e r e n c e  i s  t h a t  t h e  e x t e n t  o f  
o x i d a t i o n  h a s  b e e n  d e t e r m i n e d  f r o m  X e m / X e x 2 r a t i o  
( o r d i n a t e  a x i s ) .  I t  i s  n o t a b l e  t h a t  b o t h  i n t e r n a l  s t a n d a r d  
m e t h o d s  f o r  d e t e c t i o n  o f  l i p i d  o x i d a t i o n  b y  f l u o r i m e t r y  

r e s u l t  i n  t h e  s i m i l a r  v a l u e s .
T h e  f r e e z e - d r i e d  b e e f  s a m p l e s  i n  t h i s  s t u d y ,  u n l i k e  m o s t  

p o r o u s  f r e e z e - d r i e d  b e e f  s a m p l e s ,  w e r e  “ c o m p r e s s e d ”  j u s t  

b e f o r e  f r e e z e - d r y i n g .  C o m p r e s s e d  p r o d u c t s  h a v e  f a r  m o r e  
r e s i s t a n c e  t o  o x y g e n  d i f f u s i o n  i n t o  t h e  s a m p l e s  w h i c h ,  i n  
t u r n ,  r e s u l t  i n  l e s s  o x i d a t i o n  a n d  b e t t e r  s t a b i l i t y .  T o  i n v e s t i 
g a t e  t h e  r o l e  o f  c o m p r e s s i o n  i n  p r e v e n t i o n  o f  l i p i d  o x i d a t i o n  
d u r i n g  s t o r a g e ,  w e  “ g r o u n d ”  t h e  f r e e z e - d r i e d  b e e f  a n d  
r e p e a t e d  s t o r a g e  a n d  f l u o r i m e t r y  e x p e r i m e n t s  o n  “ g r o u n d ”  
s a m p l e s  o f  g r o u p s  1 a n d  3  ( u n d e r  a i r ) .  F i g .  6  a n d  7  s h o w  
t h e  e x t e n t  o f  o x i d a t i o n ,  d e t e r m i n e d  f r o m  b o t h  X e x 3 / X e x 2 
a n d  X e m / X e x 2 m e t h o d s ,  i n  “ g r o u n d ”  s a m p l e s .  R e s u l t s  
i n d i c a t e  t h a t  w h e n  c o m p r e s s e d  s a m p l e s  w e r e  g r o u n d ,  t h e y  
s h o w e d  f a r  h i g h e r  r a t e  a n d  e x t e n t  o f  o x i d a t i o n  d u r i n g  s t o r 
a g e .  F o r  e x a m p l e ,  c o m p a r i s o n  o f  F i g .  6  w i t h  F i g .  2  s h o w s  
t h a t  a f t e r  3 d a y s  o f  s t o r a g e ,  t h e  X e x 3 / X e x 2 r a t i o  o f  c o n t r o l  
( w i t h o u t  a n t i o x i d a n t )  c o m p r e s s e d  s a m p l e s  w a s  4 2 %  w h i l e  
t h e  s a m e  s a m p l e s ,  w h e n  g r o u n d ,  s h o w e d  t h e  v a l u e  o f  6 9 % .  
B e c a u s e  o f  h i g h e r  r a t e  o f  o x i d a t i o n  i n  “ g r o u n d ” , s a m p l e s ,  
t h e  e f f e c t  o f  a p p l i e d  a n t i o x i d a n t  ( 1 0 0  p p m  T B H Q )  c a n  b e  
a s s e s s e d  a t  t h e  e a r l i e r  s t o r a g e  t i m e .  C o m p a r i s o n  o f  F i g .  7  
w i t h  F i g .  4  c o n f i r m s  t h e  p r o t e c t i v e  r o l e  o f  c o m p r e s s i o n  i n  
p r e v e n t i o n  o f  o x i d a t i o n .  I t  a l s o  i n d i c a t e s  t h a t  b o t h  i n t e r n a l
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Fig. 7— "Earlier" detection of antioxidant protective effect in ground 
(not compressed) freeze-dried beef from \em Aex2  values upon 
storage at 37°C.

s t a n d a r d  m e t h o d s ,  w h e n  a p p l i e d  t o  g r o u n d  h o m o g e n e o u s  

s a m p l e s ,  c o n f i r m  e a c h  o t h e r ’s r e s u l t s .
T h e  a b o v e  s p e c t r a  a n d  t h e i r  i n t e r p r e t a t i o n  s h o w  t h a t  

f l u o r e s c e n c e  s p e c t r o p h o t o m e t r y  c a n  b e  u s e d  a s  a  u s e f u l  

s i m p l e  a n d  s e n s i t i v e  t e c h n i q u e  t o  i n d i c a t e  t h e  e x t e n t  o f  
l i p i d  o x i d a t i o n  i n  f r e e z e  d r i e d  m e a t s .
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t r a n s - 9 , f r a n s - 1 2 - O c t a d e c a d i e n o a t e  i n  F r e s h  L e a n  

a n d  F a t t y  T i s s u e s  o f  P o r k  a n d  B e e f

K. C. LIIM, M. J. MARCHELLO, and A. G. FISCHER

ABSTRACT---------------------------- MATERIALS & METHODS
Longissimus muscle and subcutaneous fat from 17 pork and 6 beef 
carcasses were analyzed for irarcs-octadecenoates and trans-9, 
trans-l2-octadecadienoate (linolelaidate) content by argentation 
thin layer chromatography and/or glass capillary gas liquid chroma
tography. No detectable amount of trans-9,trans-l2-octadecadieno
ate was found in pork or beef. In pork the amount of frarw-octa- 
decenoates ranged from 0.0074 - 0.0077 g/lOOg of fresh Longissi
mus muscle and 0.1453 - 0.1549 of fresh subcutaneous fat. The 
content of fnms-octadecenoates in beef ranged from 0.0782 - 
0.0839 g/lOOg of fresh Longissimus muscle and 2.4280 -  2.7368 
g/lOOg of fresh subcutaneous fat. The content of trans fatty acids 
contributed by pork and beef to the human diet is negligible relative 
to that derived from other dietary sources.

INTRODUCTION
S I N C E  T H E  B E G I N N I N G  o f  t h i s  c e n t u r y  t h e  p a r t i a l  h y 
d r o g e n a t i o n  o f  l i q u i d  v e g e t a b l e  o i l  i n t o  s e m i s o l i d  a n d  s o l i d  
f a t s  h a s  i n t r o d u c e d  a  s u b s t a n t i a l  a m o u n t  o f  t r a n s  f a t t y  
a c i d s  i n t o  t h e  h u m a n  d i e t .  T r a n s  f a t t y  a c i d s  a r e  n o t  o n l y  
r e a d i l y  a b s o r b e d  a n d  c a t a b o l i z e d  b y  e x p e r i m e n t a l  a n i m a l s ,  
t h e y  a r e  i n c o r p o r a t e d  r e a d i l y  i n t o  a l l  t i s s u e  i n  t h e  h u m a n  

b o d y  ( D a v i g n o n  e t  a l . ,  1 9 8 0 ) .  T h e r e  i s  i n c r e a s i n g  i n t e r e s t  
i n  t h e  b i o l o g i c a l  u t i l i z a t i o n  a n d  e f f e c t s  o f  t r a n s  a n d  o t h e r  
i s o m e r i c  u n s a t u r a t e d  f a t t y  a c i d s  o n  h u m a n  h e a l t h .  R e c e n t  

r e p o r t s  h a v e  s h o w n  t h a t  t r a n s  f a t t y  a c i d s  i n t e r f e r e  w i t h  
e s s e n t i a l  f a t t y  a c i d  m e t a b o l i s m  ( H o l m a n ,  1 9 8 1 ;  P r i v e t t  
e t  a l . ,  1 9 7 7 )  a n d  c a u s e  i s o c h e m i c  v a s c u l a r  d i s e a s e  ( K u m -  
m e r o w ,  1 9 7 5 ) .  E n i g  e t  a l .  ( 1 9 7 9 )  s u g g e s t e d  t h a t  t h e r e  i s  a  

c o r r e l a t i o n  b e t w e e n  d i e t a r y  f a t  a n d  c a n c e r  d u e  t o  t h e  

i n c r e a s i n g  i n g e s t i o n  o f  t r a n s  f a t t y  a c i d s .  T h e s e  p r e v i o u s  
s t u d i e s  f o c u s e d  o n  t h e  t r a n s  f a t t y  a c i d s  o f  h y d r o g e n a t e d  
o i l s .  I t  s h o u l d  b e  n o t e d  t h a t  t r a n s  f a t t y  a c i d s  a r e  f o r m e d  
b y  t h e  r u m e n  m i c r o o r g a n i s m s  o f  r u m i n a n t  a n i m a l s  ( V i v i -  
a n i ,  1 9 7 0 )  a n d  a r e  f o u n d  i n  f a t - c o n t a i n i n g  p r o d u c t s  f r o m  

r u m i n a n t s  s u c h  a s  c o w ’s  m i l k  a n d  b u t t e r  ( W o o d r o w  a n d  

D e M a n ,  1 9 6 8 ;  H a y  a n d  M o r r i s o n ,  1 9 7 0 ;  P a r o d i ,  1 9 7 6 )  
a n d  m e a t s  ( L a n z a  a n d  S l o v e r ,  1 9 8 1 ) .

P o r k  i s  o n e  o f  t h e  m a j o r  m e a t  s o u r c e s  i n  h u m a n  d i e t s .  
R i z e k  e t  a l .  ( 1 9 7 4 )  r e p o r t e d  t h a t  a b o u t  3 4  k g  o f  p o r k  w a s  
c o n s u m e d  p e r  p e r s o n  i n  1 9 7 2  i n  t h e  U n i t e d  S t a t e s .  T h e  
a m o u n t  o f  c o n s u m p t i o n  p e r  c a p i t a l  r e m a i n e d  c o n s t a n t  i n
1 9 8 2 .  H o w e v e r ,  t h e r e  i s  v e r y  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  

a s  t o  t h e  a m o u n t  o f  t r a n s  f a t t y  a c i d s  p r e s e n t  i n  p o r k  t i s s u e  

w h e n  p i g s  a r e  f e d  c o m m e r c i a l  g r o w i n g  a n d  f i n i s h i n g  r a t i o n s .  
A c k m a n  e t  a l .  ( 1 9 8 1 )  r e p o r t e d  t h a t  a  s i n g l e  r e t a i l  m a r k e t  
p o r k  c h o p  c o n t a i n e d  t r a n s - 9 , c i s - l  T  a n d  c i s - 9 , t r a n s - 1 1 -  
o c t a d e c a d i e n o a t e  a s  0 . 1 5 %  o f  t h e  t o t a l  f a t t y  a c i d  c o n t e n t .  
T h e r e f o r e ,  t h e  m a i n  o b j e c t i v e  o f  t h i s  r e s e a r c h  w a s  t o  d e 
t e r m i n e  t h e  a m o u n t  o f  t r a n s  f a t t y  a c i d s  i n  l e a n  a n d  f a t t y  
t i s s u e  o f  c a t t l e  a n d  h o g s  f e d  t r a d i t i o n a l  g r o w i n g - f i n i s h i n g  

r a t i o n s .

Author Marchello is affiliated with the Dept, of Animal Science and 
Author Fischer is with the Dept, of Biochemistry, North Dakota 
State Univ., Fargo, N D  58105. Author Lin is affiliated with the 
Dept, of Animal Science, Texas A & M  Univ., College Station, TX 
77843.

Sample preparation
Seventeen crossbred swine were randomly selected from pigs 

fed a regular growing-finishing diet containing 16% protein. Swine 
were slaughtered at market weight (100 - 109 kg) and the carcasses 
were chilled in a 3°C cooler 24 hr prior to processing. Outer subcu
taneous fat (backfat) over the 11th to 13th ribs and the Longissi
mus muscle (loin) from the same area were removed from the right 
side of each carcass at the time of processing.

Six steers, fed a traditional fattening ration, were slaughtered at 
market weight (approximately 500 kg). The carcasses were chilled 
in a 3°C cooler for 48 hr prior to processing. The Longissimus mus
cle was obtained between the 10th and 12th ribs and the subcu
taneous fat was removed from the same area from the right side of 
each carcass at the time of processing.

Lean and fat samples were lyophilized, thoroughly homogenized 
and stored under nitrogen at -18°C before lipid extraction. The 
weight of each sample before and after lyophilization were recorded 
to determine fresh weight calculation. The lipid from both animal 
samples was extracted and the trans fatty acids were separated by 
preparative argentation thin-layer chromatography and then iden
tified and quantified by glass capillary gas liquid chromatography.

Lipid extraction and lipid content measurement
Lyophilized samples were extracted with a mixture of chloro

form and methanol (Bligh and Dyer, 1959). Twenty milliliters dis
tilled water were added to each 5g lyophilized sample to adjust it to 
80% water content. The extracted lipids were stored under N2 
and frozen at -18°C for further analysis. The lipid content of lean 
tissue was measured by the Foss-let apparatus (Foss-let 15310, 
A/S N. Foss Electric Emask). A separate 5-g lyophilized sample was 
introduced into the apparatus and the lipid content was determined 
by the specific gravity of the solvent-lipid solution. The lipid 
content of fatty tissues (backfat) was determined by the method of 
Bligh and Dyer (1959).

Transesterification of the extracted lipids
A modification of the procedure described by Metcalfe and 

Wang (1981) was used. A pork sample (75 - 90 mg) of extracted 
lipid and 2.0 mg internal standard, irans-heptadecenoic acid methyl 
ester (17:lcu7t) (Nu Chek Prep, Inc.) were placed in a 13 x 100 mm 
test tube with a Teflon-lined cap. Two hundred pL 20% solution of 
tétraméthylammonium hydroxide (TMAH) in methanol (W/V) 
(Aldrich Chemical Co.), and 3.0 mL diethyl ether (reagent grade) 
was added and the capped tube was shaken vigorously on a Vortex 
mixer for 3 min. Deionized water was added and shaken again for 
at least 30 sec. The diethyl ether layer and water layer were sepa
rated by centrifugation at 3200 x rpm (Clay-Adams Co., CT-1000) 
for 2 min. The clear upper ether layer containing the internal 
standard and the methyl esters derived from the lipid fatty acids 
was transferred to another 13 x 100 mm screw test tube, sealed with 
a Teflon-lined cap and stored at -18°C until analyzed.

Because of the complexity of the beef fatty acid composition 
(Viviani, 1970), the extracted lipid from the beef samples was 
transesterified in the presence and absence of internal standard.

Trans fatty acid assay
A modified method of Lanza and Slover (1981) was used for 

identification and quantification of the trans unsaturated fatty acids 
in the pork and beef tissues. A schematic of the experimental pro
cedure used for analyzing trans fatty acids is given in Fig. 1.

Gas chromatography. A 2.0 pL transesterified sample containing 
the standard and fatty acid methyl esters (FAME) was taken for
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direct gas chromatography, the remainder of the sample was sub
jected to preparatory argentation thin-layer chromatography (Ag- 
TLC). The gas chromatographic conditions were as follows: injec
tion port temperature, 230°C; ñame ionization detector (FID) 
temperature, 300°C: helium (He) flow rate, 0.6 mL/min (30 psi); 
split ratio 1/110. The silica fused glass capillary column (Sp2340, 
60m x 0.25mm i.d., Supelco, Inc.) was installed in a Hewlett Pack
ard Model 5880A and was temperature-programmed from 170°C 
to 210°C at 2.0°C/min. Identification of the FAME sample was 
based on retention time of the known standard FAME. For fur
ther confirmation of the trans fatty acid present, the sample was 
spiked by adding the respective authentic standard FAME into the 
sample which was then re-chromatographed.

Argentation thin-layer chromatography. A 100 juL aliquot of 
the transesterified lipids was applied to each plate as a 2 mm band 
at the origin with a 50 mL syringe. Each plate was developed twice 
in a solvent of petroleum ether-diethyl ether (92:8 V/V) in order 
to minimize tailing. Five fraction bands were visualized by spraying 
the argentation TLC plates with 0.1% 2', 7'-dichlorofluorescein in 
methanol (Supelco, Inc.) and locating the band under U.V. light 
(long wave length). The area on the TLC plates corresponding to the 
trans fractions of each samples was scraped off and eluted three 
times with a total of 8 mL (3 mL, 3 mL, 2 mL) diethyl ether. 
The eluates after each centrifugation were transferred and combined 
in a 13 x 100 mm screw-capped test tube. The extracted material 
was concentrated to dryness by evaporating under a stream of nitro
gen and re-dissolved in 50 ¿rL diethyl ether, and then 2.0 pL of the 
solution were applied to gas chromatography analysis as described 
previously.

Detectable level limit of the gas chromatography
Authentic FAME standard (18:2cu6/f) was used for measuring 

the detectable limit of the gas chromatographic procedures em
ployed in this study. A 48.25 mg sample of standard was weighed, 
dissolved in 5.0 mL (9.75 mg/mL) diethyl ether as stock solution 
and then further diluted in diethyl ether prior to gas chromatog
raphy.

Calculation
The amount of trans FAME was calculated by comparing the 

area ratio between the trans FAME and the known amount of inter
nal standard methyl ester (17:lu>7f). The calculation procedure is 
described below:

Sample calculation for pork.
a
— X Sm = A 
S

Lipid  e x t r a c t i o n

l
Add i n t e r n a i  s tandard  (17: 1 oi7_t̂  methyl e s t e r )

l
T r a n s e s t é r i f i c a t i o n  (20% TMAH/methanol)

Argentâtion-TLC
( S i l i c a  Gel GLH, 10% AgN03>

Gas l i q u i d  chromatography 
(60 M, sp2340)

Gas l i q u i d  chromatography 
(60 M, sp2340)

/
Trans f a t t y  ac id s  methyl e s t e r

C a lcu la t io n

l
Trans f a t t y  ac id s  con te n t of  f r esh  samples

Fig. t— Schematic for determination of trans-octadecenoic acid and 
trans,trans-octadecadienoic acid in fresh lean and fatty tissue of 
pork and beef.

am
AX — = B

an

F%
B X--- = C

Ft

L%
C X ----= % of frans-octadecenoic acid in the fresh sample.

100
a = Area amount of trans-octadecenoic methyl ester;
S = Area amount of internal standard;
Sm = Amount of internal standard added in the sample; 
am = 282 g/mole (molecular weight of trans-octadecenoic acid); 
an = 296 g/mole (molecular weight of trans-octadecenoic acid 

methyl ester);
B = Amount of trans-octadecenoic acid in extracted lip:d;
F% = Lyophilized sample lipid content (%);
Ft = Amount of extracted lipid transesterified (mg);
C = % trans-octadecenoic acid in the lyophilized sample;
L% = Lyophilized sample weight % in fresh sample.

Sample calculation for beef.
Un
----X Dim = Y
D1

Un
— X D2m = Z 
D2

a a
---  +--- X Sm 4 2 = A.
S-Y S-Z

Un = Area amount of the unknown peak without added internal 
standard;

D1 = Area amount of stearic (18:0) without added internal 
standard;

Dlm= Area amount of stearic with internal standard added sample; 
Y = Correction factor of the area amount of the internal stand

ard added sample;
D2 = Area amount of palmitic (16:0) without added internal 

standard ;
D2m= Area amount of palmitic with internal standard added 

sample;
Z = Correction factor of the area amount of the internal stand

ard added sample.
The value obtained for A is then treated as described for pork 
sample calculation.

Statistical analysis
The data from each sample, which was run in duplicate, were 

averaged by duplicate and paired t tests (Snedecor and Cochran, 
1980) were used to analyze the difference between the direct gas 
chromatography and Ag-TLC- gas chromatography combination 
methods for pork and beef individually. The pooled data (beef 
and pork samples) were analyzed for the difference between the two 
experimental methods by the same statistical analysis procedure. 
Confidence intervals (95%) were calculated for each of the type 
of tissues, species combination means. The difference between beef 
and pork trans content was analyzed by the independent sample 
t test (Snedecor and Cochran, 1980).

RESULTS & DISCUSSION
T H E  A M O U N T  o f  f r a n s - o c t a d e c e n o a t e  d e t e r m i n e d  b y  
d i r e c t  g a s  c h r o m a t o g r a p h y  a n d  p r e p a r a t i v e  A g - T L C  f o l 
l o w e d  b y  g a s  c h r o m a t o g r a p h y  i s  s h o w n  i n  T a b l e  1 .  N o  

f r a n . y - 9 , f r a n i - 1 2 - o c t a d e c a d i e n o a t e  ( l i n o l e l a i d a t e )  p e a k  w a s  
d e t e c t e d  a t  t h e  l e v e l  o f  0 . 0 0 3 3  m g / 1 0 0 g  o f  l i p i d  : n  p o r k  

a n d  b e e f  s a m p l e s  i n  b o t h  a n a l y t i c a l  p r o c e d u r e s .  T h e  b e e f  
f r a n s - o c t a d e c e n o a t e  c o n t e n t  i s  t e n  a n d  s e v e n t e e n  t i m e s  
h i g h e r  t h a n  p o r k  i n  L o n g i s s i m u s  m u s c l e  ( l e a n  t i s s u e )  a n d  
s u b c u t a n e o u s  f a t  ( f a t  t i s s u e ) ,  r e s p e c t i v e l y .

D e s p i t e  t h e  v o l u m i n o u s  l i t e r a t u r e  o n  f a t t y  a c i d s  i n  
p l a n t s ,  a n i m a l s  a n d  t h e i r  p r o d u c t s ,  m u c h  o f  i t  i s  q u a l i t a t i v e  
r a t h e r  t h a n  q u a n t i t a t i v e  a n d  i s  u n s u i t a b l e  f o r  e n t r y  i n
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n u t r i e n t  t a b l e s .  T h e r e f o r e ,  t h e  t r a m - o c t a d e c e n o a t e  c o n t e n t  

i n  t h i s  s t u d y  is  r e p o r t e d  o n  t h e  a b s o l u t e  c o n t e n t  o f  t h e  
f r e s h  s a m p l e  b y  r e l a t i n g  t h e  p e a k  a r e a  t o  t h e  k n o w n  i n t e r 
n a l  s t a n d a r d  ( 1 7 : l c o 7 f ) ,  i n s t e a d  o f  r e p o r t i n g  o n  t h e  r e l a t i v e  

p e r c e n t a g e  d i s t r i b u t i o n  o f  t h e  t o t a l  f a t t y  a c i d  m e t h y l  
e s t e r s .  O n e  c a n  e s t i m a t e  t h e  t o t a l  c o n s u m p t i o n  o f  t h e  f a t t y  
a c i d  f r o m  t h e  r e s p e c t i v e  f o o d  p r o d u c t  b y  t h i s  m e t h o d .

N o  p e a k s  o v e r l a p p e d  w i t h  t h e  i n t e r n a l  s t a n d a r d  p e a k  i n  
p o r k  s a m p l e s .  T h e r e f o r e ,  t h e  a r e a  r a t i o  o f  i n t e r n a l  s t a n d a r d  
a n d  t h e  f r a n s - o c t a d e c e n o a t e  p e a k  a r e  c a l c u l a t e d  a s  t h e  
a m o u n t  o f  f r a w i - o c t a d e c e n o a t e  i n  t h e  s a m p l e  o f  d i r e c t  
g a s  c h r o m a t o g r a p h i c  a n a l y s i s  ( T a b l e  1 ) .  B e c a u s e  o f  t h e  

c o m p l e x i t y  o f  t h e  f a t t y  a c i d  c o m p o s i t i o n  i n  b e e f  t i s s u e s  
t h e  p e a k  o f  i n t e r n a l  s t a n d a r d  o v e r l a p p e d  w i t h  o t h e r  f a t t y  
a c i d s  e n d o g e n o u s  t o  t h e  b e e f  t i s s u e ,  e a c h  b e e f  s a m p l e  ( l e a n  

a n d  f a t t y  t i s s u e )  w a s  d i r e c t l y  g a s  c h r o m a t o g r a p h e d  b e f o r e  
i n t e r n a l  s t a n d a r d  w a s  a d d e d .  T h e  a r e a  r a t i o s  f r o m  t h e s e  

c h r o m a t o g r a m s  o f  t h e  u n k n o w n  s m a l l  p e a k  t o  t h e  s t e a r a t e  
( 1 8 : 0 )  a n d  p a l m i t a t e  ( 1 6 : 0 )  p e a k s  w e r e  c a l c u l a t e d ,  r e s p e c 
t i v e l y .  T h e s e  r a t i o s  o f  e a c h  b e e f  s a m p l e  w e r e  t r e a t e d  a s  

c o r r e c t i o n  f a c t o r s  f o r  t h e  r e s p e c t i v e  i n t e r n a l  s t a n d a r d  p e a k  
a r e a  w h i c h  w a s  s u b s e q u e n t l y  a d d e d  t o  e a c h  s a m p l e .

A  m o r e  s a t i s f a c t o r y  r e s o l u t i o n  b y  g a s  c h r o m a t o g r a p h y  

w a s  o b t a i n e d  b y  p r e - s e p a r a t i o n  o f  t h e  s a m p l e  F A M E  i n t o  

d i f f e r e n t  f r a c t i o n s  ( s a t u r a t e s ,  c « - m o n o e n e s ,  t r a n s - m o n o -  
e n e s ,  d i e n e s ,  p o l y e n e s )  b y  p r e p a r a t i v e  A g - T L C .  T h e  i n t e r n a l  
s t a n d a r d  ( 1 7 : l c o 7 i )  a n d  i r a n s - o c t a d e c e n o a t e  a p p e a r e d  i n  
t h e  s a m e  f r a c t i o n  ( s e c o n d  f r a c t i o n )  o n  t h e  p r e p a r a t i v e  A g -  
T L C .  T h i s  a g r e e d  w i t h  t h e  w o r k  d e s c r i b e d  b y  S m i t h  e t  a l .

( 1 9 7 8 ) .  F u r t h e r m o r e ,  t h e  i n t e r n a l  s t a n d a r d  o v e r l a p p i n g  
w i t h  t h e  e n d o g e n o u s  f a t t y  a c i d  i n  b e e f  w a s  a v o i d e d  b y  t h i s  
p r e p a r a t o r y  p r o c e d u r e .  T h e  d i f f e r e n c e  b e t w e e n  d i r e c t  g a s  

c h r o m a t o g r a p h y  a n d  p r e p a r a t i v e  A g - T L C - g a s  c h r o m a 
t o g r a p h y  i s  s h o w n  i n  T a b l e  2 .  H i g h e r  L o n g i s s i m u s  m u s c l e

f / w w - o c t a d e c e n o a t e s  v a l u e s  w e r e  o b t a i n e d  w i t h  t h e  A g -  

T L C - g a s  c h r o m a t o g r a p h y  m e t h o d  t h a n  b y  d i r e c t  g a s  c h r o m 
a t o g r a p h y .  T h e  p a i r e d  t  t e s t  s h o w e d  n o  s i g n i f i c a n t  d i f f e r 

e n c e  ( P  <  0 . 1 0 )  b e t w e e n  t h e  t w o  m e t h o d s  o f  a n a l y s i s  f o r  
l e a n  t i s s u e .  H o w e v e r ,  t h e r e  w a s  a  s i g n i f i c a n t  d i f f e r e n c e  
( P  <  0 . 0 2 )  b e t w e e n  t h e  t w o  m e t h o d s  f o r  f a t t y  t i s s u e .  T h i s  
w a s  e s p e c i a l l y  t r u e  f o r  b e e f  i n  w h i c h  t h e  A g - T L C - g a s  

c h r o m a t o g r a p h y  e x c e e d e d  t h e  d i r e c t  g a s  c h r o m a t o g r a p h y  
b y  a  m e a n  d i f f e r e n c e  o f  0 . 3 0 8 8 .  T h e r e  w a s  v e r y  l i t t l e  

d i f f e r e n c e  b e t w e e n  t h e  t w o  m e t h o d s  f o r  p o r k  f a t .  T h e  d i f 
f e r e n c e  w a s  s i g n i f i c a n t  b e c a u s e  o f  t h e  l o w  s t a n d a r d  e r r o r  
( T a b l e s  1 a n d  2 ) .  F u r t h e r m o r e ,  t h e  i n c o m p l e t e  r e m o v a l  o r  

e l u t i o n  o f  t h e  s a m p l e  f r o m  T L C  p l a t e s  a n d  t h e  g r e a t  v a r i 
a b i l i t y  a m o n g  e a c h  i n d i v i d u a l  s a m p l e  m a y  a l s o  c o n t r i b u t e  

t o  t h e s e  d i f f e r e n c e s .
C o m p a r i n g  t h e  t w o  d i f f e r e n t  m e t h o d s  o f  a n a l y s i s  i n  

f o u r  f o o d  i t e m s ,  L a n z a  a n d  S l o v e r  ( 1 9 8 1 )  r e p o r t e d  t h a t  
t h e  a g r e e m e n t  o f  t r a n j - o c t a d e c e n o a t e s  c o n t e n t  b e t w e e n  
d i r e c t  g a s  c h r o m a t o g r a p h y  a n d  A g - T L C - g a s  c h r o m a t o g 
r a p h y  i n  t h e s e  s a m p l e s  r a n g e d  f r o m  8 4 %  t o  9 6 % .  U s i n g  

s i m i l a r  a n a l y t i c a l  p r o c e d u r e s ,  t h e  a g r e e m e n t  o f  t r a n s -  
o c t a d e c e n o a t e  c o n t e n t  i n  t h i s  s t u d y  a r e  8 9 %  t o  1 0 6 %  i n  
b o t h  b e e f  a n d  p o r k  s a m p l e s  ( T a b l e  2 ) .  M o r e  s p e c i f i c a l l y ,  

t h e  a g r e e m e n t  o f  t h e  t w o  m e t h o d s  f o r  a n a l y s i s  o f  b e e f  
s a m p l e  i n  t h i s  r e s e a r c h  i s  9 3 %  i n  l e a n  t i s s u e  a n d  8 9 %  i n  

f a t t y  t i s s u e ,  w h i l e  L a n z a  a n d  S l o v e r  ( 1 9 8 1 )  r e p o r t e d  9 6 %  
i n  t h e i r  b e e f  l e a n  s a m p l e .  L a n z a  a n d  S l o v e r  ( 1 9 8 1 )  i n d i 

c a t e d  t h a t  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  m e t h o d s  m a y  b e  
a  r e s u l t  o f  t h e  i n c o m p l e t e  r e s o l u t i o n  b y  d i r e c t  g a s  c h r o m 
a t o g r a p h y .  T h i s  s t u d y  a n d  t h a t  o f  L a n z a  a n d  S l o v e r  ( 1 9 8 1 )  
s u g g e s t  t h a t  t h e  p r e p a r a t i v e  A g - T L C  i s  r e q u i r e d  f o r  a  m o r e  
c o m p l e t e  e s t i m a t i o n  o f  t h e  t r a n s  f a t t y  a c i d  c o n t e n t .  F u r 
t h e r m o r e ,  t h e  i r a n s - o c t a d e c e n o a t e  c o n t e n t  o f  b e e f  l e a n  t i s 

s u e  r e p o r t e d  h e r e ,  0 . 0 7 8 2 %  a n d  0 . 0 8 3 9 %  ( g / 1 0 0 g  o f  l e a n

Table 1—Am ount of trans-octadecenoic acids (trans-18:1) in fresh Longissimus muscle and subcutaneous fat of pork and beef.

Lipid content 
(g/100g fresh sample)

Direct gas chromatography 
(g/100g fresh sample)

Argentation T L C  and 
gas chromatography 
(g/100g fresh sample)

Longissimus muscle Pork3 6.2 ± 2.1 % c 0.0074 ± 0.0025c 
(0.0006d, 0.0013e)

0.0077 ± 0.0024 
(0.0006, 0.0013)

Beefb 5.0 ± 1.4% 0.0782 ± 0.0445 
(0.0182, 0.0467)

0.0839 ± 0.0443 
(0.0181, 0.0465)

Subcutaneous fat Pork3 85 9 ± 3.3% 0.1549 ± 0.0450 
(0.0109, 0.0231)

0.1453 ± 0.0437 
(0.0106, 0.0225)

Beefb 87.4 ± 3.4% 2.4280 ±1 .1146  
(0.4550, 1.1699)

2.7368 ± 1.2144 
(0.4958, 1.2746)

f n = 17 
b n = 6
^Standard Deviation
d Standard Error of Mean
e One half width of 95%  confidence interval

Table 2— Comparison of the direct gas chromatography (without Argentation TLC) and Argentation TLC-gas chromatography methods by 
paired t test

Mean
difference41

Significance Standard error 
level of mean

Agreement of 
mean (%)e

Pork
Longissimus muscle3 -0 .0003 0.19 0.0002 96%

Subcutaneous fat3 +0.0096 0.02 0.004 106%

Beef
Longissimus muscleb 
Subcutaneous fatb

-0 .0 057
-0 .3 088

0.10 0.003 
0.01 0.064

93%
89%

Overall4 -0 .0 384 0.03 0.017

4 n =  4 6
d D irect  m in u s  T L C
e A g re e m e n t  o f  mean (% )  =  (M e an  o f  D irect/Mean  o f  T L C )  x  100
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T R A N S  F A T T Y  A C ID S  IN P O R K  AND B E E F . . .

t i s s u e ) ,  a r e  l o w e r  t h a n  t h e  r e s u l t s  r e p o r t e d  b y  L a n z a  a n d  

S l o v e r  ( 1 9 8 1 ) ,  0 . 2 4 %  a n d  0 . 2 3 %  ( g / l O O g  o f  l e a n  t i s s u e ) ,  
w i t h  a n d  w i t h o u t  A g - T L C  p r e p a r a t i o n ,  r e s p e c t i v e l y .  T h e  
d i f f e r e n c e  b e t w e e n  t h e  c o n t e n t  o f  trans-o c t a d e c e n o a t e  o f  

t h e  t w o  r e p o r t s  m i g h t  b e  d u e  t o  a  d i f f e r e n t  f e e d i n g  r e g i 
m e n .  R a m s e y  e t  a l .  ( 1 9 7 2 )  i n d i c a t e d  t h a t  c a t t l e  r a i s e d  
e n t i r e l y  o n  h a y  o r  p a s t u r e  h a v e  a  h i g h e r  d e g r e e  o f  s a t u r a t e d  
f a t t y  a c i d s  i n  t h e i r  c a r c a s s  t i s s u e  t h a n  g r a i n - f e d  c a t t l e ,  
w h i c h  c o n t a i n e d  h i g h e r  u n s a t u r a t e d  f a t t y  a c i d s .  T h e  i n 
c r e a s e  i n  u n s a t u r a t i o n  w a s  r e f l e c t e d  m o s t  c o n s i s t e n t l y  b y  

a n  i n c r e a s e  i n  o c t a d e c e n o a t e s .  V i v i a n i  ( 1 9 7 0 )  a l s o  i n d i c a t e d  
t h a t  h i g h e r  u n s a t u r a t e d  f a t t y  a c i d  f e e d  r a t i o  f a c i l i t a t e s  t h e  
m i c r o b i a l  b i o h y d r o g e n a t i o n  a n d  f o r m a t i o n  o f  t h e  trans 
f a t t y  a c i d s .

T h i s  s t u d y  f o u n d  t h a t  t h e  a u t h e n t i c  F A M E  m i x t u r e  

c o n t a i n i n g  trans-9,trans-\2,- o c t a d e c a d i e n o i c  m e t h y l  e s t e r  
m i g r a t e d  w i t h  t h e  cis m o n o e n e  f r a c t i o n  ( t h i r d  f r a c t i o n )  o n  

p r e p a r a t i v e  A g - T L C .  H o w e v e r ,  p o r k  o r  b e e f  s a m p l e s  a n 
a l y z e d  b y  d i r e c t  g a s  c h r o m a t o g r a p h y  o r  g a s  c h r o m a t o g 

r a p h y  a f t e r  A g - T L C  p r e p a r a t i o n  i n d i c a t e d  n o  d e t e c t a b l e  
a m o u n t  o f  trans-9,trans-\ 2 - o c t a d e c a d i e n o a t e .  A c k m a n  e t  a l .

( 1 9 8 1 )  a n a l y z e d  o n e  r e t a i l  p o r k  c h o p  a n d  f o u n d  0 . 1 5 %  
( o f  t o t a l  f a t t y  a c i d s )  cis-9,trans-\ 1 a n d  trans-9,cis-l 1- 
o c t a d e c a d i e n o a t e s  p r e s e n t .  T h e  s t a n d a r d  o f  cis,trans- a n d  
i r a / i s , c ; s - o c t a d e c a d i e n o a t e  w e r e  n o t  a v a i l a b l e  f o r  t h i s  

r e s e a r c h .  T h e r e f o r e ,  d a t a  r e g a r d i n g  cis-trans d i e n o i c  i s o m e r s  
w e r e  n o t  o b t a i n e d .

T h e  c o n t e n t  o f  f r a / w - o c t a d e c e n o a t e  i n  b e e f  s a m p l e s  is 
t e n -  a n d  s e v e n t e e n - f o l d  g r e a t e r  t h a n  i n  p o r k  l e a n  a n d  f a t t y  
t i s s u e ,  r e s p e c t i v e l y .  A l t h o u g h  i t  i s  k n o w n  t h a t  trans f a t t y  
a c i d s  a r e  u s u a l l y  f o r m e d  b y  t h e  r u m e n  m i c r o o r g a n i s m s ,  
A c k m a n  e t  a l .  ( 1 9 8 1 )  s u g g e s t e d  t h a t  t h e  s w i n e  i n t e s t i n a l  

m i c r o b i a l  p r o c e s s e s  f o r m  s o m e  o f  t h e  trans i s o m e r s  w h i c h  
c o n t r i b u t e  t o  t h e  p r e s e n c e  o f  t h e s e  a c i d s  i n  p o r k  a n d  
a t t r i b u t e  t o  p a r t  o f  t h e  trans f a t t y  a c i d s  i n  h u m a n  f o o d s .  

H o w e v e r ,  t h i s  s t u d y  i n d i c a t e d  t h a t  t h e  a m o u n t  o f  t h e  trans 
f a t t y  a c i d  i n  p o r k  c o m p a r e d  t o  t h e  h y d r o g e n a t e d  f a t ,  
1 0 . 8 %  ( g / l O O g  o f  s a m p l e )  o f  trans- o c t a d e c e n o a t e  ( L a n z a  
a n d  S l o v e r ,  1 9 8 1 ) ,  a r e  n e g l i g i b l e .

T h i s  r e s e a r c h  i n d i c a t e s  t h a t  a  d a i l y  c o n s u m p t i o n  o f  
2 0 0 g  o f  p o r k  c h o p s  ( 3 0 %  f a t ,  7 0 %  l e a n )  a n d  1 O O g o f  b e e f

s t e a k  ( 3 0 %  f a t ,  7 0 %  l e a n )  w o u l d  g i v e  a  h u m a n  a p p r o x i 
m a t e l y  0 .9 g  o f  f n 7/ ? s - o c t a d e c e n o a t e ,  w h i c h  i s  r e l a t i v e l y  

n e g l i g i b l e  i n  t h e  h u m a n  d i e t .
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F u n c t i o n a l  P r o p e r t i e s  o f  E n z y m a t i c a l l y  M o d i f i e d  

B e e f  H e a r t  P r o t e i n

DENISE M. SMITH and CLARK J. BREKKE

----------------------------ABSTRACT ----------------------------
The effect of enzymatic modification on beef heart protein func
tionality was examined in model system and frankfurter experi
ments. Modification of heart myofibrils with ficin was effective in 
improving protein solubility and emulsification capacity compared 
to controls. Incorporation of enzyme-modified heart into a meat 
model system composed of 30% beef heart and 70% beef skeletal 
meat resulted in improved cooked yields which were equal to 
controls made with 100% skeletal meat, in both no-salt and 3% salt 
formulations. Normal (2%) and low (0.5%) salt frankfurters made 
with 30% enzyme-modified beef heart had significantly greater 
smokehouse yields and consumer cooked yields than frankfurters 
made with 30% unmodified heart.

INTRODUCTION
B E E F  H E A R T  is  a  l o w - c o s t ,  y e t  n u t r i t i o u s  p r o t e i n  s o u r c e  
w h i c h ,  d u e  t o  i t s  r e l a t i v e l y  p o o r  p r o t e i n  f u n c t i o n a l i t y ,  h a s  

l i m i t e d  u s e  i n  p r o c e s s e d  m e a t  p r o d u c t s  ( F o r r e s t  e t  a l . ,  
1 9 7 5 ;  P o r t e o u s ,  1 9 7 9 ) .  I t  i s  c o n s i d e r e d  t o  b e  a  l o w  b i n d i n g  
m e a t  w i t h  p o o r  w a t e r  r e t a i n i n g  ( W i l e y  e t  a l . ,  1 9 7 9 )  a n d  l o w  

e m u l s i f y i n g  a b i l i t i e s  ( F o r r e s t  e t  a l . ,  1 9 7 5 ) .  D e f i c i e n c i e s  i n  

b e e f  h e a r t  f u n c t i o n a l  p r o p e r t i e s  r e s u l t  i n  t h e  f o r m a t i o n  o f  
a n  u n d e s i r a b l e  p r o c e s s e d  m e a t  p r o d u c t ,  l e a d i n g  t o  p r o c 
e s s i n g  l o s s e s .

C h e m i c a l  a n d  e n z y m a t i c  m o d i f i c a t i o n  h a v e  b e e n  u s e d  
e x t e n s i v e l y  t o  i m p r o v e  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  l o w -  

f u n c t i o n  p r o t e i n s  a n d  t o  t a i l o r  t h e  f u n c t i o n a l i t y  o f  c e r t a i n  
p r o t e i n s  t o  m e e t  s p e c i f i c  p r o c e s s i n g  n e e d s  ( R i c h a r d s o n ,  

1 9 7 7 ;  B r e k k e  a n d  E i s e l e ,  1 9 8 1 ) .  E i s e l e  a n d  B r e k k e  ( 1 9 8 1 )  
u s e d  c h e m i c a l  m o d i f i c a t i o n  w i t h  a c i d  a n h y d r i d e s  t o  i m 

p r o v e  t h e  f u n c t i o n a l i t y  o f  i s o l a t e d  b e e f  h e a r t  m y o f i b r i l s .  
M o d i f i e d  m y o f i b r i l s  w e r e  s u p e r i o r  t o  c o n t r o l s  i n  m o d e l  

s y s t e m  t e s t s  o f  s o l u b i l i t y ,  e m u l s i f i c a t i o n  c a p a c i t y ,  a n d  
e m u l s i o n  s t a b i l i t y .  B r e k k e  a n d  E i s e l e  ( 1 9 8 1 )  a l s o  r e p o r t e d  
p r e l i m i n a r y  e x p e r i m e n t s  o n  t h e  e f f e c t  o f  a d d i n g  c h e m i c a l l y  
m o d i f i e d  m y o f i b r i l s  t o  f o r m u l a t i o n s  c o m p o s e d  o f  3 0 %  
h e a r t  a n d  7 0 %  b e e f  s k e l e t a l  m e a t  u s i n g  t h e  e m u l s i f i e d  m e a t  
m o d e l  s y s t e m  o f  R a n d a l l  e t  a l .  ( 1 9 7 6 ) .  W h e n  m y o f i b r i l s  
w e r e  m o d i f i e d  w i t h  e i t h e r  a c e t i c  o r  s u c c i n i c  a n h y d r i d e  a n d  

s u b s t i t u t e d  f o r  8 %  o f  t h e  h e a r t  c o m p o n e n t ,  n o  s i g n i f i c a n t  
i m p r o v e m e n t s  w e r e  o b s e r v e d  i n  c o o k e d  y i e l d  o r  f a t  b i n d i n g  

a b i l i t y  w h e n  c o m p a r e d  t o  c o n t r o l s .  T h i s  w a s  d u e  t o  t h e  
i n a b i l i t y  t o  i n c o r p o r a t e  e n o u g h  m o d i f i e d  m y o f i b r i l s  i n  t h e  
m o d e l  s y s t e m  f o r m u l a t i o n  b e c a u s e  o f  m o i s t u r e  c o n s i d e r a 
t i o n s .  T h e  u s e  o f  c h e m i c a l  m o d i f i c a t i o n  p r e s e n t s  o t h e r  
p r o b l e m s  a s  i t  m a y  d e c r e a s e  t h e  n u t r i t i o n a l  v a l u e  o f  t h e  
p r o t e i n  o r  c a u s e  t o x i c o l o g i c a l  p r o b l e m s  ( E i s e l e  e t  a l . ,  1 9 8 2 ) .

E n z y m a t i c  m o d i f i c a t i o n  h a s  b e e n  f o u n d  e f f e c t i v e  i n  
i m p r o v i n g  t h e  f u n c t i o n a l i t y  o f  m a n y  p l a n t  a n d  a n i m a l  
p r o t e i n s  ( R i c h a r d s o n ,  1 9 7 7 ) ,  a n d  t h u s  m a y  b e  a  v i a b l e  a l t e r 
n a t i v e  t o  c h e m i c a l  m o d i f i c a t i o n .  P a r t i a l  p r o t e i n  h y d r o l y s i s  
w i t h  p r o t e a s e s  i s  t h e  m o s t  c o m m o n  m e t h o d  o f  e n z y m a t i c  
m o d i f i c a t i o n  ( B r e k k e  a n d  E i s e l e ,  1 9 8 1 ) .  E n z y m a t i c  m o d i f i 
c a t i o n  d o e s  n o t  h a r m  t h e  n u t r i t i v e  v a l u e  o f  a  p r o t e i n ,  i s
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n o n t o x i c ,  s p e c i f i c ,  u s e d  u n d e r  m i l d  c o n d i t i o n s ,  a n d  t h e  u s e  
o f  e n z y m e s  i n  f o o d s  i s  a c c e p t e d  b y  t h e  p u b l i c  ( P h i l l i p s  

a n d  B e u c h a t ,  1 9 8 1 ) .  T h e r e f o r e ,  t h e  o b j e c t i v e s  o f  t h i s  r e 
s e a r c h  w e r e  t o  d e t e r m i n e  t h e  e f f e c t  o f  e n z y m a t i c  m o d i f i 
c a t i o n  o n  b e e f  h e a r t  p r o t e i n  f u n c t i o n a l i t y  i n  m o d e l  s y s 
t e m s  a n d  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  i n c o r p o r a t i n g  
e n z y m e - m o d i f i e d  b e e f  h e a r t  i n t o  f r a n k f u r t e r s  p r e p a r e d  o n  a  
p i l o t  p l a n t  s c a l e .

MATERIALS & METHODS

Preparation of myofibrils
Frozen beef hearts were purchased from the Washington State 

University (WSU) Meats Laboratory and stored in polyethylene bags 
at -30°C. Before use the hearts were thawed 24 hr at 4°C, and 
heart valves, excess fat and connective tissue removed. The remain
ing muscle was cut into small cubes and ground by a single pass 
through the 4 mm plate of a chilled food grinder. Myofibrils were 
isolated in 0.01M NaCl, 0.05M K-phosphate, pH 7.4, as described 
by Eisele and Brekke (1981). The final pellet was suspended in 
0.1M NaCl, 0.05M K-phosphate, pH 7.0 to produce a final pro
tein concentration of 35-45 mg/mL buffer.

Hydrolysis conditions
Ficin (crude, from fig tree latex, 100 casein solubilization 

units/g solid) was obtained from Sigma Chemical Co. (St. Louis, 
MO). Ficin (20% w/v) was activated for 5 min in 0.007M mercapto- 
ethanol, 0.001M EDTA, 0.1M K-phosphate, pH 7.0. Hydrolysis was 
initiated by adding the activated enzyme at a crude ficimprotein 
ratio of 1:100 (w/w). Hydrolysis was performed at 20° C with slow 
stirring on a magnetic stirring apparatus. Samples were removed at 
desired intervals between 0 and 150 min. Ficin was inactivated by 
adding iodoacetate (IA). Preliminary experiments using beef heart 
myofibrils as substrate indicated that ficin was completely inacti
vated when IA was added on an equal weight basis and that this 
concentration of IA had no effect on myofibril solubility. This 
concentration of IA was used throughout this study to inhibit 
ficin. Two myofibril controls were included, one with iodoacetate 
alcne, and one which contained ficin/activation buffer/iodoacetate 
in combination. Samples were stored in ice until used within 3 days.

Tests of protein functionality
Protein solubility. Hydrolysis was followed by measuring the in

crease in protein solubility with time of enzyme treatment. Ten 
milliliters of the protein suspension, pH 7.0, was centrifuged at
10,000 X g for 15 min. Total protein and protein in the super
natant were measured using biuret reagent (Gornall et al., 1949). 
Percentage solubility was calculated by dividing the protein content 
of the supernatant by the total protein content then multiplying 
by 100.

Emulsification capacity. Emulsification capacity (EC) of the 
enzyme-modified myofibrils was determined using a procedure 
similar to that of Webb et al. (1970), as modified by Eisele and 
Brekke (1981). Proteins were tested at a concentration of 1.0 
mg/mL in 0.1 M NaCl, 0.05M K-phosphate, pH 7.0. An ohmmeter 
(Simpson 260, Simpson Electrical Co., Chicago, IL) was used to 
monitor an increase in electrical resistance which occurred upon 
emulsion collapse. Results were expressed as milliliters of oil emulsi
fied per milligram of protein.

Number of trials. All data represent a mean value of triplicate 
analyses on each of three myofibril preparations.
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Meat system experiments
Raw materials. Pork backfat and beef skeletal trimming were 

purchased from the WSU Meats Laboratory. After thawing at 
4°C the pork backfat was ground two times through the 6 mm plate 
of a grinder and stored in polyethylene bags at -30°C. Beef heart 
and beef trimmings were ground once through a 6 mm and a 4 mm 
plate of a food grinder and stored in polyethylene bags at -30°C. 
The meat ingredients were analyzed for moisture, protein, and fat 
(AOAC, 1980).

Preparation of enzyme-modified heart. Ground heart equilibrated 
to 20°C was placed in a Kitchen Aid Mixer (Hobart Corp., Troy, 
OH) and activated enzyme added at a crude ficin: protein ratio 
of 1:100 (w/w) while mixing with the paddle attachment at the 
lowest speed setting. The meat was mixed for 1 min, and there
after for 30 sec at 10 min intervals. Samples were removed at the 
desired time intervals, and iodoacetate added to inhibit ficin. The 
samples were stored at 4°C until used the next day.

Solubility changes were monitored by mixing 2g of modified 
heart with 8 mL of 0.1 M NaCl, 0.05M K-phosphate, pH 7.0, or 
0.6M NaCl, 0.05M K-phosphate, pH 7.0 in a Polytron homogenizer 
(Bronwill Scientific, Rochester, NY) for 15 sec, and assaying as pre
viously described for protein solubility. These two NaCl concen
trations were selected to approximate concentrations in low- and 
high-salt frankfurters.

Emulsified meat model system. An emulsified meat model sys
tem described by Randall et al. (1976) was used to evaluate the ef
fectiveness of enzymatic modification. Emulsions were formulated 
to contain 12.0% protein and 35.0% fat, with or without 3.0% salt. 
The meat component of the system was composed of a 30:70 
blend of unmodified or modified beef heart and beef skeletal 
meat. Pork backfat and water were added to the meat to achieve 
the desired formulation.

The meat, water, and salt (if called for in the formulation) 
were added to a 31.5 mm by 164 mm polypropylene tube, and 
blended with a Willems Polytron Homogenizer at a speed setting of 
eight. After blending for 30 sec the pork backfat was added and the 
ingredients emulsified to homogeneity (ca. 60 sec more). The poly
propylene tubes were immersed in an ice/water bath during blending 
to prevent heating of the meat emulsion.

The prepared emulsion (ca. 36-39 g) was packed into 29 mm by 
103 mm preweighed polypropylene centrifuge tubes containing a 
wire support. The emulsion was cooked for 30 min in a 75°C water 
bath. After cooking, the meat plug was removed from the tube and 
weighed. The cook-out liquid was transferred to a 10 mL graduated 
cylinder. The total cook-out volume and the volume of the fat and 
aqueous fractions were measured. All data represent a mean value of 
duplicate analyses on each of three separate emulsion preparations.

Frankfurter preparation. Two treatments were compared: a 30% 
beef heart/70% beef skeletal meat frankfurter and a 30% ficin- 
modified beef heart/70% beef skeletal meat frankfurter. The skele
tal meat, heart, and fat were thawed overnight at 4°C. Ingredients 
were weighed out according to each treatment formulation and the 
fat and meat held another 24 hr at 4°C until completely thawed. 
The frankfurter batter was formulated to contain 12% protein, 
29% fat, 66% water, 1.8% spice mix, and either 0.5% or 2.0% salt. 
Formulations were designed to give identical proximate compo
sitions among all treatments.

Frankfurters were manufactured in a 12°C work room. Skeletal 
meat, spice mix, half the water, salt, and heart (unmodified or modi
fied) were placed in a Hobart silent cutter (Model 84142, Troy 
OH). The ingredients were chopped for 5 min (1725 rpm) until 
the batter temperature reached 6 - 9°C. The fat and remaining water 
were added, and the ingredients were chopped for another 5 min 
until the batter temperature reached 11 - 12°C. Duplicate frank
furter batches were prepared for each treatment.

Immediately after chopping, the batter was stuffed into 25 mm 
Nojax casings (Union Carbide, Chicago, 1L) using a Frey 20 liter

Table 1—Smokehouse schedule for processing frankfurters

Smokhouse 
temp (°C)

Time
(min)

Relative 
humidity (%) Smoke

54 30 * no
63 30 * * yes
77 ca. 100 39 yes

* D am p e rs  O p e n  
* *  D a m p e r s  C losed

Electro-Hydraulic Stuffer (Koch Supplies, Inc., Kansas City, MO). 
The frankfurters were linked into 13 cm lengths using a Koch 
manual linking machine (Kansas City, MO) and each batch weighed 
separately. The frankfurters were then hung on a rack and held until 
all formulations were prepared. The unprocessed frankfurters were 
rinsed with a cold water spray and placed in the smokehouse (En- 
viro-Pak, Portland, OR).

The frankfurters were processed according to the smokehouse 
schedule shown in Table 1. When the frankfurter internal tempera
ture reached 67°C (ca. 100 min) the smokehouse was turned off 
and the frankfurters cooled in a cold water spray until the internal 
temperature reached 32°C (ca. 5 min). The frankfurters were held 
in a 4°C cooler overnight and then reweighed to determine smoke
house yield.

Frankfurter casings were removed by hand, and the frankfurters 
were stored in polyethylene bags at 4°C until evaluated. The frank
furters were analyzed in triplicate for moisture, protein, fat, and salt 
following standard AOAC procedures.

Consumer cook-out test. A cook-out test described by Froning 
et al. (1971) was used to evaluate the cooked stability of the frank
furters. A frankfurter was weighed and placed in 400 mL of boiling 
water for 6 min. The frankfurter was removed from the cooking 
water, cooled 5 min at room temperature, blotted dry, and re
weighed to calculate cooked yield. The cooking water was trans
ferred to a graduated cylinder and allowed to cool to room tempera
ture. The volume of fat in the cooking water was recorded. Three 
frankfurters from each treatment were tested.

Statistics. Results were analyzed for significance (P < 0.05) 
using Duncan’s new multiple range test (Steel and Torrie, 1960).

RESULTS & DISCUSSION 

Model system functionality
P r o t e i n  f u n c t i o n a l i t y  d e p e n d s  t o  a  g r e a t  e x t e n t  o n  t h e  

a m o u n t  o f  s o l u b l e  p r o t e i n  p r e s e n t  i n  t h e  s y s t e m  ( K i n s e l l a ,
1 9 7 6 ) .  I t  i s  f o r  t h i s  r e a s o n  t h a t  p r o t e i n  s o l u b i l i t y  i s  o f t e n  
m e a s u r e d  w h e n  e v a l u a t i n g  p r o t e i n  f u n c t i o n a l i t y .  T h e  m y o 
f i b r i l l a r  p r o t e i n s  o f  m u s c l e  a r e  m o s t  r e s p o n s i b l e  f o r  t h e  

f u n c t i o n a l  r e s p o n s e s  i n  a  c o m m i n u t e d  m e a t  p r o d u c t .  U n 

m o d i f i e d  m y o f i b r i l l a r  p r o t e i n s  a r e  i n s o l u b l e  a t  l o w  i o n i c  
s t r e n g t h ,  r e q u i r i n g  0 . 6 M  N a C l  o r  g r e a t e r  f o r  s o l u b i l i z a t i o n  
( F o r r e s t  e t  a l . ,  1 9 7 5 ) .  T h e  r e l a t i v e  a c t i v i t y  o f  f i c i n  t o w a r d  

b e e f  h e a r t  m y o f i b r i l s  w a s  c o m p a r e d  b y  m o n i t o r i n g  t h e  
i n c r e a s e  i n  m y o f i b r i l  s o l u b i l i t y  i n  0 . 1 M  N a C l ,  0 . 0 5  M  K -  
p h o s p h a t e ,  p H  7 . 0  w i t h  t i m e  o f  e n z y m e  t r e a t m e n t  w h e n  1 %  

( w / w )  e n z y m e  w a s  a d d e d  ( F i g .  1 ) .  T h e  s o l u b i l i : y  o f  t h e  
i o d o a c e t a t e  c o n t r o l  d i d  n o t  d i f f e r  f r o m  t h e  u n m o d i f i e d  
m y o f i b r i l s .  T h e  f i c i n / a c t i v a t i o n  b u f f e r / i o d o a c e t a t e  c o n t r o l  
h a d  1 %  m o r e  s o l u b l e  p r o t e i n  t h a n  t h e  u n m o d i f i e d  m y o -
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Fig. 1—Effect of duratic . of enzyme treatment on the solubility 
and emulsification capacity of beef heart myofibrils in 0.1M NaCl, 
0.05M K-phosphate, pH  7.0.
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f i b r i l s .  F i c i n  i n c r e a s e d  t h e  s o l u b i l i t y  o f  h e a r t  m y o f i b r i l s  
t o  4 2 %  i n  1 5 0  m i n .  I n  a  p r e v i o u s  s t u d y ,  c h e m i c a l  m o d i f i 

c a t i o n  i m p r o v e  t h e  s o l u b l i t y  o f  b e e f  h e a r t  m y o f i b r i l s  i n  

0 . 1 M  N a C l ,  0 . 0 5 M  K - p h o s p h a t e ,  p H  7 . 0  u p  t o  7 2 %  d e p e n d 
i n g  o n  t h e  t y p e  a n d  q u a n t i t y  o f  a c i d  a n h y d r i d e  u s e d  ( E i s e l e  
a n d  B r e k k e ,  1 9 8 1 ) .

E m u l s i f i c a t i o n  c a p a c i t y  ( E C )  is  o n e  o f  t h e  m o s t  w i d e l y  

u s e d  t e s t s  o f  m e a t  p r o t e i n  f u n c t i o n a l i t y ,  a s  a  c o m m i n u t e d  
m e a t  p r o d u c t  e x h i b i t s  m a n y  c h a r a c t e r i s t i c s  o f  a  t r u e  e m u l 
s i o n  ( K i n s e l l a ,  1 9 7 6 ;  H a m m ,  1 9 7 3 ;  V a n  d e n  O o r d  a n d  W i s -  
s e r ,  1 9 7 3 ) .  E n z y m a t i c  m o d i f i c a t i o n  o f  b e e f  h e a r t  m y o 

f i b r i l s  w i t h  f i c i n  i n c r e a s e d  t h e  E C  c o m p a r e d  t o  t h e  c o n t r o l  
( F i g .  1 ) .  F i c i n  i n a c t i v a t e d  w i t h  i o d o a c e t a t e  a n d  t h e n  a d d e d  

t o  h e a r t  m y o f i b r i l s  h a d  t h e  s a m e  E C  a s  c o n t r o l s .  E C  r e a c h e d  
a  m a x i m u m  a t  a n  e x t e n t  o f  p r o t e o l y s i s  s u f f i c i e n t  t o  i n 
c r e a s e  m y o f i b r i l  s o l u b i l i t y  t o  2 8 %  a n d  t h e n  d e c r e a s e d  w i t h  
f u r t h e r  i n c r e a s e s  i n  s o l u b i l i t y .  E C  i n c r e a s e d  f r o m  0 . 6 7  m L  
o i l  e m u l s i f i e d / m g  p r o t e i n  t o  1 . 3 8  m L  o i l  e m u l s i f i e d / m g  

p r o t e i n  a t  2 8 %  s o l u b i l i t y .

U s i n g  t h e  s a m e  e m u l s i f i c a t i o n  p r o c e d u r e ,  E i s e l e  a n d  

B r e k k e  ( 1 9 8 1 )  r e p o r t e d  t h a t  c h e m i c a l  m o d i f i c a t i o n  w i t h  
v a r i o s  a n h y d r i d e s  d o u b l e d  t h e  E C  c o m p a r e d  t o  c o n t r o l s .  
E n z y m a t i c  m o d i f i c a t i o n  w a s  s u c c e s s f u l  i n  i n c r e a s i n g  t h e  E C  

o f  f i s h  m y o f i b r i l l a r  p r o t e i n s  ( S p i n e l l i  e t  a l . ,  1 9 7 2 ) ,  s a l t -  

e x t r a c t a b l e  p r o t e i n s  o f  b e e f  m u s c l e  ( D u B o i s  e t  a l . ,  1 9 7 2 ) ,  
a n d  s o y  p r o t e i n s  ( P u s k i ,  1 9 7 5 ) .  D u B o i s  e t  a l .  ( 1 9 7 2 )  r e 
p o r t e d  t h a t  t h e  E C  i n c r e a s e d  o r  d e c r e a s e d  f r o m  c o n t r o l s  
d e p e n d i n g  o n  t h e  e x t e n t  o f  p r o t e o l y s i s  a n d  t y p e  o f  p r o t e a s e  

u s e d .
T h e  e f f e c t  o f  p r o t e i n  s t r u c t u r e  o n  e m u l s i f y i n g  a b i l i t y  

h a s  b e e n  r e v i e w e d  b y  K i n s e l l a  ( 1 9 8 2 ) .  D u r i n g  t h e  p r e p a r a 
t i o n  o f  a  p r o t e i n - b a s e d  e m u l s i o n ,  t h e  f o r m a t i o n  o f  a n  i n t e r 
f a c i a l  f i l m  o c c u r s  i n  t h r e e  s t a g e s :  d i f f u s i o n  o f  t h e  p r o t e i n s  
t o  t h e  i n t e r f a c e ,  p r o t e i n  u n f o l d i n g ,  a n d  r e a r r a n g e m e n t  o f  

t h e  d e n a t u r e d  p r o t e i n  m o l e c u l e s  t o  t h e i r  l o w e s t  f r e e  e n e r g y  
s t a t e  t o  f o r m  a  f i l m .  P r o t e i n  s o l u b i l i t y  i s  i m p o r t a n t  f o r  

r a p i d  d i f f u s i o n  t o  t h e  i n t e r f a c e .  I n t r a m o l e c u l a r  b o n d s

T able 2 —Mean c o o k e d  m e a t  y ie ld  a n d  c o o k -o u t  c o m p o s it io n  o f  
m o d e l  s y s te m  m e a t  em u ls io n s p re p a re d  w ith  a 3 0 /7 0  b le n d  o f  
f ic in -m o d ified  b e e f  h e a r t a n d  b e e f  sk e le ta l  m e a t

Cook-out

Protein Cooked composition*3

solubility3 yields'3-“ Water Fat
Sample (%) (%> (%) (%)

N o  S a lt
100% Skeletal 71.3a 62 38
30/70 control 31 63.5b 53 47

10 min 39 68.0b 61 39
30 min 45 68.4b,c 58 42
60 min 49 72.7a 66 34
120 min 53 70.3a,c 58 42

3%  S a lt
100% Skeletal 75.6d 65 35
30/70 control 44 71.4a 57 43

10 min 54 74.0a 66 34
30 min 63 72.5a 67 33
60 min 70 76.2d 67 33
1 20 min 75 76.8d 71 29

. P rote in  in supe rnatan t after cen trifu ga t ion
a S o lu b il it y  (% )  = --------------------------------------------------------------------x  100.

T o ta l p ro te in  concen tra t ion

N o  salt: so lu b ility  m easured  in 0 .1 M  N aC l, 0 .0 5 M  K -p h o sph a te , p H
7.0 3 %  salt: so lu b ility  m easured in 0.6IV1 N aC l,  0.05IVI K -p h o s- 
phate, pH  7.0.

“ M e an s fo llow e d  b y  the  sam e letters d id  not d iffe r  s ign if ic an t ly  
(P > 0 .0 5 ).

W e igh t o f m eat em u ls ion  after c o o k in g
c C o o k e d  y ie ld  (% )  = -------------------------------------------------------------- x 100.

W e igh t of raw  m eat e m u ls ion

d P ro p o rt io n  o f fat and  water in the c o o k -o u t  liqu id .

a f f e c t  t h e  r a t e  a n d  e x t e n t  o f  p r o t e i n  u n f o l d i n g .  E l e c t r o 

s t a t i c ,  h y d r o p h o b i c ,  a n d  s t e r i c  f a c t o r s  f a c i l i t a t e  o r  i n h i b i t  

m o l e c u l a r  r e a r r a n g e m e n t  a n d  r e t a r d  c o a l e s c e n c e .  E n z y m a 

t i c  m o d i f i c a t i o n  w i t h  p r o t e a s e s  m a y  a l t e r  a l l  o f  t h e s e  p r o p 
e r t i e s  o f  t h e  o r i g i n a l  m o l e c u l e  b y  f o r m i n g  s m a l l e r  p r o t e i n  
f r a g m e n t s  w i t h  d i f f e r e n t  s o l u b i l i t i e s ,  i n t r a m o l e c u l a r  b o n d  
a r r a n g e m e n t s ,  a n d  p r o p o r t i o n s  o f  c h a r g e d  g r o u p s .  C o n s e 
q u e n t l y ,  a l t h o u g h  s o l u b i l i t y  a n d  E C  a r e  u s u a l l y  p o s i t i v e l y  

c o r r e l a t e d ,  o t h e r  p r o p e r t i e s  o f  t h e  p r o t e i n  m a y  a f f e c t  e m u l 

s i f i c a t i o n  ( N a k a i ,  1 9 8 3 ) .  D e t r i m e n t a l  c h a n g e s  i n  t h e s e  o t h e r  
p r o p e r t i e s  m a y  b e  r e s p o n s i b l e  f o r  t h e  d e c r e a s e  i n  E C  a b o v e  
2 8 %  s o l u b i l i t y .

Emulsified meat model system
A n  e m u l s i f i e d  m e a t  m o d e l  s y s t e m  s i m i l a r  t o  t h a t  d e 

s c r i b e d  b y  R a n d a l l  e t  a l .  ( 1 9 7 6 )  w a s  a l s o  u s e d  t o  e v a l u a t e  
t h e  e f f e c t i v e n e s s  o f  e n z y m a t i c  m o d i f i c a t i o n .  T h i s  m o d e l  
s y s t e m  s i m u l a t e s  c o m m e r c i a l  f r a n k f u r t e r  c o m p o s i t i o n  

a n d  p r e p a r a t i o n  m o r e  c l o s e l y  t h a n  t h e  f u n c t i o n a l  t e s t s ,  
b u t  r e q u i r e s  l e s s  s a m p l e  a n d  e q u i p m e n t  t h a n  a  p i l o t  p l a n t  

s t u d y .  M e a t  e m u l s i o n s  w e r e  p r e p a r e d  a s  a  3 0 / 7 0  b l e n d  o f  
b e e f  h e a r t  a n d  b e e f  s k e l e t a l  m e a t .  T h i r t y  p e r c e n t  h e a r t  
w a s  i n c l u d e d  i n  t h e  f o r m u l a t i o n  a s  t h i s  a m o u n t  w a s  s u f f i 
c i e n t  t o  s t r e s s  t h e  s y s t e m  a n d  a l l o w  f o r  t h e  e v a l u a t i o n  o f  
t h e  e f f e c t i v e n e s s  o f  e n z y m a t i c  m o d i f i c a t i o n .  T h e  b e e f  h e a r t  
f r a c t i o n  w a s  m o d i f i e d  w i t h  f i c i n  f o r  v a r i o u s  t i m e s  u p  t o  
2  h r .  T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  2 .  I n  b o t h  t h e  n o 

s a l t  a n d  3 %  s a l t  f o r m u l a t i o n s ,  g r e a t e r  c o o k e d  y i e l d s  w e r e  
o b t a i n e d  f o r  1 0 0 %  s k e l e t a l  m e a t  t h a n  f o r  t h e  c o n t r o l s  
c o n t a i n i n g  3 0 %  h e a r t .  T h e s e  r e s u l t s  w e r e  e x p e c t e d  d u e  t o  
t h e  p o o r  f u n c t i o n a l i t y  o f  b e e f  h e a r t  p r o t e i n .

I n  s a m p l e s  m a d e  w i t h o u t  s a l t ,  t h e  c o o k e d  y i e l d  i n c r e a s e d  
f r o m  6 3 . 5 %  f o r  t h e  3 0 / 7 0  c o n t r o l  ( 3 1 %  s o l u b l e  p r o t e i n )  
t o  7 2 . 7 %  f o r  t h e  s a m p l e  e n z y m e - m o d i f i e d  f o r  6 0  m i n  ( 4 9 %  
s o l u b l e  p r o t e i n ) .  T h e  c o o k e d  y i e l d  f o r  t h e  6 0  m i n  e n z y m e -  

m o d i f i e d  s a m p l e  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  
n o - s a l t  1 0 0 %  s k e l e t a l  c o n t r o l .  W h e n  3 %  s a l t  w a s  u s e d  i n  t h e  
f o r m u l a t i o n ,  t h e  c o o k e d  y i e l d  i n c r e a s e d  f r o m  7 1 . 4 %  f o r  

t h e  3 0 / 7 0  c o n t r o l  ( 4 4 %  s o l u b l e  p r o t e i n )  t o  7 6 . 8 %  y i e l d  
a f t e r  1 2 0  m i n  o f  m o d i f i c a t i o n  ( 7 5 %  s o l u b l e  p r o t e i n ) .  A g a i n ,  
t h i s  y i e l d  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  1 0 0 %  
s k e l e t a l  c o n t r o l  c o n t a i n i n g  3 %  s a l t .  I n  t h e  s a m p l e s  m a d e  

w i t h  3 %  s a l t ,  a  d e c r e a s e  i n  t h e  p e r c e n t a g e  f a t  i n  t h e  c o o k -  
o u t  l i q u i d  w a s  n o t e d  a s  m o d i f i c a t i o n  p r o g r e s s e d .  T h i s  i n 
d i c a t e s  a n  i n c r e a s e  i n  f a t  b i n d i n g  a b i l i t y  w i t h  m o d i f i c a t i o n .  

M a x i m u m  c o o k e d  y i e l d s  w e r e  o b t a i n e d  w h e n  s o l u b i l i t y  w a s  
i n c r e a s e d  b y  1 8 %  i n  t h e  n o - s a l t  f o r m u l a t i o n .  T h i s  i n c r e a s e  
i n  s o l u b i l i t y  o c c u r r e d  i n  t h e  r a n g e  w h e r e  E C  i n  t h e  f u n c 
t i o n a l  t e s t s  w a s  a l s o  i n c r e a s i n g  w i t h  s o l u b i l i t y .  T h e s e  

r e s u l t s  a n d  t h e  m o d e l  s y s t e m  f u n c t i o n a l  t e s t s  i n d i c a t e d  t h a t  
e n z y m a t i c  m o d i f i c a t i o n  w a s  a b l e  t o  i m p r o v e  b e e f  h e a r t  

p r o t e i n  f u n c t i o n a l i t y .
T h e  u n m o d i f i e d  1 0 0 %  s k e l e t a l  p l u g s  a n d  t h e  u n m o d i 

f i e d  3 0 / 7 0  p l u g s  m a d e  w i t h o u t  s a l t  h a d  l o w e r  c o o k e d  y i e l d s  
t h a n  t h e  r e s p e c t i v e  s a m p l e s  m a d e  w i t h  3 %  s a l t .  S a l t  i s  g e n 
e r a l l y  a d d e d  t o  p r o c e s s e d  m e a t  p r o d u c t s  a t  a  c o n c e n t r a t i o n  
o f  2 . 2 5  -  2 . 7 5 %  o f  t h e  f o r m u l a t i o n  i n  o r d e r  t o  s o l u b i l i z e  
t h e  m y o f i b r i l l a r  p r o t e i n s  ( O l s o n  a n d  T e r r e l l ,  1 9 8 1 ) .  T h e  
m y o f i b r i l l a r  p r o t e i n s  a r e  r e s p o n s i b l e  f o r  f a t  b i n d i n g ,  w a t e r  
h o l d i n g  c a p a c i t y ,  t e x t u r e  f o r m a t i o n ,  a n d  d e s i r a b l e  y i e l d s .  

C o o k e d  y i e l d s  o f  t h e  3 0 / 7 0  m e a t  p l u g s  m a d e  w i t h o u t  s a l t  
a n d  m o d i f i e d  f o r  6 0  a n d  1 2 0  m i n  w e r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  t h e  3 0 / 7 0  c o n t r o l  m a d e  w i t h  3 %  s a l t .  T h i s  
s u g g e s t s  t h a t  e n z y m a t i c  m o d i f i c a t i o n ,  b y  s o l u b i l i z i n g  t h e  
m y o f i b r i l l a r  p r o t e i n s ,  m a y  h a v e  p o t e n t i a l  a s  a  p a r t i a l  s u b 
s t i t u t e  f o r  s a l t  i n  t h e  p r o d u c t i o n  o f  p r o c e s s e d  m e a t  p r o d u c t s .

Production of frankfurters
T h e  r e s u l t s  o f  t h e  f u n c t i o n a l  t e s t s  a n d  t h e  m e a t  m o d e l  

s y s t e m  i n d i c a t e d  t h a t  e n z y m a t i c  m o d i f i c a t i o n  w a s  e f f e c -
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E N Z Y M A T IC A L L Y  M O D IFIED  B E E F  H E A R T  P R O T EIN  . . .

T able 3 —P ro x im a te  c o m p o s it io n  o f  30%  b e e f  h ea rt/7 0 %  b e e f  sk e le 
ta l fra n k fu r te rs* ^

Treatment
Protein

(%)
Fat
(%)

Moisture
(%)

Salt
(%)

Unmodified; low salt 16.9a 29.6a 50.2a 0.8a
Unmodified; high-salt 15.9b 31.9a 48.0a 2.3b
Modified; low-salt 16.0b 30.7a 50.0a 0.8a
Modified; high-salt 16.0b 31.8a 48.2a 2.3b

a V a lu e s  are the average of trip licate  de te rm ina t io n s from  dup lica te  
batches.

b M eans in the sam e co lu m n  fo llow e d  by  the sam e letter d id  not 
d iffe r s ign if ic an t ly  (P > 0 .0 5 ) .

f i v e  i n  i m p r o v i n g  t h e  f u n c t i o n a l i t y  o f  b e e f  h e a r t  p r o t e i n s  
a t  b o t h  l o w  a n d  n o r m a l  s a l t  l e v e l s .  T h e  p u r p o s e  o f  t h i s  p a r t  
o f  t h e  r e s e a r c h  w a s  t o  d e t e r m i n e  i f  e n z y m a t i c  m o d i f i c a t i o n  
w a s  e f f e c t i v e  o n  a  p i l o t  p l a n t  s c a l e .  M o d e l  s y s t e m  r e s u l t s  
d o  n o t  n e c e s s a r i l y  p r e d i c t  p e r f o r m a n c e  a t  t h e  p i l o t  p l a n t  

l e v e l  a s  p r e p a r a t i o n  o f  f r a n k f u r t e r s  i n  a  p i l o t  p l a n t  r e q u i r e s  
t h e  u s e  o f  d i f f e r e n t  e q u i p m e n t ,  p r o c e s s e s ,  a n d  i n g r e d i e n t s .

F r a n k f u r t e r s  w e r e  p r e p a r e d  u s i n g  n o r m a l  ( 2 % )  a n d  l o w  
( 0 . 5 % )  s a l t  c o n t e n t .  T r e a t m e n t s  t e s t e d  w e r e  3 0 %  b e e f  
h e a r t / 7 0 %  b e e f  s k e l e t a l  c o n t r o l s  a n d  3 0 %  f i c i n - m o d i f i e d  
b e e f  h e a r t / 7 0 %  s k e l e t a l  m e a t .  E n z y m e - m o d i f i e d  h e a r t  w a s  
p r e p a r e d  b y  t r e a t i n g  t h e  h e a r t  w i t h  f i c i n  u n t i l  a  p r o t e i n  

s o l u b l i t y  o f  4 9 %  i n  0 . 1  M  N a C l  w a s  o b t a i n e d .  T h i s  e x t e n t  
o f  m o d i f i c a t i o n  w a s  c h o s e n  a s  i t  p r o d u c e d  m a x i m u m  
c o o k e d  y i e l d s  i n  t h e  m e a t  m o d e l  s y s t e m  e x p e r i m e n t s .

T h e  p r o x i m a t e  c o m p o s i t i o n  o f  t h e  f i n i s h e d  f r a n k f u r t e r s  
w a s  d e t e r m i n e d  ( T a b l e  3 ) .  T h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r 
e n c e s  i n  p r o x i m a t e  c o m p o s i t i o n  b e t w e e n  t h e  t r e a t m e n t s  

e x c e p t  t h e  l o w - s a l t  h e a r t / s k e l e t a l  c o n t r o l  f r a n k f u r t e r s  h a d  
s i g n i f i c a n t l y  m o r e  p r o t e i n  t h a n  t h e  o t h e r  t r e a t m e n t s .  T h e  

n o r m a l - s a l t  f r a n k f u r t e r s  c o n t a i n e d  2 . 3 %  s a l t ,  w h i l e  t h e  l o w -  
s a l t  f r a n k f u r t e r s  c o n t a i n e d  0 . 8 %  s a l t .

T h e  p r o d u c t  y i e l d s  o f  t h e  f r a n k f u r t e r  t r e a t m e n t s  a r e  
s h o w n  i n  T a b l e  4 .  B o t h  t h e  n o r m a l  a n d  l o w - s a l t  e n z y m e -  

m o d i f i e d  f r a n k f u r t e r s  h a d  s i g n i f i c a n t l y  g r e a t e r  s m o k e h o u s e  

y i e l d s  a n d  c o n s u m e r  c o o k e d  y i e l d s  t h a n  t h e  u n m o d i f i e d  
f r a n k f u r t e r s .  I n  a d d i t i o n ,  t h e  e n z y m e - m o d i f i e d  f r a n k f u r t e r s  
h a d  s i g n i f i c a n t l y  l e s s  c o o k - o u t  f a t ,  i n d i c a t i n g  i m p r o v e d  f a t  
b i n d i n g .

T h u s ,  e n z y m a t i c  m o d i f i c a t i o n  w i t h  f i c i n  w a s  e f f e c t i v e  i n  
i m p r o v i n g  b e e f  h e a r t  p r o t e i n  f u n c t i o n a l i t y  a t  b o t h  l o w  a n d  

n o r m a l  s a l t  c o n t e n t s  i n  a n  a c t u a l  p r o c e s s e d  m e a t  p r o d u c t .  
T h e  s u c c e s s  o f  t h e  e n z y m e - m o d i f i e d  l o w - s a l t  f r a n k f u r t e r s  
h a s  s p e c i a l  s i g n i f i c a n c e  a s  m a n y  m e a t  p r o c e s s o r s  a r e  t r y i n g  
t o  r e d u c e  t h e  s o d i u m  c o n t e n t  i n  t h e i r  p r o c e s s e d  p r o d u c t s ,  
d u e  t o  e v i d e n c e  w h i c h  l i n k s  h i g h  s o d i u m  c o n s u m p t i o n  w i t h  
h i g h  b l o o d  p r e s s u r e  i n  g e n e t i c a l l y  p r e d i s p o s e d  i n d i v i d u a l s  
( O l s o n ,  1 9 8 2 ;  I F T ,  1 9 8 0 ) .  O b v i o u s l y ,  d u e  t o  t h e  t o x i c  
e f f e c t s  o f  i o d o a c e t a t e ,  i t s  u s e  a s  a n  i n h i b i t o r  is  n o t  p r a c t i c a l .  
H o w e v e r ,  s e l e c t i o n  o f  a l t e r n a t i v e  e n z y m e s  a n d / o r  i n h i b i t o r ?  
m a y  m a k e  e n z y m a t i c  m o d i f i c a t i o n  a  f e a s i b l e  p r o c e d u r e .  I n  
a d d i t i o n ,  f u r t h e r  r e s e a r c h  i s  n e c e s s a r y  t o  d e t e r m i n e  i f  e n 
z y m e - m o d i f i e d  l o w - s a l t  f r a n k f u r t e r s  a r e  s u b j e c t  t o  f l a v o r ,  
t e x t u r e ,  o r  m i c r o b i a l  p r o b l e m s .
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--------------------------- ABSTRACT ---------------------------
C o n t r a c t i o n  s t a t e  o f  b e e f  m u s c l e  a t  o n s e t  o f  r i g o r  i n f l u e n c e s  t e n d e r 
n e s s  o f  c o o k e d  m e a t .  L o s s  i n  t e n d e r n e s s  d u r i n g  c o o k i n g  h a s  b e e n  
r e l a t e d ,  t h r o u g h  u s e  o f  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( D S C ) ,  t o  
t h e r m a l  d e n a t u r a t i o n  o f  m y o f i b r i l l a r  p r o t e i n s .  C o n t r a c t i o n  o f  b e e f  
s t e r n o m a n d i b u l a r i s  m u s c l e  w a s  c o n t r o l l e d  a t  s a r c o m e r e  l e n g t h s  o f
2 . 4 ,  2 . 1 ,  1 .9 ,  1 .7 ,  a n d  1 .4  p m .  S a m p l e s  w e r e  s c a n n e d  f r o m  2 5 -  
1 0 5 ° C  a t  1 0 ° C / m i n ;  A H  ( c h a n g e  i n  h e a t  o f  t r a n s i t i o n )  b e t w e e n  
4 5 °  a n d  9 2 ° C  d r o p p e d  f r o m  c a .  4  J / g  m u s c l e  a t  2 . 4  Mm t o  c a .  3 
J / g  a t  1 .4  /xm. T h i s  d i f f e r e n c e  ( P  <  0 . 0 5 )  a m o u n t s  t o  le ss  t h a n  1% 
o f  t h e  t o t a l  e n e r g y  r e q u i r e d  t o  h e a t  m e a t  f r o m  4 5 °  t o  9 2 ° C .  T h e  
d e c r e a s e  is a t t r i b u t e d  t o  a  g r e a t e r  a c t o m y o s i n  c o n t r i b u t i o n  t o  t h e  
o v e r a l l  t h e r m a l  c u r v e  r e s u l t i n g  f r o m  i n c r e a s e d  o v e r l a p  o f  t h e  f i l a 
m e n t s .

INTRODUCTION
T H E  S T A T E  O F  m u s c l e  c o n t r a c t i o n  a t  t h e  o n s e t  o f  r i g o r  
h a s  b e e n  a s s o c i a t e d  w i t h  m e a t  t e n d e r n e s s  s i n c e  R a m s b o t -  
t o m  a n d  S t r a n d i n e  ( 1 9 4 9 )  c o n c l u d e d  t h a t  s h o r t e n e d  b e e f  
m u s c l e  w a s  t o u g h e r  t h a n  s i m i l a r  m u s c l e  t h a t  h a d  b e e n  
s t r e t c h e d  b e f o r e  r i g o r .  S u b s e q u e n t  s t u d i e s  h a v e  r e l a t e d  t h e  
l o s s  o f  t e n d e r n e s s  t o  t h e  i n c r e a s e d  o v e r l a p  o f  t h i c k  a n d  t h i n  

f i l a m e n t s  a n d  t h e  c o n c u r r e n t  d e c r e a s e  i n  s a r c o m e r e  l e n g t h  
( L o c k e r ,  1 9 5 8 ) .  C o l d  s h o r t e n e d  b e e f  w a s  f o u n d  t o  r e q u i r e  
f o u r  t i m e s  t h e  s h e a r  f o r c e  o f  r e s t  l e n g t h  m u s c l e  ( M a r s h  a n d  

L e e t ,  1 9 6 6 ) .  T h e  c o n t r i b u t i o n  o f  m y o f i b r i l l a r  p r o t e i n s  t o  

o v e r a l l  m e a t  t e n d e r n e s s  h a s  r e c e i v e d  a  g r e a t  d e a l  o f  a t t e n 
t i o n  s i n c e  c o m m e r c i a l  c o n d i t i o n i n g  r e d u c e s  m y o f i b r i l l a r  
t o u g h n e s s  w h i l e  t h e  b a c k g r o u n d  t o u g h n e s s  d u e  t o  c o n n e c 
t i v e  t i s s u e  i s  l a r g e l y  u n a f f e c t e d  ( P e n n y ,  1 9 8 0 ) .

R e g a r d l e s s  o f  t h e  i m p r o v e m e n t  i n  t e n d e r n e s s  c a u s e d  b y  

c o n d i t i o n i n g ,  f i n a l  a s s e s s m e n t  o f  m e a t  q u a l i t y  c a n  o n l y  b e  
m a d e  a f t e r  c o o k i n g .  T h e  e f f e c t  o f  c o o k i n g  o n  t e n d e r n e s s  
h a s s  b e e n  e x p l a i n e d  o n  t h e  b a s i s  o f  d e n a t u r a t i o n  o f  m u s c l e  
p r o t e i n s  a n d  d e h y d r a t i o n  ( H a m m ,  1 9 6 6 ) .  R e c e n t l y ,  d i f f e r 
e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( D S C )  h a s  b e e n  a p p l i e d  t o  t h e  
m u s c l e  s y s t e m  t o  i n v e s t i g a t e  t h e  f u n d a m e n t a l  t h e r m o d y 
n a m i c  c h a n g e s  a s s o c i a t e d  w i t h  t h e  h e a t i n g  o f  m e a t .  T h e  
e n d o t h e r m i c  t r a n s i t i o n s  o b s e r v e d  i n  m u s c l e  h a v e  b e e n  

a t t r i b u t e d  t o  t h e  p r i n c i p a l  p r o t e i n  c o n s t i t u e n t s  ( M a r t e n s  
a n d  V o i d ,  1 9 7 6 ;  W r i g h t  e t  a h ,  1 9 7 7 ;  S t a b u r s v i k  a n d  M a r 
t e n s ,  1 9 8 0 ) .  T h e s e  t r a n s i t i o n s  i n  n o r m a l  ( p H  5 . 4 )  p o s t - r i g o r  
b e e f  m u s c l e  h a v e  b e e n  r e l a t e d  t o  s e n s o r y  p a n e l  r e s p o n s e  

( M a r t e n s  e t  a l . ,  1 9 8 2 ) ,  b u t  i n  n o n e  o f  t h e s e  s t u d i e s  h a s  
c o n t r a c t i o n  s t a t e  b e e n  c o n s i d e r e d .

T h e  o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  e x a m i n e  t h e  e f f e c t  o f  

t h e  c o n t r a c t i o n  s t a t e  o f  b e e f  m u s c l e  o n  D S C  t h e r m a l  c u r v e s .

MATERIALS & METHODS

S a m p l e s

B e e f  n e c k  m u s c l e  ( s t e r n o m a n d i b u l a r i s )  w a s  o b t a i n e d  i m m e d i a t e 
ly  p o s t m o r t e m  f r o m  f o u r  1 8  m o n t h - o l d  C h a r o l a i s  c r o s s b r e e d  h e i f e r s  
a t  t h e  U n i v e r s i t y  a b a t t o i r .  E a c h  m u s c l e  w a s  d i v i d e d  l a t e r a l l y  i n t o

A u t h o r s  F i n d l a y  a n d  S t a n l e y  a r e  a f f i l i a t e d  w i t h  th e  D e p t ,  o f  F o o d  
S c i e n c e ,  U niv . o f  G u e l p h ,  G u e l p h ,  O n t a r i o ,  N I G  2 W 1 ,  C a n a d a .

f o u r  s e c t i o n s  a n d  w r a p p e d  i n  d a m p  p a p e r  t o w e l  t o  p r e v e n t  s u r f a c e  
d e h y d r a t i o n .  A  c o l d  s h o r t e n e d  s a m p l e  w a s  p r e p a r e d  b y  r e f r i g e r a t i n g  
a t  5 ° C .  T h e  r e m a i n i n g  s a m p l e s  w e r e  s t r e t c h e d  t o  d i f f e r e n t  t e n s i o n s ,  
r e s t r a i n e d  w i t h  c o r d ,  w r a p p e d  in  d a m p  p a p e r  t o w e l  a n d  h e l d  a t  
2 0 ° C  f o r  8 h r  b e f o r e  r e f r i g e r a t i n g  a t  5 ° C  f o r  2 ,  4 ,  6  a n d  8 d a y s .

L a s e r  d i f f r a c t i o n

I n d i v i d u a l  m u s c l e  f i b e r s  w e r e  t e a s e d  f r o m  t h e  b e e f  s a m p l e s  a n d  
d i f f r a c t i o n  m e a s u r e m e n t s  w e r e  m a d e  u s in g  t h e  m e t h o d  o f  V a r c o e  
a n d  J o n e s  ( 1 9 8 3 ) .  T e n  m e a s u r e m e n t s  w e r e  t a k e n  t o  p r o v i d e  a n  
a v e r a g e  s a r c o m e r e  l e n g t h .  F i v e  g r o u p s  o f  s a m p l e s  w e r e  s e l e c t e d  a t  
t h e  f o l l o w i n g  s a r c o m e r e  l e n g t h ;  1 . 4  p m ,  sd  =  0 . 0 9 ;  1 . 7  p m ,  sd  = 
0 . 0 7 ;  1 .9  p m ,  s d  =  0 . 1 1 ;  2 .1  p m ,  s d  =  0 . 0 9  a n d  2 . 4  p m ,  s d  =  0 . 1 3 .

D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y

A p o r t i o n  o f  m u s c l e  ( c a .  5 m g )  f r o m  t h e  s a m e  m u s c l e  f i b e r  u s e d  
f o r  l a s e r  d i f f r a c t i o n  m e a s u r e m e n t  w a s  t r a n s f e r r e d  t o  a n  a l u m i n u m  
h e r m e t i c  p a n  a n d  w e i g h e d  t o  w i t h i n  1 0  m e g  u s i n g  a  M o d e l  G  C a h n  
e l e c t r o b a l a n c e .  T o  a d j u s t  f o r  s m a l l  n a t u r a l  v a r i a t i o n s  i n  p H ,  e n s u r e  
a n  e x c e s s  o f  m o i s t u r e  a n d  p r o m o t e  g o o d  t h e r m a l  c o n t a c t ,  5 m L  o f  
0 . 0 7 M  S o r e n s o n ’s p h o s p h a t e  b u f f e r  ( p H  5 . 4 )  w e r e  i n c l u d e d  i n  t h e  
p a n  b e f o r e  s e a l in g .  T h e  q u a n t i t y  o f  b u f f e r  w a s  s e l e c t e d  t o  g iv e  
a p p r o x i m a t e l y  1 :1  p r o p o r t i o n s .  S t a b u r s v i k  a n d  M a r t e n s  ( 1 9 8 0 )  
s h o w e d  t h a t  p H  o f  t h e  m u s c l e  a f f e c t e d  t h e  r e s u l t a n t  t h e r m a l  c u r v e ;  
t h e y  c o n c l u d e d  t h a t  b u f f e r s  c o u l d  b e  u s e d  t o  a d j u s t  m u s c l e  s a m p l e s  
o f  d . f f e r e n t  n a t u r a l  p H  v a l u e s  t o  a  c o m m o n  p H .  W r i g h t  a n d  W i ld in g
( 1 9 8 4 )  c o n c l u d e d  t h a t  u n l e s s  s a m p l e s  a r e  s t u d i e d  u n d e r  e q u i v a l e n t  
c o n d i t i o n s ,  t h e  r e s u l t s  o b t a i n e d  a r e  n o t  n e c e s s a r i l y  c o m p a r a b l e .  
S o r e n s o n ’s p h o s p h a t e  b u f f e r  w a s  u s e d  f o r  t h e  p r e p a r a t i o n  o f  b e e f  
m u s c l e  f o r  e l e c t r o n  m i c r o s c o p y .  C o n s e q u e n t l y  i t  w a s  s e l e c t e d  f o r  
u s e  i n  D S C  a t  a  p H  o f  5 . 4  t o  a s s u r e  t h a t  t h e  m u s c l e  w a s  i n  t h e  l o w e r  
r a n g e  o f  p H  o f  n o r m a l  p o s t - r i g o r  m u s c l e .  T h e  c h a r a c t e r i s t i c  e x o 
t h e r m  b e t w e e n  4 5 °  a n d  5 5 ° C  f o u n d  in  p r e - r i g o r  m u s c l e  a n d  d i s 
a p p e a r i n g  w i t h  r i g o r  ( W r i g h t  e t  a l . ,  1 9 7 7 )  w a s  a b s e n t  in  a l l  s a m p l e s  
u s e d  i n  t h i s  s t u d y .  A  D u p o n t  M o d e l  1 0 9 0  D i f f e r e n t i a l  S c a n n i n g  
C a l o r i m e t e r  ( D S C )  w i t h  a  p r e s s u r e  D S C  c e l l  w a s  u s e d  t o  s c a n  t h e  
s a m p l e s  f r o m  2 5 - 1 0 5 ° C  a t  1 0 ° C / m i n  u n d e r  a m b i e n t  p r e s s u r e  w i t h  a  
n i t r o g e n  f l u s h  o f  2 5  m L / m i n .  T h e  d i f f e r e n t i a l  h e a t  f l o w  w a s  r e 
c o r d e d  a t  0 .2  s e c  i n t e r v a l s  o n  a  m a g n e t i c  d i s k  f o r  s u b s e q u e n t  c o m p u 
t e r i z e d  a n a l y s i s .  E a c h  s a m p l e  w a s  c o o l e d  a n d  r e s c a n n e d  t o  p r o v i d e  
a  m e a s u r e  o f  t h e  r e v e r s i b l e  t r a n s i t i o n s  a n d  a  b a s e l i n e  f o r  a n a l y s i s .  
P l o t s  o f  h e a t  f l o w  v e r s u s  t e m p e r a t u r e  w e r e  o b t a i n e d  f o r  e a c h  
s p e c i m e n .  D a t a  a n a l y s i s  p r o g r a m s  w e r e  a p p l i e d  t o  t h e  t h e r m a l  
c u r v e s  t o  p r o v i d e  h e a t  o f  t r a n s i t i o n s  ( A H )  a n d  t e m p e r a t u r e s  o f  
m a x i m u m  t r a n s i t i o n  ( T m a x ) .  R e s c a n n e d  t h e r m a l  c u r v e s  w e r e  
s u b t r a c t e d  f r o m  i n i t i a l  r u n s  t o  c o m p e n s a t e  f o r  t h e  c h a n g e  i n  b a s e 
l i n e .  A l l  t h e r m a l  c u r v e s  w e r e  n o r m a l i z e d  t o  1 0  m g  o f  w h o l e  m u s c l e  
( 8 0 %  m o i s t u r e )  t o  f a c i l i t a t e  p l o t t i n g  o f  t h e r m a l  c u r v e s  a n d  p e r m i t  
c o m p a r i s o n .  A n a l y s i s  o f  v a r i a n c e  a n d  m u l t i p l e  l i n e a r  r e g r e s s i o n  w e r e  
p e r f o r m e d  u s in g  t h e  S t a t i s t i c a l  A n a l y s i s  S y s t e m  ( H e l w i g  a n d  C o u n 
c i l ,  1 9 7 9 ) .

RESULTS
S T R E T C H I N G  A N D  R E S T R A I N I N G  M U S C L E  d o e s  n o t  

p r o d u c e  u n i f o r m  s a r c o m e r e  l e n g t h ,  b u t ,  b y  t a k i n g  s a m p l e s  
f o r  D S C  f r o m  t h e  s a m e  f i b e r  u s e d  f o r  m e a s u r e m e n t  o f  s a r 
c o m e r e  l e n g t h  i t  w a s  p o s s i b l e  t o  c l a s s i f y  s a m p l e s  i n t o  
s a r c o m e r e  l e n g t h  g r o u p s .  T h r e e  s a m p l e s  w e r e  t a k e n  f r o m  
w i t h i n  e a c h  g r o u p  a t  2 ,  4 ,  6  a n d  8  d a y s  p o s t m o r t e m  f o r  
e a c h  a n i m a l .  T h e  t h e r m a l  c u r v e s  w e r e  a n a l y z e d  i n  t w o  
d i f f e r e n t  w a y s .  D i s c r e t e  d a t a  f o r  A H  v a l u e s  a n d  T m a x  w e r e  
o b t a i n e d  o v e r  a  r a n g e  o f  4 5 - 9 2  C .  P a r t i a l  a r e a  a n a l y s i s  p r o 
v i d e d  t h e  T m a x  a n d  A H  v a l u e s  f o r  i n d i v i d u a l  t r a n s i t i o n s
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t h a t  f e l l  w i t h i n  i n t e g r a t i o n  l i m i t s  o f  4 5 - 6 0 ° C  ( T j  ),  6 0 - 7 6 ° C  

( T 2 )  a n d  7 6 - 9 2 ° C  ( T 3 ). T h e  m e a n s  a n d  s t a n d a r d  d e v i a t i o n s  
o f  t h e  d a t a  f o r  s a r c o m e r e  l e n g t h  a r e  s h o w n  i n  T a b l e  1 .  
A n a l y s i s  o f  v a r i a n c e  r e s u l t s  a r e  g i v e n  i n  T a b l e  2 .  A  l i n e a r  
m o d e l  w a s  a p p l i e d  t o  d e t e r m i n e  t h e  c o n t r i b u t i o n  o f  e a c h  
s o u r c e  o f  v a r i a t i o n  t o  t h e  r e g r e s s i o n  m o d e l  ( T a b l e  3 ) .

I n d i v i d u a l  t h e r m a l  c u r v e s  f o r  e a c h  s a r c o m e r e  l e n g t h  
g r o u p  w e r e  c o m b i n e d  a n d  n o r m a l i z e d  t o  1 0  m g  o f  w e t  
m u s c l e  f o r  t h e  b a s e l i n e  c o r r e c t e d  s c a n s  ( F i g .  1 ) .  S i n c e  
m u s c l e  t h e r m a l  c u r v e s  a r e  n o t  c o m p r i s e d  o f  d i s c r e t e  e v e n t s ,  

b u t  a r e  a  n e t  r e s p o n s e  r e s u l t i n g  f r o m  t h e  o v e r l a p p i n g  t r a n s i 
t i o n s  o f  t h e  p r o t e i n  c o n s t i t u e n t s ,  t h e  s e c o n d  d e r i v a t i v e  w a s  
p l o t t e d  t o  h e l p  l o c a t e  s u b t l e  c h a n g e s  i n  h e a t  f l o w  h i d d e n  i n  

t h e  s h o u l d e r s  o f  l a r g e r  t r a n s i t i o n s  ( F i g .  2 ) .  T o  e x a m i n e  t h e  
d i f f e r e n c e  b e t w e e n  t h e  e x t r e m e s  o f  s a r c o m e r e  l e n g t h  t h e  
t h e r m a l  c u r v e  o f  t h e  2 . 4  ju m  s a m p l e  w a s  s u b t r a c t e d  f r o m  
t h a t  o f  t h e  1 . 4  /u rn  s a m p l e  t o  y i e l d  a  t h e r m a l  c u r v e  o f  t h e  
d i f f e r e n c e  ( F i g .  3 ) .

T h e  f i r s t  t r a n s i t i o n ,  ( T i ) ,  w h i c h  h a s  b e e n  a t t r i b u t e d  t o  

m y o s i n  ( W r i g h t  e t  a l . ,  1 9 7 7 ;  S t a b u r s v i k  a n d  M a r t e n s ,  1 9 8 0 ) ,  
d e c r e a s e d  s i g n i f i c a n t l y  ( P  <  0 . 0 5 )  w i t h  i n c r e a s e d  s a r c o m e r e  

l e n g t h .  T h e  h e a t  o f  t r a n s i t i o n  ( A H X)  i n c r e a s e d  s i g n i f i c a n t l y  

a s  s a r c o m e r e  l e n g t h  i n c r e a s e d  f r o m  2 . 1  t o  2 . 4  f i m .  T h e  T 2 
r e s u l t s  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e  d u e  t o  s a r c o m e r e  
l e n g t h ;  h o w e v e r ,  t h e  c o n t r i b u t i o n  o f  s a r c o p l a s m i c  p r o t e i n s ,  

a c t o m y o s i n  a n d  c o n n e c t i v e  t i s s u e  t o  t h i s  t r a n s i t i o n  m a k e s  

i n t e r p r e t a t i o n  d i f f i c u l t .  T h e  h e a t  o f  t r a n s i t i o n ,  A H 2 , i n 
c r e a s e d  s i g n i f i c a n t l y  w i t h  s a r c o m e r e  l e n g t h .  T h e  a c t i n  
t r a n s i t i o n ,  T 3 , i n c r e a s e d  s i g n i f i c a n t l y  w i t h  i n c r e a s e d  s a r c o 
m e r e  l e n g t h ,  i n d i c a t i n g  g r e a t e r  s t a b i l i z a t i o n  o f  t h i s  p r o t e i n .

A H 3 a l s o  i n c r e a s e d  s i g n i f i c a n t l y  w i t h  s a r c o m e r e  l e n g t h .  T h e  

t o t a l  h e a t  f l o w  o v e r  t h e  r a n g e  4 5 - 9 2  C  i n c r e a s e d  s i g n i f i c a n t 
l y  f r o m  2 . 9 4  J / g  a t  1 . 4  / u m  t o  4 . 0 4  J / g  a t  2 . 4  / i m  ( P  <  
0 . 0 5 ) .  T h e s e  e n t h a l p i e s  a r e  i n  t h e  r a n g e  o f  t h o s e  f o u n d  b y  

W r i g h t  e t  a l .  ( 1 9 7 7 )  f o r  m u s c l e  a n d  c o n s t i t u e n t  p r o t e i n s .  
N o  s i g n i f i c a n t  d i f f e r e n c e  w a s  f o u n d  b e t w e e n  a n i m a l s  f o r  

a n y  o f  t h e  v a r i a b l e s  t e s t e d  ( T a b l e  2 ) .

T h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e  i n d e p e n d e n t  v a r i a b l e s  
s a r c o m e r e  l e n g t h ,  a g i n g  a n d  a n i m a l  t o  a  l i n e a r  r e g r e s s i o n  

m o d e l  ( T a b l e  3 )  s h o w e d  t h a t  a g i n g  h a d  t h e  g r e a t e s t  e f f e c t  

o n  t r a n s i t i o n  t e m p e r a t u r e s  w h i l e  s a r c o m e r e  l e n g t h  i n f l u 

e n c e d  t h e  h e a t  o f  t r a n s i t i o n ,  p a r t i c u l a r l y  A H 3 . T h e  c o n t r i 
b u t i o n  o f  i n t e r a t i o n  t o  R 2 w a s  r e l a t i v e l y  s m a l l  w i t h  t h e  

e x c e p t i o n  o f  T 3 .
S e c o n d  d e r i v a t i v e  a n a l y s i s  o f  t h e  t h e r m a l  c u r v e s  ( F i g .  2 )  

i n d i c a t e d  t h e  e m e r g e n c e  o f  a  t r a n s i t i o n  b e l o w  6 C C  i n  t h e
1 . 4  p i m  c u r v e  w h i c h  w a s  n o t  a p p a r e n t  a t  2 . 4  / u m .  T h e  p a t 
t e r n  o f  t h e  1 . 9  / u m  c u r v e  s h o w s  a  d o u b l e t  i n  t h e  v i c i n i t y  o f  

5 4  C  w h i c h  w a r r a n t s  f u r t h e r  i n v e s t i g a t i o n .  A  d i r e c t  s u b 
t r a c t i o n  o f  t h e  2 . 4  /u m  t h e r m a l  c u r v e  f r o m  t h e  1 . 4  j u m  t h e r 
m a l  c u r v e  g a v e  a  t h e r m a l  d i f f e r e n c e  c u r v e  t h a t  m i g h t  e x 

p l a i n  s o m e  o f  t h e  d i f f e r e n c e s  d u e  t o  s a r c o m e r e  l e n g t h .  
T h e  T m ax  v a l u e s  f o r  t h e  t h e r m a l  c u r v e  a r e  5 4  , 6 5  . 8 0  , 
a n d  8 5  C ;  t h e  t e m p e r a t u r e s  c i t e d  b y  W r i g h t  e t  a l .  ( 1 9 7 7 )  
f o r  a c t o m y o s i n  a r e  5 4  , 6 5  , a n d  8 0  C .  G r e a t e r  o v e r l a p  o f  

t h i c k  a n d  t h i n  f i l a m e n t s  w i l l  i n c r e a s e  t h e  p r o b a b i l i t y  o f  
i n t e r a c t i o n  b e t w e e n  a c t i n  a n d  m y o s i n .  W r i g h t  e t  a l .  ( 1 9 7 7 )  

f o u n d  a c t o m y o s i n  t o  r e q u i r e  2 0 %  l e s s  h e a t  t h a n  w h o l e  
m u s c l e  a n d  3 0 %  l e s s  t h a n  m y o f i b r i l s .  O n  t h i s  b a s i s  i t  m a y  
b e  h y p o t h e s i z e d  t h a t  g r e a t e r  o v e r l a p  a s s o c i a t e d  w i t h  s h o r t e r

T able 1—E ffe c t o f  sa rco m ere  len g th  on Tm ax a n d  AH values in b e e f  s te rn o m a n d ib u la r is  m u scle

Sarcomere length 
(n = 12)

Transition Temperature °C Heat o f tran sit io n  J/g

T i t 2 t 3 a h 3 a h 2 a h 3 A H y  otal

1.40 57.03 a* 66.07 a 82.38 a 0.551 a 1.502 a 0.891 a 2.943 a
(Std. Dev.) (2.75) (0.91) (0.29) (0.073) (0.302) (0.114) (0.347)

1.70 57.38 a 66.18 a 82.21 a 0.615 a 1.598 a 0.959 a 3.173 a,b
(2.38) (1.061 (0.36) (0.135) (0.381) (0.133) (0.543)

1.90 56.63 a.b 66.48 a 82.83 b 0.633 a 1.700 a,b 0.990 a 3.323 b,c
(1.70) (1.31) (1.06) (0.123) (0.404) (0.148) (0.450)

2.10 55.49 b 66.09 a 82.93 b 0.622 a 1.810 a,b 1.156 b 3.588 c
(3.26) (1.35) (1.10) (0.135) (0.379) (0.153) (0.469)

2.40 55.59 b 66.62 a 82.88 b 0.742 b 2.028 b 1.277 c 4.047 d
(1.99) (1.37) (0.72) (0.116) (0.473) (0.140) (0.571)

*  M e an s in the  sam e co lu m n  w ith  the  sam e letter are not s ign ific an t ly  d iffe ren t P <  0 .05  using D u n c a n ’s M u lt ip le  R ange  Test.

T able 2 —A n a ly s is  o f  variance o f  b e e f  s te rn o m a n d ib u la r is  D S C  da ta

T i t 2 t 3 AH 2 a h 2 a h 3 A H Tota l
Source d.f. Probability

Sarcomere length 4 0.1765 0.6882 0.0032 0.0008 0.0050 0.0001 0.0001
A g in g 3 0.0199 0.0303 0.0001 0.0001 0.0005 0.0056 0.0001
Animal 3 0.1541 0.3288 0.1560 0.4602 0.6197 0.8487 0.9215
Error 23
Total 59

T able 3 —C o n tr ib u tio n s  to fo r  a lin ear m o d e l c o m p o s e d  o f  sa rco m ere  len g th , age a n d  an im al

Source* T l t 2 t 3
R 2 (%) 

AH 2 a h 2 a h 3 A H Total

Sarcomere length 6.70 1.64 8.39 19.42 18.53 49.59 38.92
Aging 11.10 5.13 37.86 25.10 22.99 10.13 29.80
Animal 0.98 0.96 2.36 0.04 8.73 1.33 6.14
Tota l** 2 0 .8 2 ** * 7.02 5 6 .1 7 ** * 4 8 .1 7 ** * 4 2 .6 8 ** * 6 0 .1 8 ** * 6 8 .7 3 ** *

*  d.f. fo r  linear m ode l =  10; * *  In c lud e s in te raction s; * * *  P <  0.01.
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2 . 5  mW

F ig .  1— D S C  t h e r m a l  c u r v e s  o f  b e e f  s t e r n o m a n d ib u la r i s  m u s c le  a s  

a  f u n c t i o n  o f  s a r c o m e r e  le n g t h .  E a c h  c u r v e  r e p r e s e n t s  t h e  a d d i t i o n  

o f  1 2  s a m p le s  n o r m a l i z e d  t o  1 0  m g  o f  w e t  m u s c le .

sa rco m ere  len g th  lead s to  a grea ter  in te r a c t io n  b e tw e e n  
a c tin  an d  m y o s in . T h e r e b y  r esu lt in g  in  a grea ter  a c to m y o s in  
c o n tr ib u t io n  to  th e  o v era ll m u sc le  th e r m a l curve r ed u c in g  
th e  to ta l  h e a t o f  tr a n s it io n . T h e  h e a t c o n tr ib u t io n  o f  th e  
a c t in  tr a n s it io n  is a f fe c te d  th e  m o st  s in c e  F -a c tin  has a 
h igh er  T max (W right e t a l.,  1 9 7 7 )  a n d  th u s  a c o n c o m ita n t  
h ig h er  s ta b ility .

T h e  c o n tr ib u t io n  o f  aging to  th e  sh ift  in  tr a n s it io n  
te m p er a tu r e  and d e c re a se  in A H  is d e m o n s tr a te d  b y  th e  
d ata  in  T ab le  3 . T h e  m a g n itu d e  o f  th e  e f fe c t  o n  R 2 su g g ests  
th a t th e  te n d e r iz a t io n  d u e  t o  p r o te o ly s is  a lso  ca u ses a re
d u c t io n  in  th e  A H  v a lu e s  in  m e a t.

SUMMARY & CONCLUSIONS
T H E  M A JO R  T H E R M A L  E F F E C T  o f  th e  c o n tr a c t io n  s ta te  
o f  b e e f  s te r n o m a n d ib u la r is  m u s c le , m ea su red  as a d ecrea se  
in  sa r c o m e r e  le n g th  fr o m  2 .4  to  1 .4  /um,  is a r e d u c t io n  in  
A H  fro m  4  J /g  to  3 J /g . T h is  ch a n g e  ap p ears to  b e  d u e  to  
th e  in crea se  in  o v er la p  o f  th in  an d  th ic k  f ila m e n ts . T h e  
m ajor c o n tr ib u t io n  to  th is  d e c re a se  in  A H  is fo u n d  in  th e  
a ctin  tr a n s it io n  ( fr o m  1 .3  J /g  to  0 .9  J /g , P <  0 .0 5 )  in d ic a t 
in g  a r e d u c t io n  in  th e  s ta b il ity  o f  a c t in  w h e n  it  in te ra c ts  
w ith  m y o s in  as a c to m y o s in ,  in s te a d  o f  aggregatin g  w ith  
its e lf .

T h e  e f fe c t  o f  ag in g  o n  th e  th e r m a l p r o p e r tie s  o f  m u sc le  
is  in  k e e p in g  w ith  th e  cu rren t u n d e rs ta n d in g  o f  th e  e n z y -  
m o lo g y  o f  m e a t c o n d it io n in g  (P e n n y , 1 9 8 0 ) .  P r o te o ly s is  
b reak s d o w n  th e  s tr u c tu r e  o f  th e  sa r c o m e r e  m a k in g  it m o re  
h e a t la b ile . H o w e v e r , a m o r e  e x te n s iv e  e x a m in a t io n  o f  th e  
e f fe c t  o f  c o n d it io n in g  o n  th e  th e r m a l p r o p e r tie s  o f  b e e f  is 
w a rra n ted .

M eat is  u su a lly  c o o k e d  at a f ix e d  e x te r n a l te m p er a tu r e  
fo r  a p r e d e te r m in e d  t im e  or b y  m o n ito r in g  th e  in te rn a l  
te m p er a tu r e . It is a p p a ren t th a t c o n tr a c t io n  s ta te  w ill h ave  
an in f lu e n c e  o n  th e  te m p e r a tu r e  a t w h ic h  th e  p r o te in s  u n 
d ergo  d e n a tu r a t io n  an d  th e  r e su lta n t  lo s s  in  te n d e r n e ss . T h e  
d iffe r e n c e  in  A H  v a lu e  b e tw e e n  c o n tr a c te d  an d  rest le n g th  
m u sc le  is  a p p r o x im a te ly  1 J /g . T h e  h ea t c a p a c ity  o f  b e e f  is 
r e la ted  to  its  m o is tu r e  c o n te n t  an d  is in  th e  v ic in ity  o f  3 .3  
J /g  °C  (M o h se n in , 1 9 8 0 ) .  O ver th e  te m p er a tu r e  range u sed

F ig .  2 —S e c o n d  d e r iv a t iv e  c u r v e s  o f  b e e f  s t e r n o m a n d ib u la r i s  m u s c le  

D S C  t h e r m a l  c u r v e s  a s  a  f u n c t i o n  o f  s a r c o m e r e  le n g t h .

2 .  5  mW

F ig .  3  — T h e  d i f f e r e n c e  i n  n e t  h e a t  f l o w  b e t w e e n  b e e f  s t e r n o m a n 

d i b u la r i s  m u s c le  o f  s a r c o m e r e  le n g t h  2 . 4  a n d  1 .4  p m .

fo r  in te g r a t io n  o f  A H , 4 5 -9 2 ° C , th e  to ta l  h e a t req u ired  to  
in c re a se  th e  te m p er a tu r e  w o u ld  b e  1 5 5  J /g . It is  c lear  from  
th is  th a t th e  v a r ia tio n  in  h ea t req u ired  fo r  d e n a tu r a t io n  o f  
p r o te in  w ill  c o n tr ib u te  less  th a n  1% to  th e  to ta l  h e a t re 
q u ired  in  c o o k in g . H o w e v er , th e  s ta b iliz in g  sh if t  o f  th e  
a c t in  tr a n s it io n  to w a r d s  a h igh er  d e n a tu r a t io n  te m p er a tu r e  
th a :  w a s o b serv ed  w ith  in c re a se d  sa r c o m e r e  le n g th s  m a y  
h ave a n o t ic e a b le  e f fe c t  o n  th e  te n d e r n e ss  o f  c o o k e d  m e a t. 
T h is r e la t io n sh ip  sh a ll b e  th e  su b je c t  o f  fu r th e r  in v estig a -

*1 0 n ' — C o n t i n u e d  o n  p a g e  1 5 3 4
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E f f e c t s  o f  D i e l e c t r i c  a n d  S t e a m  H e a t i n g  T r e a t m e n t s  o n  t h e  

P r e - S t o r a g e  a n d  S t o r a g e  C o l o r  C h a r a c t e r i s t i c s  o f  P e c a n  K e r n e l s

S. D. S E N T E R , W. R. F O R B U S  J R ., S . 0 .  N E L S O N , and R. J. H O R V A T

------------------------------- ABSTRACT--------------------------------
Pecan kernels were subjected to steam conditioning and dielectric 
heating treatments and evaluated initially and during 16 wk of 
accelerated storage to determine temperature effects on color char
acteristics. Steam conditioning treatments, which raised kernel 
temperature to 93°C, caused significantly greater darkening of the 
kernels initially and during storage than did dielectric heating to 8 8 , 
136, and 156°C. Comparison of mean Hunter color values of stored 
dielectrically heat-treated kernels and kernels that were frozen and 
maintained as control samples showed a stabilizing influence on 
kernel darkening by these heat treatments. Lightness (L values) of 
the kernels was increased by dielectric heating, Hunter a values did 
not differ significantly from the control, and the hue (0 ) of the 
kernels was increased only by the 156°C dielectric heating treatment.

INTRODUCTION
K E R N E L  C O L O R  is an  im p o r ta n t  c h a r a c te r is t ic  in  d e te r 
m in in g  p e c a n  k e r n e l q u a lity . P re fer en ce  is fo r  a lig h t c o lo r  
fo r  w h ic h  th e  m a rk et w ill  p a y  a p rem iu m  p rice . A  dark or  
“ a m b e r ” c o lo r  is o f t e n  a sso c ia te d  w ith  su b sta n d a rd  q u a lity ,  
b e in g  re la ted  t o  e x p o su r e  o f  th e  p e c a n s  to  a d verse  h a rv est
in g , p r o c ess in g , an d  sto ra g e  c o n d it io n s . T h is  g e n e r a liz a t io n ,  
h o w e v e r , is n o t  v a lid , b e c a u se  th e  h u e  and in te n s ity  o f  
k e r n e l c o lo r  var ies w ith  g r o w in g  c o n d it io n s  (W o o d r o o f  and  
H e a to n , 1 9 6 7 ) ,  w ith  t im e  o f  h a rv est (H e a to n , 1 9 7 4 )  and  
cu r in g  m e th o d s  (H e a to n  e t  a l., 1 9 7 5 ) ,  w ith  cu ltiv a r  (K a y s  
an d  W ilso n , 1 9 7 8 ;  F o r b u s  e t a l., 1 9 8 3 )  an d  b y  c o n d it io n in g  
tr e a tm e n ts  p re ce d in g  sh e llin g  (F o r b u s  an d  S e n te r , 1 9 7 6 ;  
F o rb u s e t  a l., 1 9 7 9 ,  1 9 8 3 ) .

T h e  e f fe c t  o f  te m p er a tu r e  o n  p e c a n  k e r n e l c o lo r  has n o t  
b e e n  in v e stig a te d  a d e q u a te ly . It is  g e n e ra lly  a c k n o w le d g e d  
th a t e x p o su r e  o f  k e r n e ls  to  te m p er a tu r e s  g rea ter  th a n  
3 7 .8 ° C, o r  to  p r o lo n g e d  h e a t in g  p e r io d s , d a m a g e s  k e r n e l  
c o lo r  (H e a to n  e t  a l., 1 9 7 9 ) .  D a m a g e  in  th is  c o n te x t  refers  
to  in it ia l d a r k e n in g  o f  k e r n e ls  b y  a p p lic a t io n  o f  h e a t, b u t  
d o e s  n o t  re la te  tr e a tm e n ts  to  ra tes o r  d eg ree  o f  c o lo r  ch a n g e  
du rin g  sto r a g e . F o r b u s  and S e n te r  ( 1 9 7 6 )  an d  F o r b u s  e t  
al. ( 1 9 8 3 )  fo u n d  th a t e x p o su r e  o f  in -sh e ll p e c a n s  to  stea m  
c o n d it io n in g  tr e a tm e n ts  ca u sed  an  in it ia l d a rk en in g  o f  
k ern e ls; h o w e v e r , th e  d eg ree  o f  c h a n g e  w a s n o t  e n o u g h  to  
cau se  d o w n g r a d in g  in  q u a lity  or  se llin g  p r ice . W ith  stea m  
c o n d it io n in g , th e  k e r n e ls  w ere  m o r e  u n ifo r m  in  c o lo r , and  
th e  k e r n e ls  se e m e d  to  l ig h te n  in  sto ra g e .

In a r e c e n t  s tu d y , S e n te r  e t  al. ( 1 9 8 4 )  fo u n d  th a t  e x p o 
su re  o f  p e c a n  k e r n e ls  to  h e a t in g  tr e a tm e n ts  u p  to  1 5 6 °C  
im p r o v e d  fla v o r  q u a lity  d u rin g  a c c e le r a te d  sto r a g e , p resu m 
a b ly  th r o u g h  in a c t iv a t io n  o f  o x id a t iv e  sy s te m s  in th e  k er 
n e ls . O p tim u m  le v e ls  o f  h e a t in g  ap p ea red  to  b e  w ith in  th e  
range o f  9 0 - 1 0 0 ° C a n d  w e r e a c h ie v e d  b y  e x p o su r e  o f  sh e lled  
an d  in -sh e ll  n u ts  t o  d ie le c tr ic  h e a tin g  and ste a m  c o n d it io n 
in g  tr e a tm e n ts , r e sp e c t iv e ly . T h e  p r e se n t s tu d y  w a s c o n 
d u c te d  to  c o m p a r e  th e  e f fe c t s  o f  s im ila r  le v e ls  o f  dry an d  
w e t  h e a t in g  tr e a tm e n ts  o n  th e  c o lo r  c h a r a c te r is t ic s  o f  p e c a n  
k e r n e ls , b o th  in it ia l ly  and du rin g  a c c e le r a te d  sto ra g e. R e su lts

T h e  a u t h o r s  a r e  a f f i l i a t e d  w i t h  t h e  U S D A - A R S ,  R i c h a r d  B . R u s s e l l  

A g r i c u l t u r a l  R e s e a r c h  C e n t e r ,  P .O .  B o x  5 6 7 7 ,  A t h e n s ,  G A  3 0 6 1 3 .

w il l  p r o v id e  a b asis fo r  th e  d e v e lo p m e n t  o f  p r o c e ss in g  m e th 
o d s  w h ic h  w ill  im p ro v e  k e rn e l c o lo r  s ta b ility . W et h e a t w as  
a p p lie d  to  in -sh e ll p e c a n s in  c o m b in a t io n  w ith  ste a m  c o n 
d it io n in g  w h er ea s  th e  d ry  h e a t  tr e a tm e n t  in v o lv e d  a p p ly in g  
d ie le c tr ic  h e a t  t o  th e  sh e lle d  k er n e ls . T h e se  tr e a tm e n ts  are  
p o ss ib le  m e th o d s  w h ic h  c o u ld  b e  u sed  t o  a p p ly  h e a t  to  k er
n e ls  u n d er  c o m m e r c ia l o p e r a t in g  c o n d it io n s .

MATERIALS & METHODS

Samples

Ninety kg of cleaned and sized in-shell pecans [ C a r y c  i l l in o e n s is  
(Wang.) K. Koch, cv. Schley j were obtained from a commercial 
shelter in Georgia in December, 1981, and were representative of 
combined harvests of this cv. from this area. The pecans were sub
divided into two 45 kg lots for duplication of analyses and placed in 
-30°C storage until February, 1982. At that time, a 45 kg lot was 
removed from storage and equilibrated to 4°C in a controlled tem
perature room. Twenty-seven kg were then shelled without further 
conditioning with commercial cracking and shelling machinery. 
Perfect halves were selected and returned to 4°C storage until used 
in dielectric heating treatments and as control samples. The remain
ing in-shell pecans were used in steam heat treatments. Treatments 
were repeated 2 wk later with the remaining 45 kg in — 30°C storage.

Dielectric heating treatments

Dielectric heating treatments were obtained by placing ca 135g 
of pecan halves in Pyre.x petri dishes (15 cm wide X 2 cm deep) that 
were positioned between parallel-plate electrodes of an electronic 
dielectric heater operating at a frequency of 43 MHz (Nelson and 
Whitney, 1960). The pecans were exposed as loose halves rather 
than in-shell to obtain a more uniform treatment for the experiment. 
Average field intensity in the pecans was 0.8 Kv/cm, which was 
calculated as previously described by Pour-el et al. (1981) from the 
measured radiofrequency electrode voltage, electrode spacing, and 
the dimensions and dielectric properties of the pecans and Pyrex 
glass. For each of the replicate samples, 16 petri dishes full of halves 
were treated for exposure periods of 1, 2, and 2.5 min. The internal 
temperature of the pecan kernels was measured immediately after 
exposure by inserting a hypodermic needle containing a eopper- 
constantan thermocouple (Medical-Electronics Dev. Co., Type 
TC-1A) into kernels through matching holes in the side of the petri 
dish and lid.

Steam conditioning treatments

in-shell pecans were exposed to 100°C steam in a pre-heated, 
vented, upright retort for 4 min, then spread and allowed to cool to 
ambient temperature before cracking and shelling. Kernel temper
ature was measured with a thermocouple that was inserted into the 
kernel through a hole drilled through the shell. The measured tem
perature is expressed as the mean of duplicate measurements. After 
being shelled, perfect halves were selected for storage and analysis.

Sample storage

Kernel halves were combined by treatment and then subdivided 
into aliquots of ca 350g for sampling at 4 wk intervals during 16 wk 
of storage. Samples of similar size from the 4 treatments and un
treated controls were placed in perforated polyethylene bags and 
stored in the dark at 21°C and 65% RH. These conditions have been 
shown to be ideal for accelerating quality deterioration of stored 
kernels (Forbus and Senter, 1976).
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Color analysis

Hunter color values were determined with a Hunterlab D25-2 
colorimeter using a 5.08 cm viewing port on the optical head. Forty 
halves per treatment were randomly selected from the subsamples 
designated for analysis at the particular date. Twenty halves were 
positioned in a 5.08 cm diameter plexiglass sample holder in 4 layers 
of 5 halves each with the cleavage resulting from separation of the 
halves facing up. Four L (lightness), a (red), and b(yellow) values 
were determined on each of the two replicate subsamples by rotat
ing the sample holder 90° between readings.

Analysis of variance was performed on the data sets to determine 
whether there were significant differences by treatment in the color 
values with time. Differences in treatment means at the 5% probabil
ity level were evaluated by LSD  tests (Steel and Torrie, 1960).

RESULTS & DISCUSSION
T H E  E F F E C T S  o f  s te a m  and d ie le c tr ic  h e a t in g  o n  th e  sur
fa c e  c o lo r  o f  th e  p e c a n  k e r n e ls  in it ia l ly  ( T 0 ) and a fter  16 
w k  storage  ( T 1 6 ) are rea d ily  a p p a ren t fr o m  th e  H u n ter  
c o lo r  d a ta  sh o w n  in  F ig . 1. D ie le c tr ic  h e a t in g  tr e a tm e n ts  
(d e s ig n a te d  D - l ,  D -2 , an d  D -3 an d  c o r r e sp o n d in g  to  k e r n e l  
tem p er a tu r e s  o f  8 8 ,  1 3 6 , and 1 5 6 ° C , r e s p e c t iv e ly )  ca u sed  L  
va lu es to  in c re a se  in it ia l ly  w h ic h  in d ic a te s  a l ig h te n in g  o f  
th e  k e r n e ls  in r e la t io n  to  th e  u n tr e a te d  c o n tr o l.  S te a m  
tr ea tm e n ts  raised  k e r n e l te m p er a tu r e  to  9 3 ° C  and ca u sed  an  
in it ia l d ecrea se  in  k e r n e l lig h tn e ss  th a t c o n t in u e d  th r o u g h 
o u t  th e  16  w k  o f  sto ra g e . M ean L v a lu e s  o ver  w e e k s  (T a b le
1) d iffe re d  s ig n if ic a n tly  b y  tr e a tm e n t a t th e  5% lev e l. T h e se  
L v a lu es in d ic a te  th a t th e  d ie le c tr ic a lly  h e a t  trea ted  k e r n e ls

L I G H T N E S S

L

w ere  as lig h t or  lig h ter  th a n  th e  c o n tr o l sa m p le . S tea m -  
trea ted  k e r n e ls  had s ig n if ic a n tly  lo w e r  L -va lues th a n  all 
o th e r  tr e a tm e n ts  in d ic a t in g  th a t s te a m  had a d ark en in g  
e f fe c t  o n  k e r n e l c o lo r .

In crea ses in  H u n ter  a v a lu es du rin g  sto ra g e  in d ic a te  in 
creases in r ed n e ss  o f  p e c a n  k e r n e ls  (F ig . 1). T h e  lo w e r  a 
v a lu es a t T 0 fo r  th e  d ie le c tr ic a lly  h e a te d  k e r n e ls  ( D - l ,  D -2 , 
and D -3 )  in d ic a te  an  in it ia l d e crea se  in  r ed n e ss  in  re la tio n  
to  th e  c o n tr o l;  h o w e v e r , s te a m  h e a tin g  ca u sed  an in c re a se  in 
r ed n e ss  at T 0 . T h e  a m o u n t o f  ch a n g e  in  r ed n ess  o v er  t im e  
w a s grea ter  fo r  th e  c o n tr o l and d ie le c tr ic a lly  h e a te d  k e r n e ls  
th a n  fo r  ste a m  tr ea te d  k e r n e ls . T h e  a v a lu es d iffe r e d  sign ifi-

T a b le  1— M e a n s  o f  H u n t e r  c o l o r  v a lu e s  o f  s t e a m  a n d  d i e l e c t r i c a l l y  

h e a t e d  p e c a n  k e r n e l s  o v e r  1 6  w k  s t o r a g e  a t  2 1 ° C ,  6 5 %  R H

T  r e a t m e n t3
H u n te r  c o lo r  values

L a b Hue S. I.

C on tro l 3 2 . 1 c 10.0° 13 . 4 b 5 3 . 2 b 1 6 . 8 b
D-1 3 2 . 4 bc 9 . 8 C 1 2 . 9 C 5 2 . 8 b 1 6 .3 C
D-2 33.1  b 9 . 8 C 12 s cd 5 2 . 5 b 16.1 c
D-3 3 2 . 6 bc 10.1c 1 2 . 3 d 5 0 . 5 C 1 6 .0 C
S te a m 3 0 . 3 d 10.6b 12.6cd 4 9 . 8 C 1 6 .6 b

a D - l ,  D -2, and  D -3  treatm ents refer to  d ie lectric  heating treatm ents 
at 4 3  M H z  fo r  1, 2, and  2.5 m in  w ith  atta ined  tem p  o f 88, 136, 
and 156°C , respectively. Steam  treatm ents were fo r  4  m in  w ith  
atta ined  tem p o f 93°C .

b ' d M ean  separa tion s by  L S D  ana lys is; n u m b e rs  w ith in  co lu m n s  
fo llow e d  b y  a c o m m o n  letter are no t s ign if ic an t ly  d iffe ren t at the 
5 %  level.

Y E L L O W

b

T R E A T M E N T

HUE. ANGLE (el S A T U R A T I O N  I N D E X  ( S  I . )

F ig .  1— H u n t e r  c o l o r  v a lu e s  o f  s t e a m  a n d  

d i e l e c t r i c a l l y  h e a t e d  p e c a n  k e r n e l s  s t o r e d  

f o r  1 6  w k  a t 2 1 ° C ,  6 5 %  R H .  T o p  o f  h a t c h e d  

a r e a  r e p r e s e n t s  i n i t i a l  v a lu e s  ( T q );  b o t t o m  o f  

h a t c h e d  a r e a  r e p r e s e n t s  f i n a l  v a lu e  ( T f g )  

e x c e p t  f o r  a  v a lu e s  w h e r e  t o p  e q u a ls  f i n a l  

v a lu e  a n d  b o t t o m  e q u a ls  i n i t i a l  v a lu e .
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C O L O R  C H A R A C T E R IS T IC S  O F  P E C A N  K E R N E L S .  . .

c a n tly  a t th e  5% lev e l b y  t im e  and tr e a tm e n ts  w ith  m ean  
v a lu e s  fo r  th e  ste a m  trea ted  k e r n e ls  b e in g  s ig n if ic a n tly  
greater  th a n  v a lu es fo r  th e  o th e r  tr e a tm e n ts  (T a b le  1).

T h e  b v a lu e s  (F ig . 1) in d ic a te  th a t a ll h e a t tr e a tm e n ts  
ca u sed  an in it ia l d ec re a se  in  y e llo w n e s s  o f  th e  k e r n e ls  in  
r e la t io n  to  th e  c o n tr o l. M ean b v a lu es fo r  all tr e a tm e n ts  
o v er  t im e  w e re  s ig n if ic a n tly  less  th a n  th e  c o n tr o l,  b u t  b 
v a lu e s  fo r  D - l ,  D -2 , an d  stea m  trea ted  k e r n e ls  w ere  n o t  
s ig n if ic a n tly  d if fe r e n t .

T h e  h u e  an g le  (9  =  ta n - 1  b /a )  and sa tu ra tio n  in d e x  [SI 
= (a 2 +  b 2 ) * ]  are m o re  e f fe c t iv e  fo r  p r e d ic tin g  v isu a l c o lo r  
a p p ea ra n ce  th a n  e ith er  th e  L, a, or  b v a lu e s  a lo n e  (L it t le ,
1 9 7 5 ) .  V a lu e s  o f  6  fo r  p e c a n  k e r n e ls  fa ll w ith in  th e  first 
q u a d ra n t o f  th e  H u n ter  a, b d iagram ; th e r e fo r e , k e r n e ls  
w ith  h ig h er  v a lu e s  o f  9 ap p ear  m ore  g o ld e n  w h ile  k e r n e ls  
w ith  lo w e r  v a lu e s  o f  9 ap p ear  m o re  r ed d ish  b r o w n  (F o r b u s  
e t a l . ,  1 9 8 3 ) .

In itia l v a lu es o f  6 fo r  d ie le c tr ic a lly  h e a te d  k e r n e ls  w ere  
c o n s id e r a b ly  h ig h er  th a n  fo r  th e  s te a m  tr ea te d  k e r n e ls  
(F ig . 1), again  in d ic a t in g  th e  d a r k e n in g  and r e d d e n in g  e f fe c t s  
o f  th e  ste a m  h e a t tr e a tm e n t. H ue o f  th e  k e r n e ls  ch a n g ed  
s ig n if ic a n t ly  w ith  t im e  and tr e a tm e n t, w ith  m ea n  v a lu e s  fo r  
th e  D -3 and ste a m  trea ted  k e r n e ls  b e in g  s ig n if ic a n tly  lo w e r  
(o r  m o re  red d ish  b r o w n ) th a n  k e r n e ls  su b je c te d  to  th e  
o th e r  tr e a tm e n ts . V a lu e s fo r d  a t T j g  d e c re a se d  p ro g ressiv e ly  
w ith  in c re a sin g  k e r n e l te m p er a tu r e  o f  th e  d ie le c tr ic  h e a tin g  
tr e a tm e n ts , r e su lt in g  in  f in a l v a lu e s  o f  4 8 ,  4 6 .5  and 4 5 ° ,  
r e sp e c t iv e ly  (F ig . 1). V a lu e s  fo r  all tr e a tm e n ts  and th e  c o n 
tr o l at T 16 fe ll  w ith in  th e  “ m e d iu m  b r o w n ” c o lo r  c la ss if ic a 
t io n  as r e la ted  to  v a lu e s  e s ta b lish e d  p r e v io u s ly  (F o r b u s  e t  
a l„  1 9 8 3 ) .

T h e  d if fe r e n c e s  in  k e r n e l c o lo r  sa tu ra tio n  are in d ic a ted  
in  F ig . 1 b y  v a lu e s  o f  SI at T 0 an d  T J6 fo r  th e  va r io u s  
tr e a tm e n ts . SI v a lu e s  fo r  th e  ste a m  trea ted  k e r n e ls  an d  th e  
c o n tr o l k e r n e ls  w e re  s ig n if ic a n tly  h ig h er  in it ia lly  and in d i
c a ted  a m ore  sa tu ra ted  red d ish  b r o w n  and g o ld e n  c o lo r ,  
r e sp e c t iv e ly , fo r  th e se  tr e a tm e n ts  th a n  w a s a p p a ren t in th e  
d ie le c tr ic a lly  h e a te d  k ern e ls . H o w e v er , th e  c o n tr o l and  
ste a m  tr ea te d  k e r n e ls  u n d e r w e n t  a grea ter  lo s s  in  c o lo r  
sa tu ra tio n  w ith  t im e  th a n  d id  th e  d ie le c tr ic a lly  h e a te d  
k e r n e ls  a t T 1 6 . M ean v a lu e s  o f  SI fo r  all tr e a tm e n ts  o ver  
t im e  (T a b le  1) in d ic a te  n o n s ig n if ic a n t  d if fe r e n c e s  in  c o lo r  
sa tu ra tio n  fo r  k e r n e ls  r ece iv in g  th e  d ie le c tr ic  h e a t in g  tr ea t
m en ts.

CONCLUSION
O U R  R E S U L T S  sh o w  th a t th e  h e a t in g  o f  p e c a n  k e r n e ls  in  a 
h ig h  m o is tu r e  a tm o sp h e r e  c a u ses  grea ter  c h a n g e s  in  k e r n e l  
c o lo r  in it ia lly  and du rin g  sto ra g e  th a n  e q u iv a le n t tr e a tm e n t  
in a lo w  m o is tu r e  a tm o sp h e r e . D if fe r e n c e s  are a p p a re n tly  
d u e  to  e n h a n c e m e n t  o f  th e  o x id a t iv e  tr a n s fo r m a tio n  o f  
c o lo r  p recu rsors in th e  te s ta  o f  th e  k e r n e ls  (S e n te r  e t a l., 
1 9 7 8 )  b y  h e a t in  th e  p r e se n c e  o f  h ig h  m o is tu r e  s in c e  le a c h 
in g  o f  ta n n in s  fr o m  th e  sh e lls  o f  th e  ste a m  tr ea te d  p e c a n s  
w a s n o t  ap p a ren t in  th is  s tu d y .
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R e l a t i v e  T r y p t i c  D i g e s t i o n  R a t e s  o f  F o o d  P r o t e i n s

N. D. H U N G , M. V A S , E. C S E K E , an d  G. S Z A B O L C S I

-------------------------------ABSTRACT--------------------------------
The kinetics of tryptic digestion of different food proteins were 
studied by measuring trichloroacetic acid soluble peptide release and 
peptide bond splitting either by proton titration at constant pH or 
by recording the pH drop in nonbuffered suspensions. The theoret
ical basis of the pH drop assay was described. Application of this 
method for comparative studies requires complementary determina
tions of buffering capacities of the samples and the time course of 
the reference protein digestion. It was shown that milk powder 
preparations differed in digestion rates by a factor of two and 
various lots of commercial soy meals differed as much as by a factor 
of three. Relative digestion rates of some food proteins from differ
ent sources could not be characterized by a single figure.

INTRODUCTION
T H E  N U T R IT IV E  V A L U E  o f  f o o d / f e e d  p r o te in s  h as great 
e c o n o m ic  im p o r ta n c e  b o th  in  th e  fo o d  in d u str y  and a n im a l 
h u sb a n d r y . D a ta  w h ic h  w o u ld  p r o v id e  a d d itio n a l in fo r m a 
t io n  o n  th e  n u tr it iv e  q u a lity  b e s id e s  th e  w e ll k n o w n  in  v iv o  
and in v itro  m e th o d s  w o u ld  b e  h ig h ly  desirab le .

T h e  in  v itro  p r o te o ly t ic  d e g r a d a tio n  o f  f o o d  p r o te in s  is 
f r e q u e n t ly  u sed  as an in d e x  fo r  th e  e v a lu a t io n  o f  th e ir  
n u tr it iv e  v a lu e  (S h e ffn e r , 1 9 5 6 ;  A k e s o n  and S ta h m a n , 
1 9 6 4 ;  B u ch a n a n , 1 9 6 9 ;  S au n d ers e t a l., 1 9 7 3 ) .  M aga e t al.
( 1 9 7 3 )  a tte m p te d  to  re la te  th e  in it ia l rate o f  d ig e s t io n  to  
th e  a c c e p t ib i l ity  o f  f o o d  and a r e la tiv e ly  rapid in  v itro  m u lt i
e n z y m e  m e th o d  w a s d e sc r ib ed  (H su  e t a l.,  1 9 7 7 )  b a sed  o n  
th e  m e a su r em e n t o f  th e  t im e  c o u r se  o f  pH  d e c re a se  fo l lo w 
in g  p e p tid e  b o n d  sp lit t in g  in  a n o n b u ffe r e d  d ig e s t io n  m ix 
tu re . T h e  data  o b ta in e d  a t  10  m in  d ig e s t io n  c o u ld  b e  corre
la ted  w ith  in  v iv o  ap p a ren t d ig e s t ib ilit ie s  o f  a n im a l and  
p la n t p r o te in s  u s in g  d if fe r e n t  p r o te o ly t ic  e n z y m e s  (M arsh all 
e t  a l., 1 9 7 9 ;  R ic h  e t a l., 1 9 8 0 ;  B o d w e ll  e t al., 1 9 8 0 ) .  T h e  
e f fe c t  o f  b u ffe r in g  c a p a c it ie s  o f  th e  sa m p le s  o n  th e  tim e  
co u r se  o f  pH  d e c re a se  w a s n o te d  b y  P ed ersen  and E ggu m
( 1 9 8 1 ) .

F o r  th e  q u a n tita t iv e  e v a lu a t io n  o f  c o m p a r a tiv e  in  v itro  
d ig e s t io n  rate s tu d ie s , th e  k in e t ic s  o f  th e  d ig e s t io n  p r o c ess  
o f  fo o d  p r o te in s  sh o u ld  b e  k n o w n . T h is  w a s fo r m e r ly  in v e s
t ig a ted  o n ly  in  th e  ca se  o f  iso la te d  n a tiv e  p r o te in s . T h e  e n 
z y m ic  h y d r o ly s is  o f  p e p tid e  b o n d s  c o u ld  b e  d e sc r ib ed  b y  
th e  M ich a e lis -M en ten  e q u a tio n  and w a s fo u n d  to  fo l lo w  
p se u d o -fir s t  ord er  k in e t ic s  (R ic h a r d s , 1 9 5 5 ;  O tte se n , 1 9 5 6 ;  
B iszk u  e t  a l., 1 9 7 3 ;  S o lt i  e t  a l., 1 9 7 5 ) .

T h e  a im  o f  th e  p r e se n t s tu d y  w a s th e  d e te r m in a tio n  o f  
rela tiv e  d ig e s t io n  ra tes o f  fo o d  p r o te in s  o n  th e  b a sis  o f  
k in e t ic  p r in c ip le s  and th e  e la b o r a tio n  o f  th e  th e o r e t ic a l  
b asis o f  th e  pH  d ro p  m e th o d .

MATERIALS & METHODS

Foods tested

Commercial defatted soy meals were kindly supplied by the 
Agricultural Cooperative, Fiizesgyarmat, and the different lots are

T h e  a u t h o r s  a r e  a f f i l i a t e d  w i t h  th e  i n s t i t u t e  o f  E n z y m o io g y ,  B i o l o g 

i c a l  R e s e a r c h  C e n t e r ,  H u n g a r ia n  A c a d e m y  o f  S c ie n c e s ,  B u d a p e s t  

H - 1 5 0 2 ,  P .O .  B o x  7 ,  H u n g a r y .  A u t h o r  H u n g ' s  p e r m a n e n t  a d d r e s s  is  

D e p t ,  o f  B io c h e m i s t r y ,  A g r i c u l t u r a l  U n iv . ,  H a n o i ,  V ie t n a m .

named according to the Cooperative’s code number. The protein 
content of the meals (N x 6.25) varied between 47 and 50% of the 
dry meal. Commercially available lentil seeds were subjected to 
microwave treatment in our Institute for 5 min in the presence of 
added water (sample L-Mw-5). Irradiation was performed in a micro- 
wave oven (Toshiba, Japan) at 1140 watts according to Benedek et 
al. (1983). Protein content was 30% of the dry meal. Casein (Ham- 
mersten) was purchased from the Reanal Fine Chemical Co. (Buda
pest). Skimmed milk powder (Dairy Product Research Institute, 
Mosonmagyarovar) and DU SI milk powder (Milk Powder Factory, 
Cscrna) contained 34.7 and 75% protein and 1.1 and 2% fat, respec
tively.

Chemicals

B A E E  (benzoyl-L-arginine ethyl ester) (Merck). Solutions of
0. 934 mM were prepared before use in 0.5M glycine-NaOH buffer 
pH 8 containing 20 mM CaCl2 .

BAPA  (DL-benzoyl-arginine-p-nitroanilide) (Merck). 0.92 mM 
solutions were freshly prepared as suggested by Kakade et al. (1969).

Trypsin (beef pancreas, Boehringer) contained 33 TugAEjr/mg 
dry weight. According to our measurements (cf. trypsin activity 
assay) this corresponds to 1833 TUg^pA/mg dry weight. Stock 
solutions of about 30 mg/mL were stored at 5°C in 10~3N HC1.

Bovine serum albumin (N-content 87%) and hydrogen peroxide 
were purchased from Merck and all other reagents were Reanal Fine 
Chemical Co. (Budapest) preparations of reagent grade.

N-content of foods was determined by Dr. G. Koppany, Insti
tute for Animal Breeding and Feed Control, by the micro-Kjeldahl 
method. This kind collaboration is highly appreciated.

Digestion

Meals and seeds were ground to pass a 30 mesh sieve. Digestion 
of food suspensions was carried out at 37°C. Milk powders were 
solubilized within a few minutes after addition of trypsin at any 
concentration used (cf. legends to figures).

Determination of peptide bond cleavage

The principle of the method was described by Jacobsen et al.
(1957). Suspensions in 50.5 mL 0.1M KC1 were adjusted to pH 8.0 
in an automatic titrator under continuous N 2  flow while stirring, 
essentially as described by Biszku and Szabolcsi (1964). Following 
15 min stirring the reaction was started by addition of trypsin solu
tions of pH 8.0 and the base consumption (usually 0.1N NaOH was 
used) was automatically recorded. Stirring continued throughout 
the entire measurement. The degree of digestion was calculated by 
assuming that the investigated food proteins contained on average
12.5 mole per cent of Arg + Lys. Taking the average residue weight 
of an amino acid as 114 and the degree of dissociation (a) of the 
R-NH 3  ions formed during digestion as 0.715 at pH 8.0 and 37°C 
(Richards, 1955; Biszku and Szabolcsi, 1964), the maximum base 
consumption when 1 mg/mL protein is completely digested by 
trypsin is:

H O "  _ 1 x 0,125 x 0,715 = 0.784 pmoles HO~ 
mg protein 0.114 mg protein

1. e. 7.84 g L  0.1N NaOH/mg protein.

Determination of pH decrease during the course of digestion

The pH decrease method described by Hsu et al. (1977) was 
slightly modified. Following adjustment of the suspension in 0.1M 
KC1 to pH 8.0 and an additional 15 min stirring the reaction was 
iniriated by addition of trypsin solutions of pH 8.0 and the time 
course of pH decrease was automatically recorded. Stirring con
tinued throughout the whole procedure. No N 2  atmosphere was
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required since the pH decrease in the absence of trypsin was negli
gible even if prolonged reactions were studied (cf. Fig. 6 B).

Determination of trichloroacetic acid (TCA) soluble peptides

The whole procedure was carried out with continuous stirring. 
Following adjustment to pH 8.0 of suspensions made up in 0.5M 
glycine-NaOH buffer pH 8.0 and after 15 min preincubation, diges
tion was started by addition of trypsin solutions of pH 8.0. At time 
intervals, 3 mL aliquots were withdrawn and pipetted into test tubes 
containing 1.5 mL 30% TCA solutions. After 10 min incubation at 
0°C the precipitate was centrifuged at 10,000 x g  for 15 min. The 
concentration of peptides soluble in 10% TCA was determined by 
biuret reaction (Layne, 1957). The original method was modified 
by a tenfold increase in reagent concentration to improve the sensi
tivity of the method and to permit application to peptide bond 
determination in food suspensions. In certain cases reducing sugars 
were released from the foods and the absorption of the Fehling 
reaction interfered with the absorbance of the biuret reaction. 
Therefore hydrogen peroxide was added to the acidic supernatants 
to oxidize the sugars. The following standard reaction mixture was 
used: to 3 m L TCA supernatant 0.2 m L H 2 O 2  (10%) was added, 
and after at least 2 min, 0.3 mL 7.5N NaOH and 0.53 mL biuret 
reagent (15g CUSO4  • 5 H 2 O, 60g K,Na-tartrate • 4 H 2 O in 1L 7.5N 
NaOH) were added. The mixture was allowed to stand for 20 min at 
room temperature. If  opalescent, the solutions were centrifuged at 
10,000 x g  for 15 min. The zero time aliquot was used as a blank 
and the difference in absorption was read at 540 nm. Protein con
centration was chosen so that the absorbance differences were 
between 0.050 and 0.400. Above this value in the assay system used 
AE540 was no longer proportional to protein concentration. Initial 
velocities could be reliably determined only if protein concentra
tion exceed 4 mg/mL. A calibration curve made up with bovine 
serum albumin was used for calculating the concentration of peptide 
bonds. The degree of digestion was calculated on the same assump
tion of trypsin susceptible peptide bond content of food proteins 
as mentioned above. Thus

Protein concentration (mg/mL) x 0.260 x 0.875
a k ^ x = — ----------- ----------— --------------------------------- (2)

where 0.260 is the absorbancy of 1 mg/mL bovine serum albumin, 
the factor 0.875 accounts for the loss in peptide bonds split during 
digestion, and 2  is the dilution factor of the digestion mixture during 
manipulations.

AEmeasured x 100
Degree of digestion (%) = ----------- max -----  ^

a E 540

Exhaustive tryptic digestion

This was performed with 600 TU/mL trypsin at pH 8.0 and 
37°C for 24 hr if peptide release was determined. When peptide 
bond splitting was titrated at pH 8.0 and 37°C, first the time course 
was determined up to about 40% digestion with a given trypsin 
concentration. Then additional trypsin was added and base con
sumption was recorded until it became maximal.

Buffering capacity of food suspensions

Buffering capacity is defined as the amount of proton which 
decreases the pH of a suspension from 8.0 to the value at which rela
tive digestion rates are calculated; in the present work pH 7.3. Since 
any other pH range between 9 to 7 can be used in the pH drop 
assay, buffering capacity should be determined according to the 
requirements of the experimental set up. Since the value is propor
tional to any component of the suspension we chose as a reference 
the protein content. Buffering capacity is given as juL 0.1N HCl/mg 
protein. The determinations were carried out with at least five sam
ples of different suspension concentration. The amount of 0.1N 
HC1 used for adjusting the pH of KC1, although negligible, was taken 
into account.

Trypsin activity assay

This was performed with BAEE as substrate according to Schwert 
and Takenaka (1955) and with BAPA substrate according to Kakade 
et al. (1969). Trypsin activities are given in TU b a p a /111*- digestion 
mixture as defined by Kakade et al. (1969) and The American 
Association of Cereal Chemists (1976). According to our measure
ments 1 TU b a p a  = 0.018 TU b a e e - The stock solutions of trypsin 
were diluted and adjusted to pH 8.0 immediately before use.

Trypsin inhibitor (TI) activity assay

Total T I activity of food suspensions was assayed at pH 10 ac
cording to Kakade et al. (1974). The activity of the suspension s 
given as TIU/mg dry meal or TIU/mg protein. TI activity solubilized 
at pH 8.0 was also determined and was found to be practically cor- 
stant between 15 and 60 min incubation. It is given as TIU/mg pre- 
tein or TIU/ml digestion mixture.

Standard error

Standard error was calculated according to Draper and Srr.itn
(1976) by the aid of a HP-9825 A  desktop calculator.

Titration and pH decrease experiments were carried out in a 
PMM 62 pH meter equipped with a TTC 60 titrator, REC  61 re
corder and an automatic ABU 12 burette (Radiometer, Denmark'. 
For spectrophotometric assays a Varian Techtron 635 and a Unican 
SP 500 spectrophotometer were used.

RESULTS & DISCUSSION

K in e tic s  o f  tr y p tic  d ig e s t io n  o f  f o o d  p r o te in s

In ord er  to  d er iv e  th e  p rop er  e q u a t io n s  fo r  d e sc r ib in g  
th e  re la tiv e  d ig e s t io n  ra tes o f  f o o d  p r o te in s  th e  k in e t ic s  c f  
d ig e s t io n  w ere  s tu d ie d . T o  o b ta in  a p p ro p ria te  q u a n t ita t iv e  
d ata  it is p re fera b le  to  u se  a s in g le  p a n cr e a tic  e n d o p e p t id a se  
fo r  d ig e s t io n . T his can  b e  r a t io n a liz e d  w ith  th e  fa c t  th a t in  
o n e -s to m a c h  a n im a ls th e  g r ea te st  part o f  d ig e s t io n  o c cu rs  i.n 
th e  in te s t in a l tra ct and th e  a c t io n  o f  e x o p e p t id a s e s  is l im ite  i  
b y  th e  a c t io n  o f  e n d o p e p tid a se s . T r y p s in  w a s c h o se n  as a 
p r o te a se  s in c e  it  is  h ig h ly  s p e c if ic  and th e r e b y  th e  n u m b e r  
o f  c le a v a b le  p e p t id e  b o n d s  ca n  b e  c a lc u la te d . F u r th e r m o r e , 
s in c e  its  broad  pH  o p t im u m  is b e tw e e n  7 an d  9 ( c f .  Las- 
k o w sk i, 1 9 5 5 ) ,  c o m p a r iso n  o f  th e  r esu lts  o b ta in e d  w it  a 
d if fe r e n t  m e th o d s  is fe a s ib le .

D ig e s t io n  e x p e r im e n ts  w ere  carried  o u t  w ith  fo o d  sa m 
p les fr o m  w h ic h , at pH  8 .0 ,  n o  a p p rec ia b le  TI a c t iv ity  w as  
relea sed . T h e  t im e  c o u r se  o f  tr y p tic  d ig e s t io n  o f  tw o  p la n t  
p r o te in s  (a  c o m m e r c ia l d e fa tte d  so y  m ea l and a m icr o w a v e  
tr ea te d  le n t il) ,  as w e ll as th a t o f  ca se in , is sh o w n  in F ig . 1. 
D ig e s t io n  w a s fo l lo w e d  b o th  b y  m easu r in g  th e  re lea se  o f  
T C A -so lu b le  p e p tid e s  and th e  p e p tid e  b o n d  c lea v a g e  at 
c o n s ta n t  pH . In th e  ca se  o f  th e  tw o  p la n t p r o te in s  th e  rate, 
e x p r e sse d  in  d e g ree  o f  d ig e s t io n , w a s p r o p o r t io n a l t o  tr y p s i l  
c o n c e n tr a t io n  and w a s in d e p e n d e n t  o f  su b stra te  (p r o te in )  
c o n c e n tr a t io n  in  th e  range o f  1 - 1 0  m g /m L  (F ig . 1A  and  
IB ). T h is  m ea n s th a t th e  rate o f  d ig e s t io n  w a s p r o p o r t io n  1 
a lso  to  p r o te in  c o n c e n tr a t io n  in d ic a t in g  th a t d ig e s t io n  fo l
lo w e d  p se u d o -fir s t  o rd er  k in e t ic s . S im ila r  k in e t ic s  w e re  o b 
served  w ith  iso la te d  n a tiv e  p r o te in s  (R ic h a r d s , 1 9 5 5 ;  B iszk u  
and S z a b o lc s i, 1 9 6 4 ;  S o lt i  e t a l., 1 9 7 5 ) .

C asein  h o w e v e r , b eh a v e d  d if fe r e n t ly . T h e  rate  o f  d ig e s
t io n  w as p r o p o r t io n a l to  try p sin  c o n c e n tr a t io n ,  b u t it w a s  
n o t p r o p o r t io n a l to  p r o te in  c o n c e n tr a t io n  in th e  range o f
1 .5 -1 0  m g /m L . It w ill  b e  sh o w n  b e lo w  th a t th is  p h e n o m 
e n o n  restr ic ts  th e  e x p e r im e n ta l se t t in g  t o  b e  u sed  in  c o m 
parative stu d ies . I f  th e  d egree  o f  d ig e s t io n  w a s p lo t te d  
versu s t im e , d ig e s t io n  se e m e d  to  s lo w  d o w n  w ith  in crea sin g  
c a se in  c o n c e n tr a t io n  (F ig . 1C). T h e  sa m e  p h e n o m e n o n  w as  
o b serv ed  if  c o m m e r c ia l m ilk  p o w d e r  p r o te in s  w e re  su b 
je c te d  to  th e  a c t io n  o f  tr y p sin  ( n o t  sh o w n ).

T h e  e f fe c t  o b serv ed  w ith  c a se in  is p o s s ib ly  r e la ted  to  th e  
sa tu ra tio n  o f  tr y p sin  w ith  th is  p r o te in  as in d ic a te d  b y  th e  
L in ew eaver-B u rk  p lo t  (F ig . 2 ) .  T h e  stra ig h t lin es  o b ta in e d  
su g g ested  th a t th e  r eq u ire m en t o f  [S ]  ^  K M w a s n o t  fu l
f ille d  e v en  at p r o te in  c o n c e n tr a t io n s  as lo w  as 1.5 m g /m L  
and th e r e b y  th e  progress cu rves o f  F ig . 1C d e v ia te d  fro m  
th e  p seu d o -fir s t  order  r ea c tio n . T h e  sa m e  h o ld s  fo r  m ilk  
p o w d e r  p r o te in s  s in c e  m o re  th a n  80%  o f  th e  m ilk  p r o te in s  
c o n s is ts  o f  case in .

In a d d itio n  to  th e  rec ip ro ca l v a lu es o f  v e lo c ity  c a lc u la te d  
from  th e  first m in u te  o f  d ig e s t io n , th o s e  o f  b a se  c o n su m p 
t io n  at 5 m in  are a lso  p r e se n ted  in F ig . 2 . T h is  w a s d o n e  to
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A B C

F ig .  1— T im e  c o u r s e  o f  p e p t i d e  b o n d  s p l i t t i n g  a n d  p e p t i d e  re le a s e  d u r i n g  t r y p t i c  d ig e s t io n  o f  d i f f e r e n t  f o o d  p r o t e in s .  T r y p s in  c o n c e n t r a t i o n s  in  

e x p e r im e n t s  A  a n d  B  v a r ie d  f r o m  1 0 0 - 2 0 0  T U / m L ;  in  C . ,  b e t w e e n  1 0 - 2 0  T U / m L .  S o l i d  l in e s  r e p r e s e n t  a v e ra g e s  o f  d a t a  d e r i v e d  f r o m  p e p t i d e  

b o n d  s p l i t t i n g  m e a s u r e m e n t s  c a r r i e d  o u t  w i t h  p r o t e i n  c o n c e n t r a t i o n s  o f  1 .5 , 4 . 5  a n d  1 0  m g / m L .  S y m b o l s  s t a n d  f o r  T C A  s o lu b l e  p e p t i d e  d e t e r 

m in a t io n s :  f u l l  s y m b o l s  4 .5 ,  s e m i f u l l  s y m b o l s  7  a n d  o p e n  s y m b o l s  1 0  m g / m L  p r o t e i n ,  r e s p e c t iv e ly .  ( A )  c o m m e r c ia l  s o y  m e a l  U - 4  ( T l  a c t i v i t y  

a t  p H  8 . 0  w a s  1 .1  T I U / m g  p r o t e in ) .  ( B )  m ic r o w a v e  t r e a t e d  l e n t i l  s e e d ,  L - M w - 5  ( T l  a c t i v i t y  a t  p H  8 . 0  w a s  p r a c t i c a l l y  n o t  d e t e c t a b le ) .  ( C )  c a s e in :  

c u r v e s  a ,  b  a n d  c  r e f e r  t o  p r o t e i n  c o n c e n t r a t i o n s  1 .5 , 4 . 5  a n d  1 0  m g / m L ,  r e s p e c t iv e ly .

F ig .  2 - L i n e w e a v e r - B u r k  p l o t  o f  c a s e in  a n d  s k im m e d  m i l k  p o w d e r  

p r o t e i n  d ig e s t io n .  I n  p e p t i d e  b o n d  s p l i t t i n g  d e t e r m in a t io n s  th e  

a m o u n t s  o f  b a s e  c o n s u m e d  a t  1 m in  a n d  5  m in  a f t e r  a d d i t i o n  o f  1 5  

T U / m L  t r y p s in  w e r e  r e a d  o n  t h e  a u t o m a t i c a l l y  r e c o r d e d  t i t r a t io n  

c u rv e s ,  th e  d o u b le  r e c i p r o c a l  p l o t s  w e r e  c a l c u l a t e d  a s  s u g g e s t e d  b y  

L e e  a n d  W i l s o n  ( 1 9 7 1 ) :  I S ]  =  ( [ S Q]  + [ S f ]  1 /2 , w h e r e  [ S 0 ]  e q u a ls  

t h e  i n i t i a l  c o n c e n t r a t i o n  o f  c le a v a b le  p e p t i d e  b o n d s  a s  e x p r e s s e d  in  

m M  N a O H  [ c f .  E q .  ( 1 ) ] ;  ( S f ]  e q u a ls  t h e  r e m a in in g  n o n c l e a v e d  p e p 

t id e  b o n d  c o n c e n t r a t i o n  a t  t im e  t  a s  e x p r e s s e d  in  m M  N a O H ;  v  =  

( [ S o ]  —  [ S t ] / t ,  m M  N a O H  x  m i n ~ K  F u l l  a n d  o p e n  s y m b o l s  r e p r e 

s e n t  t h e  v a lu e s  c a l c u l a t e d  f r o m  t h e  b a s e  c o n s u m p t i o n  d a t a  a t  1 

m in  a n d  5  m in ,  r e s p e c t iv e ly :  o a n d  ■, c a s e in ;  o  a n d  • ,  s k im m e d  

m i l k  p o w d e r .  T h e  h ig h e s t  d e g r e e  o f  d ig e s t io n  r e a c h e d  a t  5  m in  d i d  

n o t  e x c e e d  c le a v a g e  o f  2 7 %  o f  a l l  t h e  c le a v a b le  p e p t i d e  b o n d s .

d e te c t  w h e th e r  th e  d if fe r e n c e s  in  th e  m u lt ip le  fo r m s o f  
ca se in  (c f .  M c K en z ie , 1 9 7 0 )  w e re  r e f le c te d  in  th e  ra te  o f  
d ig e s t io n . L ee  and W ilson  ( 1 9 7 1 )  h a v e  sh o w n  th a t in  c o n 
trast t o  th e  p rev a ilin g  b e l ie f  th a t  “ in it ia l v e lo c i t ie s ”  m u st b e  
m ea su red  in  ord er  t o  u se  th e  d o u b le  r ec ip ro c a l e q u a tio n ,  
th e  K m  an d  V max v a lu e s  ca n  b e  q u ite  a c c u r a te ly  d e te r m in e d

fr o m  h ig h er  v e lo c ity  d a ta  as lo n g  as su b stra te  c o n v e r s io n  
d o e s  n o t  e x c e e d  5 0% o f  th e  to ta l .  T h e  d a ta  o f  F ig . 2 p lo t te d  
a c co r d in g  to  L ee  and W ilson  ( 1 9 7 1 )  sh o w e d  th a t  u n d er  th e  
e x p e r im e n ta l c o n d it io n s  tw o  a p p a ren t K M v a lu es c o u ld  b e  
d e te r m in e d  w h ic h  b y  n o  m e a n s  w e re  c h a r a c te r ist ic  o f  all 
th e  ca se in  fr a c tio n s . T h u s th e  t im e  c o u r se  o f  ca se in  d ig es
t io n  r ep re se n te d  para lle l ly s is  o f  d if fe r e n t  c a se in  fr a c tio n s ,  
a lth o u g h  th e  V max v a lu e s  c a lc u la te d  fr o m  b a se  c o n su m p 
t io n  a t  1 m in  an d  5 m in  r e s p e c t iv e ly , s e e m e d  t o  b e  sim ilar .

F o o d s ,  in  g en era l, c o n s is t  o f  severa l p r o te in  c o m p o n e n ts  
o f  p r e su m a b ly  d if fe r e n t  su sc e p t ib il it ie s  to w a r d s  tr y p sin . 
A ssu m in g  e .g . th r e e  p r o te in  c o m p o n e n ts  in  a f o o d ,  th e  o v er 
all d ig e s t io n  rate can  b e  d er iv ed  fr o m  th e  M ich a e lis -M en ten  
e q u a tio n  an d  th a t o f  para lle l p se u d o -f ir s t  ord er  r ea c tio n s  
a c co r d in g  to  E q. (4 ) .

k 1 k 2 k 3
v = (x  —r- +  y  —  +  z —t  ) [P r o te in ]  [T ] ( 4 )

w h er e  [P r o te in ]  is  th e  to ta l  p r o te in  c o n c e n tr a t io n , fo r  p ro 
te in s  o f  u n k n o w n  m o le c u la r  w e ig h t  in  m g /m L ; [T ]  eq u a ls  
tr y p s in  c o n c e n tr a t io n  in  T U /m L ; x ,  y  and  z  sta n d  fo r  th e  
re la tiv e  p r o p o r t io n  o f  th e  th r e e  p r o te in  c o m p o n e n ts , x  +  y  
+  z  =  1; k 1 , k 2 and k 3 are th e  first o rd er  ra te  c o n s ta n ts  o f  
E S d e c o m p o s it io n  in  th e  M ic h a e lis -M e n te n  e q u a tio n . T h e  
v a lu e s  o f  k /K M are c h a r a c te r ist ic  o f  th e  tr y p t ic  su sc e p t ib il ity  
o f  e a ch  p r o te in  c o m p o n e n t .

D if fe r e n c e s  in  th e  fr a g m e n ta t io n  p a tte r n  o f  f o o d  p r o te in s

T h e  fr a g m e n ta t io n  p a tte r n  o f  d ig e s t io n  w a s s tu d ie d  b y  
co m p a r in g  th e  t im e  c o u r se  o f  p e p tid e  b o n d  sp lit t in g  and  
T C A  so lu b le  p e p tid e  re lea se  as e x p r essed  in  d eg ree  o f  d i
g e s t io n  (c f .  F ig . 1). D u rin g  th e  d ig e s t io n  o f  all th e  lo t s  o f  
s o y  p r o te in s  in v e st ig a te d  u p  to  a b o u t  40%  p e p t id e  b o n d  
sp lit t in g , p r a c t ic a lly  20%  T C A  so lu b le  p e p t id e s  w ere  
r e lea sed  (F ig . 1 A ).

In  c o n tr a st , p e p t id e  s o lu b iliz a t io n  and p e p tid e  b o n d  
sp lit t in g  fo l lo w e d  th e  sam e t im e  c o u r se  in  th e  ca se  o f  
le n t il  an d  m ilk  p r o te in  d ig e s t io n  (F ig . IB  and 1C ). A n
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T R  Y  P T  IC  D IG E S T IO N  R A  T E S  O F  F O O D  P R O T E I N S . . .

a p p a r e n tly  s im ila r  s te p w is e  d e g r a d a tio n  o f  th e  p o ly p e p 
t id e  c h a in  fo l lo w in g  c lea v a g e  o f  a fe w  in tr a ch a in  p e p tid e  
b o n d s  w a s  sh o w n  d u rin g  th e  c o u r se  o f  a ld o la se -T  fo r m a tio n  
(B is z k u  e t  ah , 1 9 7 3 ) .  A t  th e  p r e se n t s ta te  o f  th e  s tu d ie s  w e  
c a n n o t  u n e q u iv o c a lly  d e c id e  w h e th e r  th e  p h e n o m e n o n  
o b serv ed  w ith  m ilk  an d  le n t il  p r o te in s  r e f le c ts  th e  real 
m e ch a n ism  o f  d e g r a d a tio n , or w h e th e r  s o lu b ility  an d  charge  
e f fe c t s  in te r fe r e  w ith  th e  d e te r m in a t io n  o f  p e p t id e  re lease .

Determination o f relative digestion rate 
(R D R ) o f food  proteins

R D R  is d e f in e d  as th e  ra tio  o f  t im e s  c o r r e sp o n d in g  to  
th e  sa m e  d eg ree  o f  d ig e s t io n  o f  tw o  p r o te in  sa m p le s , o n e  o f  
th e m  c h o se n  as a re fe re n c e . S in c e  th e  rate  o f  d ig e s t io n  is 
a lw a y s  p r o p o r t io n a l to  e n z y m e  c o n c e n tr a t io n , th e  t im e  
req u ired  to  a tta in  th e  sa m e  d e g ree  o f  d ig e s t io n  is in v e rse ly  
p r o p o r t io n a l to  th e  p se u d o -fir s t  o rd er  rate  c o n s ta n t . T h u s  
R D R  is  d e f in e d  as

R D R  =
k  sam ple 

^ref

'•ref

t sam ple
(5 )

w h e r e  k  is th e  o v era ll rate  c o n s ta n t  o f  d ig e s t io n  at a g iv en  
tr y p s in  c o n c e n tr a t io n  (c f .  Eq. 4 );  tref an d  t ^ ^ i e  are t im e s  
req u ired  to  rea ch  th e  sam e d eg ree  o f  d ig e s t io n . T h e  v a lu e  o f  
R D R  can b e  d e te r m in e d  at a n y  p r o te in  c o n c e n tr a t io n  i f  
d ig e s t io n  is o f  first ord er  w ith  r e sp e c t to  p r o te in  c o n c e n 
tr a tio n . I f  th is  is  n o t  th e  ca se , e .g . w h e n  th e  ra tes o f  d ig es
t io n  o f  ca se in  and m ilk  p o w d e r  p r e p a r a tio n s  are c o m p a r ed ,  
th e  t im e  c o u r se s  w ill  d e p e n d  o n  th e  p r o te in  c o n c e n tr a t io n  
u sed  in  th e  in d iv id u a l e x p e r im e n ts , th u s  R D R  sh o u ld  b e  
c a lc u la te d  fr o m  e x p e r im e n ts  p e r fo rm e d  w ith  th e  sa m e  p ro 
te in  c o n c e n tr a t io n s .

RDR o f food  proteins o f different origin

A  c o m p a r iso n  o f  th e  t im e  c o u rse  o f  tr y p t ic  d ig e s t io n  o f  
tw o  p la n t p r o te in s  (c o m m e r c ia l  s o y  m ea l U -4  and m icro -  
w a v e  tr e a te d  le n t il  L -M w -5) is  sh o w n  in  F ig . 3 . In  th e  ev a lu 
a t io n  o f  R D R  tw o  p r o b le m s w e re  e n c o u n te r e d :

(1 )  I f  d ig e s t io n  o f  th e  c o m p a r ed  sa m p le s  p r o c e e d e d  
a c co r d in g  to  d if fe r e n t  d eg ra d a tio n  p a tte rn s  (e .g . s o y  and  
le n t il  p r o te in s ) ,  th e  re la tiv e  d ig e s t ib ility  a p p a re n tly  d e p e n d e d  
o n  th e  m e th o d  u sed . A s se e n  in  F ig . 3 , o p p o s ite  r esu lts  w ere  
o b ta in e d  i f  p e p tid e  b o n d  c lea v a g e  or T C A  so lu b le  p e p t id e  
relea se  w a s c o m p a r ed . C a lc u la tio n  o f  R D R  fr o m  pH  d ec re a se  
e x p e r im e n ts  w ill  b e  p r e se n ted  b e lo w .

( 2 )  T h e  d iv e rg e n c e  o f  t im e  c o u r se s  sh o w n  in  F ig . 3 in d i
c a ted  th a t , irr esp e c tiv e  o f  th e  m e th o d  u se d , th e  R D R  v a lu es  
ch a n g e d  w ith  th e  p rogress o f  d ig e stio n .

T h is  e f fe c t  w a s m o s t  p r o b a b ly  d u e  to  th e  fa c t  th a t th e

A B

F ig .  3 — C o m p a r is o n  o f  d ig e s t io n  o f  f o o d  p r o t e i n s  o f  d i f f e r e n t  o r ig in .  

T y p i c a l  t im e  c o u r s e s  o f  p e p t i d e  b o n d  c le a v a g e  ( A )  a n d  p e p t i d e  r e 

le a s e  (B ) .  P r o t e i n  c o n c e n t r a t i o n :  4 . 5 m g / m L .

re la tiv e  a m o u n ts  o f  p r o te in  c o m p o n e n ts  e x h ib it in g  d if fe r e n t  
su sc e p t ib il it ie s  to w a r d s  tr y p sin  vary fro m  fo o d  to  f o o d .  
T h is  m e a n s th a t re la tiv e  tr y p t ic  d ig e s t io n  rates o f  f o o d  p r o 
te in s  o f  d if fe r e n t  or ig in  c a n n o t  be  u n e q u iv o c a lly  d e te r m in e d .  
O n th e  b asis o f  th e  p r e se n t k in e t ic  s tu d ie s  w o r k  is in  p r o g 
ress to  e lu c id a te  w h e th e r  th is  p h e n o m e n o n  a lso  o c c u r s  i f  a 
m ix tu r e  o f  p r o te a se s  is u sed  fo r  d ig e stio n .

A s a c o m p a r iso n , th e  p ro g ress cu rve  o f  tr y p t ic  d ig e s t io n  
o f  c a se in  is a lso  d o c u m e n te d  in  F ig . 3 . D ig e s t ib ilit ie s  o f  
d if fe r e n t  f o o d s  are o f t e n  c o m p a r ed  to  th a t  o f  ca se in . H o w 
ever, c a se in  is a g o o d  r e fe re n c e  o n ly  i f  e x h a u s t iv e  d ig e sti
b il it ie s  are c o m p a r ed . O n  th e  b a sis  o f  th e  a b o v e  a rg u m en ts  
and o f  th e  fa c t  th a t its  d ig e s t io n  rate is  n o t  p r o p o r t io n a l to  
p r o te in  c o n c e n tr a t io n , c a se in  c a n n o t  b e  u sed  as a r e fe r e n c e  
fo r  R D R  d e te r m in a tio n s  o f  d if fe r e n t  fo o d  p r o te in s .

RDR of food  proteins o f  the same origin

D e te r m in a tio n  o f  R D R  d id  n o t  e n c o u n te r  th e  a b o v e  
m e n tio n e d  p r o b le m s i f  th e  re la tiv e  tr y p t ic  d ig e s t io n  ra tes  
w ere  c a lc u la ted  fo r  p r o te in s  o f  th e  sa m e  o r ig in . In  th e se  
cases th e  R D R  v a lu e  w a s c o n s ta n t  a t a n y  d e g ree  o f  d ig e s
t io n  (T a b le  1) i .e . th e  tr y p t ic  s u sc e p t ib il it ie s  o f  th e  p r o te in  
c o m p o n e n ts  an d  th e ir  re la tiv e  a m o u n ts  in  th e  s o y  m e a ls  
te s te d  w ere  sim ilar. T h e se  r esu lts  are in  a g r ee m en t w ith  
th o s e  o b ta in e d  fo r  2 2  d if fe r e n t  lo t s  o f  c o m m e r c ia l d e fa t te d  
s o y  m ea l sa m p les.

T h e  R D R  va lu es o f  d if fe r e n t  lo t s  o f  c o m m e r c ia l  s o y  
m ea ls d iffe r e d  as m u c h  as b y  a fa c to r  o f  th r e e , e v en  if  
p r a c tic a lly  n o  T I a c t iv ity  w a s so lu b iliz e d  at pH  8 .0  I f  h ig h  
TI a c t iv ity  w a s re lea sed  fro m  a sa m p le , as in  th e  case  o f  
B r-1 , th e  R D R  v a lu e  d e te r m in e d  d ir e c t ly  fro m  th e  p ro g ress  
cu rves w ith  a g iv en  tr y p s in  c o n c e n tr a t io n  w a s n o t  co rr ec t. 
T h e  co rr ec t  v a lu e  w a s o b ta in e d  i f  t im e  w a s c a lc u la te d  fo r  
T U active/m L  d ig e s t io n  m ix tu r e . T U active = T U added -  T IU .

T o  a scerta in  th a t TI a c t iv ity  w a s n o t  so lu b iliz e d  du rin g  
tr y p t ic  d ig e s t io n , w h ic h  w o u ld  r e d u c e  tr y p s in  a c t iv ity  
du rin g  th e  c o u rse  o f  th e  r e a c t io n , th e  fo l lo w in g  e x p e r im e n ts  
w e re  d ev ise d . F o o d  sa m p le s  o f  th e  sam e p r o te in  c o n c e n tr a 
t io n  w e re  d ig e ste d  w ith  d if fe r e n t  c o n c e n tr a t io n s  o f  tr y p sin . 
T h e n  th e  r ec ip ro c a l v a lu e s  o f  th e  t im e s  rea c h e d  at d if fe r e n t  
d e g r ee s  o f  d ig e s t io n  w ere  p lo t te d  v ersu s tr y p s in  c o n c e n tr a 
t io n  (F ig . 4 ) . S in c e  d ig e s t io n  fo l lo w s  p se u d o -fir s t  ord er  
k in e t ic s  a c c o r d in g  to  E q . ( 4 ) ,  th e  p lo t  o f  1 /t  v ersu s tr y p s in  
c o n c e n tr a t io n  y ie ld s  a stra ig h t lin e .

I f  sa m p le s  U -4  an d  o th e r s  w h ic h , in  th e  a b se n c e  o f  tr y p 
sin , d id  n o t  r e lea se  a p p rec ia b le  T I a c t iv ity  at pH  8 .0  w e re  
t e s te d , th e  in te r c e p t  o f  th e  stra ig h t lin e s  w ith  th e  a b sc issa

T a b le  1— R e la t i v e  d ig e s t io n  r a t e s  o f  d i f f e r e n t  l o t s  o f  c o m m e r c ia l  s o y  

m e a la

Sample

TI activity RDR at different degrees 
of digestionbpH = 10 pH =8 

TIU/mg protein 14% 23% 30%
U -4 10.8 U 1 1 1
Fgy-24 12.6 2.1 0.72 0.70 C.71
82-12 — 1.2 0.50 0.55 C.50
83-13 11.2 8.2 0.35 0.30 C.28
CH-1 7.1 4.9 0.30 0.30 C.30
Br-1 16.8 15.3 0.02c 0.02c -

a D igestion rates o f so y m eals were com pared  with that c f  sam p le
U -4. P rote in  co ncen tra t ion s  w ere  ab ou t 10 m g/m L. R D R  values
w ere calcu lated from experim ents perfo rm edI w ith  40C T U / m L
d ige st ion  m ixture . U p o n  exhau st ive  t ryp t ic  d ige st ion  ab ou t 8 0 -  
8 5 %  o f  the  tota l t ry p s in  susceptib le  peptide b o n d s  o f the  sam p les 
w ere  split. T I activ ities are average values o f  trip lica te  d e te rm ina 
tion s. Stan d a rd  error o f relative d ige stion  rate d e te rm in a t io n s  w as

b *  5 % -
D Data calcu lated from  b o th  peptide  b o n d  cleavage and  p H  C ro p  

m easurem ents. In  the latter case 14, 2 3  and  3 0 %  degree o f  d ige s
t io n  co rre sp on d  to  a d ro p  in p H  from  8.0  to  7.5, 7.3  and  7.2, 
respectively.

c R D R  calcu lated fo r 1 T U aC[|ve/ m L  = 0.04.
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w as at or near th e  or ig in  (F ig . 4 A ) .  T h is  m ea n s th a t, in  th e  
case  p resen ted , u p  to  23%  p e p t id e  b o n d  c lea v a g e  p r a c tic a lly  
n o  TI a c t iv ity  w a s re lea sed  fr o m  th e  sa m p le . S im ila r  r esu lts  
w ere o b ta in e d  up  to  40%  d ig e s t io n  ( n o t  sh o w n ).

F ig. 4 B  sh o w s th e  resu lts  o b ta in e d  w ith  sa m p le  Br-1 
fro m  w h ic h  1 9 0  T I U /m L  su sp e n s io n  w a s so lu b iliz e d  in  th e  
a b se n c e  o f  tr y p s in . T h e  a b sc issa  in te r c e p ts  o f  th e  stra ig h t  
l in e s  o b ta in e d  fo r  d if fe r e n t  d eg rees  o f  d ig e s t io n  w e re  prac
t ic a lly  th e  sam e and eq u a le d  th e  TI a c t iv ity  r e lea sed  in  th e  
a b sen ce  o f  tr y p sin . It f o l lo w s  th a t n o  a d d itio n a l T I a c t iv ity  
w a s so lu b iliz e d  du rin g  th e  c o u r se  o f  d ig e s t io n . W ere th is  n o t  
th e  case , th e  in te r c e p ts  o n  th e  a b scissa  sh o u ld  b e  sh if te d  
to w a r d s  h ig h er  and h ig h er  tr y p s in  c o n c e n tr a t io n s  as th e  
d eg ree  o f  d ig e s t io n  p r o c e e d e d .

R D R  o f  c a se in  an d  tw o  c o m m e r c ia l m ilk  p o w d e r  p rep 
a r a tio n s c o u ld  a lso  b e  r e lia b ly  d e te r m in e d  fro m  th e  d a ta  o f  
F ig. 5 A . In th is  ca se  c a se in  w a s ta k e n  as a r e fe re n c e . T h e  
rate o f  d ig e s t io n  o f  sk im m e d  m ilk  p o w d e r  p r o te in s  w as  
fo u n d  to  b e  p r a c tic a lly  th e  sam e as th a t  o f  ca se in . T h e  R D R  
o f  D U S I m ilk  p o w d e r  p r o te in s  as re la ted  to  c a se in  w as  
eq u a l to  tw o .

A B

Fig. 4 —G rap h ic  d e te rm ina tion  o f  p o ss ib le  TI release in to  d igestion  

m ixtures. (A ) C om m erc ia l s o y  m ea l U-4. The o rd ina te  represents the 
re c ip ro ca l values o f  tim es reached  a t 23% p ep tid e  b o n d  sp litt in g  
(open sym bo ls ) a n d  the same values derived  from  p H  d rop  expe r i

m ents (F u l l  sym bols). 23% p ep tid e  b o n d  s p lit t in g  co rresponds to  a 
p H  d rop  from  p H  8 .0  to  7 .3  P ro te in  con cen tra tio n  was 5  m g/m L. 
(B) C om m erc ia l soy  m ea l Br-1. P ro te in  con cen tra tio n  was 12 
m g/m L. D ata  derived  from  p e p tid e  release experim ents. D igestion  
degrees: •, 4; o, 14, a n d  o, 18%, respective ly.

T h e o r e t ic a l b a sis  o f  th e  p H  d r o p  assay

T h e  pH  d ro p  in  a n o n b u ffe r e d  d ig e s t io n  m ix tu r e  is d u e  
to  th e  d is s o c ia t io n  o f  th e  p r o to n a te d  a -a m in o  g ro u p s fo r m e d  
du rin g  d ig e s t io n  (E q . 6 ).

R -  N H j *iD R -N H 2 +  H+ ( 6 )

S in c e  th e  p r o to n s  can  b e  t itr a te d  at c o n s ta n t  p H , th e  
d e r iv a tio n  o f  th e  e q u a t io n s  ( c f .  A p p e n d ix )  is b a sed  o n  th e  
r e la tio n sh ip  e x is t in g  b e tw e e n  th e se  tw o  m e th o d s . T h e  e x 
p e r im e n ta l su p p o r t  w a s p e r fo rm e d  as fo llo w s . P e p tid e  b o n d  
clea v a g e  (F ig . 1) w a s d e te r m in e d  at pH  8 .0 .  In a n o th er  
ser ies  o f  e x p e r im e n ts , carried  o u t  w ith  th e  sa m e  sa m p le s  
u n d e r  th e  sa m e  c o n d it io n s ,  th e  t im e  c o u r se  o f  pH  d ec re a se  
o f  th e  d ig e s t io n  m ix tu r e s  fr o m  pH  8 .0  to  7 .3  w a s a lso  re
c o rd ed  (F ig . 6 ).

T h e  p re re q u is ite  fo r  th e  u se  o f  th e  “ p H  d e c r e a se ”  
m e th o d  is th a t th e  o b serv ed  d ro p  sh o u ld  b e  w ith in  th e  pH  
o p t im u m  o f  th e  p r o te a se  a p p lie d . T h e  c o n s id e r a t io n s  w ill  
b e  d e sc r ib ed  fo r  th e  pH  range o f  8 .0  to  7 .3 .  In  a d d itio n , th e  
in f lu e n c e  o f  tw o  o th e r  fa c to r s  o n  th e  t im e  c o u r se  o f  pH  
d e c re a se  h as to  b e  c o n s id e r ed .

(1 )  A s a resu lt o f  d e c re a sin g  pH  th e  p r o to n  d is s o c ia t io n  
fr o m  R -N H 3 io n s  is g ra d u a lly  su p p re ssed . S in c e  th e  pK  o f  
th e  r e a c t io n  at 3 7 ° C  is 7 .6  (R ic h a r d s , 1 0 5 5 ;  B iszk u  and  
S z a b o lc s i, 1 9 6 4 )  th e  d e g ree  o f  d is s o c ia t io n  ( a )  is 0 .7 1 5  and
0 .3 3 4 ,  a t pH  8 .0  and pH  7 .3 ,  r e sp e c t iv e ly .

(2 )  T h e  o th e r  fa c to r  w ill b e  th e  k n o w n  b u ffe r in g  c a p a c ity  
o f  p r o te in s  d u e  to  severa l g r o u p s o f  th e  p o ly p e p t id e  ch a in  
w ith  pK va lu es a ro u n d  th is  p H  range. T h e  sa lt c o n te n t  and  
th e  n o n p r o te in  c o m p o n e n ts  o f  th e  sa m p le s  a lso  c o n tr ib u te  
to  th e  b u ffe r in g  c a p a c ity .

A lth o u g h  th e  a m o u n t o f  th e  p e p t id e  b o n d s  sp lit  is  th e  
sam e in  b o th  ty p e s  o f  e x p e r im e n ts , it  can  b e  e x p e r im e n ta lly  
d e te r m in e d  o n ly  b y  t itr a t io n  at c o n s ta n t  pH . B e c a u se  o f  th e  
b u ffe r in g  c a p a c ity  and th e  r e b in d in g  o f  p r o to n s  b y  R -N H 2 
g ro u p s , o n ly  a n e g lig ib le  fr a c t io n  o f  th e  p r o to n s  t itra te d  at 
pH  8 .0  w ill d ecrea se  th e  pH  o f  th e  d ig e s t io n  m ix tu r e .

A t  a g iv en  tr y p s in  c o n c e n tr a t io n  du rin g  t im e  t  th e  rela 
t io n sh ip  o f  E q . ( 7 )  h e ld  fo r  th e  p h e n o m e n o n  o b ser v e d  in  
th e  tw o  k in d s  o f  e x p e r im e n ts  ( c f .  E q . A /6  o f  A p p e n d ix ) .

1 pH 8.0 =  pH  8.0 -*■ 7.3 + t H N H 2 l*

w h er e  in d e x  t refers to  th e  t im e  req u ired  to  rea ch  pH  7 .3  
in  th e  pH  d ro p  e x p e r im e n t;  [H + ] * h  80  is  th e  a m o u n t o f  
p r o to n  d is so c ia te d  fro m  th e  R -N H ^ io n s  fo r m e d  du rin g  
d ig e s t io n  at pH  8 .0  in  a 1 m g /m L  p r o te in  so lu t io n /s u sp e n -  
s io n  and is m ea su red  b y  th e  a m o u n t o f  b a se  c o n su m e t  at 
p H  8 .0  du rin g  th e  sa m e  t im e  (/uL 0 .1 N  N a O H /m g  p r o te in );

A B C
pH

Fig. 5 —R e la tive  d igestion  rates o f  casein  
an d  tw o com m erc ia l m ilk  p o w d e r  p repa
rations. P ro te in  an d  tryps in  con cen tra 
tio n  was 4 .5  m g/m L a n d  10 T U /m L ,  
respective ly. (A ) tim e courses o f  p ep tid e  
b o n d  cleavage (so lid  lines) a n d  o f  p ep tid e  
release (sym bols). (B) progress curve o f  
t it ra t io n  o f  casein used  as a reference. 
(C) tim e courses o f  p H  decrease.
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T R Y P T IC  D IG E S T IO N  R A  T E S  O F  F O O D  P R O T E I N S . . .

Fig. 6 —T im e course o f  p H  decrease du r
ing  d igestion  o f  d if fe re n t fo o d  p rote ins. 
T ryp s in  and  p ro te in  con cen tra tio n  are 
the same as in  lengends to Fig. 1 fo r  
p ep tid e  b o n d  sp lit t in g  determ inations. 
H a tched  areas represent dev ia tion  from  
the average. (A ) com m erc ia l d e fa tted  soy  
m eal U-4. (B) m icrow ave  treated le n t il 

L -M w -5  and  C, casein.

A
U-4

B
L-Mw-5

c
C a s e i n

[H Jj h j ] 1 is th e  a m o u n t o f  p r o to n  r eb o u n d  to  th e  R -N H 2 
g ro u p s d u e  to  th e  su p p re ss io n  o f  d is s o c ia t io n  d u rin g  th e  
t im e  p e r io d  o f  pH  d ecrea se ; a is  th e  b u ffe r in g  c a p a c ity  o f  a 
su sp e n s io n  c o n ta in in g  1 m g /m L  p r o te in  in  th e  pH  range  
b e tw e e n  8 .0  and 7 .3  (/uL 0 . IN  HC1).

It can  b e  d e m o n s tr a te d  (c f .  E q . A / 10  o f  A p p e n d ix )  th a t  
th ere  is a s im p le  r e la tio n sh ip  b e tw e e n  th e  a m o u n t o f  b ase  

c o n su m e d  a t pH  8 .0  du rin g  t im e  t  and  th e  b u ffe r in g  c a p a c ity  
o f  th e  sa m p le . I f  at t im e  t  th e  pH  d e c re a se d  fr o m  8 .0  to
7 .3 ,  E q. (8 )  is va lid .

IpH 8.0 = ! H + lpH  8.0 = 2 1 4 6  [a ]  pH 8 0  _> 7 3 (8 )

It f o l lo w s  fr o m  th e  a b o v e  e q u a t io n s  th at:
(1 )  E ven  i f  tw o  p r o te in  sa m p le s  are d ig e ste d  at th e  sam e  

rate, th e  h ig h er  th e  v a lu e  o f  a , th e  h ig h er  w ill  b e  th e  d egree  
o f  d ig e s t io n  n e e d e d  to  d ec re a se  th e  pH  o f  th e  d ig e st io n  
m ix tu r e  to  pH  7 .3 .  In  o th e r  w o r d s , th e  h ig h er  th e  v a lu e  o f  a 
th e  lo n g e r  is th e  t im e  req u ired  to  reach  th e  sa m e  pH .

(2 )  I f  d ig e s t io n  is o f  first ord er  w ith  r e sp e c t to  p r o te in  
c o n c e n tr a t io n , th e  t im e  c o u r se  o f  pH  d e c re a se  w ill  b e  
in d e p e n d e n t  o f  p r o te in  c o n c e n tr a t io n . T h is  is  e a s ily  c o n 
c e iv a b le  in  th e  fo l lo w in g  w a y . I f  su sp e n s io n  c o n c e n tr a t io n  
is  d o u b le d , th e  va lu e  o f  a w ill  b e  d o u b le d  b y  d e f in it io n .  
A c c o r d in g  to  E q . (8 )  i f  a is in crea sed  b y  a fa c to r  o f  tw o , th e  
b ase  c o n s u m p t io n  m ea su red  at pH 8 .0  sh o u ld  b e  d o u b le d ,  
irr esp e c tiv e  o f  th e  k in e t ic  ord er  o f  th e  r ea c tio n . I f  h o w ev e r , 
d ig e s t io n  is o f  first ord er  w ith  r e sp e c t to  p r o te in  c o n c e n tr a 
t io n , in ca se  o f  d ig e s t io n  o f  a d o u b le  a m o u n t o f  p r o te in  a 
d o u b le  a m o u n t o f  b ase  w ill  b e  c o n su m e d  d u rin g  th e  sam e  
t im e  p er io d . T h e r e fo r e  th e  t im e  c o u r se  o f  p H  d e c re a se  w ill  
n o t  c h a n g e  w ith  in crea sin g  p r o te in  c o n c e n tr a t io n . A s sh o w n  
in  F ig . 6 A  and 6 B , d ig e s t io n  o f  s o y  an d  le n t il  p r o te in s  
o b e y s  th is  rule.

I f  d ig e s t io n  is n o t  o f  first ord er  w ith  r esp e c t to  p r o te in  
c o n c e n tr a t io n , b y  d o u b lin g  th e  p r o te in  c o n c e n tr a t io n  th e  
v a lu e  o f  a  b e in g  in crea sed  b y  a fa c to r  o f  tw o , th e  d o u b le  
a m o u n t o f  b a se  w ill b e  c o n su m e d  d u rin g  a lo n g e r  p er io d . 
T h u s  th e  t im e  req u ired  to  reach  pH  7 .3  w ill  b e  p r o lo n g e d  
and th e  p H  d e c re a se  p rogress curve w ill  s lo w  d o w n . T h is  is 
th e  ca se  fo r  c a se in  (F ig . 6 C ) an d  m ilk  p o w d e r  p r o te in  d ig e s
t io n  ( n o t  d o c u m e n te d ) .

( 3 )  I f  w e  k n o w  th e  b u ffe r in g  c a p a c ity  o f  a sa m p le  
in  a cer ta in  pH range and th e  t im e  req u ired  to  p r o d u ce  
a pH  d e c re a se  in th is  range, w e  ca n  p r e d ic t  th e  va lu e  o f  
[H O - ] ^  8 0  fr o m  w h ic h  th e  d eg ree  o f  d ig e s t io n  at th is  
t im e  ca n  b e  c a lc u la te d  (c f .  E q . 8 ) .  T a b le  2 su m m a riz es  th e  
b u ffe r in g  c a p a c it ie s  and th e  m ea su red  and c a lc u la te d  b ase

Table 2 —E xp e rim e n ta l dem onstra tion  o f  the re la tion sh ip  betw een  
b u ffe r in g  cap a c ity  a n d  base con sum p tion  a t c on s tan t p H

Sam ple

Buffering capacity

a o H  8 . 0  -> 7 . 3  
u L  0.1 N HCi

mg Protein

Base consumption at pH 8.0 
at time ta

0.1 N NaOH/mg protein 

Calculatec
Measured from Eq. (8)

Com! defatted
soy meals 0.84 + 0.04b 1.80 ± 0.08d 1.80

Lentil-Mw-5 1.03 ± 0.06c 2.20 ± 0.07e 2.21
Casein 0.54 + 0.03 1.12 ± 0.07* 1.16
Skimmed milk powder 1.18 + 0.07 2.55 + 0.13f 2.53
DUSI milk powder 1.19 + 0.08 2.55 + 0.169 2.55

a  T h e  t i m e  r e q u i r e d  t o  r e a c h  p H  7 . 3  in  t h e  p H  d r o p  e x p e r i m e n t .
°  A v e r a g e  f o r  s i x  l o t s  o f  s o y  m e a l s  c h a r a c t e r i z e d  in  T a b l e  1 .  
c  A v e r a g e  f o r  t w o  p r o c e s s i n g s .
d , e , f , g  D a t a  d e r i v e d  f r o m  2 5 ,  2 0 ,  1 0 ,  a n d  6  e x p e r i m e n t s ,  r e s p e c t i v e l y ,  

p e r f o r m e d  w i t h  d i f f e r e n t  p r o t e i n  a n d  t r y p s i n  c o n c e n t r a t i o n s .

c o n su m p tio n  w h e n  d ig e s t io n  o f  d if fe r e n t  fo o d  p r o te in s  w a s  
te s te d .

T h e  a b o v e  c o n s id e r a t io n s  sh o w  th e  q u a n tita t iv e  r e la t io n 
sh ip  b e tw e e n  th e  t im e  c o u rse  o f  pH  d e c re a se  and t itr a t io n  
e x p e r im e n ts  carried o u t  at c o n s ta n t  pH . T h e  c o n c lu s io n s  
d e sc r ib ed  in  th is  s e c t io n  m u st b e  k e p t  in  m in d  i f  R D R  o f  
fo o d  p r o te in s  is c a lc u la te d  fro m  pH  d e c re a se  d e te r m in a 
tio n s .

C a lc u la tio n  o f  R D R  fr o m  pH  d e c re a se  e x p e r im e n ts

A s p o in te d  o u t  a b o v e , R D R  o f  tw o  sa m p le s  sh o u ld  b e  
d e te r m in e d  fr o m  th e  ra tio  o f  t im e s  c o r r e sp o n d in g  to  th e  
sam e d eg ree  o f  d ig e st io n . I f  R D R  is c a lc u la te d  fr o m  pH  
d ec re a se  e x p e r im e n ts , it  is m o st  c o n v e n ie n t  to  c o m p a r e  th e  
t im e s  req u ired  to  rea ch  a cer ta in  p H  v a lu e , e .g . pH  7 .3 .  
D u rin g  th is  t im e  p e r io d , h o w e v e r , th e  e x te n t  o f  d ig e s t io n  
o f  th e  sa m p le s  b e in g  c o m p a r ed  is n o t  n e c e ssa r ily  th e  sam e. 
S in c e  th e r e  is a d e f in ite  r e la t io n sh ip  b e tw e e n  th e  b u ffe r in g  
c a p a c ity  o f  a sa m p le  and th e  d eg ree  o f  d ig e s t io n  a tta in e d  at 
th e  t im e  w h e n  pH  rea ch es a g iv en  v a lu e  (c f .  E q . 8 ) ,  th e  ratio  
o f  t im e s  w ill  b e  a f fe c te d  b y  th e  re la tiv e  v a lu e  o f  b u ffe r in g  
c a p a c it ie s  (A )  is d e f in e d  b y  E q. (9 )  fo r  th e  pH  ran ge 8 .0  to
7 .3 .

A  =

a pH  8.0 
sam ple

7.3

a PH 8.0 
ref

7.3
(9 )

A c c o r d in g ly , R D R  can  b e d ir e c t ly  c a lc u la te d  fro m  E q.
( 5 )  o n ly  if  A =  1. T h is  w a s fo u n d  if  th e  ra tes o f  d ig e s t io n  o f
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Table 3 —Calculation o f  relative digestion rates from p H  drop experiments i f  A  =£ 7a

S a m p le

pH D ro p  
e x p e r im e n t  

tp H  7 . 3 b 
(min)

B uffe r ing  
c ap a c i ty ,  

ap H  8.0 7.3 

juL 0.1 N H C I

mg Pro te in

C a lcu la te d  base  c o n 
s u m p t io n  a t  t im e  t 

f o r  t h e  t i t r a t i o n  e x p . c

(/¿L 0.1 N N aO H )

R D R
c a lcu la ted  

f r o m  Eq.  (10)

Casein 7 .5 d 0 .5 0 _ 1
S k im m e d  m ilk  p o w d e r 2 7 .0 1 .18 1 1 4 e 0 .9 3
DUSI m ilk  p o w d e r 13 .5 1 .19 114 1 .85

D ige st ion  rates o f sk im m ed  m ilk  pow der and D U S I  m ilk  p ow de r p ro te in s w ere  com pared  w ith  that o f casein. S am p le s  co n ta in in g  45  mg pro- 
tein w ere  d igested in 10  ml_ 0 .1 N  K C I w ith  10  T U / m l t ryp s in .  A  = am j|k pow der/acasein = 2 .36.

D Data taken  from  Fig. 5C .
b T im e  t denote s the  t im e  requ ired  to  reach p H  7.3  in the  p H  d ro p  experim ent.
° N o te  that th is  va lue can n ot be used fo r R D R  ca lcu la t ion s since  A  #  1.
e 1 .18  x 2 .1 4 6  x 45  = 1 1 4  pL- 0 .1 N  N a O H , cf. Eq. (8). T h e  t im e  o f 1 1 4  p P  base co n su m p t io n  w as read o n  the  p rogress cu rve  o f  casein  d ige stion  

in F ig. 5 B , i.e. t '  ̂ in Eq . (10 ) equa ls 25  m in.

d iffe r e n t  lo t s  o f  c o m m e r c ia l s o y  m ea l w e re  c o m p a r ed  (c f.  
T a b le  1).

I f  A  #  1 th e  fo llo w in g  c o n s id e r a t io n s  h a v e  to  be  ta k en  
in to  a c c o u n t . A s sh o w n  in  E q . ( 8 ), th e  h ig h er  th e  b u ffer in g  
c a p a c ity  o f  a sa m p le  th e  h ig h er  w ill b e  th e  a m o u n t  o f  base  
c o n su m e d  at pH  8 .0  i .e . th e  d eg ree  o f  d ig e s t io n  at th e  t im e  
w h e n  pH  rea ch es  th e  v a lu e  o f  7 .3 . T h e r e fo r e  th e  ra tio  o f  
t im e s  at w h ic h  pH  7 .3  is a tta in e d  c a n n o t  b e  d ir e c t ly  u sed  
fo r  c a lc u la tio n s . T h e  d e r iv a tio n  o f  R D R  an d  th e  m o d e  o f  
c a lc u la tio n  w ill b e  p r e se n ted  w ith  th e  e x p e r im e n ts  per
fo r m e d  w ith  c a se in  and sk im m e d  m ilk  p o w d e r  p ro te in s .

I f  F ig . 5 A  it is  s e e n  th a t ca se in  and sk im m e d  m ilk  p o w 
der p r o te in s  e x h ib it  th e  sa m e  d ig e s t ib ility  w h e th e r  p e p tid e  
b o n d  sp lit t in g  or  p e p t id e  re lea se  is  m easu red . In  th e  pH  
d ecrea se  e x p e r im e n ts  d ig e s t io n  o f  c a se in  is a p p a r e n tly  m u ch  
m ore  rapid th a n  th a t o f  sk im m e d  m ilk  p o w d e r  p r o te in s  
(F ig . 5C  cu rves a and c). I f  R D R  w e re  s im p ly  c a lc u la ted  
fro m  E q. ( 5 ) ,  ta k in g  c a se in  as a r e fe r e n c e , th e  va lu e  w o u ld  
b e  0 .2 8 .  T h e  a p p a ren t c o n tr a d ic t io n  b e tw e e n  th e  r esu lts  
o b ta in e d  fr o m  th e  d ata  o f  F ig . 5 A  and 5C  is d u e  to  th e  
d iffe r e n c e  in  th e  b u ffe r in g  c a p a c it ie s  o f  th e  tw o  sa m p les, 
th e  va lu e  o f  A  b e in g  2 .3 6  (c f .  T a b le  3 ).

It w ill b e  sh o w n  th a t in  su c h  c a se s  R D R  can  b e  c a lc u 
la ted  o n ly  i f  th e  p rogress cu rve  o f  t itr a t io n  at pH  8 .0  o f  th e  
r e fe re n c e  is a lso  d e te rm in e d .

It f o l lo w s  fr o m  E q. ( 8 ) th a t i f  d ig e s t io n s  o f  tw o  sa m p les  
o f  th e  sa m e  p r o te in  c o n c e n tr a t io n  are c o m p a r ed , th e  ra tio  
o f  th e  a m o u n ts  o f  b ase  c o n su m e d  at t im e s  w h e n  th e  tw o  
sa m p le s  reach  a g iv en  pH  v a lu e , eq u a ls  A  ( c f .  a lso  E q. A / l  1 
o f  A p p e n d ix ) .

T h e  R D R  v a lu e  o f  sa m p le s  as c a se in  and sk im m e d  m ilk  
p o w d e r  ca n  be  c a lc u la te d  fro m  E q. (1 0 ) :

R D R  =
^ref

tPH 7; sample

( 1 0 )

w h er e  t /ef is th e  t im e  w h e n  th e  r e fe r e n c e  a tta in s  th e  sam e  
d egree  o f  d ig e s t io n  as th e  sa m p le  te s te d . t ,ef  can  b e  eas
ily  d e te r m in e d  i f  th e  v a lu e  o f  th e  b u ffe r in g  c a p a c ity ,  
asample* 7 '3 anc* t im e  c o u r se  o f  p e p tid e  b o n d  sp lit t in g
o f  th e  r e fe r e n c e  are k n o w n . I f  sa m p le s  o f  th e  sa m e  p r o te in  
c o n c e n tr a t io n  are s tu d ie d  (ir r e sp e c tiv e  o f  th e  k in e t ic s  o f  
d ig e s t io n )  th e  b a se  c o n s u m p t io n  o f  th e  sa m p le  at t im e  t can  
b e  c a lc u la te d  fr o m  E q . ( 8 ). T im e  t / ef  c o r r e sp o n d in g  to  th e  
c a lc u la ted  b ase  c o n su m p tio n  ca n  b e  d ir e c t ly  read o n  th e  
p rogress curve o f  r e fe r e n c e  d ig e st io n . C a lc u la tio n s  fo r  ca se 
in  as a r e fe re n c e  ( t it r a t io n  curve p r e se n te d  in  F ig . 5 B )  and  
th e  tw o  c o m m e r c ia l m ilk  p o w d e r s  are g iv en  in  T a b le  3 
reso lv in g  th e  a p p a ren t c o n tr a d ic t io n  b e tw e e n  th e  d a ta  o f  
F ig . 5 A  an d  5C .

T a k in g  in to  a c c o u n t  th a t th e  b u ffe r in g  c a p a c it ie s  o f  
sk im m e d  m ilk  p o w d e r  and D U S I m ilk  p o w d e r  are eq u a l, 
th e  d ig e s t io n  rate o f  th e  la tte r  p r e p a r a tio n  is tw ic e  th a t o f  
c a se in  or  sk im m e d  m ilk  p o w d e r .

D if fe r e n c e s  in  th e  b u ffe r in g  c a p a c ity  o f  sa m p le s  w ere  
a lso  fo u n d  w h e n  s o y  and le n t il  p r o te in s  w e re  d ig e ste d  and  
w h e n  th e  e f fe c t iv e n e s s  o f  tr e a tm e n ts  o n  th e  d ig e s t ib ility  o f  
fo o d  p r o te in s  w a s te s te d  (c f .  H un g et a l., 1 9 8 4 ) .

T h e  d ata  and th e  c o n s id e r a t io n s  p r e se n te d  d e m o n s tr a te  
th e  im p o r ta n c e  o f  b u ffe r in g  c a p a c ity  o n  th e  d e te r m in a tio n  
o f  R D R  i f  d ig e s t io n  is f o l lo w e d  b y  pH  d ec re a se  m ea su re
m e n ts . T h e  fa c t  th a t  b e s id e s  th e  pH  d e c re a se  d e te r m in a tio n  
an a d d itio n a l e x p e r im e n t  is a lso  n e e d e d  b y  n o  m e a n s d e 
creases th e  e le g a n c e  o f  th e  m e th o d .

A P P E N D IX

Relationship between pH decrease 
and peptide bond cleavage at constant pH 
during tryptic digestion of proteins

T h e  c a lc u la t io n s  are valid  fo r  th e  pH  range pH  7 - 9  w h er e  
th e  a c t iv ity  o f  tr y p sin  is c o n s ta n t . F o r  th e  sak e o f  s im p lic ity  
th e  c a lc u la t io n s  w ill  b e  p r e se n te d  fo r  p e p t id e  b o n d  c leavage  
at c o n s ta n t  pH  (p H  8 .0 )  an d  pH  d e c re a se  fr o m  pH  8 .0  to  
7.2  in  e x p e r im e n ts  p e r fo rm e d  u n d e r  o th e r w ise  th e  sam e  
c o n d it io n s . T h e  c a lc u la t io n s  refer  to  d ig e s t io n  o f  1 m g /m L  
p r o te in  w ith  1 T U /m L  tr y p s in  at 3 7 °C .

T h e  d eg ree  o f  d is s o c ia t io n  o f  R -N H 3 g r o u p s (p K  =  7 .6 )  
fo r m e d  a fter  p e p t id e  b o n d  sp lit t in g  can  b e  c a lc u la te d  fro m  
E q. ( A / l )  and  ( A /2 ) .

In  th e  fo llo w in g , t im e  t d e n o te s  th e  t im e  w h e n  pH  7 .3  
is  rea ch ed  in  th e  pH  d ec re a se  e x p e r im e n ts . T h e  in d e x  o f  pH  
8 .0  and pH  7 .3  refers to  e x p e r im e n ts  p e r fo rm e d  at c o n s ta n t  
pH  ( 8 .0 )  and pH  d ec re a se  e x p e r im e n ts  in  th e  range pH  8 . 0 -  
7 .3 ,  r e sp e c t iv e ly .

(a ) A t  t im e  t i f  pH  d e c re a se  is fo llo w e d :

Kr = IO“ 7 -6 =
[R -N H 2 ] pH 7.3 x 10 

[R -N H l
( A / l )

a3 J pH 7.3
(b )  A t  t im e  t, i f  d ig e s t io n  is carried  o u t  a t pH  8 .0 :

K . , n — 7 . 6 _ [ R -N H 2 ] p H 8 . Q X l 0 —1»> 

[ R - N H j lp n  g 0

T h e  c o n c e n tr a t io n  o f  p e p t id e  b o n d s  sp lit  at t im e  t is 
g iv en  in  E q . (A /3 ) :

(A/2)

[P l p H 8.0 [P lp H 7 .3  [R -N H 3 ]p H 7.3 +  [R -N H 2 ] pH 7.3

= [ R -N H S ]p H 8 .0  +  l r -N H2 ] pH 8>0 ( A /3 )

E q. ( A /4 )  and ( A /5 )  ta k e  in to  a c c o u n t  th e  su p p re ss io n  
o f  p r o to n  r e lea se  fro m  R -N H 3 g ro u p s du rin g  th e  ch a n g e  o f  
pH  fr o m  8 .0  to  7 .3 :

[R-NH3 ] pH 8 . 0  =  [ R-NH3 ] pH 7-3 -  [H+h ,]*  (A/4 )

and
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T R  Y P T IC  D IG E S T IO N  R A  T E S  O F  F O O D  P R O T E I N S . . .

[R -N H 2 ] ‘ h 7.3 =  [R -N H 2 ]p H 8.0 -  ( A /5 )

w h er e  [Hj^H ]* is th e  d if fe r e n c e  in  p r o to n  c o n c e n tr a t io n  
b o u n d  to  th e  a lfa -a m in o  g ro u p s fo r m e d  at t im e  t , a t pH  8 .0  
an d  pH  7 .3 .

T h e  r e la tio n sh ip  b e tw e e n  th e  [H + ] d is so c ia te d  at pH  8 .0  
and th a t r eb o u n d  to  R -N H 2 g ro u p s at t im e  t as w e ll as th e  
b u ffe r in g  c a p a c ity  o f  th e  sa m p le  is

[ H + l p H  8.0 =  t H N H 2 l t +  8.0 -> 7.3 ( A / 6 )

w h er e  [H + ] pH g0  s ta n d s fo r  th e  p r o to n s  d is so c ia te d  at pH  
8.0  and  is e q u iv a le n t to  th e  [H O _ ]p H 80  c o n su m e d  in  t i
tr a tio n  e x p e r im e n ts  carried  o u t  at p H  8 .0 ;  [a]  pn  8 0  -► 7.3 is 
th e  b u ffe r in g  c a p a c ity  o f  th e  sa m p le , i.e . th e  [H + ] n e e d e d  
to  d e c re a se  its  pH  fro m  8 .0  to  7 .3 .

T h e  r e la t io n sh ip  b e tw e e n  [H + ] pH g 0 and  th e  c o n c e n tr a 
t io n  o f  th e  p e p tid e  b o n d s  sp lit  is g iven  in  E q. ( A /7 ) .

^ + ^ p H 8 . o  =  I ®  I p H  8.0 =  a [ P ] p H  8.0 ( A / 7 )

w h er e  a  = 0 .7 1 5  is th e  d eg ree  o f  d is s o c ia t io n  o f  R -N H 3 
g r o u p s at pH  8 .0  as c a lc u la te d  fr o m  th e  pK  va lu e .

F ro m  E q. ( A / l )  t o  ( A /5 )  it  can  b e  d erived :

[ p ] p H  8.0 ~  [ p l p H  7.3 =  2 -6 2  t H N H 2 1* ( A / 8 )

T a k in g  a lso  in to  a c c o u n t  E q. ( A / 6 ) an d  ( A /7 ) ,  th e  f o l 
lo w in g  r e la t io n s  are o b ta in e d :

[ P ] 1 =  3 .0 0  [ a ] pH 8 0 -+ 7.3 ( A /9 )

w h e r e  [ P ] 1 s ta n d s fo r  th e  c o n c e n tr a t io n  o f  th e  p e p tid e  
b o n d s  sp lit  in  b o th  k in d s  o f  e x p e r im e n ts , and

[ H O  [ pH  8.0 =  2 1 4 6  [ a ]  pH  8 o 7 3  ( A / 1 0 )

E q. ( A /1 0 )  w a s a lso  so lv e d  fo r  th e  pH  ran ges o f  8 .0  -*  
7 .5  and 8 .0  ^ 7 . 2 :

[H O  1 pH 8.0 1 -6 2  [a ] pH 8 0 -> 7.5 ( A / lO a )

[H O  [ pH  8.0 2 5 3  [“ [ pH  8.0 7 . 2  ( A / lO b )

It f o l lo w s  fro m  E q. ( 1 0 )  th a t i f  d ig e s t io n s  o f  tw o  sa m p les  
o f  th e  sa m e  p r o te in  c o n c e n tr a t io n  are c o m p a r ed , th e  ra tio  
o f  b ase  c o n su m p tio n  at t im e s  w h e n  th e  tw o  sa m p le s  reach  
pH  7 .3  e q u a ls  th e  re la tiv e  b u ffe r in g  c a p a c it ie s  o f  th e  sa m 
p les (A ).

r u r i ~  1 tfs a m p k )  
1 J pH  8.0

THO-  1 l (re0
[ r l U  1 pH  8.0

[a ]
sam ple 
pH  8.0 7.3

= A
r 1 ref
LflJ pH  8.0 -> 7.3

( A / l  1)
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P r o c e s s e d  P r o t e i n  F o o d s  C h a r a c t e r i z e d  b y  

I n  V i t r o  D i g e s t i o n  R a t e s

N. D. H U N G , E. C S E K E , M. V A S , and G. S Z A B O L C S I

---------------------------------------- A B S T R A C T ----------------------------------------

In vitro tryptic digestion assays and determination of relative diges
tion rates of food proteins described previously were used to evalu
ate changes in the rate of digestion following processing technologies. 
If pH drop measurements are used, a simple mode for the determi
nation of relative digestion rates is suggested based on the compari
son with a single reference of the same protein source. The effect of 
processing technologies could be tested in vitro. Significant increase 
in the velocity of digestion was found on microwave treatment of 
lentil and raw soy bean as well as on acid treatment of commercial 
defatted soy meals. Increase in the in vitro digestion rates was 
reflected in decreased feed consumption per weight gain in pig 
feeding experiments.

IN T R O D U C T IO N

IN  O U R  P R E V IO U S  W O R K , in v itro  m e th o d s  fo r  th e  c o m 
p arative  d e te r m in a tio n  o f  f o o d  p r o te in  d ig e s t io n  ra tes  w ere  
d escr ib ed  (H u n g  e t a l., 1 9 8 4 ) .  T h e  m e th o d s  w ere  b ased  on  
th e  t im e  c o u r se  m e a su r e m e n ts  o f  tr ic h lo r o a c e t ic  ac id  (T C A )  
so lu b le  p e p t id e  r e lea se , p e p tid e  b o n d  c lea v a g e  at c o n s ta n t  
pH  o r  pH  d e c re a se  du rin g  tr y p tic  d ig e s t io n . T h e  la tter  
m e th o d , i.e . rec o rd in g  th e  pH  d ec re a se  o f  th e  d ig e s t io n  m ix 
tu re  as a c o n se q u e n c e  o f  p e p tid e  b o n d  sp lit t in g , in tr o d u c e d  
b y  H su e t  al. ( 1 9 7 7 )  an d  e x te n d e d  b y  o th e r s  (M arsh all e t 
al., 1 9 7 9 ;  R ic h  e t a l., 1 9 8 0 ;  B o d w e ll  e t a l., 1 9 8 0 ;  P ed ersen  
and E ggu m , 1 9 8 1 )  w a s q u a n tita te d  o n  a k in e t ic  basis . It 
h as b een  sh o w n  th a t re la tive  d ig e s t io n  ra tes c o u ld  be  
u n e q u iv o c a lly  d e te r m in e d  i f  d ig e s t io n  o f  d if fe r e n t  lo t s  o f  
fo o d  p r o te in s  o f  th e  sa m e  o r ig in  w e re  c o m p a r ed .

In th e  p r e se n t w o r k  th e  m e th o d s  and m o d e  o f  c a lc u la 
t io n s  d escr ib ed  p r e v io u s ly  w ere  a p p lied  to  te s t  th e  e f f i 
c ie n c ie s  o f  n ew  fo o d  p r o c ess in g  te c h n o lo g ie s . T h e se  w ere  
d ev ised : (1 )  to  d e c re a se  th e  h ig h  tr y p s in  in h ib ito r  a c t iv ity  
(T I)  o f  raw s o y  b ea n  an d  c o m m e r c ia l le n t il  se e d s , an d  ( 2 )  
t o  e n h a n c e  th e  d ig e s t io n  rate  o f  c o m m e r c ia l d e fa t te d  s o y  
m eals. F e e d in g  e x p e r im e n ts  w e re  d ev ised  to  c o n tr o l th e  
in  v itro  d ig e s t io n  rate  d e te r m in a tio n s .

M A T E R IA L S  &  M E T H O D S

TH E C H EM IC A LS used are listed in the previous paper (Hung et al.,
1984).

Microwave treatment of commercial lentil seeds and raw soy 
bean was carried out in the Institute of Enzymology according to 
Benedek et al. (1983), (cf. also Hung et al., 1984). Microwave treated 
lentil seeds are denoted as Lentil-Mw-2 and Lentil-Mw-5 (2 and 5 
min irradiation, respectively). Raw soy bean irradiated for 6  min is 
denoted as EnPro-40 soy. Acid treatment of commercial defatted 
soy meals (SuproSoy) are partly done in the above Institute on 
Laboratory scale and partly at the Agricultural Cooperative, F’iizes- 
gyarmat, in pilot plant experiments according to Dévényi et al.
(1982). Mineral acids were used at room temperature and according 
to the patent a treatment was regarded as efficient (i.e. it improved 
the weight gain and feed ratio in feeding experiments) if the pH of a 
10% w/w water suspension was about 2. SuproSoys are denoted

T h e  a u th o rs  a re  a f f il ia te d  w ith  th e  In s t i t u t e  o f  E n z y m o lo g y ,  B io 
lo g ic a l R e s e a rc h  C e n te r , H u n g a ria n  A c a d e m y  o f  S c ie n c e s ,  B u d a p e s t  
H -1 5 0 2 , P .O . B o x  7 , H u n g a ry . A u t h o r  H u n g 's  p e rm a n e n t  a d d re ss  is 
D e p t , o f  B io c h e m is t r y ,  A g r ic u ltu r a l  U n iv ., H a n o i, V ie tn a m .

with the letter S following the code number of the nontreated sam
ple given by the Cooperative.

The time course of tryptic digestion was measured at pH 8.0 and 
37°C if peptide release or peptide bond cleavage was studied in 
0.5M glycine-NaOH buffer and 0.1M KC1, respectively. The pH drop 
experiments also were carried out at 37°C in 0.1M KC1, starting 
from pH 8.0. Protein and trypsin concentrations in the individual 
experiments varied from 5-12 mg/mL and 50-250 TU/mL, respec
tively.

Exhaustive tryptic digestion was performed with 600 TU/mL 
trypsin at pH 8.0 at 37°C for 24 hr if peptide release was measured. 
When peptide bond splitting was titrated at pH 8.0 and 37°C, first 
the time course was determined up to about 40%  digestion then 
additional trypsin was added and base consumption was recorded 
untii it became maximal.

The detailed description of the in vitro digestion methods applied 
as well as calculation of the degree of digestion can also be found in 
the previous paper (Hung et al., 1984).

Feeding experiments with SuproSoys were carried out by the 
Agricultural Cooperative, Fuzesgyarmat using T ET R A  hybrid pigs. 
The diet, aside from cornmeal, fishmeal and additives contained 
10% commercial soy meal, Fgy-24, or the same amount of its Supro
Soy variant, Fgy-24/S2.

Relative digestion rates (RDR ) determined on the basis of calcu
lations described previously (Hung et al., 1984) are summarized in 
the following. R D R  of food proteins is the ratio of times required to 
attain the same degree of digestion as the reference sample proteins 
according to Eq. 1:

R D R  =
hef

^sample
(1)

If the pH decrease method is used, apart from the times required 
to reach a certain pH value (e.g. pH 7.3) in the digestion mixtures 
the buffering capacities of samples in the pH range 8.0 -*• 7.3 were 
also taken into account for the calculations. The ratio of buffering 
capacities is defined by A = asarrlpie/aref. If the buffering capacities 
of the sample and the reference are the same, R D R  is directly given

t pH  7 .3

= (2)t pH  7 .3  
sample

where tPjj! 7 - 3  and tP ^ p j 3  are the times when pH 7.3 is measured 
if starting from pH 8.0.

If the buffering capacities of the sample and the reference are 
different, the following equation should be used:

RDR
r e f

tpH  7 
sample

(3)

where tfef is the time when the reference attains the same degree of 
digestion as the sample tested. tt„f can be calculated if the buffering 
capacity of the sample (i.e. 7-3) and the time course
of peptide bond splitting of the reference sample are known, as 
described previously (Hung et al., 1984).

R E S U L T S  &  D IS C U S S IO N

E ffe c t  o f  m icr o w a v e  tr e a tm e n t o n  th e  
d ig e s t io n  ra te  o f  le n t il  p r o te in s

T h e  c o m m e r c ia lly  av a ila b le  le n t il  c o n ta in s  s ig n if ica n t  
tr y p sin  in h ib ito r  (T I) a c t iv ity , part o f  w h ic h  is so lu b iliz e d  
at pH  8 .0  (T a b le  1). (W e d id  n o t  in v e stig a te  w h e th e r  th e  
in h ib ito r  a c t iv ity  w a s d u e  to  th e  p r e se n c e  o f  th e  p r o te in  
k n o w n  as T I) . T h e  m icr o w a v e  tr e a tm e n t e la b o ra te d  b y  
B e n e d e k  e t al. ( 1 9 8 3 )  b e s id e s  d e c re a sin g  th e  TI a c t iv ity  
( c f .  T a b le  1 ), e n h a n c e d  th e  d ig e s t ib ility  o f  th e  p r o te in s  as
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D IG E S T IO N  R A  T E S  O F  P R O C E S S E D  F O O D  P R O T E I N S . . .

T a b le  1 — T ! a c t iv ity  o f  c o m m e rc ia l  a n d  p r o c e s s e d  p r o t e in  f o o d s a

Pro te in  c o n t e n t /  
d ry  meal 

(N x 6 .2 5 ) ,  %

TI ac t iv i ty ,
TI U /m g  d ry  meal

S a m p le pH 10 pH  8
Len t i l  m ea ls
C o m m e rc ia l  lentil  meal 3 0 .0 9 .5  ± 0 .8 6 .3  ± 0 .2
Lenti l-Mw-2 3 .0  ± 0 .2 0.1 ± 0.1
Lenti l-Mw-5 0.2 ± 0.1 0.1 ± 0.1
S o y  m ea ls
U-4 5 0 .5 5 . 4  + 0 .3 0.6 ± 0.2
U-4/S 3 .3  ± 0 .2 0.1 ± 0.1
Fgy-24 4 7 .6 6 .0  ± 0 .3 1 .2 ± 0 .5
F g y - 2 4 /S 1 b 4 .2  ± 0 .2 1 .0  ± 0 .5
F g y - 2 4 /S 2 b 4 . 2  ± 0 .2 1 .0  ± 0 .5

8 2 -1 2 5 1 .0 — 0.6 ± 0.6
8 2 - 1 2 /S - 0 .5  ± 0 .5

CH-1 47.1 3 .3  ± 0 .2 2 .3  ± 0 .2
C H -1/S 2 .7  ± 0 .2 0.2 ± 0.1
E n P ro -4 0 c 40.1 3 .8  ± 0 .2 0.1 ± 0.1
a Data are average values o f  at least three de te rm ination s. M w  de

notes m ic row ave  treatm ent. T he  letter S  fo llow e d  b y  the  code 
n u m b e r  o f untreated so y  m eals stands fo r the  S u p rQ S o y  variants. 

D T h e  p H  o f the  1 0 %  w/w w ater su sp e n sio n s  o f  the  S u p r o S c y s  F g y - 
2 4 / S1  and  F g y -2 4 / S 2  w as 4.5 and  1.9, respectively. 

c M ic ro w a v e  treated raw s o y  bean.

d e m o n s tr a te d  b y  m easu r in g  e ith er  th e  T C A  s o lu b le  p e p t id e  
relea se  or  th e  p e p tid e  b o n d  c lea v a g e  (F ig . 1 A ). S im i.a r  
e f fe c t  w a s d e te c te d  i f  pH  d ec re a se  in  th e  d ig e s t io n  m ix tu r e  
w a s fo l lo w e d  (F ig . IB ). In all th ree  k in d s o f  sa m p le s  in v e s t i
g a ted  b o th  p e p tid e  re lease  and p e p t id e  b o n d  sp lit t in g  fo l
lo w e d  th e  sa m e tim e  c o u r se  (F ig . 1A ) as o b ser v e d  w ith  
L en til-M w -5  (H u n g  e t a l . , 1 9 8 4 ) .  T h u s p r o c e ss in g  d id  n o t  
ca u se  d e te c ta b le  c h a n g e  in  th e  d e g r a d a tio n  p a tte r n  o f  d i
g e s t io n . S im ila r ly , d ig e s t io n  fo l lo w e d  p se u d o -f ir s t  order  
k in e t ic s  w h ic h  b e c a m e  e v id e n t  if  d ig e s t io n  ra tes o f  n o n -  
tr ea te d  le n t il  p r o te in s  w e re  c a lc u la te d  fo r  th e  a c tiv e  tr y p s in  
c o n c e n tr a t io n s  (T U actjve =  T U added ~  T IU ).

It sh o u ld  b e  m e n tio n e d  a lso  th a t a fte r  p r o lo n g e d  in c u b a 
t io n  w ith  tr y p s in  th e  p rogress cu rves le v e lle d  o f f  e v en  in  th e  
ca se  o f  L en til-M w -5 . T h is  in d ic a te d  th a t  th e  t im e  c o u rse  
o b serv ed  e x h ib ite d  c o m p le x  k in e t ic s  r e f le c t in g  d if fe r e n c e  
in  th e  tr y p t ic  su sc e p t ib il ity  o f  th e  p r o te in  c o m p o n e n ts .

I f  R D R  w a s c a lc u la te d  fro m  pH  d ro p  e x p e r im e n ts  s im i
lar to  th o s e  p r e se n te d  in F ig . IB  (T a b le  2 )  th e  c h a n g e s  in  
b u ffe r in g  c a p a c it ie s  o f  th e  sa m p le s  ( c f .  T a b le  3 )  w e re  ta k e n  
in to  a c c o u n t . F o r  c a lc u la t io n s  E q. ( 3 )  w a s a p p lie d , n o n -  
tr e a te d  le n t il  b e in g  ta k e n  as a re fe re n c e .

B e ca u se  o f  th e  T I a c t iv ity  so lu b iliz e d  fr o m  th e  m ea l o f  
n o n tr e a te d  le n t il ,  R D R  v a lu e s  c a lc u la te d  d ir e c t ly  fr o m  th e  
d a ta  o f  F ig . 1 w o u ld  lea d  to  m is lea d in g  c o n c lu s io n s . In

T a b le  2 —E f f e c t  o f  m ic ro w a v e  t re a tm e n t  o n  th e  ra te  o f  d ig e st io n  o f  le n t i l  p r o t e in s 0

(A) R D R  c a l cu la te d  f r o m  p e p t id e  b o n d  sp l i t t in g  a n d  p e p t i d e  release  d e t e r m in a t io n

Degree  of 
d iges t ion ,

%

C om i lenti l Lent i le -M w-2 Lenti l -M w-5

t im e ,  m in  R D R t im e ,  min R D R t im e ,  m in R D R

11 .5 13 .5  ± 0 .7  1 9 .8  ± 0 .8 1.4 0 .9  ± 0 .0 3 14
17.3 5 0 .0  ± 2 .6  1 2 8 .0  ± 2 .3 1.8 2 .8  ± 0 .0 9 18
28 .2 4 0 0 . 0  + 2 0 . 8  1 n o t  d e t e r m i n e d 1 7 .5  ± 0 .5 8 23

(B) R D R  c a l cu la te d  f r o m  pH  d r o p  assays

S a m p le tPH  7 . 5 b (m in) R D R C tPH  7 . 3 b (min) R D R -1
C o m m e rc ia l  lentil 1 3 .5  ± 0 . 9 5 1 7 0  ± 5 .2 1
Lenti l-Mw-5 2 .7  ± 0.11 18.7 17 + 0 .7 2 3 .6

a T im e s  are ca lcu lated fo r 100  T U acjjve/ m L  d ige stion  m ixtu re . T h e  data derived  fo r com m erc ia l lentil and  L e n tll-M w -2  are average o - trip lica te  
experim ents, each; tho se  fo r  L e n t il-M w -5  were calcu lated from  8 expe rim ents; ± stand s fo r standard  error. C om m e rc ia l lentil is taken  as a

. I C I Cl Cl I
0 t P H  7 -5 and t P H  7 -3 den ote  the t im es needed to  reach these p H  values starting  from  p H  8.0.

cf. Eq . (3): t r'ef, co rre sp on d in g  to  1 7 .3 %  peptide  b o n d  sp littin g  (cf. T ab le  3), equaled  5 0 .4  m in. 
a cf. Eq . (3): t r'ef, c o rre sp o n d in g  to  2 8 .2 %  peptide  b o n d  sp littin g  (cf. T ab le  3), equaled  4 0 2  m in.

A B
pH

F ig . 1 — T im e  c o u r s e  o f  d ig e stio n  o f  le n t i l  
a n d  p r o c e s s e d  le n t il  p ro te in s .  P ro te in  
a n d  t ry p s in  c o n c e n t r a t io n  o f  d ig e st io n  
m ix tu re s  w as 5 .4 5  m g / m L  a n d  2 0 0  
T U / m L ,  r e s p e c t iv e ly . T I  a c t iv i ty  f o r  th e  
u n tre a te d  le n t i l  m e a l s u s p e n s io n  a t  p H  
8 .0  in  th e  a b s e n c e  o f  t ry p s in  w as 1 0 0  
T IU / m L .  T h e  p r o c e s s e d  m e a ls  d id  n o t  
re lea se  d e te c ta b le  T I  a c t iv i ty  a t  p H  8 .0  
(c f. T a b le  1). (A )  D ig e s t io n  w a s fo l lo w e d  
b y  t it ra t io n  o f  p e p t id e  b o n d  s p lit t in g  
(so lid  lin e s) a n d  T C A -s o lu b le  p e p t id e  
re le a se  (s y m b o ls )  d e te rm in a t io n s . (B )  D i
g e s t io n  w as f o l lo w e d  b y  re c o rd in g  th e  
p H  d r o p  o f  th e  m ix tu re s .
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T a b le  2 th e  R D R  v a lu e s  w e r e  c a lc u la te d  fo r  a c t iv e  tr y p s in  
c o n c en tra tio n s . T h e se  c a lc u la t io n s  rev ea led  th a t  th e  tr ea t
m e n t MW-2 o n ly  s lig h t ly  in c re a se d  th e  ra te  o f  d ig e s t io n  o f  
le n t il  p r o te in s  a lth o u g h  irra d ia tio n  r ed u c ed  th e  TI a c t iv ity .  
T h e  tr e a tm e n t M w -5 r esu lted  in  a m o r e  th a n  1 0 -fo ld  e n 
h a n c e m e n t in  th e  ra te  o f  d ig e s t io n . T h e  d a ta  o f  T a b le  2 
draw  a t te n t io n  t o  a fu r th e r  e f fe c t  o f  th e  tr e a tm e n ts . T h e  
R D R  v a lu e s  c h a r a c te r ist ic  o f  p r o c e sse d  le n t il  in c re a se  w ith  
th e  p rogress o f  d ig e s t io n . T h is  su g g es ts  th a t  th e  tr e a tm e n t  
a ffe c ts  d if fe r e n t ly  th e  d ig e s t ib ility  o f  th e  le n t il  p r o te in  
c o m p o n e n ts :  th e  tr y p t ic  s u sc e p t ib il ity  o f  th e  le s s  su sc e p tib le  
p r o te in  c o m p o n e n t ( s )  b e in g  in c re a se d  t o  a grea ter  e x te n t  
th a n  th a t  o f  a lre a d y  r a p id ly  d ig e s t ib le  o n e s .

It sh o u ld  b e  n o te d  th a t th e  a b o v e  m e n t io n e d  p o s it iv e  
e f fe c t  o f  p r o c e ss in g  can  b e  d ir e c t ly  c a lc u la te d  fr o m  th e  
t im e  co u r se  o f  p e p t id e  b o n d  c lea v a g e  o r  p e p t id e  re lease . 
If, h o w e v e r , th e  pH  d ro p  a ssay  is  u sed  R D R  v a lu e s  c o rr e 
sp o n d in g  to  sev era l p H  v a lu e s  sh o u ld  b e  c a lc u la te d  w ith  th e  
aid o f  E q . ( 3 )  in  ord er  to  d e te c t  su c h  a p h e n o m e n o n .

E ffe c t  o f  p r o c ess in g  o n  th e  in  v itro  rate  
o f  d ig e s t io n  o f  s o y  p r o te in s

T h e  e f fe c t  o f  tw o  p r o c ess in g  te c h n o lo g ie s  w a s stu d ied .
T h e  in  v itro  d ig e s t io n  fo l lo w in g  an e f f ic ie n t  and n o n 

e f f ic ie n t  ac id  tr e a tm e n t o f  c o m m e r c ia l s o y  m ea l F g y -2 4  
is  p r e se n ted  in  F ig . 2 A  an d  2 B . (T h e  e v a lu a t io n  o f  R D R  
fr o m  pH  d ro p  a ssa y s w ill  b e  sh o w n  b e lo w ) .  T h e  t im e  c o u rse  
o f  d ig e s t io n  o f  th e  m icr o w a v e  tr e a te d  sa m p le  E n P r o -4 0  is  
sh o w n  in  F ig . 3 a n d , as a c o m p a r iso n , p r o te in  d ig e s t io n  o f  
a c o m m e r c ia l s o y  m ea l o f  m e d io c r e  q u a lity  (C H -1 ) as w e ll  
as th a t  o f  its  S u p r o S o y  v a r ia n t ( C H - l /S )  are a lso  sh o w n . 
T h e  R D R  v a lu es ch a r a c te r iz in g  a c id  tr e a tm e n t o f  severa l 
lo t s  o f  c o m m e r c ia l s o y  m ea l as c a lc u la te d  fr o m  p e p tid e  
b o n d  sp lit t in g  d e te r m in a t io n s  are su m m a riz ed  in  T a b le  4 ,  
c o lu m n s  1 and 2 . T h e  R D R  v a lu e s  o f  E n P r o -4 0  re la tiv e  to  
sa m p le  U -4  and CH -1 are a lso  in c lu d e d . T h e  d a ta  sh o w  th a t  
a c id  tr e a tm e n t in crea sed  th e  rate  o f  d ig e s t io n  o f  c o m m e r c ia l  
so y  m ea l p r o te in s  b y  a fa c to r  o f  a b o u t  tw o . A s t o  th e  sa m p le

T a b le  3 —R e la t io n s h ip  b e tw e e n  b u f fe r in g  c a p a c ity  a n d  d e g re e  o f  d ig e st io n a

Sample pH range

Buffering
capacity

pL  0.1 n h c i
asample 

A aref

Degree o f digestion (%) 
at time t b

Peptide 
bond splitting

Peptide
releasemg protein

Comi lentil meals 8.0 - 7 . 5 0.55 ± 0.03 Ref 11.2 11.2
8 .0 - 7 .3 0.68 ± 0.04 18.5 18.5

Lentll-Mw-5 8 . 0 - 7 . 5 0.84 ± 0.05 1.53 17.3 17.3
8 .0 - 7 .3 1.03 ± 0.06 1.52 28.2 28.2

Comi soy meals 8 . 0 -  7.5 0.67 ± 0.03 Ref 13.8 6.9
8 .0 - 7 .3 0.84 ± 0.04 23.0 11.5
8 . 0 -  7.2 0.93 ± 0.04 30.0 15.0

SuproSoy meals 8.0 -  7.5 0.85 ± 0.05 1.27 17.5 8.8
8 .0 - 7 .3 1.06 + 0.06 1.26 29.0 14.5
8 . 0 - 7 . 2 1.17 ± 0.07 1.26 37.9 19.0

EnPro-40 8 . 0 - 7 . 5 0.40 ± 0.02 0.60 8.5 4.3
8 . 0 -  7.3 0.57 ± 0.03 0.68 15.8 7.8

a T h e  data refer to  the  m eals listed in  T ab le  1. A ve rage  o f  at least 12 de te rm inat ion ; ±, standard  e rro r fo r  five  lo ts o f  com m erc ia l so y  m eals and  
the ir S u p r o S o y  va rian ts as w ell as com m erc ia l lentil and  m ic row ave  treated Len t il-M w -5 , respective ly.

B t is the  t im e  requ ired  to  reach p H  7.5, 7.3, and  7.2, respective ly, in the  p H -d rc p  assays.

A B C

"8U)
OQ)

<D~o
Q.
CD

CL

F ig . 2 - E f f e c t  o f  a c id  tre a tm e n t  o n  th e  d ig e st io n  ra tes  o f  c o m m e r c ia l  s o y  m e a l p ro te in s .  P ro te in  c o n c e n t r a t io n s  v a r ie d  b e tw e e n  5 - 1 2  m g / m L ;  
t ry p s in  c o n c e n t r a t io n s  w e re  5 0 - 2 0 0  T U / m L .  A v e ra g e  va lu es a re  p re s e n te d . S o l id  l in e s : t it ra t io n  o f  p e p t id e  b o n d  s p lit t in g  a n d  p H - d r o p  a ssa y ;  
s y m b o ls :  p e p t id e  re le a se  d e te rm in a t io n . (A )  T im e  c o u r s e  o f  d ig e st io n  o f  s a m p le  F g y - 2 4  a n d  o f  tw o  o f  its  S u p r o S o y  v a ria n ts  (c f . f o o tn o te  b  to  
T a b le  1). (B )  p H  d e c re a se  e x p e r im e n ts  c a r r ie d  o u t  w ith  sa m p le s  as in  F ig . 2 A .  (C ) T im e  c o u r s e  o f  d ig e st io n  o f  c o m m e r c ia l  s o y  m e a l U -4, w h ic h  
w as u s e d  as a re fe re n c e  in  th e  R D R  c a lcu la tio n s .
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D IG E S T IO N  R A T E S  O F  P R O C E S S E D  F O O D  P R O T E IN S  . . .

A pH
B

F ig . 3 —E f f e c t  o f  d i f f e r e n t  p ro c e s s in g s  or. 
th e  d ig e s t ib ility  o f  s o y  p ro te in s . P ro te in  
a n d  t ry p s in  c o n c e n t r a t io n  w a s 5  m g / m L  
a n d  2 0 0  T U / m L ,  r e s p e c t iv e ly . S o l i d  lin e s  
a n d  s y m b o ls  as in  th e  le g e n d s  to  F ig . 2  
C H - 1, c o m m e r c ia l  s o y  m e a l; C H - l.fS . 
S u p r o S o y  m e a l; E n P r o - 4 0 ,  m ic ro w a v e  
tre a te d  ra w  s o y  b e a n . T l  a c t iv ity  in  th e  
a b se n c e  o f  t ry p s in  w as 2 5 ,  2  a n d  3  T I U /  
m L  fo r  C H -1 , C H - 1 / S  a n d  E n P r o - 4 0 ,  
re s p e c t iv e ly . (A )  T im e  c o u r s e  o f  p e p t id e  
b o n d  c lea va g e  a n d  p e p t id e  release. iB I  
T im e  c o u rs e  o f  p H  d e cre a se .

T a b le  4 —C h a ra c te r iz a t io n  o f  p ro c e s s in g  te c h n o lo g ie s  o f  c o m m e rc ia l  s o y  m ea ls a n d  ra w  s o y  b e a n a

R D R b ca l cu la te d  f r o m  p e p t id e
b o n d  sp l i t t in g  R D R  c a l cu la te d  f r o m  pH d r o p

S a m p le

U-4 U n t re a te d t pH  7.3

m in  x 1 T U / m L

U-4C U-4d U n t r e a t e c e

S am p le Processed U n t r e a t e d Processed Processed

U-4 1 1 3 9 0 1 1 1
U-4/S 2 .8 5 2 .8 5 3 0 0 - 2 . 5 0 2 . 5 3

Fgy-24 0 .6 7 1 5 3 2 0 .7 3 — 1
Fgy-24/S1 0 .6 7 1 8 3 5 - 0.88 1.21
F g y -2 4 /S 2 1 .55 2.31 4 9 0 - 1 .53 2.10
8 2 -1 2 0 .5 0 1 7 8 0 0 .5 0 — 1
8 2 - 1 2 /S 1 2 7 8 0 - 0 .9 6 1 .92

CH-1 0 .3 3 1 1 2 5 0 0.31 — 1
CH-1 /S 0 .8 3 2 .5 2 9 8 0 - 0 .7 7 2 .4 7

CH-1 0 .3 3 1 1 2 5 0 0.31 - 1
E n P ro -4 0 0 .5 0 1 .52 3 0 0 — 0 . 5 0 f 1.61
a
b
c
d
e
f

Data are average values o f at least fo u r  de te rm ination s.
F o r  ca lcu la t ion s a cco rd in g  to  Eq . (1), t im e s co rre sp o n d in g  to  2 3 %  and/or 2 9 %  d ige st ion  w ere  used, 
cf. Eq . (2): 7-3 c o rre sp on d s  to  2 3 %  peptide  b o n d  sp littin g  (cf. T ab le  3).
cf. Eq . (3): t ' fl co rre sp o n d in g  to  2 9 %  peptide b on d  sp littin g  (cf. Tab le  3), equaled 7 5 0  m in  x 1 T U / m L .
cf. Eq . (4).
cf. Eq . (3 ): t r'e f, co rre sp o n d in g  to  1 5 .5 %  peptide  b o n d  sp litt in g  (cf. T ab le  3), equaled 1 5 0  m in  x  1 T U / m L .

T a b le  5 —C o m p a r iso n  o f  a S u p r o S o y  ( F g y - 2 4 / S 2 )  w ith  its  p a r e n t  
u n t r e a te d  s o y  m e a l (F g y -2 4 )  in  p ig  fe e d in g  e x p e r im e n tsa

Series 1 Series 2

U ntreated SuproSoy U ntreated SuproSoy
soy meal meal soy meal meal

N um ber of anim als 549 1 124 79 79
S tarting  w eight, kg 
Average starting

7 430 15 112 1 014 1 038

w eight/an im al, kg 13.5 13.5 12.8 13.1
F atten ing  period , days 76 70 146 146
W eight gain, kg 18 340 4 0  254 5 169 5 802
Average w eight/an im al, kg 
Feed co nsum ption , kg

47 49.3 78.3 86.6

per kg w eight gain 3.24 2.99 3.60 3 .10

a T h e  in  v i t r o  R D R  v a lu e  w as 2 .2 .

E n P r o -4 0  its  in  v itro  d e te r m in e d  d ig e s t io n  rate  w a s c o m 
p arab le  to  th o s e  o f  c o m m e r c ia l d e fa t te d  m eals .

It sh o u ld  b e  n o te d  th a t in th e  e x p e r im e n ts  p r e se n te d  and  
in  all o th e r  ca ses  in v e stig a te d , fo r  th e  r e lea se  o f  o n e  T C A  
so lu b le  p e p t id e  th e  c lea v a g e  o f  an  average o f  tw o  p e p tid e  
b o n d s  w a s o b ser v e d . T h u s  p r o c ess in g  d id  n o t  c h a n g e  th e  
m e c h a n ism  o f  d ig e s t io n  o f  th e  p r o te in s . S im ila r ly , tr y p tic

d ig e s t io n  fo l lo w e d  p seu d o -fir s t  o rd er  k in e t ic s  in  all cases  
te s te d . In  c o n tr a st  to  th e  p h e n o m e n o n  rev ea led  w ith  p r o c 
essed  le n t il  se e d  th e  R D R  v a lu es d id  n o t  c h a n g e  a p p re c ia b ly  
w ith  th e  p rogress o f  d ig e st io n . T h is  su g g es ted  th a t  th e  tr e a t
m e n ts  e x e r te d  p r a c tic a lly  th e  sa m e  e f fe c t  o n  th e  rate  o f  d i
g e s t io n  o f  th e  p r o te in  c o m p o n e n ts  o f  th e  so y .

T h e  acid  tr e a tm e n ts , e x h ib it in g  an  R D R  v a lu e  o f  a b o u t  
tw o  gave g o o d  r esu lts  in  p ig  fe ed in g . T w o  ser ies  o f  e x p e r i
m e n ts  carried  o u t  w ith  sa m p le s  F g y -2 4  and F g y -2 4 /S 2  
are p r e se n te d  in T a b le  5 . A lth o u g h  b o th  sa m p le s  sh o w e d  
p r a c tic a lly  th e  sam e v a lu e  u p o n  e x h a u s t iv e  d ig e s t io n  (a b o u t  
90% ), F g y -2 4 /S 2 ,  w h ic h  sh o w e d  a h ig h er  rate  o f  d ig e s t io n  
in  v itro , p roved  to  b e  a m u c h  b e tte r  fe ed  c o m p o n e n t .

Calculation o f RDR from pH-drop assays w ith the 
aid o f a single reference titration curve

A s sh o w n  p r e v io u s ly  (H u n g  e t a l., 1 9 8 4 ) ,  th e  d e te r m in a 
t io n  o f  th e  b u ffe r in g  c a p a c it ie s  o f  th e  sa m p le s  an d  th a t o f  
th e  t im e  c o u r se  o f  p e p tid e  b o n d  s p lit t in g  o f  th e  r e fe r e n c e  
sa m p le  is req u ired  fo r  c a lc u la t io n s  o f  R D R  fr o m  pH  d e crea se  
m e a su r em e n ts . T h e  b u ffe r in g  c a p a c it ie s  o f  c o m m e r c ia l,

—C o n t in u e d  o n  p a g e  1 5 5 1
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M e t h i o n i n e  S u l f o x i d e  D e t e r m i n a t i o n  A f t e r  A l k a l i n e  H y d r o l y s i s  

o f  A m i n o  A c i d  M i x t u r e s ,  M o d e l  P r o t e i n  S y s t e m s ,

S o y  P r o d u c t s  a n d  I n f a n t  F o r m u l a s

J. M. T O D D , N. L. M A R A B L E , an d  N. L. K E H R B E R G

----------------------------------------A B S T R A C T -----------------------------------------

Two previously reported methods (2M NaOH, 18 hr, 100°C; 3M 
NaOH, 16 hr, 110°C) for alkaline hydrolysis of proteins containing 
methionine sulfoxide (MetSO) were compared in free amino acid 
and model protein systems. Recoveries of MetSO from amino acid 
mixtures after 2M NaOH hydrolysis and ion-exchange chromatog
raphy were higher than after 3M NaOH hydrolysis. Recoveries of 
methionine (Met), MetSO and methionine sulfone (MetS0 2 ) from 
model proteins after 2M NaOH hydrolysis suggested destruction 
of Met, no production of MetS0 2  and, in the presence of glucose, 
possible production of small amounts of MetSO. Except for one soy 
isolate, measured MetSO was <  7% of total methionine (oxidized 
plus unoxidized) in soy products. In milk- and soy-based infant 
formulas, measured MetSO ranged from 7 -  32% of total methionine.

IN T R O D U C T IO N

A  V A R IE T Y  o f  c h e m ic a l an d  p h y s ic a l  c h a n g e s  w h ic h  c o u ld  
a f fe c t  p r o te in  n u tr it io n a l q u a lity  m a y  o c c u r  du rin g  th e  
p r o c ess in g  o f  s o y  or  m ilk  p r o te in . S o m e  c h a n g e s , su ch  as 
a m in o  acid  d e s tr u c t io n , h ave fr e q u e n t ly  b e e n  s tu d ie d  w ith  
w e ll-e s ta b lish e d  m e th o d o lo g y .  O th er  c h a n g e s , su c h  as 
su lfu r  a m in o  ac id  o x id a t io n ,  w h ic h  a lso  m a y  b e  n u tr it io n 
a lly  im p o r ta n t , can  b e  e x p e c te d  to  r esu lt  fr o m  h e a t a n d /o r  
a lk a li-tr e a tm e n t o f  p r o te in s  (W alker e t a l.,  1 9 7 5 ;  C h e fte l,
1 9 7 7 ) .  A  l im ite d  n u m b e r  o f  s tu d ie s  o n  th e  o x id a t io n  o f  
su lfu r  a m in o  ac id s du rin g  th e  p r o c e ss in g  o f  p r o te in  fo o d  
p r o d u c ts  have b e e n  p u b lish e d . C a sein , m ilk , su n flo w e r  
p r o te in , f ish  p r o te in , r a p e se ed  f lo u r , egg  w h ite ,  s o y  i s o 
la te , an d  leg u m e  p r o te in s  h a v e  b e e n  s tu d ie d , u su a lly  in  
m o d e l sy s te m s  (C u q  e t a l., 1 9 7 8 ;  S jo b erg  an d  B o s tr o m ,  
1 9 7 7 ;  S lu m p  a n d  S c h reu d er , 1 9 7 3 ;  A n d e r so n  e t  a l.,  1 9 7 5 ;  
C h ang e t  a l., 1 9 8 2 ;  M arshall e t  a l.,  1 9 8 2 ) .  M e th io n in e  su l
f o x id e  has b e e n  d e te c te d  in  m ea t (H a p p ic h , 1 9 7 5 ) ,  so y  
c o n c e n tr a te  (H a p p ic h  e t  a l., 1 9 7 5 ) ,  u n tr e a te d  f ish  p r o te in  
(S jo b er g  and B o s tr o m , 1 9 7 7 ) ,  u n tr e a te d  f ish  p r o te in  and  
ca se in  (S lu m p  a n d  S c h r e u d e r , 1 9 7 3 ) ,  n a tiv e  p o r c in e  p e p s in  
(K id o  a n d  K a sse l, 1 9 7 5 ) ,  a n d  c a se in , eg g , g e la t in , f ish , m ilk , 
b e a n s , g lu te n , an d  s o y  an d  r a p e se ed  m ea ls  (N ja a , 1 9 8 0 ) .

M ost cu rren t m e th o d o lo g ie s  fo r  m ea su r in g  o x id iz e d  
fo r m s  o f  m e th io n in e  su c h  as m e th io n in e  s u lfo x id e  are q u e s 
t io n a b le . A lth o u g h  d if f ic u lt ie s  w ith  m e th o d o lo g y  have  
fr e q u e n t ly  b e e n  m e n t io n e d  (R a y  an d  K o sh la n d , 1 9 6 2 ;  
P ie n ia z ek  e t a l.,  1 9 7 5 a , b , G jo en  an d  N jaa , 1 9 7 7 ;  N jaa,
1 9 8 0 ) ,  fe w  m e th o d  p ro v in g  e x p e r im e n ts  h a v e  b e e n  p u b 
lish e d . T h e  m o st  w id e ly  u sed  m e th o d s  fo r  d e te r m in in g  
m e th io n in e  s u lfo x id e  in v o lv e  io n -e x c h a n g e  c h r o m a to g r a p h y  
a fter  b asic  h y d r o ly s is  w ith  a p p r o x im a te ly  50%  N a O H  or  
2M  B a (O H )2 , or  an  a lk y la t io n  te c h n iq u e  fo l lo w e d  b y  acid  
h y d r o ly s is  and io n -e x c h a n g e  c h r o m a to g r a p h y  (N e u m a n n ,  
1 9 6 7 ) .  L u n d er  ( 1 9 7 2 ) ,  K eh rb erg  ( 1 9 7 6 ) ,  L ip to n  an d  B o d -

A u t h o r  T o d d  is a ff il ia te d  w ith  th a  D e p t , o f  H u m a n  N u tr it io n  &  
F o o d s ,  V irg in ia  P o ly t e c h n ic  In s t i t u t e  &  S ta te  U n iv .,  B la c k s b u rg ,  
V A  2 4 0 6 1 . A u t h o r  M a ra b ie , to  w h o m  c o r r e s p o n d e n c e  s h o u ld  b e  
d ire c te d , is w ith  th e  D e p t , o f  N u t r it io n  &  F o o d  S c ie n c e s ,  U n iv . o f  
T e n n e sse e , K n o x v il le ,  T N  3 7 9 9 6 - 1 9 0 0 . A u t h o r  K e h r b e r g  is w ith  
th e  D e p t , o f  H o m e  E c o n o m ic s ,  W este rn  C a ro lin a  U n iv .,  C u llo w h e e ,  
N C  2 8 7 2 3 .

w e ll ( 1 9 7 7 ) ,  an d  N e u m a n  ( 1 9 6 7 )  r e p o r te d  lo s se s  in  m e th io 
n in e  su lfo x id e  du rin g  b a s ic  h y d r o ly s is ,  e sp e c ia lly  w ith  bar
iu m  h y d r o x id e . C uq e t a l. ( 1 9 7 3 )  r ep o rte d  lo w e r  m ea su red  
lev e ls  o f  m e th io n in e  su lfo x id e  in o x id iz e d  c a se in  u s in g  th e  
a lk y la t io n  te c h n iq u e  th a n  w ith  th e  ‘d ir e c t ’ a lk a lin e  h y d r o ly 
sis m e th o d , b u t  n o  e x p e r im e n ta l d e ta ils  w ere  g iv en  w h ic h  
su b s ta n tia te  th e  s ta te m e n t  th a t th e se  lo w e r  v a lu es w ere  th e  
resu lt o f  in c o m p le te  c a r b o x y m e th y la t io n .  L u n d er  ( 1 9 7 2 )  
p r o p o se d  a m e th o d  fo r  d e te r m in in g  m e th io n in e  s u lfo x id e  
b a sed  o n  th e  rea rra n g em en t o f  s u lfo x id e  w ith  a c e t ic  a n h y 
d r id e , b u t n o  e v id e n c e  w as p r e se n te d  to  s h o w  th a t th e  
r e a c t io n  p r o c e e d s  q u a n t ita t iv e ly  an d  sp e c if ic a lly  w ith  m e th 
io n in e  s u lfo x id e  in  in ta c t  p r o te in s . T h e  c a lib r a tio n  curve fo r  
th e  a c e t ic  a n h y d r id e  r e a c t io n  w a s p rep a red  u s in g  free  
m e th io n in e  s u lfo x id e ,  and th u s  th e  d a ta  o n  th e  m e th io n in e  
s u lfo x id e  c o n te n t  o f  so m e  p r o te in s  m a y  b e  in c o r r e c t .  
R e c e n t ly ,  N jaa ( 1 9 8 0 )  r ep o rte d  th e  u se  o f  a c o lo r im e tr ic  
m e th o d  fo r  th e  d e te r m in a tio n  o f  m e th io n in e  s u lfo x id e .  
H y d r o ly s is  w ith  b ariu m  h y d r o x id e  w a s r e p o r te d  to  g ive  
b e tte r  r e c o v e r y  th a n  h y d r o ly s is  w ith  5M  N aO H .

B e ca u se  o f  th e  lo sse s  o f  m e th io n in e  s u lfo x id e  r ep o rte d  
in  c o n n e c t io n  w ith  h y d r o ly s is  w ith  50%  N aO H  or 2M  
B a (O H )2 , less severe  c o n d it io n s  u sin g  N aO H  have s o m e 
t im e s  b e e n  u t i l iz e d . C uq e t al, ( 1 9 7 7 )  a n d  S job erg  an d  B o s
tr o m  ( 1 9 7 7 )  r ep o rte d  h y d r o ly s is  c o n d it io n s  u s in g  3M  
N aO H  at 1 1 0 °C  fo r  16 hr or  2M  N aO H  at 1 0 0 °C  fo r  18 hr, 
r e s p e c t iv e ly . N e ith e r  g ro u p  r e p o r te d  sp e c if ic  d a ta  o n  
r ec o v er ie s  o f  m e th io n in e  s u lfo x id e  fr o m  th e  h y d r o ly s is  
m e d iu m . T h e  o b je c tiv e s  o f  th e  p r e se n t s tu d y  w ere  to  c o m 
pare r e c o v e r y  d a ta  u sin g  th e se  tw o  p r e v io u s ly  r ep o rte d  
h y d r o ly s is  m e th o d s  fo r  m e a su r e m e n t o f  m e th io n in e  s u lf o x 
id e , and to  d e te r m in e  th e  a m o u n ts  o f  o x id iz e d  fo r m s  o f  
m e th io n in e  in  s e le c te d  s o y  p r o d u c ts  an d  in fa n t  fo r m u la s .

M A T E R IA L S  & M E T H O D S

Materials

One soy flour (Soyafluff 200W), one soy concentrate (Promosoy 
100), and two soy isolates (Promine D and Promine F) were ob
tained from Central Soya Company (Chicago, IL). Five infant form
ulas were purchased locally and included three milk-based formulas 
[powdered Similac fortified with iron and concentrated liquid Simi- 
lac, Ross Laboratories (Columbus, OH) and powdered SMA, Wyeth 
Laboratories, Inc. (Philadelphia, PA)] and two soy isolate-based 
formulas in concentrated liquid form [Prosobee, Mead Johnson and 
Company (Evansville, IN) and Isomil, Ross Laboratories (Columbus, 
OH)]. Animal Nutrition Research Council reference casein was 
obtained from Humko-Sheffield Chemical Company (Memphis, TN).

Lysozyme, DL-methionine, DL-methionine sulfoxide, DL- 
methionine sulfone, cysteic acid, and cystine were purchased from 
Sigma Company (St. Louis, MO). Ninhydrin, thiodiglycol, and a 
standard amino acid mixture (Type H) were obtained from Pierce 
Chemical Company (Rockford, IL). Ethylene glycol monomethyl 
ether was purchased from Fisher Scientific Company (Fairlawn, 
NJ). All other chemicals were reagent or chromatographic grade.

Basic hydrolysis

Free amino acids. Methionine, methionine sulfoxide and meth
ionine sulfone were hydrolyzed: (a) individually, (b) in combination 
with each other and other amino acids (footnote 3, Table 1), (c) 
individually with glucose present at a level 5 times greater than that
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of the amino adds, and (d) in combination with other amino 
acids (footnote 3, Table 1) and in the presence of glucose at a level 
5 times greater than that of the amino acids. Individual amino acids 
or amino acid combinations were subjected to two sets of hydroly
tic conditions: (1) 2M NaOH for 18 hr at 100°C (Sjoberg and Bos- 
trom, 1977), and (2) 3M NaOH for 16 hr at 110°C (Cuq et al.,
1977). One m L of the solution of 20 amino acids (Table 1) or of 
a 3 -  6  Mmole/mL solution of each individual amino acid was placed 
in polypropylene screw-cap centrifuge tubes (Dynalab, Inc., Roches
ter, NY). One milliliter of either 4M NaOH or 6 M NaOH was added 
with mixing; the vials were flushed with nitrogen immediately prior 
to capping. Following hydrolysis, the contents were allowed to cool, 
the pH adjusted to 1.9 with 6 M HC1, and the volume brought to 
either 10.0 or 25.0 mL with 0.2M sodium citrate buffer, pH 1.9.

Model proteins. One milliliter of a 10 mg/mL solution of lyso
zyme or 100 mg of casein were hydrolyzed in 2M NaOH (final con
centration) as described for free amino acids. Lysozyme and casein 
were also hydrolyzed using 2M NaOH in the presence of glucose at 
a level 5 times greater by weight than the respective proteins.

Oxidized lysozyme and casein samples were prepared using 
H 2 0 2  (Cuq et al., 1973; Chang et al., 1982). A 5 %  casein solution, 
pH 8 , was treated with 0.5% H 2 0 2  at 53°C for 45 min. A  2% solu
tion of lysozyme was oxidized without pH adjustment with 0.6% 
H 2 0 2  at 55°C for 1.5 hr. Oxidized proteins were hydrolyzed with 
and without glucose using 2M NaOH, and oxidized casein was 
hydrolyzed without glucose using 2M NaOH, and oxidized casein 
was hydrolyzed without glucose using 3M NaOH as previously 
described.

Food products. All food products were hydrolyzed with 2M 
NaOH for 18 hr at 100°C. Dry samples containing 100 mg of pro
tein were weighed directly into polypropylene centrifuge tubes to 
which 3.0 mL of 4M NaOH and 3.0 mL of deionized water were 
added. In the case of liquid samples, 3.0 m L of the sample and 3.0 
mL of 4M NaOH were pipetted directly into the polypropylene 
tubes. The contents of all tubes were then mixed and flushed with 
nitrogen and hydrolyzed as previously described.

Acid hydrolysis

All materials which were base-hydrolyzed were also subjected 
to acid hydrolysis. In the case of the amino acids and lysozyme, 
1 mL of each solution was placed in a 10 mL heat-sealable glass 
ampoule and ampoule and 4 mL of 6 M HC1 were added. Approxi
mately 100 -  500 mg of other samples were weighed into 20 mL 
glass ampoules, and 10 mL 6 M HC1 were added. The vials were 
flushed with nitrogen, sealed under a slight vacuum, and heated at 
110°C for 24 hr. After filtration through glass wool, aliquots were 
dried in a vacuum desiccator and resuspended in 0.1 M citrate buffer, 
pH 1.9, 0.2M Na+ .

Performic acid oxidation

Total methionine (methionine plus oxidized methionine) was 
determined in lysozyme, casein, oxidized lysozyme, oxidized casein, 
and the food products using the performic acid method of Moore 
(1963).

Chromatographic conditions

Samples were chromatographed on either a Technicon NC-2P

or TSM  Amino Acid Analyzer. For the NC-2P, a 0.5 cm x 23 cm 
column with Technicon Type C-3 resin at 55°C was used; the flow 
rate was 0.5 mL/min. Citrate buffers (0.2M Na”̂  were used for 
elution as follows: Buffer 1, pH 2.40, 35 min; Buffer 2, pH 3.25, 
16 min; Buffer 3, pH 3.61, 30 min. The TSM  had a 0.5 cm X 
40.0 cm column with Technicon Type C-3 resin at 52°C and a flow 
rate of 0.41 mL/min. Citrate buffers (0.3M Li”1/) were used for elu
tion as follows: Buffer 1, pH 2.68, 23 min; Buffer 2, pH 2.61, 
59 min; Buffer 3, pH 3.30, 28 min; Buffer 4, pH 4.15, 55 min. All 
other solutions and conditions for the operation of both analyzers 
were described in the Technicon Corporation TSM  or NC-2P Opera
tions Manuals (Technicon Instruments Corp., Tarrytown, NY, 
1973).

Determination of total nitrogen

Casein and all food products were analyzed for total nitrogen 
using the macro-Kjeldahl-Gunning-Arnold method (AOAC, 1970).

Food product calculations

Total methionine, methionine sulfoxide and methionine sulfone 
in the food products were measured after 3 oxidation-hydrolysis 
or hydrolysis procedures (performic acid oxidation followed by acid 
hydrolysis, basic hydrolysis with 2 M NaOH, and acid hydrolysis 
respectively). Unoxidized methionine was calculated by difference 
(total methionine minus methionine sulfoxide minus methionine 
sulfone).

Statistical methods

Variances of a set of data were checked for homogeneity using 
the F max-test (Sokal and Rohlf, 1967). When the variance in a set 
of data containing only two groups was homogeneous, Student’s 
t-test was done to compare means of the groups. When the vari
ances in a set of data containing three or more groups were homo
geneous, one-way analysis of variance was used to analyze the data 
and the range simultaneous test procedure (Sokal and Rohlf, 1967) 
was used to detect differences between specific means.

When the variances in a set of data were not homogeneous, a 
modified t-test for comparing means of groups with unequal vari
ances, described by Sokal and Rohlf (1967), was used to compare 
means.

Means were considered different from each other if the prob
ability of such a difference was 0.05 or less.

R E S U L T S  & D IS C U S S IO N  

F ree  a m in o  ac id s

R e c o v e r ie s  o f  m e th io n in e ,  m e th io n in e  s u lfo x id e  an d  
m e th io n in e  su lfo n e  fo l lo w in g  h y d r o ly s is  u n d e r  v a r io u s  
c o n d it io n s  are p r e se n ted  in T a b le  1. W hen th e  a m in o  a c id s  
w ere  b a se -h y d r o ly z e d  in d iv id u a lly , n o  fo rm  o f  m e th io n in e  
o th e r  th a n  th e  o n e  b e in g  h y d r o ly z e d  w a s r e c o v er ed  (e .g .,  
m e th io n in e  s u lfo x id e  w as n o t  r ec o v er ed  a fte r  h y d r o ly s is  o f  
m e th io n in e ) .  H y d r o ly s is  c o n d it io n s  had  l it t le  e f fe c t  o n  th e  
r ec o v er y  o f  m e th io n in e  s u lfo n e  (T a b le  1).

T a b le  1—H y d r o ly s is  b e h a v io r  o f  s e le c te d  a m in o  a c id s

P e rc e n t  R e c o v e r y 3'*3
2M N aO H ,  18 hr 1 0 0 °C

H y d r o ly z e d  ind iv idua l ly  H y d r o ly z e d  in a m i x t u r e *3
W /O  g lu co se*3 W /g lucose*3 W /O  g lu c o se*3 W /g lu c o s e3

M e th io n in e  9 3 .7  ± 4 . 0 W 8 3 .4  ± 4 . 5 X 9 4 , 8  ± 3 . 3 W 9 9 . 2  ± 4 . 5 W 89.1 ± 3 . 2 X 9 0 . 9  + 4.3*
M e th io n in e  su l fo x id e  6 7 . 6  ± 2 . 0 W 9 0 . 5  + 3 . 9 X 8 9 . 8  + 3 .6y 8 5 .6  + 2 . 9 y 10 0 .3  ± 2 .2Z l O L S  + S.O33
M e th io n in e  su l fo n e  1 0 0 .5  ± 4 . 5 WX 9 7 . 8  ± 4 . 3 X 101.1 ± 3 .8W 10 3 .4  ± 5 .2W 10 4 .7  ± 2. 1W 1 0 2 .8  + 6.4 W

3 A l l  sam p les were ch rom a to g rap h ed  on  an N C -2 P  A m in o  A c id  A n a ly ze r.
V a lu e s  sh o w n  are m eans and  standard  d ev ia t ion s o f three to  seven d eterm inations. W here  c o m p a r iso n s  were m ade, n um b e rs  in h o r lzo n ta  row s 
having the sam e superscrip t letter are no t s ign if ic an t ly  d iffe ren t at 0 .0 5  level. C o m p a riso n s  were m ade between c o lu m n s  1 and  2, 1 and  3 2 
and  5, 3 and  4, 5 and 6, 3 and 5, 4  and 6.
M ix tu re  o f 2 0  a m in o  acids in c lud in g  g lyc ine, asparagine, a lan ine, valine, serine, g lu tam ic  acid, ty ro sine , p ro line , ly sine, th reon ine, h istid ine, 
t ryp to p h a n ,  p heny la lan ine , leucine, argin ine, cy stine , cy ste ic  acid, m eth ion ine , m e th io n ine  su lfo x ide , and  m e th io n in e  su lfon e ; o r ig ina  so lu 

t i o n  c o n c e n tra t io n s  = 0 . 4 - 2 . 8 /^moles/mL.
W ith o u t  (W /O) glucose, or w ith  (W/) g lucose  present in the  h y d ro ly s is  m ix tu re  at a level five tim es greater b y  w e igh t than  the a m o u n t  of 
a m m o  acids In the sam ple.

3M N aO H , 16  h r  11 0 °C

H y d ro ly z e d  H y d ro ly z e d  in
ind iv idua l ly  a m i x t u r e *3

A m i n o  acid  W /O  g lu co se*3 W /O  g lu c o se*3
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M eth io n in e  su lfo x id e  r e c o v e r y  w as s ig n if ic a n t ly  lo w e r  
(p  <  0 .0 5 )  fo l lo w in g  h y d r o ly s is  o f  in d iv id u a l a m in o  a c id s  
w ith  3M  N aO H  c o m p a r ed  to  h y d r o ly s is  w ith  2M  N aO H  
(c o lu m n s  1 vs 3 , T ab le  1 ). S u lfo x id e  r ec o v er y  w a s a lso  
lo w e r  fo l lo w in g  in d iv id u a l h y d r o ly s is  c o m p a r ed  to  h y d r o ly 
sis in  a m ix tu r e  o f  a m in o  a c id s  w ith  e ith er  2M  or 3M  N aO H  
b o th  w ith  and w ith o u t  g lu c o se  (c o lu m n s  1 vs 2 , 3 vs 5 , 
4  vs 6 , T a b le  1 ). R e c o v e r ie s  o f  m e th io n in e  s u lfo x id e  a fter  
2M  N aO H  h y d r o ly s is  o f  an  a m in o  a c id  m ix tu r e  w ith  or  
w ith o u t  g lu c o se  w ere  e x c e lle n t  ( c o lu m n s  5 a n d  6 ,  T a b le  1 ).

M e th io n in e  r ec o v er y  d id  n o t  d if fe r  s ig n if ic a n t ly  b e tw e e n  
th e  2M  an d  3M  N aO H  in d iv id u a l h y d r o ly s is  c o n d it io n s ,  b u t  
w as s ig n if ic a n tly  d ec re a se d  w h e n  m e th io n in e  w a s h y d r o ly z e d  
in  a m ix tu r e  o f  a m in o  a c id s  ( c o lu m n s  1 vs 2 ,  3 vs 5 , 4  vs 6 ,  
T a b le  1 ). M e th io n in e  r e c o v e r y  w as n o t  s ig n if ic a n t ly  a f
fe c te d  b y  th e  p r e se n c e  o f  g lu c o se  (c o lu m n s  3 vs 4 ,  5 vs 6 ,  
T a b le  1).

M o d e l p r o te in s

R e c o v e r y  o f  m e th io n in e  fro m  ly s o z y m e  fo l lo w in g  2M  
N aO H  h y d r o ly s is  w a s 88%  o f  th e  to ta l  m e th io n in e  d e te r 
m in e d  a fter  p e r fo rm ic  a c id  o x id a t io n .  R e c o v e r y  o f  m e th 
io n in e  fr o m  ca se in  fo llo w in g  th e  2M  N aO H  h y d r o ly s is  w as  
60%  o f  to ta l  m e th io n in e  (T a b le  2 ) .  T h is  lo w  m e th io n in e  
r e c o v e r y  a fter  a lk a lin e  h y d r o ly s is  m a y  r e f le c t  d e s tr u c t io n  o f  
m e th io n in e  du rin g  a lk a lin e  h y d r o ly s is ,  as su g g es ted  b y  th e  
h y d r o ly s is  o f  fr ee  a m in o  acid  m ix tu r e s  (T a b le  1 ), or in 
c o m p le te  re lea se  o f  m e th io n in e  fr o m  th e  p r o te in s , or b o th .  
C uq e t  al. ( 1 9 7 7 )  fo u n d  th a t m e th io n in e  w a s d e s tr o y e d  
d u rin g  a lk a lin e  h y d r o ly s is  o f  a tr ip e p tid e  c o n ta in in g  m e th 
io n in e . A  sm a ll a m o u n t o f  m e th io n in e  su lfo x id e  w a s re 
co v er ed  a fte r  h y d r o ly s is  o f  ca se in  w ith  2M  N aO H  w ith  or  
w ith o u t  g lu c o se  (1 .5  or 0 .8  m m /lO O g  r e s p e c t iv e ly , T a b le
2 ) ;  h o w e v e r , n o  s u lfo x id e  w a s r ec o v er ed  a fte r  h y d r o ly s is  o f  
ly s o z y m e  w ith o u t  g lu c o se  (T a b le  2 ) .  T h e  p r e se n c e  o f  g lu 
c o se  in  th e  h y d r o ly s is  m ix tu r e s  d id  n o t  a f fe c t  th e  r ec o v er y  
o f  m e th io n in e  fr o m  ly s o z y m e  b u t in c re a se d  m e th io n in e  
s u lfo x id e  r e c o v e r y  fr o m  b o th  c a se in  an d  ly s o z y m e .

W hen o x id iz e d  ly s o z y m e  w a s h y d r o ly z e d  w ith  2M  N aO H , 
52%  o f  th e  th e o r e t ic a l  a m o u n t o f  m e th io n in e  w a s r e c o v 
ered  as m e th io n in e  and 39%  as m e th io n in e  s u lfo x id e  
( c o lu m n  3 ,  T ab le  2 ) .  A c id  h y d r o ly s is  a p p a r e n tly  r ed u c ed  
all o f  th e  m e th io n in e  s u lfo x id e  p r e se n t in  th e  o x id iz e d

ly s o z y m e  to  m e th io n in e  (c o lu m n  2 ,  T a b le  2 ) .  T h e  acid  
h y d r o ly s is  r e su lts  fo r  o x id iz e d  m e th io n in e  in  in ta c t  p r o te in  
d iffe r  fr o m  th o s e  o b ser v e d  w h e n  fr ee  m e th io n in e  su lfo x id e  
w as a c id -h y d r o ly z e d  a lo n e , s in c e  o n ly  16%  o f  th e  free  
m e th io n in e  s u lfo x id e  w a s r ed u c ed  to  m e th io n in e  in  th a t  
ca se  (M arab le , u n p u b lish e d  d a ta ). T h e se  d if fe r e n c e s  re 
a ffirm  th e  fr e q u e n t ly  o b serv ed  fa c t  th a t a g iv en  a m in o  
a c id  in  th e  fr ee  fo rm  n e e d  n o t  r ea c t in  th e  sa m e  w a y  or to  
th e  sa m e  e x te n t  as th e  sa m e  a m in o  a c id  in  p e p t id e -b o u n d  
fo r m .

A fte r  2M  N aO H  h y d r o ly s is  o f  o x id iz e d  c a se in , o n ly  
tr a ce  a m o u n ts  o f  m e th io n in e  w ere  r e c o v e r e d , a n d  75%  
o f  th e  to ta l  m e th io n in e  as d e te r m in e d  b y  p e r fo r m ic  ac id  
o x id a t io n  w a s r e c o v er ed  as m e th io n in e  s u lfo x id e  (T a b le
2 ) .  R e c o v e r ie s  o f  m e th io n in e  s u lfo x id e  fr o m  o x id iz e d  
c a se in  w ere  n o t  s ig n if ic a n t ly  d if fe r e n t  a fter  h y d r o ly s is  in  
2M  an d  3M  N aO H  (1 3 .5  ±  0 .7  a n d  1 3 .7  ±  0 .4  m m /1 0 0 g  
r e s p e c t iv e ly ) .  A c id  h y d r o ly s is  o f  o x id iz e d  ca se in  r esu lted  
in  th e  r ec o v er y  o f  o n ly  a tra ce  o f  m e th io n in e  su lfo x id e .  
T h e se  r esu lts  again  c o n fir m  r e d u c t io n  o f  p r o te in -b o u n d  
m e th io n in e  s u lfo x id e  to  m e th io n in e  du rin g  a c id  h y d r o ly s is .

O ne p o ss ib le  e x p la n a t io n  fo r  in c o m p le te  r ec o v er y  o f  th e  
to ta l  m e th io n in e  in  o x id iz e d  c a se n  and o x id iz e d  ly s o z y m e  
c o u ld  b e  in c o m p le te  o x id a t io n  w ith  h y d r o g e n  p e r o x id e  
du rin g  th e  p r e p a r a tio n  o f  th e  o x id iz e d  p r o te in s , f o l lo w e d  
b y  m e th io n in e  d e s tr u c t io n  d u rin g  a lk a lin e  h y d r o ly s is .  
I n c o m p le te  o x id a t io n  o f  m e th io n in e  in  c a se in  a fte r  H 2 O 2 
tr e a tm e n t h as b e e n  o b ser v e d  b y  C h an g  e t  al. ( 1 9 8 2 )  w h o  
m ea su red  6 0  -  70%  o x id a t io n  at 4 0  -  9 0 ° C  u s in g  0.5%  
H 2 O 2 at pH  6 .7 .  A lk a lin e  d e s tr u c t io n  o f  m e th io n in e  h as  
b e e n  r ep o rte d  b y  C uq e t a l. ( 1 9 7 7 )  an d  w a s in d ic a te d  in  
s tu d ie s  w ith  u n o x id iz e d  c a se in  as d isc u sse d  a b o v e .

O x id iz e d  ly s o z y m e  an d  o x id iz e d  c a se in  w ere  a lso  h y 
d r o ly z e d  w ith  2M  N aO H  in  th e  p r e se n c e  o f  g lu c o se  (T a b le
2 ) .  T h e  a m o u n t o f  m e th io n in e  s u lfo x id e  r ec o v e r e d  fr o m  
o x id iz e d  c a se in  u n d e r  th e se  c o n d it io n s  w a s n o t  s ig n if ic a n t ly  
d if fe r e n t  fr o m  th a t r ec o v e r e d  a fter  h y d r o ly s is  w ith o u t  
g lu c o se . T h e  r e c o v e r y  o f  m e th io n in e  s u lfo x id e  fr o m  o x i 
d iz ed  ly s o z y m e  h y d r o ly z e d  in  th e  p r e se n c e  o f  g lu c o se  w as  
d e te r m in e  o n ly  o n c e ;  th u s  s ta t is t ic a l  c o m p a r iso n s  o f  th e  
e f fe c t  o f  g lu c o se  o n  r e c o v e r y  fr o m  o x id iz e d  ly s o z y m e  w ere  
n o t  m a d e .

M e th io n in e  s u lfo n e  w a s n o t  d e te c te d  in  th e  fo u r  p r o te in  
m a ter ia ls , e x c e p t  fo r  a trace  in  c a se in  a fter  a c id  h y d r o ly s is ,

T a b le  2 —M e th io n in e ,  m e th io n in e  s u l fo x id e ,  a n d  m e th io n in e  s u l fo n e  m e a s u re d  in  m o d e !  p r o t e in  s y s te m sa

T r e a t m e n t  a n d / o r  H y dro lys is  M e th o d

P e r fo rm ic  
A c id /6N HCI

2M  N aO H

P ro te in  m a te r ia l5 6INI HCI N o G lucose G lu c o s e0

M il l im o le s /1 00g  ± s ta n d a r d  dev ia t io n
Casein

M e th io n in e 0 17 .7  + 2.1 1 1 .5  ± 0 . 8 X 9.1 + 0 . 0 1 x
M eth io n in e  s u l fo x id e 0 Trace 0.8 ± 0. 1x 1.5 + 0 . 0 1 y
M eth io n in e  su l fo n e 19.1 ± 2.1 T r ace 0 0

O x id iz e d  casein
M e th io n in e 0 14 .8  ± 0 .9 T r ace T r ace
M e th io n in e  su l fo x id e 0 Trace 13 .5  + 0 . 7 X 12.8 ± 1 .0X

M e th io n in e  su l fo n e 18.1  ± 0.8 0 0 0
L y s o z y m e

M e th i o n in e5 0 12.6 ± 1.1 11.6 ± 1 .0X 11.1 ± 2 . 5 X

M e th io n in e  s u l fo x id e 0 0 0a 1 .0  ± 0 . 3 y

M e th io n in e  s u l fo n e 1 3 .2  ± 0 .8 0 0 0
O xid ized  ly s o zy m e

M eth io n in e 0 1 4 .6  + 0 .6 7 .3  ± 0 . 2 X 8.2 ± 1 .2*
M eth io n in e  su l fo x id e 0 0 5 .4  ± 0 .5 4 . 5

M e th io n in e  su l fo n e 15 .3  ± 0 .6 0 0 0
a T h e  values sh o w n  are m eans and  standard  d ev ia t ion s o f tw o  to  e ight d eterm inations, except fo r  m e th io n ine  su lfo x id e  In o x id ize d  ly so zy m e  

w ith  glucose, one  d eterm ination. V a lu e s  in  h o r izo n ta l ro w s hav ing  the sam e letter sup e rscrip t  are n o t s ign if ic an t ly  d iffe ren t at the O.OS level. 
C o m p a riso n s  o f n um b ers  w ith o u t  sup e rsc r ip ts  were n o t  made.

^ S e e  text fo r  sou rce  or o x id a t io n  m ethod.
° A m o u n t  o f g lucose  added w as five  t im es that o f  the  prote in  b y  w eight. 
d T heore t ica l m eth ion ine : 1 3 .9 7  m m o le s/ lO O g  (Sober, 1970 ).
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M E T H IO N IN E  S U L F O X I D E  D E T E R M IN A T IO N  . . .

T a b le  3 - M e t h i o n i n e ,  m e th io n in e  s u l fo x id e ,  a n d  m e th io n in e  s u l fo n e  c o n t e n t  o f  s e le c te d  s o y  p r o d u c t s  a n d  in fa n t  fo rm u la sa

P r o d u c t
T o ta l

m e t h i o n i n e b
M eth io n in e
s u l fo x id e c

M e th io n in e
s u l f o n e d M e t h i o n i n e e

S o y a f lu f f 1 0 .3  ± 0 .6
M il l im o le s /16g  N i t rogen  

0 .5  ± 0.1
± SD 

< 0.2 9 .3

P r o m o s o y 1 1 .0  ± 0 .4 0 .5  ± 0.1 0 10.o

P r o m in e  D 8.8 ± 1.0 5 .2  ± 0 .7 0 .5  ± 0.1 3.1

P r o m in e  F 8 .7  ± 1.2 0.6 ± 0.1 0.3 7 .3
P o w d e r e d  S im ilac 17.1  ± 1.7 5 .4  ± 0.1 1 .5 ± 0 .4 10.2
Liqu id  Sim ilac 1 4 .8  ± 0 .6 2.1 ± 0 .4 1 .6 ± 0 .3 11.1
Liqu id  P ro so b ee  

(f reeze  d ried) 12 .7  ± 1 .6 1 .6 ± 0 .3 1 .5 ± 0 .6 9 .6
Liqu id  Isomil 1 5 .2  ± 0 .6 1.1 ± 0 .4 1.2 ± 0.1 12.9
SM A  (p o w d e re d ) 1 4 .8  ± 1 .4 3.1 ± 1.0 < 0.2 11 .5

j* M ean  an d  standard  dev ia tion  o f  2 - 6  ind ep end en t analyses, excep t fo r  m e th io n ine  su lfo n e  in P rom ine  F  and  S o y a f lu f f ,  one  dete rm ination . 
b Pe rfo rm ic  acid  ox id a t io n , fo llow e d  b y  acid  h yd ro ly s is .  
d 2 M  N a O H  h yd ro ly s is .
0  A c id  h yd ro ly s is .
e M e th io n in e  = T o ta l m e th io n ine  —  (m e th io n in e  su lfo x id e  +  m e th io n ine  su lfone).

in d ic a t in g  th a t th e  a lk a lin e  h y d r o ly s is  c o n d it io n s  u sed  in  
th is  s tu d y  d id  n o t  g e n e ra te  m e th io n in e  s u lfo n e  n o r  w a s a n y  
m e th io n in e  s u lfo n e  fo r m e d  du rin g  th e  p r o c e d u r e  u sed  to  
o x id iz e  c a se in  an d  ly s o z y m e .

F o o d  p r o d u c ts

H y d r o ly s is  in  2M  N aO H  w a s c h o se n  fo r  m e th io n in e  
s u lfo x id e  d e te r m in a tio n  in fo o d  p r o d u c ts  o n  th e  b a sis  o f  
th e  h ig h er  r e c o v e r ie s  o f  s u lfo x id e  w h e n  th is  p r o c ed u r e  w as  
u sed  w ith  fr e e  a m in o  ac id s (T a b le  1 ) an d  e q u a l r ec o v er ie s  
o f  s u lfo x id e  fro m  o x id iz e d  ca se in  w h e n  2M  and 3M  N aO H  
h y d r o ly se s  w ere  c o m p a r e d  as d isc u sse d  a b o v e .

O n th e  b a sis  o f  h y d r o ly s is  s tu d ie s  w ith  fr ee  a m in o  a c id s , 
m e th io n in e  s u lfo n e  w a s s ta b le  d u rin g  h y d r o ly s is  w ith  2M  
N aO H  (T a b le  1 ). H o w e v er , u n d e r  th e  c h r o m a to g r a p h y  
c o n d it io n s  u se d  in  th is  s tu d y , m e th io n in e  s u lfo n e  c o 
e lu te d  w ith  an a c id -la b ile  c o m p o u n d  a fter  b a s ic  h y d r o ly s is .  
T h e r e fo r e , m e th io n in e  s u lfo n e  v a lu e s  r e p o r te d  in  T a b le  3 
w ere  d e te r m in e d  a fter  acid  h y d r o ly s is .  S in c e  m e th io n in e  
s u lfo x id e  w a s r ed u c ed  to  m e th io n in e  du rin g  acid  h y d r o ly 
s is , a m e th io n in e  w a s a p p a re n tly  d e s tr o y e d  d u rin g  b asic  
h y d r o ly s is  as d isc u sse d  a b o v e , u n o x id iz e d  m e th io n in e  w a s  
c a lc u la te d  b y  d if fe r e n c e  as sh o w n  in  T a b le  3 an d  M ateria ls  
& M eth o d s .

T h e s o y  f lo u r  ( S o y a f lu f f ) ,  s o y  c o n c e n tr a te  (P r o m o s o y ) ,  
and o n e  s o y  iso la te  (P ro m in e  F ) , h a d , r e s p e c t iv e ly , m e th io 
n in e  s u lfo x id e  c o n te n t s  o f  5% , 4% , a n d  7% o f  to ta l  m e th io 
n in e  (T a b le  3 ) .  T h ere  w a s l it t le  o r  n o  m e th io n in e  s u lfo n e  
in  th e se  p r o d u c ts . A n o th e r  s o y  iso la te  (P ro m in e  D ) had  
59%  o f  its  t o ta l  m e th io n in e  in th e  fo r m  o f  m e th io n in e  su l
f o x id e  an d  a p p r o x im a te ly  2% as m e th io n in e  su lfo n e .  H igh er  
le v e ls  o f  s u lfo x id e  in  P r o m o s o y  h a v e  p r e v io u s ly  b e e n  re
p o r te d  (H a p p ic h  e t  a l., 1 9 7 5 ) .  H o w e v er , n o  sp e c ia l b asic  
h y d r o ly s is  c o n d it io n s  w ere  r ep o rte d  fo r  th e  d e te r m in a tio n  
o f  s u lfo x id e  (H a p p ic h , 1 9 7 5 ) ,  w h ic h  su g g es ts  th a t so m e  
o th e r  su b s ta n c e  e lu t in g  in  th e  s u lfo x id e  p o s it io n  m a y  have  
c a u se d  th is  a p p a r e n tly  h ig h er  r esu lt.

M e th io n in e  s u lfo x id e  lev e ls  in  in fa n t  fo r m u la s  ranged  
fr o m  7 -  32%  o f  th e  to ta l  m e th io n in e  c o n te n t .  T h e  fo r m 
u la s  c o n ta in e d  a b o u t  15%  c a r b o h y d r a te  (W /V ) in  th e  u n d i
lu te d  liq u id  fo r m u la s  an d  a b o u t  56%  b y  w e ig h t in  th e  dry  
fo r m u la s . S in ce  th e  p r e se n c e  o f  g lu c o se  so m e t im e s  had  an  
in f lu e n c e  o n  th e  m ea su red  a m o u n t o f  s u lfo x id e  in  m o d e l  
p r o te in s  (T a b le  2 ) ,  th e se  n u m b e rs  (7  -  32% ) m a y  n o t  r ep 
r esen t th e  a b so lu te  a m o u n t o f  s u lfo x id e  in  th e  fo r m u la s .  
H o w e v e r , in d e p e n d e n t  e v id e n c e  fo r  th e  p r e se n c e  o f  m e th 
io n in e  s u lfo x id e  in SM A  w a s o b ta in e d . F e e d in g  o f  p o w 
d e r ed  in fa n t fo r m u la  (S M A ) t o  a d u lt  h u m a n  su b je c ts  re
su lte d  in th e  p r e se n c e  o f  m e th io n in e  s u lfo x id e  in th e  
p la sm a  w ith in  1 - 3  hr; n o  s u lfo x id e  w a s o b serv ed  in  th e

p la sm a  o f  c o n tr o l su b je c ts  w h o  c o n su m e d  sim ila r  a m o u n ts  
o f  p r o te in  fr o m  n o n fa t  d ry  m ilk  or  u n o x id iz e d  s o y  (M ar- 
a b le  e t  a l.,  1 9 8 0 ,  1 9 8 1 ) .  T h e  d e te r m in a t io n  o f  s ig n if ic a n t  
lev e ls  o f  o x id iz e d  m e th io n in e  in  so m e  in fa n t  fo r m u la s  is  
o f  in te r e st  s in c e  th e se  fo r m u la s  m a y  p r o v id e  90%  o f  an  in 
f a n t ’s p r o te in  n e e d s  fo r  th e  f irs t 6 m o n th s  o f  life  (F o m o n  
and Z e ig le r , 1 9 7 9 ) .  A lth o u g h  r e c e n t  p r e lim in a r y  r ep o rts  
in d ic a te  p r o b a b le  a v a ila b ility  o f  m e th io n in e  s u lfo x id e  to  
a d u lt  h u m a n s  (M arab le  e t  a l.,  1 9 8 0 ,  1 9 8 1 ) ,  a v a ila b ility  to  
in fa n ts  h as n o t  b e e n  in v e s t ig a te d .

S U M M A R Y

B E T T E R  R E C O V E R IE S  o f  m e th io n in e  s u lfo x id e  fr o m  
a m in o  a c id  m ix tu r e s  w ere  o b ta in e d  a fte r  h y d r o ly s is  w ith  
2M  N aO H  at 1 0 0 ° C  fo r  18 hr; w ith  o r  w ith o u t  g lu c o se  
a d d ed  ( 1 0 2  ±  3% an d  1 0 0  ±  2% , r e s p e c t iv e ly )  th a n  a fter  
h y d r o ly s is  w ith  3M  N aO H  w ith o u t  g lu c o se  ( 9 0 .5  ±  3 .9% ). 
E q u a l r ec o v er ie s  o f  m e th io n in e  s u lfo x id e  fr o m  o x id iz e d  
c a se in  w ere  o b ta in e d  a fter  2M  an d  3M  N aO H  h y d r o ly s is  
(1 3 .5  ±  0 .7  a n d  1 3 .7  ±  0 .4  m m /lO O g , r e s p e c t iv e ly ) .  M eth 
io n in e  r ec o v e r ie s  fr o m  a m in o  a c id  m ix tu r e s  (9 0 % ) and  
m o d e l p r o te in s  ( 6 0  -  88% ) a fte r  2M  N aO H  h y d r o ly s is  w ere  
in c o m p le te .  H y d r o ly s is  o f  m o d e l p r o te in s  ( c a se in  a n d  ly s o 
z y m e )  w ith  2M  N aO H  in  th e  p r e se n c e  o f  g lu c o se  m a y  g e n 
era te  sm a ll a m o u n ts  o f  m e th io n in e  s u lfo x id e .  S in c e  acid  
h y d r o ly s is ,  w ith  or  w ith o u t  p e r fo rm ic  a c id  o x id a t io n  
(M o o r e , 1 9 6 3 ) ,  p r e v en ts  th e  d e te c t io n  o f  m e th io n in e  su l
f o x id e ,  a n d  b a s ic  h y d r o ly s is  d e s tr o y s  m e th io n in e ,  u n o x i 
d iz ed  m e th io n in e  in  a m in o  a c id  m ix tu r e s  or  p r o te in s  sh o u ld  
b e  c a lc u la te d  b y  d if fe r e n c e  as sh o w n  in  T a b le  3 . E x c e p t  fc r  
o n e  s o y  is o la te , m ea su red  m e th io n in e  s u lfo x id e  w a s < 7 %  
o f  to ta l  m e th io n in e  (o x id iz e d  p lu s  u n o x id iz e d )  in  s o y  p r o d 
u c ts .  In m ilk -b a se d  and so y -b a se d  in fa n t  fo r m u la s , m e a 
su red  m e th io n in e  s u lfo x id e  ran ged  fr o m  7 -  32%  o f  to ta l  
m e th io n in e . T w o  p o w d e r e d  in fa n t  fo r m u la s  and o n e  s o y  
iso la te  c o n ta in e d  21% , 32% , an d  59%  o f  to ta l  m e th io n in e  as 
m e th io n in e  su lfo x id e .
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S u p r o S o y  an d  E n P ro  s o y  m ea ls  w ere  s ig n if ic a n t ly  d if fe r e n t  
(T a b le  3 ) . In  th e  R D R  e v a lu a tio n  o f  th e se  sa m p le s  a fu r th er  
p r o b lem  a rose  v iz . th e  e f f ic ie n c y  o f  e a ch  p r o c ess in g  had  to  
b e  c o m p a r ed  w ith  th e  sta r tin g  m a ter ia l. I t  is  n o t  n e c essa ry  
to  d e te r m in e  th e  r e fe r e n c e  t itr a t io n  curve fo r  e a ch  u n 
tr ea ted  sa m p le . A s a s im p lif ic a t io n , a s in g le  u n tre a ted  sa m p le  
m a y  b e  c h o se n  as a r e fe r e n c e  fo r  th e  c o m p a r iso n  o f  th e  
d ig e s t io n  ra tes o f  all o th e r  u n tr e a te d  and tr e a te d  sa m p les. 
T h u s  first R D  Rrefyuntreated an d  R D R ref/treated sh o u ld  be  
d e te r m in e d  a c co r d in g  t o  E q . ( 2 )  an d  (3 ) .  F ro m  th e se  data  
th e  R D R  r e f le c t in g  th e  e f fe c t  o f  th e  tr e a tm e n t ca n  be  
d er ived  fr o m  E q . (4 ):

_  R D R ref/treated
R D R u n t r ea t ed/t re a t ed ~  ' *4)

R D  Rref/untreated

T h e  t itr a t io n  curve o f  p e p t id e  b o n d  sp lit t in g  o f  th e  
c o m m e r c ia l s o y  m ea l U -4  w a s ta k e n  as a r e fe re n c e  (F ig .  
2 C ). It sh o u ld  b e  e m p h a s iz e d  th a t  R D R  c a lc u la t io n s  u s in g  a 
s in g le  r e fe r e n c e  are p o s s ib le  o n ly  i f  th e  tr e a tm e n ts  a f fe c t  
th e  tr y p t ic  s u sc e p t ib il ity  o f  all p r o te in  c o m p o n e n ts  o f  th e  
fo o d  to  th e  sa m e  e x te n t .  A s  m e n t io n e d  a b o v e  th is  c r iter io n  
w a s p r a c tic a lly  fu lf i lle d  in  th e  ca ses  s tu d ie d .

T h e  r esu lts  are su m m a riz ed  in  T a b le  4  c o lu m n s  5 an d  6. 
C o m p a r iso n  w ith  th e  d a ta  in c o lu m n s  1 and 2  d e m o n 
str a tes  th a t th e  p H -d ro p  assay  g ives , w ith in  e x p e r im e n ta l  
error, th e  sa m e  r esu lts  as th e  o th e r  tw o  m e th o d s  a p p lie d , i f  
th e  a p p ro p ria te  R D R  c a lc u la t io n s  are u sed .
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V o l a t i l e  C o m p o n e n t s  o f  a n  U n f l a v o r e d  T e x t u r e d  S o y  P r o t e i n

J E N N IF E R  M . A M E S  an d  G L E S N I M A C L E O D

--------------------------------------- A B S T R A C T -----------------------------------------

Aroma volatiles of textured soy protein (TSP) were extracted and 
concentrated to a valid isolate using established techniques. By 
GC-MS mainly, 146 positive identifications and 26 partial charac
terizations were made. The majority have not been published pre
viously as volatiles of TSP or relevant raw materials (raw soybeans, 
flakes, flours, concentrates, isolates). Some are probably natural 
soybean metabolites -  (3-damascenone and bovolide being reported 
here for the first time in soy. Many result from lipid oxidation/ 
degradation and from heating sugars and/or amino acids. How
ever, carotenoid degradation and aromatic ring fusion are also indi
cated, and could play a hitherto undetermined role in soy proc
essing technology.

IN T R O D U C T IO N

P R E V IO U S  P U B L IC A T IO N S  o n  th e  v o la t ile  c o m p o n e n ts  
o f  u n fla v o r e d  te x tu r e d  s o y  p r o te in  (T S P ), o r  a n y  re lev a n t  
T SP  raw  m a ter ia ls , have in c lu d e d  a n a ly s is  o f  (a )  th e  raw  
b ea n  (F u jim a k i e t a l.,  1 9 6 5 ;  A rai et a l.,  1 9 6 6 a ;  A rai e t  a l., 
1 9 6 7 ;  W ang, 1 9 7 2 ;  G reu e ll, 1 9 7 4 ;  H o n ig  an d  R a ck is , 1 9 7 5 ;  
H o n ig  e t  a l., 1 9 7 9 ;  M oll e t  a l.,  1 9 7 9 ;  D o i e t  a l .,  1 9 8 0 ;  K a to  
e t  a l., 1 9 8 1 ;  B a tin ic -H a b er le  e t  a l.,  1 9 8 1 ) ;  (b )  s o y  f la k e s  or  
flo u r s  (T e e te r  e t a l.,  1 9 5 5 ;  F u jim a k i e t  a l.,  1 9 6 5 ;  A rai e t  a l., 
1 9 6 6 b ;  S essa  e t a l.,  1 9 6 9 ;  M aga an d  L o r e n z , 1 9 7 4 ;  M aga, 
1 9 7 7 ;  H o n ig  e t  a l.,  1 9 7 9 ;  H sieh  e t a l.,  1 9 8 2 ;  M e lto n  e t a l.,  
1 9 8 1 ;  H o w  and M orr, 1 9 8 2 ) ;  ( c )  s o y  c o n c e n tr a te  (H o n ig  
e t  a l.,  1 9 7 9 ) ;  (d )  s o y  iso la te  (Q v ist an d  v o n  S y d o w , 1 9 7 4 ;  
H o n ig  e t  a l., 1 9 7 9 ;  J a c k so n , 1 9 8 1 ;  H o w  and M orr, 1 9 8 2 );  
an d  ( e )  T SP  (P a lk er t, 1 9 8 0 ) .  F ro m  a ll th e se  a n a ly se s , a b o u t  
2 0 0  v o la t ile  c o m p o n e n ts  h a v e  b e e n  id e n t if ie d .

It is n o te w o r th y  th a t o n ly  o n e  p u b lic a t io n  (P a lk er t,
1 9 8 0 )  has r ep o rte d  th e  a n a ly s is  o f  t e x tu r e d  (e x tr u d e d )  
s o y  p r o te in  v o la t ile s ,  an d  in  th a t s tu d y  5 5  id e n t if ic a t io n s  
w ere  m a d e , 2 0  o f  w h ic h  h ad  n o t  b e e n  r ep o rte d  p r e v io u s ly  
in  th e  s o y  p r o d u c ts  su b je c te d  to  less  se v e re  h e a t tr e a tm e n t.

T h e  e v o lu t io n  an d  u se  o f  T SP  as a basis fo r  m e a t  a n o lo g s  
h as b e e n  o n e  o f  th e  m o st  s ig n if ic a n t fo o d  t e c h n o lo g y  d e 
v e lo p m e n ts  o f  r e c e n t  y ea rs . In  an a tte m p t to  c rea te  a u th e n 
t ic  m e a t su b s t itu te s , th e  fla v o r  in d u str y  h as r e sp o n d e d  w ith  
a n o ta b le  g r o w th  o f  im p r o v ed  s im u la te d  m e a t flavors. 
H o w e v e r , e v en  if  p e r fe c t  m e a t  fla v o rs  e x is te d ,  th e  su c c e s s 
fu l  fla v o r in g  o f  s o y  p r o te in  is l im ite d  b y  o ff- f la v o r s  in h e r 
e n t in  s o y  (o r  d e v e lo p e d  du rin g  p r o c e ss in g )  and th e  a b sen ce  
o f  a g o o d , a ttr a c tiv e  p o s it iv e  e .g . m e a t-lik e  fla v o r  (R a c k is  
e t a l., 1 9 7 9 ;  S c h u tte  and van  d en  O u w e la n d , 1 9 7 9 ) .  It 
fo l lo w s  th e r e fo r e  th a t a b la n d  T SP  is a u s e fu l p re -re q u is ite , 
an d  a k n o w le d g e  o f  th e  v o la t ile  c o m p o n e n ts  w h ic h  d er ive  
fr o m  T SP sh o u ld  h e lp  a c h iev e  th is  g o a l. T h e  w o r k  d escr ib ed  
h ere  w as in it ia te d  in  th is  c o n te x t .

M A T E R IA L S  &  M E T H O D S

Isolation of volatile components

Isolate 1. Commercially produced TSP (15Og), manufactured

A u t h o r s  A m e s  a n d  M a c L e o d  are  a f f il ia te d  w ith  th e  D e p t , o f  F o o d  
S c ie n c e  &  N u t r i t io n ,  Q u e e n  E l iz a b e th  C o lle g e , U n iv . o f  L o n d o n ,  
C a m p d e n  H il l  R o a d , L o n d o n  W 8 7 A H , E n g la n d .

from defatted soy flour, was mixed with distilled water (700mL) 
in a 10L flask and extracted for 1 hr in a Likens and Nickerson
(1964) apparatus, as modified by MacLeod and Cave (1975), using 
triple-distilled 2-methylbutane (20mL) as the solvent. The extract 
was concentrated to 200mL  by a low temperature/high vacuum 
distillation procedure (MacLeod and Coppock, 1976) using a re
duced pressure of approx. 0.02 mm Hg.

Isolate 2. A more concentrated isolate was obtained as above 
but using TSP (300 g), distilled water (1500mL) and 2-methy.- 
butane (20mL). Three such extracts were combined during concen
tration to 200mL.

Blank isolate. A blank isolate was obtained, as for isolate 2, but 
using distilled water only in the 10L flask during solvent extraction.

Gas chromatography

Isolates were analyzed by gas chromatography (GC) on packed 
and capillary columns using, respectively, Pye-Unicam Series 104 
(Model 64) and Perkin Elmer Sigma 2B instruments, both equipped 
with a heated (250°C) FID. For the fused silica capillary column 
(50m x 0.32mm i.d.) coated with 0.5jum film of BP20 bonded 
stationary phase (equivalent to PEG 20M), helium carrier gas 
(2mL/min) was used in conjunction with a nitrogen make-up 
gas (30mL/min) and the temperature program was 60°C for 3 min, 
followed by an increase of 2°C/min to 200° C for the remainder 
of the run. The injection point heater was at 250°C, and typically
1-4/uL were injected using split ratios varying from 5:1 to 20:1 
at an attenuation of 1 x 10^ (5 x 10~ 1 0  A  fsd). Retention times 
and peak areas were recorded by a Hewlett Packard integrator 
(Model 3370B); for isolate 1, peak areas were expressed as a per
centage of the total peak area i.e. relative percentage abundance 
(RPA). Packed column analyses were performed using a glass 
column (5.5m x 4mm i.d.) packed with 10% PEG20M coated cn 
acid-washed 100-120 BSS mesh Diatomite C, with nitrogen (33- 
mL/min) as the carrier gas and a temperature program of 60°C 
for 10 min, followed by an increase of 12°C/min to 175°C for the 
remainder of the run. Typically 4 -  10 p L  were injected at an atten
uation of 1 x 103 (1 x 10~ 9 A  fsd).

Gas chromatography-mass spectrometry

Components were identified as far as possible by gas chromatog
raphy-mass spectrometry (GC-MS) analysis of isolate 2, using a Per
kin Elmer Sigma 3 GC interfaced via a single-stage all glass jet sepa
rator at 250°C to a Kratos MS 25 instrument linked online to a 
Kratos DS 5 OS data processing system and equipped with a com
puter-controlled multipeak monitoring (MPM) unit. The same GC 
conditions as described above were employed but using Grade A 
helium (40 mL/min) as the carrier gas for the packed column. 
Significant operating parameters of the mass spectrometer during 
electron impact ionization work were as follows: ionization voltage 
70eV; ionization current 100 mA; source temperature 200°C; accel
erating voltage 1.3 kV  (packed), 4 kV  (capillary); resolution 600; 
scan speed 3 sec/decade (packed), 1 sec/decade (capillary), repeti
tive throughout the run. Identical conditions were employed during 
chemical ionization mass spectrometry except for the following: 
reagent gas, methane; ionization potential llOeV; emission current 
5mA.

Gas chromatography/microwave plasma detection (GC-MPD)

Selective detection of carbon, hydrogen, oxygen, nitrogen and 
sulfur in the volatile components separated by GC was achieved by 
a microwave plasma detector (MPD), the operation and reliability 
of which has been discussed (Brenner, 1978). An MPD (Applied 
Chromatography Systems) was coupled to a Pye Unicam Series 104 
(Model 84) GC. The GC conditions described above for the packed
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column were employed, but using, as carrier gas, Grade A helium 
purified by a rare gas purifier (British Oxygen Co., RGP MK3). 
Significant operating parameters of the MPD were as follows: tube 
current 100mA (oxygen scavenge), 50mA (nitrogen scavenge); 
H V  attenuators C15, H14, N13, 013, S13, Cl 12; ghost corrections 
variable. Analyses were performed in triplicate using both scavenge 
gases.

Empirical formulae were calculated by relating elemental GC 
peak heights to those of compounds positively identified by GC-MS:

C Ht of C pk in U K  Ht of X  pk in Std No. of C atoms in Std
__= _____________ x _____________ x _________________
X  H t o f X p k in U K  H t o fC p k in S t d  No. of X  atoms in Std

where X  is an element other than carbon (C) which occurs in 
the unkonwn (UK), and C/X is the ratio of carbon atoms to X  
atoms in the unknown. The internal standards used were toluene,
2 -butylfuran, 2 -pentylfuran, benzaldehyde and naphthalene.

Odor assessment

Aromas of components separated by GC using IOmL  isolate 2 
on the packed column in the Pye Unicam 104 instrument, were 
described at an external GC odor port by three experienced asses
sors. An outlet splitter (10:1) diverted the major fraction of the 
eluate through a heated (2 0 0 °C) line to the odor port.

R E S U L T S  &  D IS C U S S IO N

V A L ID  A R O M A  IS O L A T E S  o f  th e  T SP  w ere  p rep ared  
u sin g  w e ll-e s ta b lish e d  p r o c ed u r es  th a t h a v e  b e e n  r ep o rte d  
p r e v io u s ly  (M a cL e o d  an d  C o p p o c k , 1 9 7 6 ) .  A r o m a  iso la 
t io n  c o n d it io n s  w ere  less  severe  th a n  th o s e  u sed  d u rin g  
p r o c ess in g  o f  so y b e a n s  to  T SP  (P a g in g to n , 1 9 7 5 ;  K in se lla ,
1 9 7 8 ) ,  and  th e  h e a t tr e a tm e n t w a s fa ir ly  r ep re se n ta tiv e  o f  
n o r m a l c o o k in g  c o n d it io n s . T h e  c r e a t io n  o f  a r tifa c ts  du rin g  
iso la t io n  w a s th e r e fo r e  u n l ik e ly ,  an d  th is  is su p p o r te d  b y  
th e  fa c t  th a t an a rom a w h ic h  w a s c h a r a c te r ist ic  and h ig h ly  
r ep re se n ta tiv e  o f  th e  r e c o n s t itu te d  an d  h e a te d  (1 h r ) T SP  
w as a sso c ia te d  w ith  iso la te  1; th e se  aro m a s w e re  d escr ib ed  
b y  th r e e  e x p e r ie n c e d  a ssesso rs as cer ea l-lik e  (n o t  r o a s te d ) ,  
s lig h t ly  g r e e n /b e a n y  and s lig h t ly  m u s ty /m o ld y . T h e  q u a li
ta tiv e  GC p ea k  p a tte r n s  o f  th e  t w o  iso la te s  w ere  id e n t ic a l ,  
b u t iso la te  2 w a s m o r e  c o n c e n tr a te d  th a n  iso la te  1.

Iso la te s  w ere  a n a ly z e d  b y  G C , G C -M PD  and G C-M S  
(u s in g  b o th  e le c tr o n  im p a c t  an d  c h e m ic a l io n iz a t io n  m ass  
s p e c tr o m e tr y )  an d  th e  r esu lts  are p r e se n te d  in  T a b le  1. U se  
o f  tr ip le -d is t ille d  so lv e n t  gave a b la n k  iso la te  c h r o m a to g r a m  
sh o w in g  o n ly  th e  2 -m e th y lb u ta n e  p e a k , c lo s e ly  fo l lo w e d  b y  
tw o  sm a ll im p u r ity  p e a k s , an d  th e se  are n o t  in c lu d e d  in  
T a b le  1. T h e  r e te n t io n  d a ta  g iv en  in  th e  ta b le  w ere  o b 
ta in e d  u s in g  th e  5 0 m  fu se d  s ilic a  c o lu m n  c o a te d  w ith  B P 2 0 .  
K o v a ts r e te n t io n  in d ic e s  (J e n n in g s  an d  S h ib a m o to , 1 9 8 0 )  
o f  m a n y  c o m p o n e n ts  (o n  P E G  2 0 M ) are a lso  in c lu d e d ,  
an d  th e y  c o n fir m  th e  g en era l e lu t io n  se q u e n c e . S e le c t  
e le m e n t  d e te c t io n  an d  th e  c a lc u la t io n  o f  e m p ir ica l fo r m u la e  
b y  G C -M PD  a n a ly sis  a lso  c o n fir m e d  m ass sp e c tr a l in te rp re 
ta t io n s  in  severa l in sta n c e s . T h e  q u a lita tiv e  d a ta  in T ab le  
1 w ere  o b ta in e d  u s in g  p a c k e d  an d  ca p illa r y  c o lu m n s;  so m e  
c o m p o n e n ts  w e re  b e s t  id e n t if ie d  b y  G C -M S u s in g  o n e  ty p e  
o f  c o lu m n . In all in s ta n c e s  w h er e  p o s it iv e  id e n t it ie s  are 
g iv en , th e  m ass sp ec tra  o b ta in e d  o n  G C -M S agreed  w ith  
th o s e  in  th e  lite ra tu re  (e .g . L ard elli e t a l .,  1 9 6 6 ;  D e m o le  
e t a l., 1 9 7 0 ;  E ig h t P eak  In d e x  o f  M ass S p ec tr a , 1 9 7 4 ;  
J e n n in g s  an d  S h ib a m o to , 1 9 8 0 ;  K en n e t e t a l.,  1 9 7 7 - 1 9 8 2 ) .  
T h e p o la r  P E G  2 0M  (a n d  e q u iv a le n t)  c o lu m n s  w e re  s e le c te d  
fo r  a n a ly sis  b e c a u se  th e y  gave far su p er io r  r e s o lu t io n  o f  th e  
to ta l  iso la te  th a n  sim ila r  n o n p o la r  O V 1 0 1  (a n d  e q u iv a le n t)  
c o lu m n s . H o w e v er , th e  m in im u m  te m p e r a tu r e  r eq u ire m en t  
o f  a b o u t  6 0 ° C  fo r  PE G  2 0 M  did  p r e c lu d e  th e  id e n t ity  o f  
lo w  b o ilin g  c o m p o n e n ts  su c h  as p e n ta n e .

T h e  c o m p le x  c h e m ic a l c o m p o s it io n  o f  th e  v o la t ile  fr a c 
t io n  is im m e d ia te ly  o b v io u s  fr o m  T a b le  1. A  to ta l  o f  1 4 6  
a rom a c o m p o n e n ts  w a s p o s it iv e ly  id e n t if ie d  to g e th e r  w ith  
a fu r th er  2 6  p artia l c h a r a c te r iz a tio n s  c o m p r is in g , in a ll,

a b o u t  85%  ( w /w )  o f  th e  v o la t ile s .  M o st o f  th e  u n id e n tif ie d  
c o m p o n e n ts  w e re  p r e se n t in  e x tr e m e ly  sm a ll c o n c e n tr a 
t io n s  an d  gave r ise  to  p o o r  m ass sp e c tr a , b u t th r e e  s iz ea b le  
GC p ea k s (r ep re se n tin g  2 .0 ,  1 .5  a n d  1.5%  o f  th e  to ta l  v o la 
t i le s )  c o u ld  n o t  b e  c h a r a c te r iz e d . O ne h u n d red  th ree  
c o m p o n e n ts  r ep o rte d  h ere  h a v e  n o t  b e e n  r ep o rte d  p rev i
o u s ly  as v o la t ile s  o f  a n y  re lev a n t T SP  raw  m a ter ia ls  i .e . 
raw  so y b e a n s , f la k e s , f lo u r s , c o n c e n tr a te s  o r  iso la te s ;  an  
a d d itio n a l 3 5  c o m p o u n d s  w e re  n o t  r ep o rte d  b y  P alk ert
( 1 9 8 0 )  in th e  o n ly  p r e v io u s  s tu d y  o n  T SP  v o la t ile s .  S u ch  
n e w ly  id e n t if ie d  c o m p o n e n ts  are c le a r ly  la b e lle d  in  
T a b le  1.

A  w id e  range o f  c h e m ic a l c la sse s  is  r ep re se n te d  in  
th e  T SP  a rom a; th e se  are m a in ly  a lip h a tic  h y d r o c a r b o n s ,  
a lc o h o ls ,  a ld e h y d e s , k e to n e s ,  su lfu r  c o m p o u n d s , e ster s , 
b e n z e n o id s , te r p e n e s , fu ra n s , la c to n e s ,  th io p h e n s ,  p y r a z in es  
a n c  th ia z o le s . S o m e  p o s s ib le  p recu rso rs and fo r m a tio n  
p a th w a y s  fo r  severa l o f  th e  c o m p o n e n ts  id e n t if ie d  are p re
se n te d  in  T a b le  2 ,  w h ic h  sh o w s  th a t  m a n y  ca n  b e  a c c o u n te d  
fo r  b y  lip id  o x id a t io n /d e g r a d a t io n  a n d /o r  th e  e f fe c t  o f  h ea t  
o n  sugars a n d /o r  a m in o  a c id s . T h erm a l d e g r a d a tio n s , i f  a n y ,  
du rin g  c h r o m a to g r a p h y  w e re  d e e m e d  in s ig n if ic a n t , as e v i
d e n c e d  b y  th e  fa c t  th a t a c h r o m a to g r a m  o b ta in e d  u s in g  th e  
ca p illa ry  c o lu m n  an d  lo w e r  G C te m p e r a tu r e  c o n d it io n s  
( f in a l c o lu m n  te m p er a tu r e  1 5 0  C; d e te c to r  an d  in je c to r  
1 7 5  C) c o u ld  b e  c o rr e la te d  w ith  th e  o r ig in a l c h r o m a to 
gram . T h e se  te m p er a tu r e s  a p p r o x im a te  th o s e  u sed  du rin g  
e x tr u s io n  o f  s o y  p r o te in  w h e n  c o n s id e r a b ly  h igh er  p res
su res are a lso  u sed .

It is w e ll e s ta b lish e d  th a t a u to x id a t io n  a n d /o r  th e  a c t io n  
o f  l ip o x y g e n a se  is o f  p a r a m o u n t im p o r ta n c e  in  s o y  f lo u r  
(H e in z e  e t a l.,  1 9 7 8 ) .  In a d d it io n , du rin g  c er ta in  sta g e s  o f  
so y b e a n  p r o c ess in g  and e sp e c ia lly  du rin g  so a k in g , lip id  
d e g r a d a tio n  m a y  be c a ta ly z e d  b y  o th e r  e n z y m e s  in c lu d in g  
l ip a se s , p h o sp h o lip a se s , “ h y d r o p e r o x id a se s” an d  iso m e ra ses  
(G a rd n er, 1 9 8 0 ) .  F u r th e rm o r e  th e r m a lly  in d u c e d  o x id a 
t io n ,  as w e ll as n o n o x id a t iv e  th e r m a l d e g r a d a tio n  o f  lip id s ,  
can  o c c u r  in  a n y  p r o d u c t  — su c h  as T S P  — su b je c te d  to  
h e a t . S o m e  res id u a l o il  rem a in s  e v en  in  d e fa t te d  p r o d u c ts  
(H e in z e  e t a l.,  1 9 7 8 )  an d  th e  p o ly u n sa tu r a te d  fa t ty  ac id  
c o n te n t  o f  s o y  l ip id s  is 63%  (M a sso n , 1 9 8 1 ) .  L in o le ic  and  
l in o le n ic  a c id s  are b e lie v e d  to  b e  th e  m o s t  c o m m o n  o x id a 
t io n  su b stra te s  (S m o u se  an d  C h an g , 1 9 6 7 ;  L itm a n  and  
N u m r y c h , 1 9 7 8 ;  K in se lla  and D a m o d a ra n , 1 9 8 0 )  an d  th e ir  
o x id a t io n  is fa c il ita te d  b y  m a c e r a t io n  o f  th e  b ea n  a n d /o r  
th e  p r e se n c e  o f  m o is tu r e  (K in se lla  and D a m o d a ra n , 1 9 8 0 ) .  
T h e  p r e d o m in a n t  o x id a t io n  p r o d u c ts  are a lk a n a ls , a lk -2 -  
e n a ls , a lk a -2 ,4 -d ie n a ls , th e  c o r r e sp o n d in g  a lc o h o ls  an d  b o th  
sa tu ra te d  and u n sa tu ra te d  k e to n e s  (H o f fm a n , 1 9 6 2 ;  F o rss, 
1 9 7 2 ;  T ressl e t a l., 1 9 7 2 ;  F r a n k e l, 1 9 8 3 ) ,  an d  th e se  are a lso  
th e  m ajor v o la t ile  c o m p o n e n ts  o f  r ev e rte d  so y b e a n  o il  
(S m o u se  an d  C h an ge , 1 9 6 7 ;  S e lk e  e t a l.,  1 9 7 0 ) .  G rem li
( 1 9 7 4 )  c o n c lu d e d  th a t a ld e h y d e s  r ep re se n t th e  m ajor  
fr a c t io n  o f  s o y  p r o te in  v o la t ile s ,  an d  in  a g r ee m en t w ith  th is ,  
a lip h a tic  a ld e h y d e s  w ere  p r e se n t in  th e  h ig h e st  c o n c e n tr a 
t io n  (~ 3 2 %  o f  th e  to ta l  v o la t ile s )  in  o u r  T S P  arom a -  
la rg e ly  d u e  to  h e x a n a l at 15 .5%  o f  th e  v o la t ile s ;  o th e r  m ajor  
a ld e h y d e s  p resen t w ere  p e n ta n a l, h e p t-2 -e n a l,  o c t-2 -e n a l  
and d e c a -2 ,4 -d ie n a l (se e  T a b le  1 ). T h e  la tter  c o m p o u n d  is 
th e  m ajor v o la t ile  c a r b o n y l c o m p o n e n t  p r o d u c e d  o n  d e 
g r a d a tio n  o f  l in o le ic  a c id  a t e le v a te d  te m p er a tu r e s  (S w o -  
b o d a  and L ea , 1 9 6 5 ;  K im o to  an d  G a d d is , 1 9 6 9 )  an d  has  
b e e n  a sso c ia te d  w ith  th e  fla v o r  o f  fr ied  fo o d s  (F o r s s , 1 9 7 2 ) .  
It h as b e e n  id e n t if ie d  in  a v a r ie ty  o f  s o y  p r o te in  p r o d u c ts ,  
and its  fo r m a tio n  is l ik e ly  to  b e  e n h a n c e d  d u rin g  to a s t in g  
and e x tr u s io n . T w o  o f  its  iso m e r s , p r e se n t a t a c o m b in e d  
le v e l o f  5 .0%  in  o u r  T SP  a ro m a , h a v e  b e e n  a sso c ia te d  p re
v io u s ly  w ith  an u n d e sira b le  fa t t y ,  o i ly  n o te  in  s o y  (H e in z e  
e t a l.,  1 9 7 8 ) .  A ld e h y d e s  g e n e ra lly  are b e lie v e d  to  a f fe c t  th e  
fla v o r  o f  so y  p r o d u c ts  to  th e  g r ea te st  e x te n t ,  d u e  n o t  o n ly
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T E X T U R E D  S O Y  P R O T E IN  V O L A T IL E S .  . .
T a b le  1 — V o la tile  c o m p o n e n ts  o f  an  u n f la v o re d  t e x tu r e d  s o y  p ro te in

C o m ponen t

N ew 3 ’ 6

id e n t if i 
ca tio n

tR
(m in )

Kováts
index
( lit .) R PA O do r q u a lity

3 -m e th y lp e n ta n e a 4.41 0 .0 2

2 -m e thy lpen tane a 4.55 0.25
m e th y lc y c lo p e n ta n e d b 4.62 0 .5 0
aceta ldehyde *3 b 4.82 690 1 .0 0

cyc lohexa ne *3 a 5.47 765 0 .1 0

oc tane *3 a 8 00 0 .1 0 o i ly ,  fa t ty ,  sw eaty

m e th y lp ro p a n a l*3 b 8 00 0 . 2 0 caram el, b u rn t
c a rb o n y l su lfide a 5 .5 2 0 .0 2 b u rn t

acetone 5.82 8 10 0.75

b u ta n a l0 6 .5 6 0 .0 1

2 -m e th y lfu ra n *3 b 8 6 6 -
2 -m e th y lo c ta n e *3 a 6.73 0 . 1 0 green

bu tanone b 7.12 9 08 0.05
2 -m e th y lb u ta n a l b 7 .38 0 . 2 0

3 -m e th y lb u ta n a ld b 7 .38 937 0.50 fresh green.
chem . so lvent

2 ,2 ,4 -tr im e th y lh e p ta n e a 7.70 0 .1 0

3 -m e th y ln o n a n e c a 7.78 0 .0 1

2 -e th y lfu ra n d b 8.08 951 0.50 b u tte ry ,  caramel

bu taned ione  (d ia c e ty l) b 8 .78 963 0 . 1 0 b u tte ry
b u tenone *3 (m e th y l v in y l ke tone) a 995 green, stale,
pen tana ld 8 .8 8 1 0 0 2 1 .7 5 / grassy
decane*3 a 1 0 0 0 - caram el, b u tte ry
2 -m e th y lb u ta n -2 -ol a 9 .38 1.25
tric h lo ro m e th a n e b 9.76 0.05
th io p h e n b 1 0 .1 2 1035 3.25 f r u i t y ,  stored

apples
2 -e th y l-5 -m e th y lfu ra n b 10.25 1024 0 .0 2

2 -p ro p y lfu  ran b 10.25 1083 0 .0 2

e th y l bu tanoa te a 10.52 1025 0 .1 0

to lu e n e *3 10.93 0 .1 0 chem . so lvent
pentane-2 ,3 -d ione a 11.57 1044 0.25 b u tte ry ,  caram el
d im e th y l d isu lfid e b 12.25 1081 0 .1 0

p en tan -2 -ol b 12.25 1091
hexanal 12.65 1084 15.50 green
2 -m e th y lth io p h e n c 13.05 0 .0 1

2 -m e th y lb u t-2 -enal b 13.36 0 .0 2

/3-pinene a 13.56 1124 0.05
2 -m e th y lb u ty l acetate *3 a 14.26 1 1 1 0 0.25 este ry , pear-drops
e thy lbenzene 0 14.58 0 .2 0

2 -b u ty lfu ra n b 14.77 1130 0 .5 0 w e t hay
p -x y le n e c 15.12 1140 0 .0 5 stale, c o ld  m eat fa t
m -xy le n e c,d 15 .28 1147 0 .1 0 unp leasant, ra nc id
heptane-2 ,3 -d ione a 15.57 1138 0.25
car-3-ene a 15.85 1144 0.05
m yrcene a 16.20 1156 0 .1 0

/'sopropy lbenzenec,d (cum ene) a 17.05 0.05 chem . so lven t
h ep tan -2 -oned 17.63 1172 2.25 s lig h tly  green.

n u tty
heptanal 17.88 1186 1 .0 0 green, n u tty
o -xy le n e c 17.88 1191 0 .1 0
lim onene a 18.32 1206 1.75 f r u i t y ,  fra g ra n t
hexan-2 -ol 18 .99 1192 0 .2 0
pro p y lb e n ze n e 0 a 19.41 0.05
hex-2 -enal b 19.68 1207 0.05
1 -e th y l-3 -m e th y lb e n ze n e ° a 19.77 0 .1 0
2 -p e n ty lfu ra n b 20.13 1229 3.50
p e n ta n -1 -o ld 2 0 .7 0 1213 2.75 yeast-like
th ia zo le a 21.08 1246 0 .0 2
/?-ocimene a 21 .08 1 2 5 0 (f) -
1 ,3 ,5 -tr im e th y lb e n ze n e c a 2 1 .2 0 0 .0 1
styrene 21 .46 0 .0 2
octan-3-one b 21 .59 1190 0 .0 1
2 -m e th y lb u ty l bu tanoa te a 21 .85 1259 0 .1 0
1 -e th y l-2 -m ethy lbenzene° a 21 .85 0 .0 2
m e th y lp y ra z in e 2 2 .2 0 1251 0.05
a m e th y l /'sopropylbenzene a 2 2 .2 9 0.05
(a cym ene)
a m e th y l /'sopropylbenzene a 22 .62 0 . 1 0

(a cym ene)
1 ,2 ,4 -tr im e th y lb e n ze n e c a 2 3 .4 8 0 . 2 0

o c tan -2 -one 23 .78 1275 0 .2 0 fra g ra n t
octanal 23 .93 1278 0 .2 0 o i ly ,  n u t o il
a d ie thy lbenzene a 24 .50 0.05 n u t ty ,  green

sap-like
a m e th y lp ro p y lb e n ze n e a 24 .72 0 . 1 0

a b u ty lben zene a 25 .26 0 .0 2

2 ,5 -d im e th y lp y ra z in e c,d 26.23 1306 0.25
h ep t-2 -enald b 26 .47 2 .0 o i ly ,  stale, ran-

c id , linseed o il
a C ^b e n ze n e a 26.54 0 .0 2

e th y lp y ra z in e b 27 .12 0 .2 0 b u rn t, iro n
scorch

hexan -1 -o ld 2 7 .3 0 1316 5.0 green, e a rthy
c y c lo h e x y l acetate a 27 .90 1343 0 .1 0

a d im e th y le th y lb e n ze n e a 28.01 0 .0 2
2 -b u ty lth io p h e n b 28 .08 0 .1 0

a d im e th y le th y lb e n ze n e a 28 .44 0 .1 0

1 ,2 -d im e th y l-3 -e th y lb e n ze n e a 28.91 0 .2 0
o -m e th y ls ty re n e a 29 .20 0 .0 2
nonan-2 -one 3 0 .6 0 1420 0.05 fra g ra n t, s lig h tly

f r u i t y
nonana l*3 b 30.73 1382 0.50 sw eet, fra g ra n t
2 -e th y l-5 -m e th y lp y ra z in e 30 .87 0.50
hex-2 -en -1 -o ld b 30 .97 1 3 6 8 (f) 2 .75 salad vegetable.

ranc id , blue
cheese

tr im e th y lp y ra z in e 31 .82 1387 0.05
oct-3 -en-2-one b 31 .95 1.50 f la t ,  d u ll,  green
a te tra m e th y lb e n ze n e a 32 .96 0 .0 1
o c t-2 -enald b 33 .38 1427 2.50 d a n d e lio n /d o ck

leaves
o c t -1-en-3-o I b 3 3 .7 0 1420 2.25 o i ly ,  fa t ty ,  cucum -

ber, stale nuts

RPA values relate to isolate 1 and have been corrected as follows: >5% quoted to nearest 0.5%;
0.25-5% quoted to nearest 0.25%; <0.25% quoted as 0.25, 0.20, 0.10, 0.05, 0.02 and 0.01%; a ’ Indicates no accurate peak area measurement possible.

a Denotes compounds which have not been reported previously as volatiles of any relevant 
TSP raw materials, i.e. raw soybeans, soy flakes, soy flours, soy concentrate or soy isolate (see Introduction)

D Denotes compounds which have not been reported previously as volatiles of TSP (Palkert, 1980)

C om ponen t

N ew 3 ' 0

id e n t if i 
ca tio n

*R
(m in )

K ováts
index
( lit .) R PA O d o r q u a lity

a d im e th y le th y lp y ra z fn e *3 3 5 .3 5 0 . 2 0 n u tty

2 -ace ty lfu ran a 35.91 1491 0 .0 1

2 -p e n ty lth io p h e n 3 6 .0 0 1462 0 .0 1

a C4 -pyraz ine 3 6 .3 4 0 . 0 2

2 -fu ra ldehyde 3 6 .4 3 1449 0.25 roasted cerea ,
roasted la m o  fa t .
ranc id

hepta-2 ,4 -d iena ld b 36.51 0.05 unp leasant, g-een,

sap-like
2 ,6 -d im e th y ls ty re n e a 36 .68 0 .0 2

indene a 37.01 0 . 0 2

1 ,3 -d im e th y l-4 -e th y l benzene a 3 7 .0 6 0 .1 0

decan-2 -one 3 7 .3 9 1480 0 . 1 0

hepta-2 ,4 -d iena ld b 3 7 .6 0 1 .0 0 green, cucum ber
decanal b 3 7 .7 5 1485 0 .0 1 s lig h tly  green.

fra g ra n t

a d im e th y lin d a n a 3 8 .0 9 0 .0 1

non-3-en-2-one a 38 .82 0.25
benzaldehyde 39 .43 1502 6 . 0 0 alm onds, n u tty

1,2 ,3 ,4 -te tra h yd ro n a p h th a le n e a 39 .83 0 .2 0

dec-4-enal a 39 .97 1523(c) 0 .0 5
no n -2 -enal a 4 0 .3 0 1540 0.75
o c ta n -1 -ol b 40 .72 1519 0.25 f lo ra l,  h y a c in th ,

o i ly ,  fa t ty
2 -m e th y lp y rro le a 4 1 .0 5 0 .0 1

2 -m e th y l-1 ,2 ,3 ,4-te tra - a 4 1 .9 4 0 .0 1

h yd ro n a p h th a le n e
2,4  (o r2 ,5 )-d im e th y l- a 4 2 .2 5 0 .0 2

/'sopropylbenzene
octa  3,5 -d ien-2-one a 4 2 .6 5 1.75
2 -p ro p io n y lfu ra n d a 4 3 .0 4 1563 0 .0 2 green, n u tty
oc ta  2 ,4 -d iena l*3 a 4 3 .2 6 0 .0 2

3 -m e thy lindan -1  -one (?) a 4 3 .4 5 0 . 0 2

oc ta -2 ,4 -d iena ld a 4 3 .8 5 0 .0 5 o i ly ,  w a ln u ts
1 ,6 -d im e th y lin d a n a 45.51 0 . 1 0

pheny lace ta lde hyde *3 47.41 1646 0 .0 2 f lo ra l,  fra g ra r t
acetophenone 4 7 .6 9 1627 0 . 1 0 s lig h tly  m e a tv
nona-2 ,4 -d iena ld 48 .33 0 .0 1

a tr im e th y lin d a n a 48 .33 -
th ioph e n -3 -ca rb o xa ld e h yd e a 4 9 .1 5 0 .0 1

o -h yd ro xyb e n za ld e h yd e a 4 9 .4 0 1668 0 . 1 0

(sa licy la ldéhyde)
heptadecane a 4 9 .6 4 1700 0 .0 2

th io p h e n -2 -carboxa ldehyde a 50 .15 0 . 2 0

a te rp e n o id a 50 .15 0.05
6 -m e th y l-1 ,2 ,3,4- a 50.43 0 .0 2

te tra h yd ro n a p h th a le n e
nona-2 ,4 -d iena ld 50 .83 0.25 unp leasant,

cerea l-like ,
w e t w o o l

te re p h th a ld e h yd e *3 a 51 .25 0.05
naphthalene 52 .95 0 .5 0
undec-2 -enal a 53 .82 0.05
deca-2,4-d ienald b 54 .62 0.50
p -m e th y la ce to p h e n o n e c a 5 5 .5 9 1750 0.05
deca-2,4-d ienald b 5 7 .4 7 4 .5 0
2 ,5 -d im e th y ltio p h e n -3 - a 57 .47 0 . 2 0

carboxa ldehyde
2 -b u ta n o y l-5 -m e th y lfu ra n a 57 .79 1748 0.05
1 -fra /7s -b u t-2 -e n o y l-2 ,6 ,6 - a 5 8 .1 5 1 8 0 1 9 0 . 2 0

tr im e th y lc y c lo h e x a -1 ,3 -d ie n e e
(0 -dam ascenone)

2 -m e th y ln a p h th a le n e c a 59.81 0.05 f lo ra l,  fra g ra n t
2 -a ce ty l-4 -m e th y l- a 61.11 0 .0 1

c yc lo p e n ta n e -1 ,3 -d ione
1 -m e th y ln a p h th a le n e 0 a 61 .67 0 .1 0 hay
a m ono te rpene a 62 .05 0 .0 5
2 -p h e n y le th a n o lc a 62 .28 1859 0 .0 1 f lo ra l,  fra g ra n t
2 ,6 -d i- f-b u ty l-p - 6 2 .8 0 0 . 1 0 toasted  cereal

h y d ro x y to lu e n e  (B H T )
undeca-2,4-d ienal a 6 3 .4 9 0 .0 2

2 -m e th y l-5 -p e n ta n o y lfu ra n a 6 3 .6 9 0 .0 5
2 -p e n ta n o y lth io p h e n a 63 .97 1993 0 .0 2
2 -p h e n y lb u t-2 -enal a 64.31 0 .0 2
2 -e thy ln a p h th a le n e c a 6 4 .8 0 0.05
benzo th iazo le a 6 5 .2 0 0 .2 0

1 -e thy ln a p h th a le n e 0 a 65.51 0 .1 0
a d im e th y ln a p h th a le n e a 65.71 0.25
1 0 -m e thy lnonadecane a 6 6 .8 8 0 .0 1
a d im e th y ln a p h th a le n e a 67 .32 0.05
a d im e th y ln a p h th a le n e a 67 .67 0 . 2 0
1 ,5-d i/'sopropy l-3 - a 6 8 .0 5 0.05

e thy lbenzene
pantadecan-2 -one a 6 8 .5 0 0.05
a d im e th y ln a p h th a le n e a 69 .65 0 .0 2
4 -h yd ro xyd e ca n o ic  acid , a 69 .86 2 1 0 1 0 . 1 0

lac tone  (7 -decalactoi.e)
an /sop ro p y ln a p h th a le n e a 70 .39 0 . 1 0

1,4-d i/'sopropy l-2 ,5 - a 72 .52 0 .5 0
d im e thy lbenzene (? )

d ip h e n y lm e th a n e a 72.97 0.05
an /'sopropy lnaphtha lene a 73 .47 0 .0 2

a tr im e th y ln a p h th a le n e a 73.66 -
a trim e th y ln a p h th a le n e a 73 .88 0.05
a tr im e th y ln a p h th a le n e a 74 .66 0 .0 2

2 ,3 -d im e th y l-4 -h y d ro x y n o n a - a 77.04 2 1 3 3 h 0.05
2 ,4 -d ieno ic  ac id , lac tone*
(bovo lide )

a trim e th y lb e n za ld e h yd e a 77 .44 0.05
2 -m e th o xy -4 -v in y lp h e n o l b 78 .35 1.75

(p -v iny lgua iaco l)
2 -benzy lidenehep tana l a 84 .63 2 2 1 1 0 . 1 0

(a -p e n ty lc innam a ldehyde )
d ib e n zo fu ra n a 8 5 .3 9 0 .2 0

Denotes identification by tp measurements on reference compounds as well as by GC-MS i.e. 
when mass spectra could only partially characterize components 
Denotes confirmation of Identity by GC-MPD.

? MS lit. Demote et al. (1970); Nursten and Woolfe (1972); Tressl et al. (1978)
MS lit. Lardell! et al. (1966) ̂Tressl et al. (1978) 
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to  th e ir  lo w  o d o r  th r e sh o ld  v a lu es (K in se lla  an d  D a m o -  
daran , 1 9 8 0 ) ,  b u t a lso  t o  th e ir  a b il ity  to  b in d  to  s o y  p r o 
te in  (G rem li, 1 9 7 4 ) .  C o m p o n e n ts  o f  T a b le  2 ,  o th e r  th a n  
a lip h a tic  a ld e h y d e s , w h ic h  c o u ld  have d er iv ed  fro m  lip id  
d e g r a d a tio n  and w h ic h  w ere  p r e se n t in r e la tiv e ly  large  
c o n c e n tr a t io n s  in  th e  T SP  aro m a  w ere  h e p ta n -2 -o n e , o c t-
3 -e n -2 -o n e , p e n ta n - l-o l ,  h e x a n - l - o l ,  h e x -2 -e n - l -o l ,  o c t -1 -  
e n -3 -o l, b e n z a ld e h y d e  an d  2 -p e n ty lfu r a n . S evera l o f  th e  
a lip h a tic  h y d r o c a r b o n s  o f  T a b le  1 h a v e  n o t  b e e n  id e n t if ie d  
p r e v io u s ly  in re lev a n t s o y  raw  m a ter ia ls  and p r o b a b ly  
arise  fro m  th e r m a l n o n o x id a t iv e  d e g r a d a tio n  o f  lip id s  
e .g . du rin g  e x tr u s io n  (N a w a r , 1 9 6 9 ;  L itm a n  an d  N u m r y c h ,  
1 9 7 8 ) .

T a b le  2 sh o w s  th a t a s ig n if ic a n t  im p a c t o f  h e a t is to  p r o 
d u ce  c er ta in  sh o rt ch a in  a lip h a tic  a ld e h y d e s , k e to n e s  and  
su lfu r  c o m p o u n d s , cer ta in  b e n z e n o id s , fu r a n o id s , th io p h e n s  
and p y ra z in es . T h erm a l d e g r a d a tio n  o f  su gars, p y r o ly s is  
o f  a m in o  a c id s , S tr e ck er  d e g r a d a tio n s  an d  M aillard r e a c 
t io n s  w ill  c e r ta in ly  o c cu r  du rin g  e x tr u s io n  — a p ro cess  
in v o lv in g  te m p er a tu r e s  o f  a b o u t  1 5 0  C and p ressu res o f  
a b o u t  1 0 0 0  psi (P a g in g to n , 1 9 7 5 ) .  T h ia m in  d e g r a d a tio n  b y  
h ea t m a y  a lso  c o n tr ib u te  to  th e  p r e se n c e  o f  2 -m e th y lfu r a n  
and 2 -m e th y lth io p h e n  (van  der  L in d e  e t  a l.,  1 9 7 9 )  w h ile  
th e r m a l d e c a r b o x y la t io n  o f  fe ru lic  a c id  is th e  lik e ly  e x p la 
n a tio n  fo r  th e  p r e se n c e  o f  p -v in y lg u a ia c o l (G re u e ll, 1 9 7 4 ) .  
T h io p h e n  is p r e se n t in th e  T SP  a rom a a t th e  r e la t iv e ly  h ig h  
c o n c e n tr a t io n  o f  3 .2 5 %  o f  th e  to ta l  v o la t ile s ,  an d  p rev io u s  
s tu d ie s  r ep o rtin g  th e  p r e se n c e  o f  th io p h e n s  in  s o y  p r o te in  
p r o d u c ts  have a lso  in v o lv ed  th e  a p p lic a t io n  o f  h ea t at 
121 C or  a b o v e  (Q v is t and v o n  S y d o w , 1 9 7 4 ;  P a lk ert,
1 9 8 0 ) .  S im ila r ly , th e  o n ly  s o y  p r o te in  p r o d u c t  in w h ic h  
d im e th y l  d isu lf id e  h as b e e n  r ep o rte d  p r e v io u s ly  w a s a 
h e a ted  s o y  iso la te  (Q v is t and v o n  S y d o w , 1 9 7 4 ) .  A lso ,  
p y r a z in es  h a v e  b e e n  id e n t if ie d  o n ly  in  h e a te d  s o y  p r o d u c ts  
(M aga, 1 9 7 7 ;  D o i e t  a l.,  1 9 8 0 ;  P a lk er t, 1 9 8 0 ) .

C erta in  c o m p o u n d s  are r e n o w n e d  fo r  th e ir  c o n tr ib u t io n  
to  s o y  o ff-f la v o r s . F o r  e x a m p le , g r ee n , b e a n y  o f f -o d o r  has  
b e e n  a ttr ib u te d  to  severa l a lip h a tic  a lc o h o ls ,  a ld e h y d e s ,  
k e to n e s  ( in c lu d in g  p e n t - l - e n -3 -o n e  i .e .  e th y l v in y l k e to n e )  
an d  2 -p e n ty lfu r a n  (e .g . M a ttick  and H an d , 1 9 6 9 ;  H e in z e  
e t  a l., 1 9 7 8 ;  van  d e n  O u w e la n d  an d  S c h u tte , 1 9 7 8 ;  R ack is  
e t a l., 1 9 7 9 ;  K in se lla  an d  D a m o d a ra n , 1 9 8 0 ) .  O x id iz e d ,  
o i ly ,  rancid  and p a in t-lik e  o d o r s  h a v e  b e e n  a ttr ib u te d  to  
th e  h igh er  a lk a -2 ,4 -d ie n a ls  (R a c k is  e t  a l.,  1 9 7 9 ) .  M u sty , 
m o ld y  q u a lity  h as b e e n  a sso c ia te d  w ith  g e o sm in  and a c e t o 
p h e n o n e  (R a c k is  e t  a l.,  1 9 7 9 ;  K in se lla  an d  D a m o d a ra n ,
1 9 8 0 )  w h ile  a c o o k e d  o ff- f la v o r  is r ep o rte d  to  d e v e lo p  as a 
resu lt o f  th e  p r e se n c e  o f  p -v in y lp h e n o l and p -v in y lg u a ia c o l  
(van  d en  O u w e la n d  and S c h u tte , 1 9 7 8 ) .  In th e  p resen t  
s tu d y , sp e c if ic  a t te m p ts  w ere  m a d e  to  d e te c t  th e se  c o m 
p o u n d s , in c lu d in g  u se  o f  th e  MPM u n it o f  th e  G C -M S, b u t  
n o  e v id e n c e  o f  th e  p r e se n c e  o f  e ith er  e th y l  v in y l k e to n e  
(I 1 0 4 7 ,  r e fe r e n c e  c o m p o u n d )  or p -v in y lp h e n o l or g e o sm in  
c o u ld  b e  o b ta in e d . T h e  a b se n c e  o f  e th y l  v in y l k e to n e  w as  
a lso  n o te d  b y  P a lk ert ( 1 9 8 0 )  in h is s tu d y  o f  T SP . It d er iv es  
fr o m  lip o x y g e n a se  a c t io n ,  and o th e r  o x id a t io n  p r o d u c ts  
w ere  c e r ta in ly  p r e se n t in  o u r  T S P  v o la t ile s .  B o th  p -c o u -  
m aric  a c id  an d  fe ru lic  a c id , th e  p recu rso rs o f  p -v in y lp h e n o l  
an d  p -v in y lg u a ia c o l r e sp e c t iv e ly  (R a c k is  e t  a l., 1 9 7 9 ) ,  are 
r e p o r te d ly  e x tr a c te d  fr o m  s o y  f lo u r  w ith  p o la r  so lv e n ts  
e .g . a q u e o u s  e th a n o l (R a c k is  e t  a l.,  1 9 7 9 ;  K in se lla , 1 9 7 8 )  
su ch  th a t th e  r e su lta n t  p r o d u c t  d o e s  n o t  d e v e lo p  th e  o f f e n 
sive  c o o k e d  fla v o r; h o w e v e r  i f  th is  e x p la in s  th e  a b se n c e  o f  
p -v in y lp h e n o l in  th e  T S P  v o la t ile s ,  it w o u ld  ap p ear  th a t  
fe ru lic  ac id  is th e  m o r e  l ik e ly  o f  th e  tw o  p recu rso rs to  su r
v iv e  su ch  tr e a tm e n t.

S o m e  o f  th e  c o m p o u n d s  id e n t if ie d  here  fo r  th e  first 
t im e  in  T SP  (o r  its  r e lev a n t raw  m a ter ia ls )  d eserv e  sp ec ia l  
m e n tio n . T h e  m o n o te r p e n e s  ( C io )  are p r o b a b ly  n a tu ra lly  
o c cu rr in g  m e ta b o l it e s  o f  th e  b e a n . H o w e v e r , an  in te r e stin g

C 13 te r p e n o id -r e la te d  c o m p o u n d , |3 -d a m a scen o n e , w a s  
a lsc  p r e se n t ( se e  F ig . 1 ). T h is  c o m p o u n d  w a s first id e n tif ie d  
b y  D e m o le  e t a l. ( 1 9 7 0 )  in  B u lgarian  ro se  o i l ,  an d  it  has  
s in c e  b e e n  r ep o rte d  in  B u r ley  to b a c c o  (D e m o le  and Ber- 
th e t ,  1 9 7 1 )  and in severa l p la n t f o o d s  e .g . c o o k e d  a p p les  
(N u r s te n  an d  W o lffe , 1 9 7 2 )  and tea  (R e n o ld  e t  a l., 1 9 7 4 ) .  
It d er ives in  n a tu re  fro m  o x id a t iv e  d e g r a d a tio n  o f  th e  caro-

T a b le  2 —P o ss ib le  o rig in s  o f  s o m e  o f  th e  T S P  a ro m a  c o m p o n e n ts

Lipid o x id a tio n / 
degrada tion

H eated sugars a n d /o r  
am in o  acids O ther

o c ta r e abcde ace ta ld eh y d e tuvw cy c lo h ex an ek
d ecan e3*9 b u tan a lk m ethy lcyclo -
h ep tad ecan e p e n ta n a lkw p e n ta n e k
pen ten-1 -o la b u J ih h ex an alx to lu e n e 1
hexan-1-oldfh m eth y lp ro p an a ltyza m -x y len e1
o ctan-1 -o lbcdei 2 -m e th y lb u tan a ltvb B H Tm
p entan-2 -o lf 3 -m e th y lb u tan a lvz p-v iny lgua iaco ln
hexan-2-ol a ce to n e tu 2 ,6 -d im ethy l-
hex-2-en-1 -ol bu tan o n e* ux n a p h th a le n e 1
oct-1 -en-3-olabcef b u tan e d io n e tx n ap h th a len es1 °
b u ta r a lbcf9 p en tan e-2 ,3 -d io n e tx m o n o te rp en e sp
p en t£na lbcdef b u te n o n e x (J-dam ascenonep q
h ex an alabcdef to luene*x c d 2 -m e th y lfu ran r
h e p ta n a lbcdf e thy lbenzene*0 bov o lid ep
o c tan a laBcdef p ro p y lb en zen e0 2 -m e th y lth io p h e n r
n o n an alabcdef o-xylene* c h lo ro fo rm s
decana labcde m -xylene*x
2-m ethylbut-2-enal p -xylene*x
hex-2-enal09 1 ,2 ,4 -trim ethy lbenzene*
hep t-2 -enaldb‘' B 1 ,3 ,5 -trim ethy lbenzene*
oct-2 -ena labcdfg b en za ld eh y d exc
non-2-enalb c d ^ p h en y lac ta ld eh y d evc
undec-2-enaldbuJti ac e to p h e n o n e e
dec-4-enalJ sy tre n e 0
hepte-2 ,4-d ienal*gk indene0
octa-2 ,4-d ienals carbony l sulfide*
nona-2 ,4 -d ienalabc d im eth y l d isu lfideva
deca-2 ,4-d ienalsabce 2-m ethylfuran*
undeca-2 ,4-d ienal 2-ethylfuran*
hep tan -2 -o n edfglm n 2-propylfuran*
o c ta r-2 -o n e d ,g lm n 2-ethy l-5 -m ethy  If uran*
n o nan-2-onefgm n 2-furaldehyde*wg
decan-2 -onegmn 2-acety lfuran*WXg h
pen tad ecan -2 -o n e9" 111 th io p h e n x* 9
o c tan -3 -o n eg 2 -m e th y lth io p h e n x *
b u tan ed io n e3 2 -b u ty lth io p h en
p en tan e -2 ,3 -d ione3 2 -p en ty lth io p h en
hep tan e-2 ,3 -d io n e th io p h en -2 -ca rb o x a ld eh y d exh
oct-3-en-2-oneg th io p h en -3 -ca rb o x a ld eh y d e
non-3-en-2-one 2 ,5 -d irn e th y lth io p h en -3 -
octa-3-,5-dien-2-one* ca rb o x a ld eh y d e
p -x y len e0 2 -m e th y lp y rro le 1
a lk y lb en zen esp m eth y lp y raz in e9 '
b en zald eh y d eafq e th y lp y raz in e 1 J
a c e to p h e n o n e 3* 2 ,5 -d im e th y lp y raz in e9 *
n ap h th a len e0 2,6-d im ethylpyrazine*
2 -b u ty lfu ra n ° trim e th y lp y ra z in e wg 1
2 -p e r ty lfu ra n bceflor 2 -eth y l-5 -m eth y lp y raz in e
7-d eca lac to n es th ia z o le 9

3 F ra n k e l ( 1 9 8 0 ) *  Sessa ( 1 9 7 9 )
D F ra n k e l e t a l. ( 1 9 8 1 ) 1 N a w a r  e t a l.  ( 1 9 7 8 )
z  F ra n k e l ( 1 9 8 3 ) m  N a w a r  ( 1 9 6 9 )
°  S e lk e  e t a l.  ( 1 9 7 7 ) n L i tm a n  a n d  N u m r y c h  ( 1 9 7 8 )
J  S e lk e  e t  a l.  ( 1 9 8 0 ) °  F o rs s  ( 1 9 7 2 )
* S m o u s e  an d  C h ang  ( 1 9 6 7 ) p M in  e t a l.  ( 1 9 7 7 )
9 C h a n g  e t  a l.  ( 1 9 7 8 ) 0 K a w a d a  e t a l.  ( 1 9 6 7 )
n T re ss l e t  a l.  ( 1 9 7 7 ) r C h a n g  e t a l.  ( 1 9 6 6 )
1 S e lk e  e t a l.  ( 1 9 7 8 ) s W a ta n a b e a n d  S a to  ( 1 9 7 1 )
J B a d ln g s  ( 1 9 7 0 )

4 T h e rm a l d e g ra d a t io n  o f  g lu c o s e  (S u g ls a w a , 1 9 6 6 ;  H e y n e s  e t a l. ,  1 9 6 6 ;  W a lte r  
a n d  F a g e rs o n , 1 9 6 8 )

u P y ro ly s is  o f  v a r io u s  a m in o  a c id s  ( M a c L e o d  a n d  S e y y e d a in - A r d e b il i ,  1 9 8 1 )  
v S tre c k e r  d e g ra d a t io n  (M a c L e o d  a n d  S e y y e d a in - A r d e b il i ,  1 9 8 1 )  
w  H e a te d  g lu c o s e  ( o r  f r u c to s e ) /g ly c in e  (va n  d e n  O u w e la n d  e t a l. ,  1 9 7 8 )  
x  H e a te d  g lu c o s e /c y s te in e  (S c a n la n  e t a l. ,  1 9 7 3 )  
y  P y ro ly s is  o f  v a lin e  ( M e r r i t t  a n d  R o b e r ts o n , 1 9 6 7 )  
z ,P y ro ly s is  o f  le u c in e  ( L ie n  a n d  N a w a r, 1 9 7 4 )  
a ( P y -o ly s is  o f  m e th io n in e  ( F u j im a k i  e t a l. ,  1 9 6 9 )

P y ro ly s is  o f  is o le u c in e  ( L ie n  a n d  N a w a r, 1 9 7 4 )  
c ' P y -o ly s is  o f  p h e n y la la n in e  (M a c L e o d  a n d  S e y y e d a in - A r d e b il i ,  1 9 8 1 )

P y ro ly s is  o f  ty r o s in e  ( M e r r i t t  a n d  R o b e r ts o n , 1 9 6 7 )
®* D e c o m p o n s it io n  o f  t r y p to p h a n  (K in s e lla  a n d  D a m o d a ra n , 1 9 8 0 )

P y ro ly s is  o f  c y s te in e  ( K a to  e t a l. ,  1 9 7 3 a ; M e r r i t t  a n d  R o b e r ts o n , 1 9 6 7 )
9 ’ H e a te d  c y s te in e  (o r  c y s t in e ) /c a r b o n y l  c o m p o u n d  ( K a to  e t a l. ,  1 9 7 3 b )

H e a te d  c y s te in e /c y s t in e - r ib o s e  (M u ld e rs ,  1 9 7 3 )
I, P y ro ly s is  o f  s e r in e  o r  th r e o n in e  (W ang  a n d  O d e l l,  1 9 7 3 ; K a to  e t a l. ,  1 9 7 0 )  
i  (H e a te d  g lu c o s e /H 2 S /N H 3  ( S h ib a m o to  a n d  R u s s e ll, 1 9 7 7 )  
k/  P o ss ib le  i m p u r i t y  in  d e fa t t in g  s o lv e n t (H o n ig  e t a l. ,  1 9 7 9 )
' T h e rm a l d e g ra d a t io n  o f  c a ro te n o id s  ( F in a r ,  1 9 5 9 ;  D ra w e r t  e t a l. ,  1 9 8 1 )  
rr)> L ip id  a n t io x id a n t  ( F r a n k e l,  1 9 8 0 )

T h e rm a l d e c a r b o x y la t io n  o f  fe r u l ic  a c id  (G re u e l l,  1 9 7 4 )
° \  F used  r in g  f o r m a t io n  f r o m  o th e r  b e n z e n o id s  ( V i t z th u m  e t a l. ,  1 9 7 5 )
P ’ N a tu r a l ly - o c c u r r in g  m e ta b o l ite
P ’ O x id a t iv e  d e g ra d a t io n  o f  c a ro te n o id s  ( Is o e  e t a l. ,  1 9 7 3 )  
r \ T h  a m in  d e g ra d a t io n  (va n  d e r  L in d e  e t a l. ,  1 9 7 9 )
s P o ss ib le  c o n ta m in a n t  d e r iv in g  f r o m  p e s t ic id e  re s id u e s  (H o  a n d  C o le m a n , 1 9 8 1 )
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te n o id  n e o x a n th in  (Iso e  e t  a l., 1 9 7 3 )  a n d , a lth o u g h  it is 
p r e se n t in  g reen  to b a c c o ,  cu r in g  a g e in g  in c re a se s  its  c o n c e n 
tr a tio n  c o n s id e r a b ly  (E n z e ll, 1 9 8 1 ) ;  a sim ilar  in crea sed  
p r o d u c t io n  m a y  o c c u r  T SP  d u rin g  p r o c e ss in g  an d  sto ra g e .

T h erm a l d e g r a d a tio n  o f  c a r o te n o id s  is  k n o w n  to  o c cu r  
a n d , fo r  e x a m p le , )3-carotene fo r m s to lu e n e ,  m -x y le n e  and
2 ,6 -d im e th y ln a p h th a le n e  (F in a r , 1 9 5 9 ) ,  e sp e c ia lly  in  th e  
a b se n c e  o f  air (D ra w ert e t a l.,  1 9 8 1 ) .  T h e se  p r o d u c ts  are 
fo r m e d  b y  c y c l iz a t io n  o f  fr a g m e n ts  o f  th e  p lo y e n e  ch a in , 
w ith o u t  th e  |3 -io n o n e  rin gs b e in g  in v o lv e d  (F in a r , 1 9 5 9 ) .  
T h is r o u te  m a y  w e ll e x p la in  th e  a b o v e  p r o d u c ts  and a lso  
so m e  o f  th e  v e r y  m a n y  o th e r  b e n z e n o id  d e r iv a tiv es  lis ted  
in  T a b le  1, in  a d d it io n  to  th e  a lter n a tiv e  fe a s ib le  fo r m a tio n  
r o u te s  su m m a rised  in T a b le  2 . In p a r ticu la r , th e  severa l 
n a p h th a le n e  d er iv a tiv es  id e n t if ie d  m a y  fo r m , as d e sc r ib ed ,  
b y  th e r m a l d e g r a d a tio n  o f  c a r o te n o id s . S o m e  n a p h th a le n e  
d e r iv a tiv es  have b e e n  r ep o rte d  p r e v io u s ly  in  h e a te d  fo o d s  
e .g . c o f fe e  (S to l l  e t a l., 1 9 6 7 ) ,  c o c o a  (V itz th u m  e t a l., 
1 9 7 5 )  an d  r o a ste d  p e a n u ts  (W alradt e t a l.,  1 9 7 1 ) .  T h e y  
h ave a lso  b e e n  id e n t if ie d  in  th e  v o la t ile s  p r o d u c e d  o n  h e a t
in g  th e  b e n z e n o id  p o r o u s  p o ly m e r , P orap ak  Q (V itz th u m  
e t  a l.,  1 9 7 5 )  and so  a fu se d  ring s y s te m  can  fo r m  o n  h e a t
in g , — p o s s ib ly  fro m  s im p le  su b s t itu te d  b e n z e n e s  e .g . x y 
len es , e th y lb e n z e n e ,  s ty r e n e . T h e  h ig h  te m p er a tu r e s  and  
p ressu res o f  e x tr u s io n  m a y  w e ll,  th e r e fo r e , b e  e n v isa g e d  as 
su ita b le  c o n d it io n s  fo r  th e  fo r m a t io n  o f  su ch  fu se d  a r o 
m a tic  c o m p o u n d s  in T SP . T h e  so y b e a n  i t s e lf  is a lso  a 
n atu ra l so u r c e  o f  m a n y  n o n v o la ti le  b e n z e n o id s  (H e in z e  
e t  a l.,  1 9 7 8 )  w h ic h  c o u ld  ac t as p recu rso rs o f  v o la t ile  
d er iv a tiv es . F o r  e x a m p le , th e  id e n t if ie d  2 -b e n z y lid e n e -  
h e p ta n a l or a -p e n ty lc in n a m a ld e h y d e  (T a b le  1 ) p r o b a b ly  
arises as a r e a c t io n  p r o d u c t o f  a n a tu ra lly  o c cu rr in g  c in 
n a m ic  a c id .

A f in a l c o m p o u n d  w o r th  m e n t io n in g  is b o v o lid e  (se e  
F ig . 1). It w as first id e n t if ie d  as a n e w  7 - la c to n e  in b u tte r  
and has a s tr o n g  c e le r y -lik e  o d o r  (B o ld in g h  and T a y lo r ,  
1 9 6 2 ;  L ard elli e t a l.,  1 9 6 6 ) ;  it w as so -n a m ed  b e c a u se  o f  its  
b o v in e  o r ig in . It h as s in c e  b e e n  id e n t if ie d  in  o th e r  p r o d u c ts  
e .g . t o b a c c o  (D e m o le  and B e r th e t, 1 9 7 2 ) .  T h e  o r ig in a l  
a u th o rs  h a v e  su g g es ted  th a t , in  th e  a b se n c e  o f  o th e r  h o m o 
lo g s , it is n o t  c o n n e c te d  w ith  n o rm a l b io lo g ic a l  f a t ty  acid  
sy n th e s is ,  and  th e y  sh o w e d  th a t its  o r ig in  in  b u tte r  is fro m  
grass in th e  c o w  fo d d e r . It is p r o b a b ly  a lso  n a tu ra lly  o c c u r 
ring in  so y b e a n s .

C O N C L U S IO N

T H IS  S T U D Y  SH O W S th a t th e  a rom a o f  T SP  is d u e  to  a 
large n u m b e r  o f  v o la t ile  c o m p o n e n ts ,  r ep re se n tin g  a w id e  
range o f  c h e m ic a l c la sses. S o m e  are lik e ly  to  b e  n a tu r 
a lly  o c cu rr in g  m e ta b o lite s  o f  th e  s o y b e a n , and in th is  
c o n t e x t  tw o  c o m p o n e n ts  — 0-d a m a sc e n o n e  an d  b o v o lid e  — 
are r ep o rte d  here fo r  th e  first t im e  in  s o y .  O th ers are 
a c c o u n te d  fo r  b y  lip id  o x id a t io n /d e g r a d a t io n  an d  b y  th e  
e f fe c t  o f  h e a t  o n  sugars a n d /o r  a m in o  a c id s. H o w e v e r , th is  
w o r k  in d ic a te s  th a t c a r o te n o id  d e g r a d a tio n  a lso  p r o b a b ly  
o c c u r s  s ig n if ic a n t ly , and  th is  c o u ld  p la y  a h ith e r to  u n d e 
te r m in e d  r o le  in s o y  p r o c ess in g  te c h n o lo g y .  Its s ig n if i
c a n c e  to  th e  fla v o r  o f  p r o c e sse d  to m a to  p r o d u c ts  is a lrea d y

F ig . 1—C h e m ic a l s t r u c t u r e  o f  ß -d a m a sc e n o n e  a n d  b o v o lid e .

rea lize d  (D ra w ert e t  a l.,  1 9 8 1 ) .  A d d it io n a l ly ,  as e v id e n c e d  
b y  th e  id e n t if ic a t io n  o f  severa l n a p h th a le n e  d e r iv a tiv es , 
a r o m a tic  ring fu s io n  or c y c liz a t io n  m a y  a lso  r esu lt  u n d e r  
e x tr u s io n  c o n d it io n s .
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a n d  R e d d y , R .D . 1 9 6 6 . I s o la tio n  a n d  id e n t i f ic a t io n  o f  2 -n -p en ty l-  
fu ra n  as c o n tr ib u t in g  to  th e  re v e rs io n  fla v o r o f  s o y b e a n  o il .  C h em . 
In d .  1 9 2 6 .

C h ang , S .S ., P e te rs o n , R .J . ,  a n d  H o , C .-T . 1 9 7 8 . C h e m is try  o f  d e e p  
fa t  fr ied  flav o r. In  “ L ip id s  as a  S o u rce  o f  F la v o r ,”  A C S S y m p . 
S e r. 7 5 , (E d .)  S u p ra n , M .K . p . 1 8 . A C S, W ash in g to n , D C .

D em o le , E . a n d  B e r th e t ,  D . 1 9 7 1 . Id e n t i f ic a t io n  d e  la  d a m a sc é n o n e  
e t  de  la  /3-dam ascone d a n s  le  ta b a c  B u rle y . H elv . C h im . A c ta  
5 4 : 6 8 1 .

D em o le , E . a n d  B e r th e t ,  D . 1 9 7 2 . A ch em ica l s tu d y  o f  B u rley  to b a c 
co  f lav o r (N ic o tia n a  ta b a c u m  L .). 1 . V o la tile  to  m e d iu m -v o la tile  
c o n s t i tu e n ts  (b .p .  <  8 4 ° /0 .0 0 1  T o r r) .  H elv. C h im . A c ta  5 5 : 1 8 6 6 .

D em o le , E .,  E n g g is t, P ., S a u b e rli ,  U ., S to ll,  M ., a n d  K o v a ts , E . sz. 
1 9 7 0 . S tr u c tu re  e t  s y n th è s e  de la  d a m a sc é n o n e  ( tr im é th y l-2 ,6 ,6 -  
tra n s -c ro to n y l- l-c y c lo h e x a d iè n e -1 ,3 ) .  C o n s t i tu a n t  o d o r a n t  d e  
l ’essen ce  de  ro se  B u lgare . H elv . C h im . A c ta  5 3 : 5 4 1 .

D o i, Y ., T su g ita , T ., a n d  K u ra ta , T . 1 9 8 0 . C hanges o f  h e a d s p a c e  
v o la tile  c o m p o n e n ts  o f  s o y b e a n s  d u rin g  ro a s tin g . A g ric . B io l. 
C h em . 4 4 : 1 0 4 3 .

D ra w e r t, F . ,  S c h re ie r , P ., B h iq a p u rk a r ,  S ., a n d  H e in d z e , I .  1 9 8 1 . 
C h em ica l- te c h n o lo g ic a l a sp e c ts  fo r  c o n c e n tr a t io n  o f  p la n t  a ro 
m as. In  “ F la v o u r  ’8 1 ,”  T h ird  W eu rm an  S y m p o s iu m , M u n ich , 
(E d .)  S c h re ie r , P ., p .  6 4 9 . W alte r de  G ru y te r ,  N ew  Y o rk .

“ E ig h t P e a k  In d e x  o f  M ass S p e c tr a .”  1 9 7 4 . 2 n d  e d . M SD C  A lder- 
m a s to n , U K .

E n ze ll, C .R . 1 9 8 1 . In f lu e n c e  o f  cu rin g  o n  th e  fo r m a t io n  o f  to b a c c o  
flav o r. In  “ F la v o u r ’8 1 ,”  T h ird  W eu rm an  S y m p o s iu m , M u n ich , 
(E d .)  S c h re ie r , P ., p . 4 4 9 . W alte r de  G ru y te r ,  N ew  Y o rk .

F in a r ,  I .L . 1 9 5 9 . “ O rg an ic  C h e m is try ,”  V o i. 2 , 2 n d  e d .,  p . 3 9 0 . 
L o n g m an s , L o n d o n .

F o rss , D .A . 1 9 7 2 . O d o r  a n d  fla v o r c o m p o u n d s  f ro m  lip id s . In  
“ P ro g ress  in  th e  C h em is try  o f  F a ts  a n d  o th e r  L ip id s ,”  (E d .)  
H o lm a n , R .T ., 1 3 (4 ) .  P e rg a m o n  P ress, N ew  Y o rk .

F ra n k e l,  E .N . 1 9 8 0 . L ip id  o x id a t io n ,  P ro g . L ip id  R es . 1 9 : 1.
F ra n k e l,  E .N . 1 9 8 3 . V o la tile  l ip id  o x id a t io n  p ro d u c ts .  P ro g . L ip id  

R es . 2 2 : 1.
F ra n k e l,  E .N ., N e ff , W .E ., a n d  S e lk e , E . 1 9 8 1 . A n a ly sis  o f  a n to x i-  

d ised  fa ts  b y  gas c h ro m a to g ra p h y -m a s s  s p e c tro m e tr y :  7 . V o la tile  
th e rm a l d e c o m p o s it io n  p ro d u c ts  o f  p u re  h y d ro p e ro x id e s  f ro m  a n t-  
o x id iz e d  a n d  p h o to -s e n s it iz e d  o x id iz e d  m e th y l  o le a te ,  linoleaTie 
a n d  lin o le n a te .  L ip id s  1 6 : 2 7 9 .

F u jim a k i,  M ., A ra i, S ., K irig ay a , H ., a n d  S a k u ra i, Y . 1 9 6 5 . S tu d ie s  
o n  fla v o r c o m p o n e n ts  in  soy  b e a n . P a r t  1. A lip h a tic  c a rb o n y l 
c o m p o u n d s . A g ric . B io l. C h em . 2 9 : 8 5 5 .

F u jim a k i,  M ., K a to , S ., a n d  K u ra ta ,  T . 1 9 6 9 . P y ro ly sis  o f  s u lfu r  
c o n ta in in g  a m in o  ac id s. A gric . B io l. C h em . 3 3 : 1 1 4 4 .

G a rd n e r , H .W . 1 9 8 0 . L ip id  e n zy m es : lip ases , l ip o x y g e n a se s  a n d  
“ h y d ro p e ro x id a s e s ” . In  “ A u to x id a t io n  in  F o o d  a n d  B io lo g ica l 
S y s te m s ,”  (E d .)  S im ic , M .G . a n d  K are l, M ., p .  4 4 7 . P le n u m  P ress, 
N ew  Y o rk  a n d  L o n d o n .

G rem ii, H .A . 1 9 7 4 . I n te ra c t io n  o f  fla v o r c o m p o u n d s  w ith  s o y  p r o 
te in .  J . A m er. O il C h em . S o c . 5 1 : 9 5 A .

G reu e ll, E .H .M . 1 9 7 4 . S o m e  a sp e c ts  o f  re s e a rc h  in  th e  a p p lic a tio n  
o f  soy  p ro te in s  in  fo o d s . J . A m er. O il C h em . S oc . 5 1 : 9 8 A .

H e in ze , R .F .,  In g le , M .B ., an d  R e y n o ld s , J .F .  1 9 7 8 . F lav o rin g  
v eg etab le  p ro te in  m e a t  an a lo g s. In  “ F la v o r o f  F o o d s  a n d  B ever
ag es ,”  (E d .)  C h a ra lam b o u s , G . a n d  In g le tt ,  G .E ., p .  4 3 . A c ad e m ic  
P ress, N ew  Y o rk .

H e y n es , K ., S tu te ,  R .,  a n d  P au lsen , H . 1 9 6 6 . B ro w n in g  re a c t io n  a n d  
f r a g m e n ta tio n  o f  c a rb o h y d ra te s .  1 . V o la tile  p ro d u c ts  f ro m  th e  
th e rm a l d e g ra d a t io n  o f  D -g lucose. C a rb o h y d r .  R es. 2 : 1 3 2 .

H o , C .-T . a n d  C o le m an , E .C . 1 9 8 1 . H a lo g en  c o m p o u n d s  id e n t i f ie d  
in  th e  v o la tile  c o n s t i tu e n ts  o f  b a k e d  p o ta to e s .  J . A g ric . F o o d  
C h em . 2 9 : 2 0 0 .

H o ffm a n , G . 1 9 6 2 . V eg e ta b le  o ils . In  “ S y m p o s iu m  o n  F o o d s : 
L ip id s  a n d  T h e ir  O x id a t io n ,”  (E d .)  S c h u ltz ,  H .W ., D ay , E .A ., a n d  
S in n h u b e r ,  R .O ., p . 2 1 5 . A V I, W e s tp o rt , C T .

H o n ig , D .H . a n d  R ac k is , J .J .  1 9 7 5 . V o la tile  c o m p o n e n ts  o f  m a tu r in g  
s o y b ea n s . C erea l C h em . 5 2 : 3 9 6 .
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H o n ig , D .H ., W arner, K .A ., S e lk e , E ., a n d  R ac k is , J .J .  1 9 7 9 . E f fe c ts  
o f re s id u a l so lv en ts  a n d  s to ra g e  o n  fla v o r  o f  h e x a n e /e th a n o l  
a ze o tro p e  e x tra c te d  so y  p ro d u c ts .  J . A gric . F o o d  C h em . 2 7 : 1 3 8 3 .

H o w , J .S .L . a n d  M orr, C .V . 1 9 8 2 . R em o v a l o f  p h e n o lic  c o m p o u n d s  
fro m  soy  p ro te in  e x tr a c ts  u s in g  a c t iv a te d  c a rb o n . J .  F o o d  S ci. 
4 7 : 9 3 3 .

H sieh , O .A .-L ., H u an g , A .S ., a n d  C h an g , S .S . 1 9 8 2 . I s o la tio n  an d  
id e n tif ic a tio n  o f  o b je c tio n a b le  v o la tile  f la v o r c o m p o u n d s  in  d e 
f a t te d  s o y b e a n  f lo u r .  J . F o o d  S ci. 4 7 : 16 .

Is o e , S ., K a tsu m u ra , S ., a n d  S a k a n , T . 1 9 7 3 . T h e  sy n th e s is  o f  dam as- 
c en o n e  a n d  0 -d am asco n e  a n d  th e  p o ss ib le  m e c h an is m  o f  th e ir  
fo rm a t io n  fro m  c a ro te n o id s .  H elv . C h im . A c ta  5 6 : 1 5 1 4 .

J a c k s o n , H .W . 1 9 8 1 . T e c h n iq u e s  fo r  fla v o r  a n d  o d o r  e v a lu a tio n  
o f  so y  o il. In  “ W o rld  C o n fe re n ce  o n  S o y a  P ro cessin g  a n d  U tiliz a 
t io n .”  J .  A m er. O il C h em . S o c . 5 8 : 2 2 7 .

J en n in g s , W . a n d  S h ib a m o to , T . 1 9 8 0 . “ Q u a lita tiv e  A n a ly sis  o f  
F la v o r a n d  F rag ran ce  V o la tile s  b y  G lass C ap illa ry  G as C h ro m a 
to g ra p h y .”  A c ad e m ic  P ress, N ew  Y o rk .

K a to , S ., K u ra ta ,  T ., Is h its u k a , R .,  a n d  F u jim a k i,  M . 1 9 7 0 . P y ro ly 
sis o f  0 -h y d ro x y  a m in o  acid s  e sp ec ia lly  L -serine . A gric . B io l. 
C h em . 3 4 : 1 8 2 6 .

K a to , S ., K u ra ta ,  T ., I s h ig u ro , S ., a n d  F u jim a k i,  M . 1 9 7 3 a . A d d i
t io n a l v o la tile  c o m p o u n d s  p ro d u c e d  b y  p y ro ly s is  o f  s u lfu r  c o n 
ta in in g  a m in o  ac id s. A gric . B io l. C h em . 3 7 : 1 7 5 9 .

K a to , S ., K u ra ta , T ., a n d  F u jim a k i, M . 1 9 7 3 b . V o la tile  c o m p o u n d s  
p ro d u c e d  b y  th e  re a c t io n  o f  L -cy s te in e  o r  L -cy s tin e  w ith  c a rb o n y l 
c o m p o u n d s . A gric . B io l. C h em . 3 7 : 5 3 9 .

K a to , H ., D o i, Y ., T su g ita , T ., K osa i, K ., K a m iy a , T ., a n d  K u ra ta ,
T . 1 9 8 1 . C hanges  in  v o la tile  f la v o r  c o m p o n e n ts  o f  so y b e a n s  d u rin g  
ro a s tin g . F o o d  C h em . 7 : 87 .

K aw ad a , T ., K r is h n a m u rth y , R .G ., M o o k h e r jee , B .D ., an d  C hang ,
S .S . 1 9 6 7 . C h em ica l re a c t io n s  in v o lv ed  in  th e  d e ep  f a t  f ry in g  o f 
fo o d s . 2 . Id e n t i f ic a t io n  o f  a c id ic  v o la tile  d e c o m p o s it io n  p ro d u c ts  
o f  c o m  o il. J .  A m er, O il C h em . S o c . 4 4 : 1 3 1 .

K e n n e t t ,  B .H ., W h itfie ld , F .B ., a n d  B a n n is te r , P .A . 1 9 7 7 -1 9 8 3 . 
“ M ass S p e c tra  o f  O rgan ic  C o m p o u n d s ” , C S IR O , M e lb o u rn e , A u s
tra lia .

K im o to , W .I. a n d  G ad d is , A .M . 1 9 6 9 . P rec u rso rs  o f  a lk -2 ,4 -d ien a ls  
in  a n to x id is e d  la rd . J . A m e r. O il C h em . S O c . 4 6 : 4 0 3 .

K in se lla , J .E .  1 9 7 8 . T e x tu re d  p ro te in s :  fa b r ic a tio n , f lav o rin g  a n d  
n u t r i t io n .  C R C  C rit. R evs. F o o d  S ci. & N u t.  1 0 : 1 4 7 .

K in se lla , J .E . a n d  D a m o d a ran , S . 1 9 8 0 . F la v o r  p ro b le m s  in  soy  p r o 
te in s : o rig in , n a tu re ,  c o n tro l  a n d  b in d in g  p h e n o m e n a . In  “ T h e  
A n a ly sis  a n d  C o n tro l  o f  L ess D esirab le  F lav o rs  in  F o o d s  a n d  B ev
e ra g es ,”  (E d .)  C h a ra lam b o u s , F .,  p .  9 5 .

L a rd e lli, G ., D ijk s tra , G ., H a rk es, P .D ., a n d  B o ld in g h , J .  1 9 6 6 . A 
n e w  a - la c to n e  fo u n d  in  b u t te r .  R ec . T rav . C h im . 8 5 : 4 3 .

L ien , Y .C . a n d  N aw ar, W .W . 1 9 7 4 . T h e rm a l d e c o m p o s it io n  o f  so m e  
am in o  acid s: v a lin e , le u c in e  a n d  iso le u c in e . J .  F o o d  S ci. 3 9 : 9 1 1 .

L ik en s , S .T . a n d  N ic k e rso n , G .B . 1 9 6 4 . D e te c t io n  o f  c e r ta in  h o p  o il 
c o n s ti tu e n ts  in  b re w in g  p ro d u c ts .  P ro c . A m er. S o c . B rew . C h em . 5.

L i tm a n , I .  a n d  M u n ry c h , S . 1 9 7 8 . T h e  ro le  lip id s  p la y  in  th e  p o s i
tive  a n d  n eg a tiv e  flav o rs  o f  f o o d . In  “ L ip id s  as a  S o u rce  o f  F la v o r ,” 
(E d .)  S u p ran , M .E ., ACS S y m p . S e r. 7 5 , p .  1 . A C S , W ash in g to n , 
D C.

M acL eo d , A .J .  a n d  C ave , S .J .  1 9 7 5 . V o la tile  f la v o r c o m p o n e n ts  o f  
eggs. J .  S ci. F o o d  A gric . 2 6 : 3 5 1 .

M acL eo d , G . a n d  C o p p o c k , B .M . 1 9 7 6 . V o la tile  f lav o r c o m p o n e n ts  
o f  b e e f  b o ile d  c o n v e n t io n a lly  a n d  b y  m ic ro w a v e  ra d ia t io n . J .  A gric. 
F o o d  C h em . 2 4 : 8 3 5 .

M acL eo d , G . a n d  S e y y e d a in -A rd e b ili ,  M. 1 9 8 1 . N a tu ra l  a n d  s im u 
la te d  m e a t flav o rs  (w ith  p a r t ic u la r  re fe re n c e  to  b e e f ) .  C R C  C rit. 
R evs. F o o d  S c i. & N u t.  1 2 : 3 0 9 .

M aga, J .A . 1 9 7 7 . A lk y lp y ra z in e  leve ls  in  v a rio u s  v e g e tab le  p ro te in  
flo u rs . L e b e n sm . -Wiss. T e c h n o l. 1 0 : 1 0 0 .

M aga, J .A .  a n d  L o ren z , K . 1 9 7 4 . G as-liq u id  c h ro m a to g ra p h y  sep a 
ra t io n  o f  th e  free  p h e n o lic  a c id  f r a c tio n s  in  v a rio u s  o ilseed  p ro te in  
so u rces . J .  S ci. F o o d  A gric . 2 5 : 7 9 7 .

M asson , L . 1 9 8 1 . R e la tiv e  n u t r i t io n a l  v a lu e  o f  v a rio u s  d ie ta ry  fa ts  
a n d  oils. I n  “ W o rld  C o n fe re n c e  o n  S o y a  P ro cessin g  a n d  U tilisa 
t io n .”  J . A m er. O il C h em . S o c . 5 8 : 2 4 9 .

M a tt ic k , L .R . a n d  H a n d , D .B . 1 9 6 9 . I d e n t i f ic a t io n  o f  a  v o la tile  
c o m p o n e n t  in  s o y b e a n s  t h a t  c o n tr ib u te s  to  th e  ra w  b e a n  flav o r. 
J . A gric . F o o d  C h em . 1 7 : 15 .

M e lto n , S .L ., M o y ers , R .E ., a n d  J a y n e s , J .T . 1 9 8 1 . S to rag e  e f fe c t  
o n  s e le c te d  c h a ra c te r is tic s  a n d  lip id s  o f  d e fa t te d  s o y  flo u rs . J . 
A m er. O il C h em . S o c . 5 8 : 9 5 9 .

M erritt ,  C . J r .  a n d  R o b e r ts o n ,  D .H . 1 9 6 7 . T h e  an a ly sis  o f  p ro te in s ,  
p e p tid e s  a n d  a m in o  acid s  b y  p y ro ly s is  gas c h ro m a to g ra p h y  a n d  
m ass s p e c tro m e tr y .  J .  G as C h ro m a to g . 5 : 9 7 .

M in, B .S .D ., In a , K ., P e te rs o n , R .J .,  a n d  C h an g , S .S . 1 9 7 7 . T he 
a lk y lb e n z e n e s  in  ro a s t  b e e f .  J ,  F o o d  S ci. 4 2 : 5 0 3 .

M oll, C ., B ie rm a n n , U ., a n d  G ro sch , W . 1 9 7 9 . O c cu rre n ce  a n d  fo r 
m a tio n  o f  b i t te r - ta s tin g  t r ih y d ro x y  f a t ty  a cid s  in  s o y b e a n s . J . 
A gric . F o o d  C h em . 2 7 : 2 3 9 .

M u ld ers, E .J .  1 9 7 3 . V o la tile  c o m p o n e n ts  fro m  th e  n o n -e n z y m ic  
b ro w n in g  re a c t io n  o f  th e  c y s te in e /c y s tin e - r ib o s e  sy s te m . Z. 
L e b e n sm . U n te rs . F o rsc h . 1 5 2 : 1 9 3 .

N aw ar, W .W . 1 9 6 9 . T h e rm a l d e g ra d a t io n  o f  lip id s : a  rev iew . J .  
A gric . F o o d  C h em . 1 7 : 18 .

N aw ar, W .W ., B rad ley , S .J .,  L o m a n n o , S .S ., R ic h a rd so n , G .G ., a n d  
W h item an , R .C . 1 9 7 8 . V o la tile s  f ro m  fry in g  fa ts : a  c o m p a ra tiv e  
s tu d y . In  “ L ip id s  as a  S o u rce  o f  F la v o r ,”  A C S S y m p . S e r. 7 5 , 
(E d .)  S u p ra n , M .K ., p . 4 2 . A C S , W ash in g to n , D C .

N u rs te n , H .E . a n d  W o o lffe , M .L . 1 9 7 2 . A n  e x a m in a tio n  o f  th e  
v o la tile  c o m p o u n d s  p re s e n t  in  c o o k e d  B ra m le y ’s seed lin g  ap p le s  
an d  th e  ch an g es  th e y  u n d e rg o  o n  p ro c e ss in g . J .  S ci. F o o d  A gric. 
2 3 : 8 0 3 .

P a g in g to n , J .S . 1 9 7 5 . F lav o rin g  a n d  p r o d u c t io n  o f  e x tru d e d  so y a  
p ro te in s .  In  “ T h ird  F la v o r A p p lic a tio n s  S y m p o s iu m  o f  th e  B ri
tish  S o c ie ty  o f  F la v o r is ts ,”  L o n d o n , J u n e  1 1 , F lav . In d . 2 7 8 .

P a lk e r t ,  P .E . 1 9 8 0 . T h e  d e te rm in a t io n  o f  fla v o r r e te n t io n  a n d  n a 
tiv e  v o la tile s  in  p re -e x tru d e d  f la v o re d  te x tu r e d  so y  p ro te in .  P h .D . 
th e s is , U niv . o f  M assa c h u se tts , A m h e rs t, M A .

P a te l, H . 1 9 8 3 . P riv a te  c o m m u n ic a t io n .
Q vist, I .H . a n d  v o n  S y d o w , E .C .F . 1 9 7 4 . U n c o n v e n tio n a l p ro te in s  

as a ro m a  p re c u rs o rs . C h em ica l an a ly sis  o f  th e  v o la tile  c o m p o u n d s  
in  h e a te d  s o y , case in  a n d  fish  p ro te in  m o d e l sy s te m s . J . A gric . 
F o o d  C h em . 2 2 : 1 0 7 7 .

R ack is , J .J . ,  S essa , D .J .,  a n d  H o n ig , D .H . 1 9 7 9 . F la v o r p ro b le m s  
o f  v eg e tab le  fo o d  p ro te in s .  J .  A m e r. Oil C h em . S o c . 5 6 : 2 6 2 .

R e n o ld , W ., N af-M iille r, R ., K e lle r, U .,  W illh a lm , B ., a n d  O h lo ff ,
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R e l a t i v e  B i o a v a i l a b i l i t y  o f  D i e t a r y  I r o n  f r o m  

T h r e e  P r o c e s s e d  S o y  P r o d u c t s

M A R Y  F R A N C E S  P IC C IA N O , K A R L  E. W E IN G A R T N E R , an d  JO H N  W . E R D M A N , J R .

-------------------------------------- A B S T R A C T -----------------------------------------

The relative bioavailability of iron from soy flour (SF), freeze-dried 
soy beverage (SB) and soy concentrate (SC) was determined utiliz
ing a hemoglobin repletion bioassay. Weanling male rats were fed a 
low iron depletion diet (3.5 ppm Fe) for 4 wk. For the next 2 wk 
groups of rats were fed repletion diets containing 0 , 6 , 1 2 , or 18 
ppm added iron from ferrous sulfate, SF, SB, or SC. Slope ratio 
analysis revealed that the relative iron bioavailabilities from SC 
(92%) and SF (81%) were not different from the reference stan
dard, ferrous sulfate added to a casein-based diet, whereas that from 
SB (6 6 %) was significantly less (PcO.Ol) than the inorganic source 
of iron. Analysis of results at individual iron levels suggested an iron 
bioavailability of SC >SF>SB .

IN T R O D U C T IO N

R e c e n t  h u m a n  s tu d ie s  su g g estin g  th a t s o y  p r o d u c ts  are 
in h ib ito r y  to  n o n h e m e  iro n  a b so r p tio n  (C o o k  e t a l . , 1 9 8 1 ,  
M orck  e t  a l., 1 9 8 2 )  are in  r ea so n a b le  a g r ee m en t w ith  so m e  
p r e v io u s  h u m a n  s tu d ie s  (B jo r n -R a sm u ssen  e t  a l., 1 9 7 3 ;  
A sh w o r th  e t a l., 1 9 7 3 )  b u t n o t  w ith  o th e r s  (C o o k  e t a l.,  
1 9 7 2 ;  L ayr isse  e t  a l., 1 9 6 9 ) .  B o d w e ll  ( 1 9 8 3 )  m o s t  r e c e n t ly  
fo u n d  n o  ad verse  a f fe c t s  o n  iro n  s ta tu s  d u e  to  fe e d in g  h u 
m a n s m o d e r a te  q u a n t it ie s  o f  s o y  p r o d u c ts  d a ily  fo r  6 
m o n th s .

R at fe e d in g  s tu d ie s  e m p lo y in g  h e m o g lo b in  r e p le t io n  
m e th o d o lo g y  (S te in k e  an d  H o p k in s , 1 9 7 8 ;  R o tr u c k  and  
L u h rsen , 1 9 7 9 )  or  r a d io la b e le d  te s t  m ea ls  (S c h r ick er  e t a l.,  
1 9 8 3 )  sh o w  re la tiv e  iro n  a v a ila b ility  fr o m  v a r io u s s o y  
p r o d u c ts  to  b e  6 0 -9 0 %  th a t o f  FeSC >4 ad d ed  to  ca se in -b a sed  
d ie ts .

P re v io u s  p u b lic a t io n s  fr o m  o u r  la b o r a to r y  (F o r b e s  an d  
P ark er, 1 9 7 7 ;  F o rb es  e t  a l.,  1 9 7 9 )  d e sc r ib ed  th e  b io a v a ila 
b i l ity  o f  z in c , m a g n e siu m , and c a lc iu m  fr o m  th ree  s o y  
p r o d u cts : fu ll  fa t s o y  f lo u r  (S F ) ,  free ze -d r ie d  s o y  b ev era g e  
(S B ) , an d  a c o m m e r c ia l so y  c o n c e n tr a te  (S C ). It w a s d e 
te rm in e d  th a t z in c  w a s p o o r ly  a v a ila b le  fr o m  th e  th r e e  s o y  
p r o d u c ts , e sp e c ia lly  SC. M agn esiu m  w as h ig h ly  av a ila b le  
fr o m  S F  and SB ; m a g n esiu m  u t il iz a t io n  fr o m  SC w a s g o o d  
b u t w a s less th a n  fro m  th e  o th e r  s o y  p r o d u c ts . C alc iu m  
a d d ed  to  all s o y  p r o d u c ts  w as h ig h ly  a v a ila b le . Z in c  a d d ed  
to  SF  w as h ig h ly  a v a ila b le , w h ile  z in c  a d d ed  to  SC w a s n o t  
fu lly  a v a ila b le . F ro m  th e se  an d  o th e r  s tu d ie s  (E rd m a n  e t a l., 
1 9 8 0 ;  K e te lse n  et a l., 1 9 8 4 ) ,  w e  can  c o n c lu d e  th a t c o n d i
t io n s  du rin g  p r o c ess in g  in f lu e n c e  th e  b io a v a ila b ility  o f  z in c  
fr o m  s o y  p r o d u c ts .

S in ce  c o m m o n  ty p e s  o f  f o o d  p r o c ess in g  te c h n iq u e s  have  
b e e n  r ep o rte d  to  ca u se  c h a n g e s  in a v a ila b le  iro n  (L e e  an d  
C ly d e sd a le , 1 9 7 9 ;  A n o n , 1 9 8 2 ) ,  th e  p r e se n t s tu d y  w as  
d e sig n e d  to  d e te r m in e  i f  th e  re la tiv e  iro n  a v a ila b ility , as 
in d ic a te d  b y  th e  rat h e m o g lo b in  r e p le t io n  a ssa y , d iffe re d  
b e tw e e n  th e se  sa m e  th r e e  so y  p r o d u c ts .

A u t h o r  P ic c ia n o  is a ff il ia te d  w ith  th e  D e p t , o f  F o o d  &  N u t r it io n ,  
4 5 7  B e v ie r  H all, a n d  A u t h o r s  W e in g a rtn e r a n d  E rd m a n  are  w ith  th e  
D e p t , o f  F o o d  S c ie n c e ,  5 6 7  B e v ie r  H all, U n iv . o f  I l l in o is , U rb a n a , 
I L  6 1 8 0 1 .

M A T E R IA L S  & M E T H O D S

Production of soy products

Three soybean products, full-fat soy flour (SF), freeze-dried soy 
beverage (SB) and a commercial soy concentrate (SC) were utilized 
for the current studies. The soy flour and soy beverage were prepared 
in an identical manner to those products used in the previous work, 
and the concentrate was derived from the same lot of commercial 
soy product (Forbes and Parker, 1977; Forbes et al., 1979). The 
composition of the soy products is shown in Table 1. The soy flour 
and beverage were processed in a manner similar to published pro
cedures (Erdman et al., 1977¡Nelson et al., 1976).

For full fat soy flour, whole soybeans (Bonus variety) were dry- 
cleaned and heated in a variable air dryer (Proctor and Schwartz, 
Inc., Philadelphia PA) at 93°C for 20 min and quickly passed 
through a spinning drum-plate apparatus in order to split and 
separate the hulls and cotyledons. The cotyledons were blanched by 
stirring them into boiling distilled water (5:1, watenbean ratio) for 
20 min. The blanch water was discarded and the cotyledons were 
immediately milled with an equal weight of distilled water in a 
Rietz Disintegrator (Rietz Co., Westchester, PA) utilizing a 0.023 
inch mesh screen. The resulting slurry was dried on an 8 -inch double 
drum dryer and flaker (Blow-Knox Company, Buffalo, NY). The 
dryer was operated at 40 psi steam with spacing between the drums 
set at 0.01 inch. The resultant flake was passed through a 40 mesh 
sieve with gentle rubbing and was stored at 1 °C until use.

To produce the freeze-dried soy beverage, Bonus soybeans were 
cleaned, dehulled and blanched as described above. The cotyledons 
were ground with enough distilled water added to the drained, 
blanched beans to make a final 10% slurry. The slurry was regrounc, 
heated in a steam jacketed kettle to 85°C and immediately homoge
nized at 82°C with a Gaulin model 15M-8TA single piston two stage 
homogenizer (Gaulin Corp., Everett, MA). The second stage was set 
at 500 psig and the first at 3500 psig. This soy beverage was diluted 
to 6 %  soy solids with distilled water, reheated to 85° C and reho
mogenized as above. The soy beverage was then freeze dried (Stokes 
Process Equipment Co., Philadelphia, PA) and passed through a 
screen and stored at 1°C until used.

The soy concentrate was obtained directly from the manufac
turer (GL 301, Griffith Labs, Chicago, IL). It was produced by the 
following general procedure. To a defatted soy flour with high NSI 
(Nitrogen Solubility Index) was added tap water, NaHSC>3 and

T a b le  1—C o m p o s it io n  o f  s o y  p r o d u c t s

Flo u r Beverage C o n c e n t r a t e

S o l id s3 (%) 95 .3 9 1 .4 95 .7
P r o te i n3 (%) 4 2 .9 4 2 .5 6 8 .3
E th e r  e x t r a c t3 (%) 22 .5 2 1 .3 0 .3
C a lc iu m 13 (%) 0 .1 7 0 . 1 8 0.22
M ag n es iu m 13 (%) 0 .1 9 0 . 1 9 0.10
I ro n13 (p pm ) 5 5 .8 6 3 .0 103 .8
Z i n c3 (ppm ) 4 4 44 3 2
T o ta l  p h o s p h o r u s 11 (%) 0 .5 8 0 .6 3 0 . 6 3
P h y t a t e  p h o s p h o r u s d (%) 0 .3 6 0 .3 2 0 .4 7
P h y t i c  a c id d (%) 1 .24 1 .17 1 .67

3 A n a ly se s  perfo rm ed  using A O A C  (1 9 7 5 )  m ethods. So lid s,  section  
1 4 .0 7 6 ; P rote in  (N  x 6.25), section  2 .0 4 9 ; E the r E x tract, section  

b 1 4 .0 8 0 ; Z inc, section  2 5 .1 4 6
D A to m ic  a b so rp t io n  sp e c tro p h o to m e tr ic  a n a ly s is  o f w et ashed 

(n itr ic  ac id -su lfu r ic  acid :4 - l)  o r  d ry  ashed sam p le s (5 5 0 ° C  fo r 5 h r) 
b Bartlett (1 9 5 9 )

Ea rle y  and D e T u rk  (1 9 4 4 ),  a ssu m ing  2 8 . 2 %  p h o sp h o ru s  in  p h y t ic  
acid
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enough HC1 to reach the isoelectric point of the protein (pH 4.2). 
After filtering, the cake was washed with tap water, filtered, and the 
second cake was neutralized to pH 6.7 wiith NaOH solution. This 
neutralized product was heated to 50-60°C and spray dried.

Analytical methods

Procedures used to analyze the soy products and the diets are 
indicated in footnotes in Table 1. Hemoglobin was determined from 
tail blood of rats by the cyanomethemoglobin method (Hycel 116C, 
Hycel Inc., Houston, TX).

Experimental design

One hundred four weanling male Sprague-Dawley rats (Harlan 
Industry, Inc., Cumberland, IN) weighing about 50g were individual
ly housed in stainless steel cages in a controlled-temperature en
vironment. For 4 wk the rats were fed a low iron depletion diet 
(3.5 ppm Fe) (Table 2) to reduce their body stores of iron. Deple
tion was ascertained by a mean hemoglobin concentration of <  6 . 0  

g/100 ntL. The rats then were divided into 13 groups of similar 
hemoglobin concentration (Average Hb = 5.3 g/mL; range 5.1-
5.6 g/dL) and body weight (Average weight = 160g; range = 150- 
169g). No significant differences were noted among groups after the
4-wk depletion period when rat weight was multiplied by Hb con
centration for each rat. During the 2-wk regeneration period test 
diets were fed. Relative iron bioavailability was determined by the 
hemoglobin repletion assay according to A O AC  procedure (Fritz 
et al., 1975). The control diets (Table 2) were casein-based and con
tained either 0, 6 , 12 or 18 ppm iron as ferrous sulfate. Experimen
tal diets were formulated to contain 6 , 1 2  or 18 ppm iron from one 
of the soy products. Soy replaced casein on an isonitrogenous basis 
and corn oil was added to equalize total fat in all diets at 7.27%. 
DL-methionine was added to all diets at levels of 0.1%. In addition, 
to help equalize protein quality between casein and soy protein, L- 
methionine was supplemented to all soy diets at a level of 1.74% of 
soy protein in the diet. Iron content of diets was verified by analy
sis.

Statistical analysis

The data obtained were statistically analyzed by regression 
analysis to compare the slopes of the hemoglobin regeneration lines 
relating hemoglobin gain per unit of iron content of the diet (Fritz 
et al., 1975). In addition, standard analysis of variance and least 
significant difference tests were performed on data derived from 
each dietary iron level (Steel and Torrie, 1960).

R E S U L T S  & D IS C U S S IO N

T H E  R E S U L T S  o f  th e  h e m o g lo b in  r e p le t io n  assa y  are 
sh o w n  in  T a b les 3 and 4 an d  F ig . 1 . S lo p e  ra tio  a n a ly s is  o f  
fin a l h e m o g lo b in  c o n c e n tr a t io n  regressed  again st a d d ed  
d ie ta ry  iro n  (F ig . 1) in d ic a te s  th a t a lth o u g h  re la tiv e  iro n

b io a v a ila b ility  fro m  all th r e e  s o y  p r o d u c ts  f e l l  b e lo w  th e  
stan d ard  F eS O ^  (S C  =  9 2 ,  S F  = 8 1 ,  an d  SB =  66% ), o n ly  
th e  b io a v a ila b ility  o f  iro n  fr o m  th e  s o y  b ev era g e  w as sig 
n if ic a n t ly  lo w e r  th a n  th e  stan d ard . T h e  p r o c ess in g  p r o 
ced u r es  u t iliz e d  to  p r o d u c e  th e  S F  and SB w ere  q u ite  s im i
lar as w ere  th e  iro n  an d  p h y ta te  c o n te n ts .  T h e r e fo r e , it w as  
su rp risin g  th a t th e  re la tiv e  ir o n  b io a v a ila b ility  fr o m  th e  
b ev era g e  w a s s ig n if ic a n t ly  lo w e r  th a n  th e  c a se in  c o n tr o l  
w h ile  iro n  fr o m  SF  w as n o t .

W hen a n a ly sis  o f  v a r ia n ce  an d  L S D  a n a ly sis  are per
fo r m e d  u p o n  d ata  a t e a c h  iro n  lev e l (T a b le s  3 an d  4 ) ,  s ta 
t is t ic a l d if fe r e n c e s  b e tw e e n  iro n  so u r c e s  are n o te d  o n ly  in  
fin a l n e m o g lo b in  c o n c e n tr a t io n  an d  fo r  to ta l  H b g a in . T h e  
la tte r  p a ra m eter  sh o w s  d if fe r e n c e s  o n ly  a t th e  18  p p m  iron  
lev e l. N o  d if fe r e n c e s  in  a g iv en  iro n  lev e l are n o te d  fo r  2 w k  
g a in , fe e d  in ta k e  o r  fe e d  e f f ic ie n c y  (T a b le  3 ) .  N o r  are d if 
fe r e n c e s  n o te d  in to ta l  h e m o g lo b in  g a in  at 6 or  12 p p m , 
to ta l  iro n  in ta k e  or  to ta l  b o d y  h e m o g lo b in  ga in  per iron  
in ta k e  (T a b le  4 ) .  It is o f  in te r e st  t o  n o te  th a t fo r  e a ch  iro n  
lev e l th e  f in a l h e m o g lo b in  c o n c e n tr a t io n  fo r  b o th  s o y  flo u r  
an d  s o y  b ev era g e  are s ig n if ic a n t ly  lo w e r  ( P < 0 .0 5 )  th a n  for  
th e  c a se in  c o n tr o l.  T h e  s o y  c o n c e n tr a te  is  lo w e r  th a n  th e  
c o n tr o l fo r  o n ly  th e  lo w e s t  (6  p p m  a d d ed  ir o n )  iron  lev e l. 
A  g e n e ra l ra n k in g  o f  S C > S F > S B  r e la ted  to  ir o n  a v a ila b ility  
can  be  m a d e .

T h e  p h y ta te - to -z in c  m o la r  r a t io s  o f  S F , SB , a n d  SC are 
2 8 ,  2 6 ,  an d  5 2 ,  r e s p e c t iv e ly . In th e  p re v io u s  w o rk  w ith  z in c  
(F o r b e s  an d  P ark er, 1 9 7 7 ;  F o r b e s  et a l.,  1 9 7 9 )  th e  s o y  c o n 
c e n tr a te  d e m o n s tr a te d  th e  lo w e s t  z in c  b io a v a ila b ility  and  
th e  h ig h e st  p h y ta te - to -z in c  m o la r  r a tio . F o r  z in c  th is  ra tio  
is  g e n e ra lly  th o u g h t  to  b e  in v e r se ly  p r o p o r t io n a l t o  z in c  
b io a v a ila b ility  (O b e r lea s , 1 9 7 5 ) .  N e v e r th e le ss , w e  have  
c le a r ly  sh o w n  th a t a d e q u a te  z in c  b io a v a ila b ility  ca n  b e  o b 
ta in e d  fro m  so m e  s o y  c o n c e n tr a te s  and iso la te s  w ith  h igh  
p h y ta te - to -z in c  m o la r  ra tio s  (E rd m a n  e t  a l., 1 9 8 0 ;  1 9 8 3 )  or  
fr o m  so y b e a n  curd  w ith  lo w  d ie ta r y  lev e ls  o f  ca lc iu m  
(F o r b e s  e t  a l.,  1 9 8 3 ) .  P h y t ic  ac id  is c lea r ly  a fa c to r  th a t  
s tr o n g ly  in f lu e n c e s  z in c  b io a v a ila b ility , b u t i t  is  o n ly  o n e  
fa c to r .

In th is  p r e se n t w o r k , ra tin g  s o y  p r o te in s  e m p ir ic a lly  fo r  
iro n  b io a v a ila b ility  w o u ld  n o t  su g g est th a t  h ig h  p h y t ic  acid  
c o n c e n tr a t io n  is d e tr im e n ta l to  iro n  a b so r p tio n . L itera tu re  
rep o rts  c o n c e r n in g  th e  r o le  o f  p h y t ic  a c id  o n  iro n  b io a v a ila 
b il ity  are n o t  c o n s is te n t  (A n o n , 1 9 8 2 ) .  M ost s tu d ie s  th a t  
have u t i l iz e d  so d iu m  p h y ta te  a d d itio n  to  d ie ts  to  s im u la te  
th e  e f fe c t  o f  e n d o g e n o u s  p h y t ic  a c id  h a v e  d e m o n s tr a te d  
in h ib it io n  o f  iro n  a b so r p tio n  (R o tr u c k  an d  L u h rsen , 1 9 7 9 ;  
M orris, 1 9 8 3 ) ,  b u t th e  so d iu m  p h y ta te  a d d itio n  m a y  n o t  be

T a b le  2 —C o m p o s it io n  o f  d e p le t io n , c o n t r o l  a n d  te s t  d ie ts

D e p le t io n 3,15 C on tro l T es t

(%)

S o y  p r o d u c t0 — — 5 .8  - 1 7 . 3
Casein 20 20 4 .8  - 1 5 . 7
C o rn  oil 5 .0 7 .27 0  -  7 .27
C a lc ium  c a r b o n a t e 2.0 2.0 2.0
M o n o s o d iu m  p h o s p h a te 2.0 2.0 2.0
P o ta s s iu m  ch lo r id e 0 .5 0 .5 0 .5
Iod ized  salt 0 .5 0 .5 0 .5
Fe -F ree  t r a c e  m in e ra l  p r e m lx d 0 .2 7 0 .2 7 0 .2 7
C h lo ine  c h lo r id e3 0 .1 5 0 .1 5 0 . 1 5
V i ta m in  p r e m lx d 0.10 0.10 0.10
D L -M eth lon ine 0.10 0.10 0.10
L-M eth ion lne - - 0 . 0 3  -  0 .2 4
C ere lo see 6 9 .3 8 67 .11 5 7 .0  -  6 4 .0
A d d e d  Fe  (Soy p r o d u c t  o r  F e S 0 4 )f 0.0 variable variable

3 F r itz  et al. (1 9 7 5 )  d F r itz  et al. (1 9 7 4 )
°  Iron  content b y  ana lysis, 3.5 ppm  “ A d d e d  to  b ring  d ie ts up  to 1 0 0  parts
c S o y  flou r, so y  beverage o r so y  concentra te  A d d e d  to  p rov ide  0, 6, 12 o r 18 ppm  Iron
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I R O N  A V A I L A B I L I T Y  F R O M  S O Y  P R O D U C T S  . . .

T a b le  3 —M e a n  w e ig h t  g a in , fe e d  in ta k e  a n d  fe e d  e f f ic ie n c y  o f  iro n  d e p le te d  ra ts f e d  te s t  d ie ts  d u r in g  th e  re p le t io n  p e r io d ?

A d d e d  d ie ta ry  iron  level (pp m )

D ie t  g r o u p  0  6 12 18

2 wk Weight grain (g)
Casein 26.0 ± 6 . 8 49.8 ± 6.5 64.3 + 1 2 . 1 76.1 ± 1 2 . 0

Soy flour — 61.3 ± 9.9 65.6 + 15.2 78.1 ±11.3
Soy concentrate — 56.8 ± 10.3 63.5 ± 6.5 85.6 ± 13.4
Soy beverage - 58.9 ± 15.4 73.3 ± 12.9 75.0 ± 9.4

2 w k  Feed in take (g)
Casein 278.4 ± 46.1 273.5 ± 45.6 279.3 + 48.6 339.0 ± 26.3
Soy flour — 295.8 ± 43.7 281.9 + 61.3 307.6 ± 63.3
Soy concentrate — 291.6 ± 68.5 306.4 + 57.4 320.1 ± 45.3
Soy beverage - 290.8 ±64.4 279.6 + 46.7 278.8 ± 27.5

Feed  e ffic ien cy  (g gain/g feed intake)
Casein 0 . 1 0  ± 0.03 0.19 ± 0.04 0.24 ± 0.05 0.23 ± 0.04
Soy flour — 0 . 2 2  ± 0.06 0.24 + 0.05 0.26 ± 0.06
Soy concentrate - 0.21 ± 0.07 0 . 2 2 + 0.05 0.27 ± 0.04
Soy beverage - 0 . 2 1  ± 0.08 0.27 + 0.06 0.27 ± 0.03

a R a ts  fed an iron  dep le t ion  diet fo r fo u r  w e eks were sw itched  to test d ie ts and w ere  m a inta ined  on  these d ie ts ad lib itu m  fo r 2 w k . Data 
p o in ts  represent m ean o f 8 an im a ls ± S .D . S tatistica l a n a ly s is  o f diet g ro u p s  at sing le  d ie ta ry  iron  levels revealed no  d iffe rence s in gain, in take  
o r feed e ffic ien cy  d ue  to  diet typ e  at a n y  iron  in take  level (P <  0.05).

T a b le  4 —M e a n  h e m o g lo b in  c o n c e n t ra t io n ,  to ta l b o d y  h e m o g lo b in  ga in , iro n  in ta k e  a n d  to ta l b o d y  h e m o g lo b in  ga in  p e r  m g  iro n  in ta k e  o f  iro n  
d e p le te d  ra ts  f e d  r e p le t io n  te s t  d ie tsa

A d d e d  d ie ta ry  iron level (ppm )

Die t g ro u p 0 6 12 18

Casein 3 .8  ± 0.7
Final hemoglobin concentration (g/100 mL)

5 .8  ± 0 . 7 a 7.5 ± 1 .2a 9.3 ± 0 . 9 a
S o y  f lo u r - 5.1 ± 0 . 6 b 6.6 ± 0 . 7 bc 8.2 ± 0.6b c
S o y  c o n c e n t r a t e — 5 .3  ± 0 . 5 b 7 .0 o bo cu cr 8.8 ± 0 . 9 ao
S o y  beverage - 4 .9  ± 0 . 4 b 6.0 ± 0.8C 7.4 ± 1 .1c

Casein - 0 , 0 9  ± 0 .0 4
Total body hemoglobin gain (g)b,c 

0.21 ± 0 . 0 7 0.51 ± 0 .1 8 0 .9 3 ± 0 . 1 8 a
S o y  f lo u r - 0 .1 8  ± 0 . 0 5 0 .4 4 ± 0 .0 7 0.68 ± 0 . 1 3 °
S o y  c o n c e n t r a t e — 0 .2 0  ± 0 .0 7 0 .4 8 ± 0.11 0 .8 5 ± 0 . 1 3 a
S o y  beverage - 0 .1 8  ± 0 .0 7 0 .3 7 ± 0.10 0 .5 5 ± 0 . 1 5 °

Casein
Total iron intake (mg)b

1 .6 4  ± 0 .2 7 3 .3 5 ± 0 .5 8 6.10 ± 0 .4 7
Soy  f lo u r - 1 .77  ± 0 .2 6 3 .3 8 ± 0 .7 4 5 .5 4 ± ' .14
S o y  c o n c e n t r a t e — 1 ,75  ± 0.41 3 .6 7 ± 0.68 5 .7 6 ± 0 .8 3
S o y  beverage - 1 .75  ± 0 .3 9 3 .3 6 ± 0 .5 6 5 . 0 2 ± 0 .5 0

Casein
Total body Hb gain/mg Fe intakeb ’c

0 .1 3  ± 0 .0 3 0 . 1 5 ± 0 .0 6 0 .1 5 ± 0 .0 3
S o y  f lo u r - 0 .1 0  ± 0 .0 3 0 .1 4 ± 0 .0 3 0 .1 3 ± 0 .0 4
Soy  c o n c e n t r a t e — 0 . 1 2  ± 0 .0 5 0 .1 3 ± 0 .0 3 0 .1 5 ± 0 .0 3
Soy  beverage - 0 .11  ± 0 . 0 5 0.11 ± 0 .0 3 0.11 ± 0 .0 3

a T h e  treatm ent o f the  rats is described  in fo o tn o te  1 o f T ab le  3. W ith in  each co lu m n , m eans w ith  d iffe r in g  superscrip t letters are s ig n if ic a n t ly  
d iffe ren t at the  P <  0 .05  level. 

b Ca lcu lated  d u r in g  the tw o  w eek  rep le tion  period  o n ly
c A s su m in g  rat b lo od  vo lu m e  to  be 5 .46  percent o f  b o d y  w e ight (L o m b a rd i and O ler, 1 9 6 7  Lab . Invest. 17: 308 ).

r ep re se n ta tiv e  o f  f o o d  p h y ta te  (M orris , 1 9 8 3 ) .  M o n o fe rr ic  
p h y ta te ,  th e  m ajor fr a c t io n  o f  iron  in w h e a t  b ran , has g o o d  
b io a v a ila b ility  fo r  h u m a n s and rats (M orris , 1 9 8 3 ;  M orris 
an d  E llis , 1 9 7 6 ) .  A lth o u g h , o n ly  a p o r t io n  o f  th e  iro n  in  
s o y  is r ep o rte d  to  b e  in th e  fo rm  o f  m o n o fe r r ic  p h y ta te  
(E llis  an d  M orris, 1 9 8 1 ) ,  r e su lts  fro m  th is  p r e se n t s tu d y  an d  
p r e v io u s s tu d ie s  (W elch  an d  V a n C a m p e n , 1 9 7 5 ;  R o tr u c k  
a n d  L u h rsen , 1 9 7 9 )  su g g est th a t e n d o g e n o u s  p h y t ic  a c id  in  
s o y  p r o d u c ts  a p p a r e n tly  d o e s  n o t  p la y  a p r im a ry  ro le  in  
iron  u t i l iz a t io n .

T h e p u rp o se  o f  th e  p r e se n t s tu d y  w a s to  u t i l iz e  th e  rat 
h e m o g lo b in  r e p le t io n  a ssa y  to  d e te r m in e  i f  th r e e  s o y  p r o d 
u c ts  d if fe r e d  in th e ir  iro n  b io a v a ila b ility . A lth o u g h  it a b 
so r b s a m u c h  h igh er  p e r ce n ta g e  o f  iro n  fr o m  f o o d s  th a n  
h u m a n s , th e  rat has o f te n  b e e n  u t iliz e d  to  a t te m p t  to  rank  
s o y  p r o d u c ts . T h is  m o d e l  m a y  p r e d ic t  d if fe r e n c e s  in  iron  
b io a v a ila b ility  fo r  h u m a n s . R e c e n t ly ,  S ch r ick er  et al.
( 1 9 8 3 )  s tu d ie d  th e  r e la tiv e  iron  a v a ila b ility  fro m  a so y  
f lo u r , a s o y  p r o te in  c o n c e n tr a te , a n d  a s o y  p r o te in  iso la te
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w ith  th e  p u rp o se  o f  ran k in g  th e  th ree  s o y  p r o te in  p r c d u c is  
in  rats w ith  d iffe r in g  iro n  s ta tu s . T h e y  fo u n d  th a t iro n  fro m  
th e  ca se in -b a se d  d ie ts  w a s m o re  av a ila b le  fo r  a b so r p tio n  b y  
rats th a n  a n y  o f  th e  s o y  p r o d u c ts , b e in g  s ig n if ic a n t ly  ( P <
0 .0 5 )  h igh er  in m o st  in sta n c e s . In g en era l all o f  th e  s o y  
p r o d u c ts  p e r fo rm e d  e q u a lly  as w e ll in  th e ir  s tu d y  (r e la t iv e ly  
b io a v a ila b ility  fr o m  7 0 -9 0 % ) regard less o f  th e  iro n  s ta tu s  o f  
th e  rat. In th e  p r e se n t w o r k  th e  r e la tiv e  iro n  b io a v a ila b ility  
b y  h e m o g lo b in  r e p le t io n  a ssay  ran ged  fr o m  6 6 -9 2 %  fo r  th e  
th r e e  s o y  p r o d u c ts  t e s te d . T h is  range is s im ila r  to  th a t  
fo u n d  b y  S ch r ick er  and c o w o r k e r s  ( 1 9 8 3 ) .  H o w e v e r , w e  
fo u n d  th a t o n ly  th e  s o y  b ev era g e  d ie t  p r o d u c e  s ig n if ic a n t ly  
lo w e r  h e m o g lo b in  r e p le t io n  th a n  th e  c a se in  d ie t .

C o o k  et a l. ( 1 9 8 1 )  r ep o rte d  th a t fo r  h u m a n s iro n  w a s less  
av a ila b le  fro m  s o y  p r o te in  iso la te  th a n  fro m  s o y  f lo u r , y e t  
Sh rick er  e t  al. ( 1 9 8 3 )  sh o w e d  th a t fo r  th e  rat a v a ila b ility  o f  
iron  fr o m  th e se  p r o d u c ts  w a s s im ila r . H o w e v e r , th e se  tw o  
s tu d ie s  u t iliz e d  s o y  p r o d u c ts  p r o d u c e d  fr o m  tw o  d if fe r e n t  
c o m p a n ie s . P ro c ess in g  te c h n iq u e s  vary  c o n s id e r a b ly  b e-



ADDED DIETARY IRON (ppm)
F ig . 1—R e g re ss io n s  o f  c o n c e n t ra t io n  o f  h e m o g lo b in  u p o n  iro n  
a d d e d  to  ca se in -b a se d  d ie t  in  th e  fo rm  o f  FeSO r^  ( • —• )  o r  a d d e d  as 
s o y  c o n c e n t r a te  ( x —x ), s o y  f lo u r  ( * —* ) ,  o r  s o y  b e v era g e  (■ —■ ) s u b 
s t i t u t e d  f o r  an  is o n it ro g e n o u s  a m o u n t  o f  ca se in  p r o te in .  E a c h  data  
p o i n t  re p re se n ts  th e  average re s p o n s e  o f  e ig h t  rats.

tw e e n  c o m p a n ie s . In fa c t ,  so m e  c o m p a n ie s  p r o d u c e  a n u m 
ber o f  ty p e s  o f  s o y  p r o te in  iso la te s  fo r  c o m m e r c ia l sa le  
w h ic h  d iffe r  g rea tly  in  th e ir  m e th o d  o f  p r o d u c t io n . T h e r e 
fo r e , to  a d e q u a te ly  d e te r m in e  if  th e  rat m o d e l can  rank  iro n  
b io a v a ila b ility  fr o m  s o y  p r o d u c ts  or  fr o m  o th e r  p la n t fo o d s  
in  a sim ilar  m a n n er  to  h u m a n s w ill  req u ire  te s t in g  th e  sam e  
p r o d u c t  in  b o th  sp e c ie s .

B e ca u se  th e  iro n  c o n c e n tr a t io n  in th e  s o y  c o n c e n tr a te  
w as h ig h , less  s o y  c o n c e n tr a te , and  th e r e fo r e  m o re  c a se in , 
w a s u t iliz e d  to  fo r m u la te  th e  s o y  c o n c e n tr a te  d ie ts . T h e  
in c re a se d  c a s e in /s o y  p r o d u c ts  ra tio  c o u ld  c o n tr ib u te  to  e n 
h a n ce d  iro n  a b so r p tio n  fr o m  th e  s o y  c o n c e n tr a te  d ie ts  re la 
t iv e  to  s o y  f lo u r  an d  s o y  b ev era g e  d ie ts . A lte r n a te ly , th e  
h ig h  iro n  c o n te n t  o f  so y  c o n c e n tr a te  m a y  b e  d u e  to  c o n 
ta m in a tio n  du rin g  p r o c e ss in g  and th is  iro n  m a y  b e o f  h igh  
a v a ila b ility  to  th e  rat.

In c o n c lu s io n , fo r  th e  rat w a s can  g e n e ra lly  rank th e  
b io a v a ila b ility  o f  iro n  fr o m  th r e e  s o y  p r o d u c ts  as s o y  c o n 
c e n tr a te  (9 2 % ) >  s o y  f lo u r  (8 1 % ) >  s o y  b ev era g e  (66% ). 
T h e se  v a lu e s  agree w ith  ranges r ep o rte d  b y  o th e r  w o rk ers  
(S te in k e  an d  H o p k in s , 1 9 7 8 ;  R o tr u c k  and L u h rsen , 1 9 7 9 ;  
S ch r ick er  e t a l . , 1 9 8 3 ) .  B ased  u p o n  th e  r esu lts  w ith  iro n -  
d e p le te d  ra ts , all th r e e  s o y  p r o d u c ts  sh o u ld  b e  c o n s id e r e d  
as g o o d  p la n t so u rc e s  o f  iro n . T h e d if fe r e n c e s  b e tw e e n  
re la tiv e  iro n  a v a ila b ility  fro m  p r o d u c ts  c a n n o t  b e  a scr ib ed  
to  p h y t ic  a c id  c o n te n t .  S in ce  z in c  b io a v a ila b ility  has b e e n  
sh o w n  to  b e  in f lu e n c e d  b y  te c h n iq u e s  in  p r o d u c t io n  o f  s o y  
p r o d u c ts  (F o r b e s  e t a l.,  1 9 / y ,  E rd m an  e t  a l.,  1 9 8 0 ,  1 9 8 3 ;  
K e te lso n  e t a l., 1 9 8 4 )  p r o c ess in g  m a y  h a v e  c o n tr ib u te d  to  
th e  d if fe r e n c e s  in  iro n  b io a v a ila b ility  se e n  in  th is  s tu d y .
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I n  V i t r o  E v a l u a t i o n  o f  t h e  E f f e c t s  o f  O r t h o - ,  T r i p o l y -  a n d  

H e x a m e t a p h o s p h a t e  o n  Z i n c ,  I r o n  a n d  C a l c i u m  B i o a v a i l a b i l i t y

M IC H A E L  B. Z E M E L

---------------------------------------  A B S T R A C T -----------------------------------------

Effects of orthophosphate, tripolyphosphate and hexametaphos
phate on zinc, iron and calcium availability were evaluated follow
ing in vitro peptic and peptic-pancreatic digestions. Solubility was 
used as an index of potential availability for zinc and calcium; both 
total soluble and ionized levels were considered for iron. Orthophos
phate depressed zinc solubility while both polyphosphates enhanced 
it. All three phosphates depressed ionized, but not total, soluble 
iron, with the greatest effect exerted by tripolyphosphate. Results 
indicate that effects of phosphates on zinc and iron availability may 
be predicted by their effects on soluble zinc and soluble ionic iron 
levels following in vitro digestions. Effects on calcium availability 
were not explained by this method.

IN T R O D U C T IO N

P H O S P H A T E S  have b e e n  w id e ly  r ep o rte d  to  a f fe c t  m in 
eral b io a v a ila b ility . In crea sin g  d ie ta ry  p h o sp h a te , in th e  
fo rm  o f  o r th o p h o sp h a te , h a s b e e n  r ep o rte d  to  d e crea se  th e  
a b so r p tio n  o f  z in c  and iro n  in a n im a ls (H eg s ted  et a l., 
1 9 4 9 ;  C ab ell and  E arle , 1 9 6 4 ;  M a h o n e y  an d  H en d r ick s ,  
1 9 7 8 ;  Z e m el an d  B idari, 1 9 8 3 ) ,  to  d ec re a se  iro n  a b so r p tio n  
in  m an  (S n e d e k e r  e t a l.,  1 9 8 3 ;  Z e m e l e t a l.,  1 9 8 3 )  an d  to  
e x e r t  l it t le  or  n o  e f fe c t  o n  z in c  an d  ca lc iu m  u t il iz a t io n  in  
m an  (S p e n c e r  e t  a l., 1 9 7 9 ;  G reger and S n ed ek er , 1 9 8 0 ;  
S n ed ek er  e t a l.,  1 9 8 2 ;  Z e m e l e t a l.,  1 9 8 3 ) .  P o ly p h o s p h a te s ,  
h o w e v e r , h a v e  su b s ta n tia lly  m o r e  p r o n o u n c e d  e f fe c t s  o n  
m in era l u t i l iz a t io n  th a n  o r th o p h o sp h a te s . H e x a m e ta p h o s 
p h a te  has b e e n  fo u n d  to  r ed u c e  c a lc iu m  (Z e m e l an d  L in k s-  
w iler , 1 9 8 1 ;  Z e m el et a l., 1 9 8 3 )  and iro n  (Z e m e l and  
B idari, 1 9 8 3 ;  Z e m e l et a l., 1 9 8 3 ,  1 9 8 4 )  a b s o r p t io n , an d  
tr ip o ly p h o s p h a te  to  r ed u ce  th e  a b so r p tio n  o f  iro n  (M a
h o n e y  and H en d r ic k s , 1 9 7 8 ;  Z e m e l e t a l.,  1 9 8 4 ) .  In c o n 
tra st, r e c e n t  d ata  (Z e m e l an d  B id ari, 1 9 8 3 ;  Z e m el e t a l.,
1 9 8 4 )  in d ic a te s  th a t b o th  tr ip o ly -  and h e x a m e ta p h o s p h a te s  
ca u se  in crea ses  in th e  a b so r p tio n  and u t i l iz a t io n  o f  z in c .

T h e  e f fe c t s  o f  o r th o -  and p o ly p h o sp h a te s  o n  m in era l 
u t il iz a t io n  m a y  be e x p la in e d , in  part, b y  th e ir  e f fe c t s  o n  
fo o d  m in era l so lu b i li ty  in  th e  gastr ic  a n d /o r  in te s t in a l e n 
v ir o n m e n ts . R e su lts  o f  severa l s tu d ie s  (R a o  and Prabhava- 
th i, 1 9 7 8 ;  L o c k  an d  B en d er , 1 9 8 0 ;  H allberg  and B jorn- 
R a sm u ssen , 1 9 8 1 ;  M iller e t  a l.,  1 9 8 1 ;  S c h r ick er  e t  a l.,  1 9 8 2 )  
in d ic a te  a g r ee m en t b e tw e e n  iro n  s o lu b ility  fo l lo w in g  in  
v itro  p e p tic  or p e p tic -p a n c r e a tic  d ig e s t io n s  and iro n  b io 
a v a ila b ility  in  v iv o . S ch w a rtz  e t al. ( 1 9 8 2 )  an d  W ien and  
S c h w a rtz  ( 1 9 8 3 )  r ep o rte d  a g r ee m en t b e tw e e n  d ie ta r y  c a l
c iu m  e x c h a n g e a b ility  w ith  an  e x tr in s ic  i s o to p e  fo l lo w in g  
an in v itro  p e p tic -p a n c r e a t ic  d ig e s t io n  and c a lc iu m  a b so r p 
t io n ,  a lth o u g h  so m e  d isc r ep a n c ie s  w ere  n o te d .

T h e  o b je c tiv e s  o f  th e  p r e se n t s tu d y  w ere  to :  ( 1 )  ev a lu 
a te  th e  e f fe c t s  o f  h e x a m e ta p h o s p h a te  o n  th e  b in d in g  o f  
c a lc iu m , ir o n  an d  z in c  to  p h y ta te  an d  w h e a t  bran  at gastr ic  
and in te s t in a l pH  v a lu es; and (2 )  ev a lu a te  th e  e f fe c t s  o f  
o r th o - , tr ip o ly -  and h e x a m e ta p h o sp h a te s  a d d ed  to  g ro u n d

A u t h o r  Z e m e l  is  a f f il ia te d  w ith  th e  D iv . o f  N u tr it io n  &  F o o d  S c i 

e n c e ,  D e p t , o f  F a m ily  &  C o n s u m e r  R e s o u r c e s ,  W a y n e  S ta te  U n iv .,  
D e tr o it ,  M i  4 8 2 0 2 .

b e e f  or  s o y  p r o te in  o n  z in c , c a lc iu m  an d  iro n  s o lu o i l ity  
an d  o n  so lu b le  io n ic  iro n  ( F e +2 +  F e + 3 ) fo l lo w in g  in  v itro  
p e p tic  an d  p e p tic -p a n c r e a t ic  d ig e s t io n s .

M A T E R IA L S  & M E T H O D S

TH E EFFECTS of sodium hexametaphosphate on the binding 
of calcium, zinc and iron by sodium phytate or wheat bran were 
evaluated at pH ’s 1.0 and 6.5 and in sequential treatments o: pH’s
1.0 and 6.5 or 1.0, 6.5 or 8.0. Zero, one or two grams sodium phy
tate were incubated while shaking for 2 hr at 37°C with 0.0, 0.5,
1.0 or 2.0g sodium hexametaphosphate in either 100 m L 0.2N 
HC1 (pH 1.0) or 100 mL 5% phosphate buffer (pH 6.5). Both 
solutions contained 10 ppm calcium (as CaCC>3 ), zinc (as ZnO) and 
iron (as FeCU). Following incubation, all solutions were centr.fuged 
at 5000 x g  at 5°C for 30 min and the supernatants were filtered 
through Whatman #1 paper. The filtrates were subsequently diluted 
and analyzed for calcium, zinc and iron by atomic absorption spec
trophotometry.

For sequential treatments, 2g sodium phytate were incubated at 
37°C for 1 hr with either 0 or 2g sodium hexametaphosphate in 
100 mL 0.2N HC1 containing 10 ppm calcium, zinc and iron. The 
samples were then brought to pH 6.5 with NaOH (6N, IN  and 0.1N) 
incubated for an additional hour, and then either left at pH 6.5 or 
raised to pH 8.0 with NaOH and incubated for a third hour. All 
samples were then centrifuged, filtered, diluted and analyzed as 
described above. These experiments were then repeated with iden
tical amounts of wheat bran being substituted for sodium phytate.

In a second series of experiments, the effects of 1% orthophos
phate, tripolyphosphate or hexametaphosphate added to ground 
beef or soy protein concentrate on soluble calcium, zinc, iron and 
ionic iron were evaluated following in vitro gastric and intestinal 
digestions based on the method of Miller et al. (1981). Tubes con
taining 5g of either lean ground beef (locally purchased) or a soy 
protein concentrate (Central Soya, Fort Wayne, IN) and 0 or 50 
mg sodium orthophosphate (monobasic), sodium tripolyphosphate 
or sodium hexametaphosphate were subjected to a pepsin-HCl 
digestion, as described by Miller et al. (1981), for 2 hr on a shaker in 
a 37°C incubator. Samples were then either continued in an “intes
tinal” digestion (described below) or were immediately centrifuged 
at 5,000 x g  for 30 min at 5°C; the supernatants were then re
centrifuged at 25,000 x g  for 1 hr and the resulting supernatants 
frozen for later analysis (designated as “gastric digests”).

The pH of those tubes subjected to simulated intestinal diges
tions was raised to 7.0 using 1.0N and 0.1N NaHCC>3 . In order 
to determine the precise quantity of NaHCC> 3 to add, additional 
pepsin-digested tubes were titrated and time was allowed for the pH 
to rise. Once the desired pH was reached, each tube was imme
diately sealed to prevent further CO 2  loss and pH changes. Using 
this method, it was possible to consistently achieve a pH of 7.00 
± 0 .10 .

Prior to sealing each tube, a pancreatin-bile mixture suspended 
in 0.1N NaHC0 3 , described by Miller et al. (1981), was added. The 
samples were then digested for an additional 2 hr while shaking in 
a 37°C incubator and centrifuged as described above; the resulting 
supernatants were designated as “gastrointestinal” digests. All sam
ples were subjected to eight replications each of the gastric and 
gastrointestinal digestions.

Supernatants from gastric and gastrointestinal digests were an
alyzed for calcium, zinc and iron by atomic absorption spectropho
tometry, and for ionic iron by a spectrophotometric bathophenan- 
throline method (Anon., 1980). All glass and plastic ware used in 
these experiments were cleaned with nitric acid (50%) and dis- 
tilled-deionized water prior to use. Only deionized, glass distilled 
water was used in reagent preparation and analysis. All data were 
evaluated statistically by analysis of variance and Duncan’s mul-
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tiple range test was used to separate significantly different group 
means.

RESULTS

Calcium

Hexametaphosphate caused significant decreases in cal
cium solubility in the presence of phytate at pH ’s 1 and 6.5 
(Table 1) and in both  sequential treatm ents (Table 2). 
Addition of 1,0g wheat bran caused an approxim ate doubl
ing of the soluble calcium concentration at pH 1 and 6.5, 
while the addition of 2.0g wheat bran increased soluble 
calcium by approxim ately 2.5 fold (Table 3). Progres
sively increasing the hexam etaphosphate content above 0.5 
g in the tubes containing the wheat bran, however, resulted 
in a progressive decrease in soluble calcium levels at both  
pH values (Table 2). In contrast, hexam etaphosphate addi
tion caused an increase in calcium solubility from wheat 
bran in both sequential treatm ents, with the greater effect 
occurring in the pH 1.0 -> 6.5 -*■ 8.0 treatm ent (Table 4).

Addition of 1.0% orthophosphate, tripolyphosphate or 
hexam etaphosphate to  the soy protein concentrate all 
caused similar (ca. 26%) decreases in soluble calcium 
levels following the simulated gastric digestion (Table
5). A greater decrease (ca. 59%) was observed when the

phosphates were added to ground beef (Table 6), but 
there wre no significant differences among the phosphates. 
In contrast, only orthophosphate caused a significant 
decrease in calcium solubility from  soy protein concen
trate following the simulated gastrointestinal digestion, 
and hexam etaphosphate caused an increase (Table 5). 
When added to  the ground beef, all three phosphates caused 
an increase in calcium solubility following the simulated 
gas'.rointestinal digestion, and the two polyphosphates 
both exerted a significantly greater effect than the ortho
phosphate (Table 6).

Zinc

Addition of phytate caused a slight decrease in zinc 
solubility at pH 1.0, but not at 6.5 (Table 1). At pH 6.5, 
addition of hexam etaphosphate to  tubes containing phy
tate caused substantial increases in zinc solubility, while 
m uch smaller increases were found at pH 1.0 (Table 1). 
Hexam etaphosphate in the presence of phytate caused 
slight increases in soluble zinc levels following both  se
quential pH treatm ents (Table 2). Substitution of wheat 
bran for the phytate yielded similar results at pH 1.0 and
6.5 (Table 3), but effected m uch larger increases in zinc 
solubility following the sequential pH treatm ents.

Table 1— Effects o f hexametaphosphate and phytate on Ca, Zn and 
Fe solubility at pH  1.0 and 6.5a

pH

Hexameta
phosphate

(g)
Phytate

(g)

Soluble
Ca

Soluble
Zn

.% of control.

Soluble
Fe

1.0 0 0 100.0a 100.03 100.0a
(control)
1.0 0 1.0 79.1a 92.1b 100.03
1.0 0.5 1.0 56.9C 103.7C 108.3b
1.0 1.0 1.0 48.6d 109.8d 112.5b
1.0 2.0 1.0 48.6d 114.1d 104.1a

1.0 0 2.0 94.1a 91.3b 105.3a
1.0 0.5 2.0 48.6d 104.7° 116.6b
1.0 1.0 2.0 50.0d 100.5a 104.1a
1.0 2.0 2.0 73.7b 109.8d 104.1a

6.5 0 0

«T3Odo 100.03 100.0a
(control)
6.5 0 1.0 91.2b 162.6 b 519.8b
6.5 0.5 1.0 73.3C 177.4° 618.8°
6.5 1.0 1.0 77.8C 186.0d 599.0°
6.5 2.0 1.0 84.5° 210.3° 599.0°

6.5 0 2.0 79.0C 171.2f 555.7b
6.5 0.5 2.0 66.7d 170.3f 539.1b
6.5 1.0 2.0 64.5d 180.7° 499.0b
6.5 2.0 2.0 97.4a 200.29 526.0b

a N onm atching superscripts in each co lum n represent significant 
(p <  0 .05) differences for each pH.

Table 2—Effects o f hexametaphosphate and phytate on Ca, Zn and 
Fe solubility in sequential pH  treatmentsa

pH treatment

Hexameta
phosphate

(g)
Phytate

(g)

Soluble Soluble 
Ca Zn 

______ % of control

Soluble
Fe

1.0 ->6.5 0 (control) 2.0 100.03 100.03 100.03
1.0 — 6.5 2.0 2.0 95.4b 110.8b 101.93
1.0 — 6.5 — 8.0 0 (control) 2.0 100.03 100.03 100.03
1 .0-» 6 .5 - 8 . 0 2.0 2.0 86.5b 110.8b 93.6b

a N onm atching superscripts in each co lum n represent significant 
differences for each pH treatm ent.

Table 3—Effects o f hexametaphosphate and wheat bran on Ca, Zn 
and Fe solubility at pH  1.0 and 6.5a

PH

Hexameta
phosphate

(g)

Wheat
bran
(g)

Soluble
Ca

Soluble
Zn

_% of control

Soluble
Fe

1.0
(control)

0 0 100.03

«3Odo

100.03

1.0 0 1.0 203.3b 129.0b 119.4b
1.0 0.5 1.0 186.6° 126.0b 116.1b
1.0 1.0 1.0 150.0d 134.8b 138.7°
1.0 2.0 1.0 143.3d 151.8° 148.4°

1.0 0 2.0 253.2e 145.7° 145.2°
1.0 0.5 2.0 233.3f 141.0° 151.6°
1.0 1.0 2.0 233.3f 155.0° 238.7d
1.0 2.0 2.0 203.3b 167.7d 1 74.2e

6.5
(control)

0 0 100.03 o o b Of 100.03

6.5 0 1.0 200.0b 116.3b 144.7b
6.5 0.5 1.0 242.9° 175.9° 600.3°
6.5 1.0 1.0 209.6b 215.8d 533.7d
6.5 2.0 1.0 181.0d 239.9e 622.8°

6.5 0 2.0 269.1e 130.0f 200.0e
6.5 0.5 2.0 271.5e 220.0d 622.8°
6.5 1.0 2.0 276.2e 246.0e 600.3°
6.5 2.0 2.0 247.7° 262.89 655.9f

a N onm atching superscripts in each colum n denote significant (p < 
0.05) d ifferences for each pH .

Table 4—Effects o f hexametaphosphate and wheat bran on Ca, Zn 
and Fe solubility in sequential pH  treatmentsa

Hexameta- Soluble Soluble Soluble
phosphate Phytate Ca Zn Fe

pH treatment (g) ( g ) _______ % of control---------

1 .0 - 6 .5 0 (control) 2.0 100.03 100.03 100.03
1 .0 - 6 .5 2.0 2.0 144.3b 728.8b 344.0b
1 .0 - 6 .5 - 8 .0 0 (control) 2.0 100.0° 100.0° 100.0°
1 .0 - 6 .5 - 8 .0 2.0 2.0 179,4d 287.3d 211.9d

a N onm atching superscripts in each colum n represent significant 
differences for each pH treatm ent.
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The addition of ortho-, tripoly-, or hexam etaphosphate 
to  the soy protein concentrate had no effect on zinc 
solubility following the gastric digestion (Table 5), while 
bo th  ortho- and hexam etaphosphate caused reductions 
in zinc solubility from  the beef following gastric digestion 
(Table 6). In contrast, tripoly- and hexam etaphosphates 
caused increases in zinc solubility from the soy (Table 5) 
and beef (Table 6) following the com plete gastrointestinal 
digestion, and orthophosphate caused a decrease (Table 6).

Iron
A ddition of hexam etaphosphate to  either phytate (Table

1) or wheat bran (Table 3) caused increases in iron solubil
ity at pH 1.0 and 6.5. Hexam etaphosphate also caused an 
increase in iron solubility in the presence of wheat bran, 
bu t not phytate, following the sequential pH treatm ents.

When added to the soy protein concentrate (Table 5), 
orthophosphate caused a decrease and bo th  polyphosphates 
caused increases in iron solubility following gastric and gas
tro intestinal digestions. In contrast, all three phosphates 
caused decreases in soluble ionic iron concentrations, 
w ith significantly greater decreases being effected by the 
polyphosphates. When added to the ground beef (Table
6), however, all three phosphates caused increases in to ta l 
soluble iron following the gastric digestion. All three phos
phates were w ithout effect on iron solubility from the 
ground beef following the gastrointestinal digestion, while 
ionic iron was depressed by all three; the two polyphos
phates exerted a significantly greater effect than the ortho
phosphate.

DISCUSSION
ORTHOPHOSPHATE caused a m oderate decrease in zinc 
solubility from the ground beef following the com plete 
(i.e. “gastrointestinal” ) in vitro digestion, and was w ithout 
significant effect on zinc solubility from the soy protein 
concentrate. In contrast, tripolyphosphate and hexam eta
phosphate both  significantly enhanced zinc solubility from 
the soy and the beef. These results are consistent w ith the 
observed effects of ortho- and polyphosphates on zinc 
bioavailability in vivo. O rthophosphates has been found 
either to  have no effect on (Pond et al., 1975; Pond et al., 
1978; Spencer et al., 1979; Greger and Snedeker, 1980; 
Snedeker et al., 1982; Zemel et al., 1983) or to  depress 
(Cabell and Earle, 1964; Zemel and Bidari, 1983) zinc utili
zation. In contrast, polyphosphates have been found to

Table 5—Effects o f 1.0% orthophosphate, tripolyphosphate and 
hexametaphosphate added to soy protein concentrate on soluble 
zinc, calcium, iron and ionic iron following simulated gastric and 
gastrointestinal digestionsa

Soluble Soluble Soluble Ionic
calcium zinc iron iron

% of Control

Gastric digestion

Control 100.0a 100.0a 100.0a 100.0a
+Orthophosphate 73.4b 100.3a 81,6b 94.4b
+Tripoly phosphate 73.2b 101.4a 173.7° 47.2C
+Hexametaphosphate 72.9b 96.3a 122.5d 80 6d

Gastrointestinal digestion

Control 100.0a 100.0a 100.0a 100.0a
+Orthophosphate 85.0b 98.2a 95.9b 65.1b
+Tripoly phosphate 97.4a 115.7b 243.9C 77.9C
+Hexametaphosphate 127.8C 1 24.1c 155.1a 57.0d

a N onm atching  sup erscripts In each co lum n denote sign ificant (p <  
0 .0 5 ) d ifferences for each treatm ent. Ca, Zn and Fe  levels in the  
soy protein  co n cen trate  w ere 4 .3 9 8 , 0 .4 6 1 , and 0 .1 0 6  ppm , re
spectively.

enhance zinc bioavailability in rats (Zemel and Bidari, 
1983; Zemel et al., 1984). However, Zemel et al. (1984) 
found tripolyphosphate to  exert a greater effect than 
hexam etaphosphate, while the opposite would be pre
dicted from  the solubility considerations presented here.

Results of this study indicate that the effects of hexa
m etaphosphate on calcium bioavailability in vivo may also 
be predicted from  solubility considerations at either pH 1.0 
or 6.5, but not following either sequential pH treatm ent. 
In addition, the effects of the three phosphates on calcium 
solubility following the simulated gastric and gastrointes
tinal digestions were not entirely consistent with the ob
served effects of these com pounds on calcium bioavail
ability. Wien and Schwartz (1983) reported that the ex
changeability of an extrinsic tracer w ith food calcium 
following an in vitro peptic digestion similar to  tha t used 
here agreed closely with in vivo measurem ents o f calcium 
exchangeability in rats consuming the same foods, b u t in 
vitro calcium exchangeability following a peptic-pancreatic 
digestion did not agree w ith in vivo measurem ents. In the 
present study, all three phosphates depressed calcium solu
bility in the gastric digests; similarly hexam etaphosphate 
has been reported to  cause a slight decrease in calcium utili
zation in man (Zemel and Linkswiler, 1981), and o rth o 
phosphate has been found to  interfere with calcium absorp
tion and utilization in rats (Mahoney and Hendricks, 1978). 
In humans, however, orthophosphate has been reported to 
either have no effect on (Kim and Linkswiler, 1979; Heg- 
sted et al., 1981) or to  enhance (Zemel and Linkswiler, 
1981; Zemel et al., 1983) calcium absorption. F urther
more, recent data indicates that neither tripolyphosphate 
nor hexam etaphosphate exert significant effects on calcium 
bioavailablity in rats (Zemel et al., 1984). This discrepancy 
between in vitro calcium solubility and in vivo bioavaL- 
ability measurements may result from  the form ation of 
very stable soluble calcium complexes which are not ab
sorbed. Measuring soluble ionic calcium instead of to ta l 
soluble calcium in peptic-pancreatic digests may be ex
pected to  provide a more satisfactory index of calcium 
availability. This possibility is now being evaluated.

The effects o f ortho-, tripoly- and hexam etaphosphate 
on iron solubility following the in vitro gastric and gastro
intestinal digestions are in disagreement w ith the observed 
effects of these com pounds on iron bioavailability in vivo. 
O rthophosphate has been reported to  decrease (Hegsted 
et al., 1949; Monsen and Cook, 1976, Mahoney and Hen
dricks, 1978; Snedeker et al., 1982; Zemel et al., 1983)

Table 6 —Effects of 1.0% orthophosphate, tripolyphosphate and 
hexametaphosphate added to ground beef on soluble zinc, calcium, 
iron and ionic iron following simulated gastric and gastrointestinal 
digestionsa

Soluble Soluble Soluble Ionic
calcium zinc Iron iron

% of Control

Gastric digestion

Control 100.0a 100.0a 100.0a 100.0a
+Orthophosphate 41.0b 82.5b 154.5b 138.4b
+T ripolyphosphate 43.6b 100.7a 127.3° * c
+Hexametaphosphate 38.5b 86.5b 204.5d 13.7d

Gastrointestinal digestion

Control 100.0a 100.0a 100.0a 100.0a
+Orthophosphate 145.5b 80.0b 91.8a 86.0b
+Tripoly phosphate 427.7C 153.6° 91.8a 60.7°
+Hexametaphosphate 400.0C 180.0d 100.0a 50.7d

a N onm atching superscripts in each co lum n denote sign ificant (p < 
0 .05) d ifferences for each treatm ent. Ca, Zn and F e  levels in the 
beef were 0 .6 2 9 , 0 .2 2 4 , and 0 .1 8 7  ppm , respectively .

* U ndetectable
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iron absorption and utilization, and polyphosphates have 
been found to cause significantly greater decreases in iron 
utilization than orthophosphate (Mahoney and Hendricks, 
1978; Zemel and Bidari, 1983). In the present study, how 
ever, these effects were not consistently found; conse
quently, iron solubility following peptic or peptic-pancrea
tic  digestion does not appear to be indicative of iron bio
availability. In contrast, the effects of these phosphates on 
soluble ionic iron measurements following the gastric diges
tion appear to  reflect the effects of these com pounds on 
iron bioavailability in vivo. Both polyphosphates caused 
decreases in ionic iron levels, with the greatest effect being 
exerted by tripolyphosphate. Similarly, hexam etaphosphate 
has been found to reduce iron absorption in man (Zemel 
et al., 1983); bo th  tripolyphosphate (Mahoney and Hen
dricks, 1978; Zemel et al., 1984) and hexam etaphosphate 
(Zemel and Bidari, 1983) have been reported to  do so in 
rats, with tripolyphosphate exerting a substantially greater 
effect. Results of other investigations also indicate that 
ionic iron in in vitro gastric digests is indicative of iron 
availability. Rao and Prabhavathi (1978) reported that 
ionic iron, as measured with a,a-dipyridyl, in pepsin- 
HC1 digests of foodstuffs correlated well with iron absorp
tion measurements in human subjects. More recently, Miller 
et al. (1981) found that dialyzable iron following a pep
sin-pancreatic digestion was indicative of food iron avail
ability; furtherm ore, the addition of substances which 
affect food iron availability in vivo, such as ascorbic acid, 
tea and whole wheat bread, produced similar changes in 
dialyzable iron. However, these determ inations of dialyz
able iron measured the to tal low molecular weight soluble 
forms of iron and did not distinguish between the ionic 
and complexed forms of iron. Data from  the present study 
indicate that ionic, but not total soluble iron, is indicative 
of iron availability.

Results of this investigation indicate that the effects of 
ortho- and polyphosphates on zinc utilization may be ex
plained by their effects on zinc solubility following an in 
vitro gastrointestinal digestion. Thus, the solubility of 
zinc in food subjected to  in vitro gastric and intestinal 
digestions may prove to  be a useful indicator of zinc bio
availability. Similarly, soluble ionic iron levels in food
stuffs subjected to these digestions appear to  reflect iron 
bioavailability. However, the effects of phosphates on 
calcium solubility do not appear to  be predictive of cal
cium availability.
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K i n e t i c s  o f  T a n n i n  D e a c t i v a t i o n  d u r i n g  A n a e r o b i c  S t o r a g e  

a n d  B o i l i n g  T r e a t m e n t s  o f  H i g h  T a n n i n  S o r g h u m s

B A R N A B A S  N. M IT A R U , RO BERT D. R E IC H E R T, and R O BER T B L A IR

---------------------------- ABSTRACT----------------------------
Grain from three high tannin sorghums had their moisture contents 
raised by adding distilled water at 15, 20 and 25% W/W, respectively, 
and were stored under C02 atmosphere at 25, 35 and45°C, respec
tively, for 1-20 days. In another trial, grain from the same high 
tannin sorghum sources was boiled in water at a ratio of lg to 3 
mL for periods of 10-6C min. Both anaerobic storage and boiling 
treatments deactivated the tannins with time. Moisture content and 
temperature levels influenced the rate of tannin deactivation during 
anaerobic storage. The process of tannin deactivation for both 
anaerobic storage and boiling treatments followed first order kinetics.

INTRODUCTION
THE LOWER NUTRITIONAL QUALITY of high tannin 
sorghums is attributed to  the ability of the tannins to bind 
proteins in the gut and hence reduce their availability. 
Anaerobic storage o f moist high tannin sorghum grain 
deactivates tannins and improves the nutritive value of 
these sorghums (Reichert et al., 1980). Boiling of high tan
nin sorghum grain also reduces the assayable tannin content 
of high tannin sorghums but does not improve the nutri
tional quality o f these sorghums for rats (Price et al., 1980). 
The mechanisms involved in tannin deactivation during 
anaerobic storage or boiling treatm ents are not known. It is 
probable tha t during anaerobic storage the tannins either 
polymerize to  higher oligomers which are insoluble in 
m ethanol or they are bound to  protein and other con
stituents of the grain. Since anaerobic storage improves the 
nutritional quality of the high tannin sorghum, it is un
likely tha t during anaerobic storage the tannins are bound 
to protein. The polym erization of the tannins to  higher 
oligomers which are insoluble and have lost their ability to 
bind proteins may be the mechanism occurring during 
anaerobic storage (Reichert et al., 1980). Protein binding 
activity seems to  increase w ith size of tannin polymers and 
peaks somewhere between 3 and 10 monomers (Goldstein 
and Swain, 1963; Roux, 1972). The high polymerized tan
nins (> 10  flavan monomers) either are too insoluble, have 
too  few reactive sites or are too large to fit the protein 
orientation for cross linking (Joslyn and Goldstein, 1964). 
The tannin deactivation mechanism during the boiling 
treatm ent is probably different from that occurring during 
the anaerobic storage and may involve reactions between 
tannins and proteins of the sorghum grain.

Inform ation on the kinetics of tannin deactivation 
during anaerobic storage and boiling treatm ents of sorghums 
is needed for practical application of these methods. There
fore, the following study was conducted to examine the 
rates o f tannin deactivation in three high tannin sorghums 
during anaerobic storage at different time periods and three 
moisture and tem perature levels, and during boiling for 
different tim e periods.

Author Mitaru is affiliated with the Dept, o f Animal & Poultry Sci
ence, Univ. o f Saskatchewan, Saskatoon, Canada, S7N OWO. Author 
Reichert is with the Plant Biotechnology Institute o f the National 
Research Council o f Canada, Saskatoon, Saskatchewan, Canada, 
S7N 0W9. Author Blair, formerly with the Dept, o f Animal Science, 
Univ. o f Saskatchewan, is now affiliated with the Dept, o f Animal 
Science, Univ. o f British Columbia, Vancouver, British Columbia, 
Canada V6 T  2A2.

MATERIALS & METHODS

Sorghum grain
The high tannin sorghum cultivars, P570, AKS614 and AR30C3 

x TX430 with tannin contents of 3.9, 3.2 and 2.3%, respectively, 
and an average moisture content of 7.8% were used in the experi
ment. The cultivar P570 was obtained from King Grain Ltd. (Cha
tham, Ontario), while the latter two were obtained from the Univ. 
of Arkansas (Fayetteville, AR).

Effect of anaerobic storage on tannin deactivation
Sorghum grain (25g) was weighed into 100 ntL plastic, air tight 

containers. Distilled water was added at 15, 20, and 25%, respec
tively, by weight and immediately purged with C02 to remove air. 
The containers were sealed and shaken until all the distilled water 
was imbibed by the grain as determined visually. The samples were 
then placed in ovens set at 25°, 35°, and 45°C, respectively, and 
stored for 0, 1, 3, 5, 10, 15 or 20 days.

The samples were removed from the ovens after the appropriate 
period and stored in a freezer. The samples were then ground in a 
UD 1092 Cyclotec sample mill and stored in the same containers 
and in the freezer until required for tannin and moisture analysis.

Effect of boiling on tannin deactivation
Distilled water (60 mL) was preheated to boiling, then sorghum 

grain (20g) was added to the flasks. At the end of the 10, 20, 30, 
40, 50 or 60 min time periods, the appropriate flask was removed 
from the heater and placed in dry ice in acetone to cool for 10 
min. All samples were then removed, frozen and freeze-dried. The 
samples were then ground in a UD 1092 Cyclotec sample mill from 
UD Corporation (Boulder, CO), and stored in the freezer for chemi
cal analyses later.

Chemical analysis
Tannin content was analyzed by the vanillin-HCl method, wit l 

reagent blanks as suggested by Price et al. (1978) and expressed as 
percentage of dry matter. Moisture content of the grain was deter
mined by the standard method (AOAC, 1980).

Statistical analysis
Analysis of variance was conducted to test the effects of cultivar, 

temperature, moisture, and storage time on tannin deactivation. 
Since tannin analysis was done in duplicate and there was no replica
tion, the higher order interaction means of squares term was used 
as the error term in the calculation of F values.

Determination of the rate of tannin deactivation
The data were transformed to natural logarithms and subjected 

to regression analysis to determine the rates of tannin deactivation 
during anaerobic storage and boiling treatments. It is assumed that 
in anaerobic storage and boiling some chemical mechanisms deacti
vate tannin such that it becomes insoluble in methanoL Hence deter
mination of extractable tannin at different times indirectly measures 
the extent of deactivation of tannin.

The general equation for a first order reaction is:
dx/dt = k (a -  x) [Eq. 1 ]

where dx/dt = rate of disappearance of MeOH soluble tannin; a = 
initial concentration of MeOH soluble tannin; x = concentration of 
MeOH soluble tannin at time t; (a -  x) = concentration of MeOH 
insoluble tannin at time t; and k = rate constant.

Separating the variables and integrating Eq. (1) yields
—In (a -  x) + In a = kt. [Ec. 2]
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and rearranging yields the following equation
In (a -  x) = In a -  kt. [ Eq. 3 ]

If a series of measurements of x at different times, t, are made 
and In (a -  x) is plotted, as ordinate, against t, a straight line of slope 
-k, and an intercept of In a at time = 0 should result. If the straight 
line is obtained it is considered that the reaction obeys the first 
order law, the slope being the first order rate constant whose units 
are reciprocal time. The concentration units are not involved in k 
since it is expressed in terms of a ratio of concentrations.

RESULTS & DISCUSSION 

Water imbibition
The average time taken by the grain to  imbibe water is 

shown in Table 1. For the three water levels, P570 absorbed 
water fastest, followed by AR3003 x TX430 and then 
AKS614. This indicates differences in water imbibing 
capacity of sorghum cultivars.

Influence of cultivar, temperature, moisture 
and storage time on tannin deactivation 
during anaerobic storage

Anaerobic storage of the high tannin sorghums reduced 
the extractable tannin content w ith time. The decrease was

Table 1—Time taken by sorghum grain to imbibe distilled water

Water
added3

Sorghums

P570 AKS614 AR3003xTX430

15% 15 45 45
20% 30 105 90
25% 60 150 120

a Percent of the grain sam ple weight.

Fig. 1—Effect o f moisture and tempera
ture on the rate o f tannin deactivation 
during anaerobic storage.
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Table 2—Analysis o f variance for tannin deactivation during anaero
bic storage o f three high tannin sorghums at three temperatures and 
three moisture levels

Source of variation DF SS MS F

Main effects

Cultivars (C) 2 114.47 57.24 301.26**
Temperature (T) 2 51.27 25.64

Linear 1 51.18 51.18 269.37**
Quadratic 1 0.09 0.09 0.47ns

Moisture (M) 2 104.35 52.18
Linear 1 104.04 104.04 547.58**
Quadratic 1 0.31 0.31 1.63ns

Days(D) 6 171.91 28.65 150.80**

Interactions

C X T 4 1.79 0.44 2.36ns
C X M 4 8.22 2.05 10.79**
C X D 12 3.35 0.28 1.47ns
T X M 4 7.89 1.97 10.37**
T X D 12 17.03 1.42 7 .47**
M X D 12 29.95 2.50 13.16**

Error (higher order interactions) 128 23.64 0.19

* * P  <  0.01  
nsP >  0.05

Table 4—Kinetic parameters o f tannin deactivation during the boil
ing o f high tannin sorghum grains

Sorghum
In a

(in 10 x tannin %)
k

(min ~ 1) r

P570 3.57 0.034 0 .98**
AKS614 3.51 0.031 0 .9 8**
AR3003 x TX430 2.96 0.035 0 .9 9**

* * P  <  0.01

Fig. 2—Effect o f boiling on the rate o f tannin deactivation in three 
high tannin sorghums.

shown to be exponential and was more pronounced at 
higher moisture and tem perature levels.

The analysis of variance results (Table 2) showed that

Table 3—Kinetic parameters o f deactivation during anaerobic stor
age o f high tannin sorghums

In a
Temp Moisture (In 100 x k

Sorghum °C % tannin %) (days — 1) r

P570 25 15 6.01 0.013 0.76*
20 5.99 0.017 0 .90**
25 5.80 0.045 0 .96**

35 15 5.98 0.012 0 .89**
20 6.04 0.062 0.85*
25 6.06 0.247 0 .99**

45 15 5.93 0.027 0 .9 6**
20 5.98 0.143 0 .99**
25 6.06 0.535 0 .99**

AKS614 25 15 5.67 0.007 0.50ns
20 5.73 0.019 0.S8**
25 5.81 0.095 0 .9 5**

35 15 5.72 0.011 0.79*
20 5.77 0.057 0 .9 9**
25 5.98 0.259 0 .9 8**

45 15 5.71 0.025 0 .9 7 **
20 5.96 0.311 0 .9 8**
25 5.90 0.460 0 .9 7**

AR3003xTX430 25 15 5.41 0.011 0.76*
20 5.37 0.023 0 .9 3**
25 5.57 0.137 0 .96**

35 15 5.39 0.023 0 .8 8**
20 5.51 0.116 0 .99**
25 5.66 0.396 0 .9 8**

45 15 5.50 0.089 0 .9 7**
20 5.60 0.408 0 .9 9**
25 5.44 0.666 0 .9 9**

* * P  <  0.01
*P  < 0 .05  

nsP >  0 .05

cultivar, tem perature, moisture and time of storage had
highly significant effects on tannin deactivation. Tem
perature and m oisture had linear effects (Table 2) on 
tannin deactivation while the time of storage had a curvi
linear effect. All the first order interactions except cultivar 
x tem perature and cultivar x days were highly significant.

The cultivar x tem perature and cultivar x days interac
tions were not significant (P >  0.05). This indicates tha t the 
three cultivars were affected by tem perature and storage 
time (days), respectively, in a similar manner. The signifi
cant (P <  0.01) interaction between moisture content and 
cultivars (Table 2) is interpreted to mean that the change in 
m oisture level produced different rates of tannin deactiva
tion in the three sorghum cultivars (Fig. 1). Tem perature 
and moisture levels affected the rate of tannin deactivation 
jo in tly  as shown by their highly significant interaction 
(Table 2). Storage time showed highly significant interac
tions with bo th  tem perature change and moisture content.

Rates of tannin deactivation during anaerobic 
storage and boiling treatments

In the anaerobic storage experiment, the plots of ln(a — 
x) against time for the three sorghum cultivars, three tem 
peratures and three moisture levels were shown to yield 
straight lines (Fig. 1), suggesting first order reactions. The 
regression and correlation coefficients for the lines in Fig. 1 
are shown in Table 3. All the correlation coefficients except 
one were significant at (P <  0.05) and (P <  0.01), respec
tively.

The slopes of the lines (k) could be regarded as the rate
—Continued on page 1583
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P r e d i c t i n g  S t e a d y  S h e a r  a n d  D y n a m i c  V i s c o e l a s t i c  P r o p e r t i e s  o f  G u a r  

a n d  C a r r a g e e n a n  U s i n g  t h e  B i r d - C a r r e a u  C o n s t i t u t i v e  M o d e l

J. L. KOKIIM I, K. L. B IS T A N Y , and P. L. M IL L S

----------------------------ABSTRACT-----------------------------
The Bird-Carreau constitutive model, a five parameter semi-empiri- 
cal set of equations, was used to predict the steady shear viscosity, 
17, the dynamic viscosity, p', and the out-of-phase component of 
the complex viscosity divided by frequency, rj "/u>. For most of the 
frequency/shear rate region in the range 0.1  -  100  sec- 1  for 1% 
and 1.25% guar, the models accurately predicted the experimental 
data. ri"/oj data for 2.0% and 2.5% carrageenan dispersions were 
predicted accurately in the high frequency region but were not 
successfully simulated in the low shear rate/frequency region.

The Bird-Carreau model is a nonlinear extension of the 
generalized Maxwell model (Leppard, 1975). The model 
uses four empirical constants and the zero shear rate 
limiting viscosity r?0 of the solutions. Two constants, 
û j and X] are typically obtained from a logarithmic plot of 
77 vs. 7 and the other two constants a 2 and X2 are obtained 
from a logarithmic plot of rj' vs. co (Fig. 1) (Bird et al.,
1977). The five parameters are then used to  predict tj, 
77', and

The Bird-Carreau prediction for 77 is (Bird et al., 1977):

INTRODUCTION
FOOD POLYSACCHARIDES are used to  improve the tex
tural characteristics of many fluid and semi-solid food 
material. Most are not metabolized and their caloric value is 
quite low making them useful in the development of 
diet foods. Small am ounts of these macromolecules can 
drastically affect the rheological properties of the food 
medium in which they are used (Blanshard and Mitchell, 
1979).

Studies of the rheology of polysaccharides has been 
limited to  dilute solution measurements to  characterize 
their conform ation in solution (Mitchell, 1979; Whitcomb 
and Macosko, 1978; Anderson and Rahman, 1967, Morris 
and Ross-Murphy, 1981) and to  modeling their steady flow 
behavior at different concentrations using relatively simple 
models such as the power-law model and the Ree-Eyring 
model (Kassem and Mattha, 1969, Doublier and Launay, 
1981). Concentrated solutions of polysaccharides in the 
concentration range of value of the food industry have 
been shown to be non-Newtonian in steady shear flows at 
large enough shear rates where the actual shear rate at the 
onset of non-Newtonian behavior is a function of concen
tration  (Schurz, 1976; Glicksman, 1982). In transient 
flows, such as small am plitude oscillatory shear flows, they 
show both  elasticity and viscosity and are linear viscoelas
tic at small strains. It was recently shown that there is a 
close correlation between their steady and dynamic viscosi
ties at small and large shear rates when their dispersions 
do not undergo structure decay (Mills and Kokini, 1983).

Rheological modeling is ideal when a single model can 
explain data obtained in several different kinds of experi
ments. Then data obtained from one kind of experiment 
can be used to predict data which would have been ob
tained from another kind of experim ent.

In the past several constitutive equations have been 
developed to  simulate the flow behavior of solutions of 
polymeric materials or melts (Spriggs, 1965; Chen and 
Bogue, 1972; Bird and Carreau, 1968) and have been tested 
with several polymeric solutions by Christiansen and Lep
pard (1975) and Baird (1980). Of all models tested, the 
Bird-Carreau model was most successful for a num ber of 
polymeric materials over a large range of conditions.

Vp

by:

P= 1 1 + (^ ipT )2 
At large shear rates the above equation is approxim ated

where,

17 =
TTTio (2“ iX ,7 )(1 “ “ l ) /a i

1 2a !  sin ( 1 +a i
77 )

^lp  ~ * 0

2“ 1

2 " l
)

p  +

Vp = Vo
O p

s \ 1 p

Z (<*])= 2  K- “ 1
k= 1

The Bird-Carreau prediction for r¡' is:

Vp
r?'= 2

p-i 1 + (X2pco)2 
and at high frequencies 77' is approxim ated by:

V =
7777o . (2 a2X2co)(1~0;i )/a2

Z (a i ) -1  _ . . l + 2 a 2 - a i \1 2 a 2 sin (--------- ------- - • 7t)
2 a 2

and finally the prediction for 77"/co is:

17" 00 Vp ‘ ^ 2p
__  =: 2  ____________
CO p=l 1 + (X2 p C0)2

and this equation converges to  the following equation at 
high frequencies:

T?" 2“ 2X277T?o (2“ 2X2CO)(1 - “ l - “ 2 )/“ 2

co Z (a!)-1 1 + a 2 —■a J 
2 a 2 sin (--------------’ 77)

2of2
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where X2p “ 2
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Fig. 1 —G raphical d e te rm in a tio n  o f  e m p ir ica l c o n s ta n ts  fo r u se in th e  B ird-C arreau m o d e l.

In this paper 1% and 1.25% guar gum suspensions and 
2.0% and 2.5% carrageenan dispersions will be used to  test 
the ability of the Bird-Carreau model to  predict 17, 7)' 
and 77"/co.

MATERIALS & METHODS
GUAR GUM was obtained from Sigma Chemical Company, No. 
G-4129 and experimental lambda-carrageenan was obtained from 
the Marine Colloids Division of FMC Corporation. Guar dispersions 
were prepared at concentrations o f  1% and 1.25% and carrageenan 
dispersions were prepared at concentrations o f 2.0% and 2.5%. 
Both gum dispersions were prepared in a similar manner. A known 
quantity  of gum was introduced to a pre-measured am ount of 
distilled water in a blender. Sprinkling the sample into the center of 
the vortex insured adequate wetting o f the powder and proper dis
persion of the gum. The dispersions were mixed at room tem pera
ture which varied between 23 and 25°C. They were blended at a 
low speed for 15 sec to insure proper dispersion and shorten the 
experiment time. The samples were then pu t on a shaker at 150 
rpm for 12 hr. When the viscosity o f dispersions obtained w ithout 
the use o f blending were compared to the viscosity o f  those obtained 
by blending it was seen that the final solution viscosity o f guar or 
carrageenan dispersions were the same.

The rheological measurements were perform ed on the Rheo- 
m etrics Fluids Rheometer, Model RFR-7800. The 10 g-cm trans
ducer was used with the less concnetrated dispersions and the 100 
g-cm transducer was used with the more concentrated solutions. 
The tests were perform ed at room  tem perature which varied be
tween 23 and 25° C. The cone and plate geometry o f the rheometer 
was used with a cone angle o f 0.0196 radians and plate radius o f
2.5 cm. All measurements were perform ed in triplicate and the geo
m etric average of these values was calculated. In order to help insure 
test reproducibility, a uniform  sample size of 2.5 mL was used.

Dynamic rheological tests were conducted under the aforemen
tioned experimental conditions at a strain level o f 20% for guar 
and 30% for carrageenen. Strain sweeps were conducted to insure 
that the solutions were in the linear region. Other details o f these 
experiments have been summarized in a previous paper (Mills 
and Kokini, 1984).

RESULTS & DISCUSSION
EMPIRICAL CONSTANTS determined from 77' vs co and 
77 vs. 7 data for use with the Bird-Carreau model are tabu
lated on Table 1. The first im portant param eter is the zero 
shear limiting viscosity equal to  20 Pa*s for 1% guar and 
70 Pa*s for 1.25% guar. This value was determ ined by 
extrapolating the viscosity 77 data to  low shear rates, a ,  
and a 2 obtained from the high shear rate slopes of log 77 
vs. log 7 and the high frequency slopes of log 77' vs. log co

are close in magnitude but are not equal. This shows that 
slopes in the high frequency/shear rate region of 17' and 77 
are not equal. This shows that slopes in the high frequency/ 
shear rate region of 77' and 77 are not equal. Aj and A2 values 
are equal to 1.33 and 2.50 sec, respectively, for 1% guar 
and 1.56 and 3.57 sec, respectively, for 1.25% guar dis
persions. These values reflect the onset of nonlinear be
havior in the 77' and 77 curves. The fact that Aj associated 
with 77 is greater than A2 associated w ith 77' in bo th  cases 
is the result of the fact that the onset in nonlinear behavior 
for 77' is faster than that of 77.

Similarly for lambda-carrageenan the zero shear limiting 
viscosities obtained through extrapolation of the data to  
low shear rates are equal to  4.8 Pa'sec for the 2% disper
sion and to  13.5 P a-s for the 2.5% dispersion, a 1 and a 2 
values are again close but not equal. These values as well 
as A! and A2 values are shown in Table 2.

It should be noted at this point tha t the ability to  pre
dict two different slopes for 77 vs. 7 and 77' vs co shows the 
flexibility of the Bird-Carreau model. This is indeed what is 
most com monly observed with many polysaccharide mole
cules (Mills and Kokini, 1984). Also w ith most carbohy
drate polymers the characteristic times for the onset of 
non-Newtonian flow are different. The Bird-Carreau model 
provides tha t flexibility as well.

The actual prediction of the steady shear viscosity 77, 
the dynamic viscosity 77' and T]"/oj are shown in Fig. 2 to  
5 for 1%, 1.25% guar and 2% and 2.5% carrageenan disper
sions.

In Fig. 2, the Bird-Carreau model is compared w ith ex
perim ental data of the 1.0% guar solution in the frequency/ 
shear rate range of 0.1 -  100 sec- 1 . For 77"/co the model 
very accurately predicted the high frequency region. The 
coefficient of determ ination (R 2) in this region was 0.99. 
The low frequency region was somewhat less accurately 
predicted. The R 2 in this region was 0.97. This could be 
due to  the fact that parameters Al5 A2 , and a 2 were 
determined using the procedure of Bird et al. (1977) pre
viously described. This procedure was selected because of 
its simplicity. An alternative procedure could be to curve- 
fit the 77 vs. 7 and 77' vs c0 data to  obtain the four param
eters, as was used by Baird (1980). Similarly, experim ental 
values of 77' vs. co and 77 vs. 7 were fitted quite accurately 
by the model as dem onstrated by R2 values of 0.99 in high 
frequency region and R 2 values of 0.98 in the low fre
quency region.

T able 1—Guar: E m p ir ica l co n s ta n ts  fo r  use  w ith  B ird-C arreau m o d e!

Cone. % t? o  (Pa *  s > “1 «2 A-l (s) A-2 (s) d2/ct! A-i/A.2

1 20.0 3.33 3.19 1.33 2.50 0.96 0.53
1.25 70.0 5.85 5.67 1.56 3.57 0.97 0.44
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Results for 1.25% guar are shown in Fig. 3. The Bird- 
Carreau model predicts 17"/co vs. c0 quite well at both  high 
and low frequency regions. The R 2 of the fit is 0.98 in both 
regions. Similarly the low and high shear rate/frequency 
regions of 77 and 77 ' are well simulated with R 2 values of 
0.98.

The 2.0% and 2.5% dispersions of carrageenan were 
modeled in the same manner as the guar dispersions (Fig. 
4 and 5). T?"/co values are closely predicted in the m oderate 
to  high frequency region for bo th  concentrations with 
R 2 values of 0.99 in all cases. At low frequencies the model 
predicts a plateau region which was not observed experi
mentally at either concentration. When the low frequency 
region was included in goodness of fit estimates the R2 
dropped to  0.93 for 2% carrageenan and to 0.95 for 2.5% 
carrageenan. Experimental values of 77 vs. y  and 77' vs. co 
were also fairly well predicted for the 2.0% carrageenan 
dispersions. The overall R2 was 0.98 for both 77 and 77'. For 
the 2.5% carrageenan dispersions 77 and 77' were also pre
dicted well w ith R2 of 0.98 in each case.

The model predicted that 77' was approxim ately equal 
to  77 at small shear rate and frequencies. This is due to  the 
fact that all small values of y  and 00 bo th  (Alp y )2 are

(X2p to)2 were small compared to  1. This reduces both 
quantities to

OO
77'= 77= 2  77p 

p= 1

which is precisely what was observed experimentally for 
all dispersions.

The com plete test of the model necessitates prediction 
of the primary normal stress coefficient 1p 1 given lay:

¡P i= 2 2
p=i

Vp X2p 

1 + (XipT)2
A test of 1p i  could not be achieved because reproducible 
4>i values in a wide range of shear rates were not available. 
It is, however, im portant to  note that at small y  and co:

and

This suggests that

'Pi = 2 2  7?p X2p
P=i

7?" OO
= 2  77p X2p 

co p = 1

T able 2 —Carrageenan: E m pir ica l co n s ta n ts  fo r  use w ith  B ird-C arreau m o d e l

Cone. % ■3 O tT “ 1 «2 (s) X2  (s) d 2/« i A-l/A.2

2.0 4.80 1.88 1.81 0.426 0.444 0,96 0.96
2.5 13.5 2.43 2.24 0.585 0.763 0.92 0.77

Fig. 2 —P red ic tio n s  o f  th e  B ird-C arreau m o d e l  fo r  1.0% guar: s o lid  
lines re p re sen t e x p e r im e n ta l da ta  a n d  d o t t e d  lin es re p re se n t p r e d ic 
tio n s o f  th e B ird-C arreau m o d e l.

Fig. 3 —P red ic tio n s  o f  th e  B ird-C arreau m o d e l  fo r  1.25%  guar: 
s o l id  lin es re p re se n t e x p e r im e n ta l d a ta  a n d  d o t t e d  lin es re p re sen t 
p r e d ic tio n s  o f  th e  B ird-C arreau m o d e l.
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Fig. 4—Predictions o f the Bird-Carreau Model for 2.0% carrageenan: 
solid lines represent experimental data nd dotted lines represent 
predictons o f the Bird-Carreau model.

Fig. 5—Predictions o f the Bird-Carreau model for 2.5% carrageenan: 
solid lines represent experimental data and dotted lines represent 
predictions o f the Bird-Carreau model.

CO

small
1=00

Consequently, at small shear rates one would expect \pi 
and rY'/oo to  be related. However, the fact that experi
mental data for rf'loo  did not tend to  a limiting value at 
small frequencies and shear rates suggests that the predic
tion of the Bird-Carreau model might not hold for the 
systems studied. However, a firm conclusion can only be 
obtained after normal force data are generated.

In the past it was shown that the steady viscosity func
tion and the primary normal stress coefficient are im por
tan t rheological parameters in fluid and semi-solid texture 
(Dickie and Kokini, 1983). If a rheological model is able 
to  relate material properties obtained from steady shear 
flows to  those obtained from oscillatory flows, then small 
am plitude dynamic viscoelastic properties can be used in 
tex ture studies.

In conclusion, the Bird-Carreau model was shown to 
predict relatively well small am plitude dynamic viscoelas
tic properties and steady shear viscosity functions of 1.0 
and 1.25% guar dispersions and 2.0 and 2.5% lambda 
carrageenan dispersions in water.

LIST OF SYMBOLS
a 1;a2 Constants in the Bird-Carreau model (dim ension

less)
Time constants (sec) 

rip Viscosity Constants (Pa sec)
r}0 Zero shear limiting viscosity (Pa sec)
77 Viscosity function (Pa sec)
7?' Dynamic viscosity (Pa sec)
77" Out of phase com ponent of the complex viscos

ity  (Pa sec)
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i//j Primary normal stress coefficient (Pa sec2)
\pl0 Zero shear primary normal stress coefficient 

(Pa sec2)
7 Shear rate (sec-1 )
co Frequency (sec-1  )
Z(ü[ ) Zeta-Riemann function (dimensionless) 
p Index
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--------------------------- ABSTRACT-----------------------------
Selected conditions were examined for their possible roles in the 
regulation of catalase activity in Staphylococcus aureus MF-31. The 
addition of the heme precursor 5-aminolevulinic acid resulted in 
increased catalase activity whereas the addition of exogenous hydro
gen peroxide did not. Catalase activity decreased when S. aureus 
MF-31 cells were grown in media containing glucose. Cells grown in 
media with succinate or citrate substituted for glucose exhibited 
increased catalase activity. Cells grown in tryptic soy broth (0.5% 
NaCl) supplemented with NaCl showed increased catalase activity 
at salt concentrations up to 3%.

INTRODUCTION
NUMEROUS STUDIES have been undertaken on a variety 
of organisms in attem pting to  determ ine factors affecting 
catalase activity in microbial cells. The results of these 
experiments have been varied and often contradictory. If 
there exists a single mechanism for the control of catalase 
activity in prokaryotic organisms, it has yet to  be eluci
dated. The following are some conditions which have pre
viously been examined for their possible roles in the regula
tion of catalase activity: (1) phase of growth of the cells 
(Lin, 1963; Kwiek et al., 1970a, b; Finn and Condon, 1975; 
Yoshpe-Purer et al., 1977); (2) pH of the growth medium 
(Finn and Condon, 1975); (3) oxidation-reduction po ten
tial of the medium (Hassan and Fridovich, 1978); (4) type 
of growth medium w ith particular interest in the effect of 
glucose (Gregory et al., 1977; Cross and Ruis, 1978; Hassan 
and Fridovich, 1978; Marie and Parak, 1980); (5) degree 
of aeration or anaerobiosis (Hassan and Fridovich, 1970; 
Rodriquez-Bravo and P ionetti, 1981); (6) presence of 
hydrogen peroxide [H 20 2 ] in the culture medium (Clay
ton, 1960; Finn and Condon, 1975; Yoshpe-Purer et al., 
1977; Marie and Parak, 1980; Rodriquez-Bravo and Pionet
ti, 1981); (7) presence of a heme precursor in the culture 
medium (Ishida, 1976); and (8) presence of certain ions in 
the medium thought to  affect catalase activity (Hassan and 
Fridovich, 1978). There have been several reports of in
creased catalase activity caused by addition of exogenous 
H20 2 . This was seen with Rhodopseudom onas spheroides 
(Clayton, 1960), Escherichia coli (Udou and Ichikawa,
1979) and Salmonella typhim urium  (Finn and Condon, 
1975). However, Hassan and Fridovich (1978) were able to 
elevate catalase activity in the absence of H20 2 in E. coli 
by adding nitrate to  the medium of anaerobically growing 
cells. In addition, Marie and Parak (1980) did not show an 
increase in catalase activity by addition of H20 2 to  growing 
Micrococcus luteus cells.

Glucose has been shown to repress catalase activity in
M. luteus (Marie and Parak, 1980), E. coli (Hassan and 
Fridovich, 1978), Saccharomyces cerevisiae (Cross and
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Ruis, 1978) and Bacteroides fragilis (Gregory et al., 1977). 
In the case of E. coli, growing the cells in the presence of 
8 mM adenosine 3 ',5 '-cyclic m onophosphoric acid (cAMP) 
largely overcame the effect o f glucose. Thus, it appears that 
the control o f catalase biosynthesis in  E. coli is an example 
of catabolite repression. The addition of heme precursors 
also has been shown to increase catalase activity in E. coli 
(Hassan and Fridovich, 1978) and in M. luteus (Marie and 
Parak, 1980). Some chemical com pounds and ions have an 
inhibitory effect upon catalase activity. Litchfield (1977) 
showed that mammalian catalase was inactivated at a low 
pH by the chloride anion. This effect resulted from the 
form ation of a stable catalase-chloride com pound w ith a 
stoichiom etry of one chloride per catalase heme. In this 
work we investigated the effects of salt, hydrogen perox
ide, and carbohydrates on the regulation catalase activity in 
Staphylococcus aureus M F-31.

MATERIALS & METHODS

M e d ia  a n d  c u l tu r e  p r e p a r a t i o n

The test organism was Staphylococcus aureus MF-31. Broth 
media utilized for the growth of S. aureus were: tryptic soy broth 
(TSB) and a semi-defined medium (SDM). The SDM was similar to 
that of Pariza and Iandolo (1969), and contained per liter of dis
tilled water: vitamin free casamino acids, lOg; glucose, 2g; trypto
phan, 0.2g; potassium phosphate dibasic, 5g; and MEM vitamins, 1 
mL. The MEM vitamin mixture (Gibco Labs., Grand Island, NY) 
contained per liter: D-Ca pantothenate, 100 mg; choline chloride, 
100 mg; folic acid, 100 mg; i-inositol, 200 mg; nicotinamide, 100 
mg; pyridoxal HC1, 100 mg; riboflavin, 10 mg; thiamin HC1, 100 mg. 
In cases where succinate and citrate were substituted for glucose in 
SDM, equimolar amounts were used.

Growth was monitored by Klett-Summerson colorimetry using a 
blue filter (380-430 nm).

C u l tu r e  d iv is io n

In tests where H20 2 or 5-aminolevulinic acid hydrochloride 
(5-ALA) were examined for their effects upon catalase activity, the 
following protocol was performed. Cultures of 5. aureus were 
allowed to grow to early exponential phase. At this time, one-half 
of the culture was aseptically transferred to a sterile flask and desig
nated as the control. The remaining half of the culture was trans
ferred to a separate flask which contained the test compound. Sub
sequent growth and catalase activities were then compared between 
the control culture and the test culture. Cells for catalase assays 
were removed at appropriate intervals and collected on membrane 
filters (0.45 Mm; Millipore Corp., Bedford, MA). The cells were then 
washed from the filter to a centrifuge tube using 10 mL of 100 mM 
potassium phosphate buffer (PPB), pH 7.2, pelleted by centrifuga
tion, and the pellets stored frozen (-20°C).

C ell ly s is  p r o c e d u r e

Lysostaphin (Sigma Chemical Co., St. Louis, MO) and deoxyri
bonuclease I (Sigma) were prepared separately in TM4 buffer [10 
mM tris (hydroxymethyl) amino methane, pH 7.6, 0.5 mM MgCl2] 
to concentrations of 0.5 mg/mL and 200 Mg/mL, respectively. Both 
solutions were stored frozen and thawed as needed. Frozen cell 
pellets of S. aureus were thawed and suspended in 1 mL of TM4 
buffer. For lysis, 0.4 mL of the lysostaphin solution was added to 
the cell suspension. The suspensions were mixed and then incubated 
at 35°C for 15 min. Following incubation, 0.1 mL of DNase solu
tion was added. After incubation at room temperature for 1 min,
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the suspensions were centrifuged at 10,000 x g for 20 min. The 
supernatant was retained and stored in an ice bath.

Catalase assay
The colorimetric assay of Sinha (1972) was used. This method is 

based on the reduction of dichromate in acetic acid to chromic 
acetate when heated in the presence of H2O2. The absorbance at 
260 nm (A260) of the cell lysates was measured, and a volume of 
lysate equivalent to I/A26O was determined. This volume of lysate 
was added to the assay mixture of H2O2 and 10 mM PPB, pH 7.0. 
Samples were taken periodically and mixed with the dichromate- 
acetic acid mixture, stopping the reaction. The quantity of H2O2 
remaining was determined from a standard curve. From this value, 
the amount of catalase activity at that time was determined. The 
initial catalase activity (A0) was calculated by the extrapolation to 
zero time. Activity was reported as K0 per A26O o'1'1 °f lysate, or 
Katf (Eq. 1).

Ko
Katf = --------------:------ —--------- (1)

gram protein used in assay

Protein determination
The protein content of lysates was determined according to 

Lowry et al. (1951).

Experimental conditions
5-Aminolevulinic acid. One volume of a stationary phase TSB 

culture (12 hr-ca. 109 cells/mL) was transferred to 1800 volumes of 
TSB and incubated at 35° C. After 5 hr growth, the culture was 
divided, and 5-aminolevulinic acid hydrocholoride (Sigma) was 
added to one portion to a final concentration of 250 mg/L. The 
other portion was retained as the control. Catalase activity was 
determined as A'o/A260 and calculated to give the activity as per
cent activity. The catalase activity of the heme precursor-treated 
cells after 10 hr of growth was defined as 100%.

In addition, a stationary phase culture of S. aureus MF-31 was 
split into four portions and treated as follows: flask 1 -  TSB (con
trol), flask 2 -  puromycin added (100 pg/mL); flask 3 -  5-ALA 
added (0.25 mg/mL), and flask 4 -  puromycin (100 Mg/mL) and 5- 
ALA (0.25 mg/mL) added. The flasks were incubated 6 hr (post 
stationary phase) and sampled for catalase activity.

Heme. Stock cultures of S. aureus MF-31 were inoculated in 
200 mL of TSB with and without glucose. Hemin (Sigma) was 
added to give a final concentration of 0.05 mg/mL. The culture was 
incubated at 35°C with rotary shaking. Samples were taken at 
stationary phase.

Carbohydrates. Stock cultures of S. aureus were inoculated into 
TSB, a glucose-containing medium, or SDM. Succinate, citrate, or 
no carbohydrate were substituted for glucose in SDM for some tests. 
Cultures were incubated at 35° C with rotary shaking. As each cul
ture reached stationary phase, a sample was removed and centri
fuged. Catalase activity was determined as Katf and calculated to 
give the activity as percent activity. The catalase activity of station
ary phase cells grown in TSB was defined as 100%.

Hydrogen peroxide. One volume of a stationary phase TSB cul
ture was transferred to 1800 volumes of TSB and incubated at 
35°C. After 5 hr of growth, the culture was split into three equal 
parts. Hydrogen peroxide was added to the first portion to obtain a 
final concentration of 0.075 mM. Hydrogen peroxide was added to 
the second portion to a final concentration of 0.25 mM. The final 
portion of the split culture was retained as the control. Samples 
were removed at appropriate intervals. Cells were lysed as described 
previously. Catalase activity was determined as K jK ^ e o  and cal- 
culated to give the activity as percent activity. Catalase activity of 
the control cells after 8 hr was defined as 100%.

NaCl. Stock cultures of S. aureus were inoculated into TSB con
taining varying amounts of added NaCl. Cultures were incubated at 
35°C with rotary shaking. As each culture reached stationary phase, 
a 10 ml sample was removed and centrifuged. Catalase activity was 
determined as K J A26O in the cell lysates.

RESULTS
THE EFFECTS of adding the heme precursor 5-aminolevu
linic acid hydrochloride to  TSB containing log phase S. 
aureus cells are presented in Fig. 1. Cell growth was not 
affected by exposure to  the heme precursor. However,

catalase activity was stim ulated. Cells exposed to  the heme 
precursor had twice the activity of control cells when the 
cells entered stationary phase.

In order to  determ ine if the stim ulatory effect of 5-ALA 
was due to  an activation of a pre-existing apoprotein or due 
to  de novo protein synthesis, cells were grown in the 
presence of 5-ALA and 5-ALA plus purom ycin. The cata
lase activity of cells grown in the presence of purom ycin -
5-ALA was 19% lower than the control and 64% lower than 
cells grown with 5-ALA alone (Table 1).

To determine if the form ation of the porphyrin back
bone was a limiting step in the synthesis of catalase, S. 
aureus cells were grown in TSB or TSB w ithout glucose in 
the presence or absence of heme. The catalase activity of 
cells grown in TSB w ithout glucose was more than twice 
that of cells grown in TSB with glucose (Table 2). Cells

Fig. 1—Effects o f addition o f 5-aminolevulinic acid hydrochloride 
on catalase activity of Staphylococcus aureus: ■  Kiett Units in TSB; 
□ Kiett Units in TSB + 5-ALA; • Catalase activity in TSB; o Catalase 
activity in TSB + 5-ALA.

Table 1—Effects o f 5-aminolevulinic acid on catalase activity

Katf % Katf
TSB (with glucose) 1735 100
TSB + puromycin 1425 82
TSB + 5-ALA 2521 145
TSB + puromycin + 5-ALA 1400 81

Table 2—Influence o f glucose and heme on catalase activity in
Staphylococcus aureus MF-31

Katf %  Katf
TSB 2594 100
TSB without glucose 5864 226
TSB + heme 3129 121
TSB without glucose + heme 1324 51
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grown in TSB w ith glucose and heme had catalase activities 
similar to cells grown in TSB with glucose. However, cells 
grown in TSB w ithout glucose plus heme had lower catalase 
activities than those grown in TSB w ithout glucose.

The effect o f carbohydrates on catalase activity in S. 

a u r e u s  cells is shown in Table 3. Grow th in the two glucose- 
containing media, TSB and SDM w ith glucose, resulted in 
comparatively low levels of catalase activity. When citrate 
or succinate were substituted for glucose in SDM, or when 
no carbohydrate source was added, cellular catalase activity 
increased.

The effect on catalase activity when exogenous H2O2 
was added to  TSB containing log phase S . a u r e u s  cells is 
shown in Fig. 2. Two different quantities of H2C>2 were 
examined (0.075 mM and 0.25 mM) but neither resulted in 
increased catalase levels. The control cells and the cells 
exposed to 0.075 mM H2O2 m aintained approxim ately the 
same levels of activity. The cells exposed to  0.25 mM H2O2 
exhibited slightly less activity than the control cells, proba
bly due to  death that was incurred by the cells at this high 
level of H2O2. Similar results were obtained using 0.1 mM, 
0.5 mM, and 1.0 mM H20 2 (data not presented).

Fig. 3 shows the effects on catalase activity when S. 

a u r e u s  cells were grown to stationary phase in TSB contain
ing differing levels of NaCl. Cells grown in TSB with little 
or no added NaCl (0.5-3.0%) showed relatively high levels

Table 3—Effect o f various carbohydrates on catalase activity o f 
Staphylococcus aureus MF-31 cells

Medium Katf % Katf

TSB (with glucose) 1504 100
SDM (with glucose) 688 46
SDM no carbohydrate 2446 163
SDM + succinate 1953 130
SDM + citrate 1763 117

Fig. 2—Effects o f addition o f hydrogen peroxide on catalase activity 
o f Staphylococcus aureus: o TSB; □ TSB + 0.075mM H2 O2/ • TSB 
+ 0.25 mM H2 O2 .

of catalase activity. Cells cultured in 4.5 or 7.5% NaCl 
showed lower levels of catalase activity. Activities appeared 
to  decrease as the NaCl concentration increased above 
3.0%.

DISCUSSION
CATALASE ACTIVITY was stim ulated by exposure to  the 
heme precursor 5-aminolevulinic acid hydrochloride in the 
presence of glucose. It may be tha t the synthesis of the 
heme group, and not the protein m oiety, is the rate limiting 
step for producing high catalase activities in S. a u r e u s .  It is 
also possible that glucose or a glucose catabolite may exert 
its inhibitory effect on catalase production at the point of 
synthesis of the heme precursor, since the addition of the 
heme precursor resulted in much higher catalase levels in 
the presence of glucose.

The catalase activity of S. a u r e u s  cells grown in TSB 
w ithout glucose, but w ith hem e, was lower than cells grown 
in TSB w ithout glucose. The catalase activity of cells grown 
in TSB with heme was slightly higher than those grown in 
TSB w ithout added heme. In the former case, heme might 
be acting as an end product inhibitor or repressor. Lascelles
(1964), investigating the heme biosynthetic chain of R h o -  

d o p s e u d o m o n a s  s p h e r o i d e s ,  found evidence of end product 
inhibition and end product repression. Burnham and Lascel
les (1963) showed tha t the end product hem e inhibited the 
first enzyme (A-aminolevulinate synthetase) of the chain. 
When heme was added to  the culture medium the forma
tion of aminolevulinate was repressed three- to  fourfold. In 
the la tter case, the lack of a difference of catalase activities 
between S . a u r e u s  cells grown in TSB w ith glucose and TSB 
with glucose and heme may be explained by the evidence 
which shows that the specific activity of A-aminolevulinate 
synthetase can be increased by the presence of glucose 
(Poulson, 1976).

Catalase activity was enhanced when S. a u r e u s  cells were 
grown using citrate or succinate, in place of glucose. Citrate

Fig. 3—Catalase activity o f Staphylococcus aureus cells grown to 
stationary phase in varying NaCl concentrations.
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and succinate are Krebs cycle interm ediates and their utili
zation as energy sources likely involves enhanced respira
to ry  activity w ith concom itant H2O2 production. Glucose, 
however, may be catabolized ferm entatively, greatly reduc
ing H2O2 form ation in the cell. A possible catalase control 
mechanism, and one which does not preclude the first, is 
that catalase is co-induced with the com ponents of the 
electron transport chain. Facultatively anaerobic, ferm enta
tive bacteria such as S. aureus, when presented with a rich 
medium containing glucose, derive most of their energy by 
ferm entation (Paigen and Williams, 1970). In this case, the 
need for defenses against H2O2 is diminished. However, 
w ith a supply of substrates whose utilization depends upon 
the electron transport chain, more H2O2 is likely to  be 
produced and higher levels of catalase might be necessary 
for survival.

Exposure of S. aureus cells to  exogenous H2O2 did not 
result in increased catalase activity. Exogenous addition of 
H2O2 also failed to increase catalase activities in E. coli 
(Hassan and Fridovich, 1978) and M. luteus (Marie and 
Parak, 1980). In these experiments there was only a slight 
loss in cell viability subsequent to  the H2O2 addition. Thus, 
it appears that H2O2 per se does not induce higher catalase 
levels in S. aureus.

Catalase activities were adversely affected when cells 
were grown in higher levels of NaCl. This experim ent pro
vided evidence that catalase activities are decreased when 
S. aureus cells are grown in high levels of NaCl. It was evi
dent tha t cells grown in TSB with 1.5% or 3.0% NaCl had 
higher catalase activities than cells grown in the absence of 
added NaCl (0.5%). Udou and Ichikawa (1979) reported 
that S. aureus cells grown in a glucose medium showed 
enhanced oxygen consum ption in the presence of 0.6% or 
3% NaCl. However, O2 consum ption was suppressed at a 
concentration of 6%. This increased O2 consum ption indi
cated increased aerobic respiration. Furtherm ore, catalase 
activity might be expected to increase in response to  these 
events and in particular to  the form ation of H2O2. There
fore, the increased catalase activities found in cells grown in 
1.5% and 3.0% NaCl may be in response to  increased 
respiratory activity.
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----------------------------ABSTRACT----------------------------
T h e  e f f e c t  o f  h ig h  t e m p e r a t u r e ,  h ig h  h u m i d i t y  s to r a g e  o n  c o o k in g  
q u a l i t y  a n d  p h y s i c o c h e m ic a l  p r o p e r t i e s  o f  d r y ,  m a t u r e  r e d  k id n e y  
b e a n s  w a s  e v a lu a te d  o v e r  a  s to r a g e  p e r io d  o f  9  m o n t h s .  T h e  r a t e  
o f  s o f te n in g  o f  b e a n s  d u r in g  c o o k in g ,  a n d  t h e  r a t e  o f  d i s s o lu t io n  
o f  p e c t in  d u r in g  c o o k in g  f o l lo w e d  a p p a r e n t  f i r s t - o r d e r  k in e t ic s  
a n d  th e i r  a p p a r e n t  r a t e  c o n s t a n t s  c o r r e l a t e d  h ig h ly  w i th  e a c h  
o th e r .  T h e  a p p a r e n t  s o f te n in g  r a t e  c o n s t a n t s  d e c r e a s e d  w i th  in c r e a s 
in g  t im e  o f  s to r a g e .  T h e  lo s s  o f  c o o k a b i l i t y  in  m a t u r e  b e a n  s e e d s  
s to r e d  u n d e r  h ig h  te m p e r a tu r e - h ig h  h u m i d i t y  c o n d i t i o n s  p r o b a b ly  
r e s u l t s  f r o m  a  d e c r e a s e  in  p h y t i c  a c id  p h o s p h o r u s  a n d  a l t e r a t i o n s  
in  t h e  r a t i o  o f  m o n o v a le n t  t o  d iv a le n t  c a t io n s  i n  t h e  t i s s u e .

INTRODUCTION
THE TERM “ cookability” as applied to  legume seeds refers 
to  the condition by which they achieve a degree of tender
ness during cooking acceptable to  the consumers. Normally, 
the time required to  soften the freshly harvested seeds is 
taken as a basis for comparison.

Certain storage conditions can result in an increase in the 
cooking tim e required to  properly soften legumes (Burr et 
al., 1968; Morris, 1963;M uneta, 1964). Storing legumes at 
high tem peratures and relative humidities, conditions nor
mally encountered in the humid tropics, accelerate the 
problem . This suggests that chemical or biochemical factors 
are responsible. Even though considerable efforts have been 
devoted to  studying this problem , the exact mechanism by 
which stored beans become hard-to-cook remains obscure. 
Factors that may be implicated in the loss of cookability 
are reviewed by Moscoso (1981).

This study was designed to  measure some chemical and 
biochemical changes in legume seeds during storage under 
humid tropical conditions and to relate these changes to 
ease-of-cooking of the beans.

MATERIALS & METHODS

S to r a g e  c o n d i t i o n s

R e d  k i d n e y  b e a n s  o f  t h e  v a r ie ty  R e d k l o u d ,  w e re  p u r c h a s e d  lo c a l ly  
s o o n  a f t e r  h a r v e s t .  T h e  b e a n s  w e re  s iz e  g r a d e d  o n  a  s ie v e  c o n ta in in g  
s l i ts  1 2 / 6 4 "  w id e  x  3 / 4 "  lo n g .  T h e  m in u s  1 2 / 6 4 "  f r a c t i o n  c o n s is t in g  
o f  s m a l l ,  b r o k e n  a n d  h a lv e d  b e a n s ,  w a s  d i s c a r d e d  a n d  th e  p lu s  
1 2 / 6 4 "  f r a c t i o n  c o m p r is in g  a b o u t  9 0 %  o f  t h e  b e a n s  w a s  u s e d .

T h e  b e a n s  w e re  d iv id e d  in t o  t h r e e  l o t s  o f  9  k g  e a c h .  O n e  l o t  w a s  
p la c e d  im m e d ia t e ly  in  a  5 g a l  p la s t i c  p a i l  p r o v id e d  w i th  a n  a i r  t ig h t  
r e m o v a b le  l id  t o  m a in t a in  t h e  o r ig in a l  m o i s tu r e  c o n t e n t  o f  1 7 .9 % . 
T h e  r e m a in in g  tw o  lo t s  w e re  d r ie d  b y  s p r e a d in g  o n  t h e  l a b o r a t o r y  
b e n c h .  A f t e r  d ry in g  f o r  a p p r o x im a te ly  7 a n d  1 2  h r ,  t h e  m o i s tu r e  
c o n t e n t s  o f  t h e  tw o  lo t s  w e r e  1 4 .9  a n d  1 2 .5 % , r e s p e c t iv e ly .  E a c h  
l o t  w a s  t h e n  t r a n s f e r r e d  to  a  5 g a l p la s t i c  p a i l  w i th  l id .  A ll  lo t s  w e re  
t r e a t e d  w i th  3 5 g  o f  “ T h y l a t e ”  ( a c t iv e  i n g r e d i e n t ,  t e t r a m e t h y l  t h i u r a n  
d is u l f id e ,  E . I .  D u P o n t  d e  N e m o u r s  C o .)  in  o r d e r  t o  p r e v e n t  m o ld  
g r o w th  d u r in g  s to r a g e .  T h e  m o i s tu r e  c o n t e n t s  w e re  m e a s u r e d  
th r o u g h o u t  t h e  s to r a g e  p e r io d  a n d  n o  c h a n g e s  w e re  f o u n d .

Authors Bourne and Hood are affiliated with the Institute o f Food  
Science, Cornell Univ., N YS  Agricultural Experiment Station, 
Geneva, N Y  14456. Author Moscoso, formerly with Cornell Univ., 
is now with Instituto Superior de Agricultura, Apartado #166, 
Santiago, República Dominicana.

T h e  l o t s  c o n ta in in g  1 7 .9 %  a n d  1 4 .9 %  m o i s t u r e  w e re  s to r e d  in  a 
c o n s t a n t  t e m p e r a t u r e  r o o m  a t  3 2 ° C ,  w h i le  t h e  1 2 .5 %  m o i s tu r e  l o t  
w a s  s to r e d  a t  2 ° C . A l l  l o t s  w e r e  a e r a t e d  a n d  m ix e d  tw ic e  a  m o n t h  
b y  r e m o v in g  th e  l id s  f o r  2  m in ,  c lo s in g ,  in v e r t in g  t h e  c o n ta in e r  
s e v e ra l  t im e s  a n d  a e r a t in g  a g a in  f o r  2  m in .  A l iq u o t s  w e re  w i th d r a w n  
a t  3 , 6 ,  a n d  9 m o n t h s  a n d  s u b je c t e d  t o  t h e  t e s t s  d e s c r ib e d  b e lo w .

W a te r  a b s o r p t io n

T h e  p r o c e d u r e  d e s c r ib e d  b y  S e fa -D e d e h  e t  a l .  ( 1 9 7 8 )  w a s  u s e d .  
T h e  d e t e r m in a t io n s  w e re  d o n e  in  t r i p l i c a t e ,  a n d  n o  c o r r e c t io n s  f o r  
l o s t  s o lu te s  w e re  m a d e .

C o o k in g  c o n d i t i o n s

S e v e ra l  1 1 3 g  a l i q u o t s  o f  d r y  b e a n s  w e re  p la c e d  in  3 0 3  x 4 0 6  t i n  
c a n s .  T h e  c a n s  w e re  f i l l e d  w i th  d i s t i l l e d  w a te r  a n d  t h e  b e a n s  s o a k e d  
a t  r o o m  t e m p e r a t u r e  f o r  18  h r .  T h e  c a n s  w e r e  s e a le d  a n d  p la c e d  in  
a n  o p e n  k e t t l e  c o n ta in in g  b o i l in g  w a te r  f o r  1 5 ,  3 0  a n d  4 5  m in .  A 
m a x im u m  o f  4 5  m in  c o o k in g  t im e  w a s  s e le c te d  b e c a u s e  d e v ia t io n s  
f r o m  f i r s t  o r d e r  k in e t i c s  o c c u r  w i t h  lo n g e r  c o o k in g  t im e s  ( H u a n g  
a n d  B o u r n e ,  1 9 8 3 ) .  A t  t h e  e n d  o f  e a c h  c o o k in g  t im e ,  t h e  c a n s  w e re  
r e m o v e d  f r o m  t h e  b o i l in g  w a te r  a n d  q u ic k ly  c o o le d  to  r o o m  t e m p e r 
a t u r e  b y  im m e r s in g  in  c o ld  t a p  w a te r .  B e a n s  w h ic h  w e re  s o a k e d  f o r  
1 8  h r  a n d  n o t  c o o k e d  w e r e  t a k e n  a s  0  c o o k in g  t im e .  T h e  s e e d  c o a t s  
a n d  c o ty l e d o n s  w e re  p e e l e d  a p a r t  b y  h a n d  p r i o r  t o  t h e  c h e m ic a l  
a n a ly s is .

T h e  c a n n e d  b e a n s  w e r e  s to r e d  o v e r n ig h t  a t  3 ° C . T h e  t e x t u r e  
m e a s u r e m e n t s  a n d  p r e p a r a t i o n  o f  t h e  s a m p le s  f o r  t h e  c h e m ic a l  
a n a ly s e s  w e re  p e r f o r m e d  t h e  d a y  a f t e r  c a n n in g .  T h i s  p r o c e d u r e  w a s  
d e s ig n e d  to  c o n t r o l  t h e  b e a n - w a te r  r a t i o  d u r in g  c o o k in g  a n d  to  
e l im in a te  t h e  m e c h a n ic a l  e f f e c t s  o f  b e a n s  r u b b in g  a g a in s t  e a c h  o t h e r  
w h e n  b o i le d  i n  a n  o p e n  k e t t l e .  I t  w a s  n o t  i n t e n d e d  to  d u p l ic a te  
c o n v e n t io n a l  c a n n in g  p r o c e d u r e s .

T e x t u r e  d e t e r m i n a t i o n

A  f la t  f a c e d  3 / 3 2 "  d i a m e te r  c i r c u la r  s t e e l  p u n c h  w a s  u s e d  to  
m e a s u r e  t h e  f i r m n e s s .  I t  w a s  m o u n t e d  in  a n  I n s t r o n  U n iv e r s a l  
T e s t in g  M a c h in e  w h ic h  w a s  o p e r a t e d  a t  a  c r o s s h e a d  s p e e d  o f  3 0  
c m /m in  a n d  a  c h a r t  s p e e d  o f  5 c m /m in .  T h e  m a x im u m  p u n c t u r e  
f o r c e  w a s  t a k e n  a s  a n  i n d e x  o f  b e a n  f i r m n e s s  ( B o u r n e ,  1 9 7 2 ) .  A  
t o t a l  o f  5 0 0  in d iv id u a l  b e a n s  w e r e  p u n c h e d  f o r  e a c h  t r e a t m e n t  a n d  
t h e  m e a n  p e a k  f o r c e  c a l c u la te d .

M a rc  p r e p a r a t i o n

A  p r o c e d u r e  s im ila r  t o  t h a t  d e s c r ib e d  b y  K o n  ( 1 9 6 8 )  w a s  u s e d  to  
p r e p a r e  t h e  c o ty l e d o n  a n d  s e e d  c o a t  m a rc s .  A  5 0 -g  s a m p le  o f  c o t y l e 
d o n s  w a s  b le n d e d  w i t h  1 5 0  m L  9 5 %  e t h y l  a l c o h o l  i n  a  W a r in g  
B le n d o r  a t  f u l l  s p e e d  f o r  5  m in .  T h e  m i x t u r e  w a s  c e n t r i f u g e d  a t
4 ,0 0 0  x g  f o r  1 0  m in  a n d  t h e  a lc o h o l ic  s u p e r n a t a n t  d i s c a r d e d .  T h e  
e x t r a c t i o n  w a s  r e p e a t e d  tw ic e  w i th  1 5 0  m L  9 5 %  e t h y l  a lc o h o l  a n d  
o n c e  w i th  1 5 0  m L  a b s o lu t e  e th a n o l .  T h e  s e e d  c o a t s  w e re  f i r s t  f r e e z e -  
d r ie d ,  a n d  th e n  g r o u n d  in  a  U l t r a c e n t r i f u g a l  m il l  ( B r in k m a n  I n s t r u 
m e n t s ,  I n c .)  t o  p a s s  a  6 0  m e s h  s ie v e . A n  a l i q u o t  w a s  w e ig h e d  in t o  a 
c e n t r i f u g e  t u b e  a n d  e x t r a c t e d  th r e e  t im e s  w i t h  t h r e e  v o lu m e s  o f  
9 5 %  e t h y l  a lc o h o l ,  o n c e  w i t h  t h r e e  v o lu m e s  o f  a b s o lu t e  a lc o h o l .  
T h e  w e t  c o ty l e d o n  a n d  s e e d  c o a t  m a r c s  w e r e  t r a n s f e r r e d  t o  p e t r i  
d is h e s  a n d  d r ie d  u n d e r  v a c u u m  a t  r o o m  t e m p e r a t u r e .

P e c t ic  s u b s ta n c e s

T h e  c o lo r im e t r i c  p r o c e d u r e  d e s c r ib e d  b y  B lu m e n k r a n tz  a n d  
A s b o e -H a n s e n  ( 1 9 7 3 )  w a s  u s e d  t o  d e t e r m i n e  a n h y d r o g a la c tu r o n ic  
a c id  (A G A ) .  T h e  p r o c e d u r e  d e v e lo p e d  b y  M c C re a d y  a n d  M c C o m b
( 1 9 5 2 )  w a s  u s e d  to  d e t e r m i n e  t o t a l  p e c t i c  s u b s ta n c e s .  A  m o d i f ic a 
t i o n  o f  t h e  p r o c e d u r e  o f  D ie tz  a n d  R o u s e  ( 1 9 5 3 )  w a s  u s e d  to  d e t e r 
m in e  w a te r  in s o lu b le  p e c t i c  s u b s ta n c e s .  O n e  g r a m  o f  d r y  m a r c  w a s
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weighed into a conical 50 mL centrifuge tube. Two milliliters 95% 
ethyl alcohol and 40 mL distilled water were added. The mixture 
was stirred, allowed to stand for 10 min at room temperature, stirred 
and centrifuged for 10 min at 1,000 x g. The supernatant was de
canted into a 100 mL volumetric flask and the extraction was 
repeated on the residue with 40 mL distilled water. The second 
extract was added to the same volumetric flask. After diluting to 
the 100 mL mark with distilled water, the extract was filtered 
through Whatman #41 ashless filter paper. The AGA content in the 
filtrate was determined as described above. The water insoluble 
pectic substances were determined by subtracting the water soluble

Fig. 1—Water absorption in dry beans after 3 months storage.

Fig. 2—Water absorption in stored dry beans after soaking for 24 hr.

pectic substances from the total pectic substances content in the 
samples.

Chemical analyses
Phytic acid phosphorous was determined by using a procedure 

similar to the one described by Chang et al. (1977). The absorbance 
of the phosphomolybdate was read at 744 nm. The calcium, magne
sium and potassium contents were determined by atomic absorption 
spectrophotometry after ashing the marcs at 550°C overnight, dis
solving in 20% HC1, filtering and making up to standard volume.

RESULTS & DISCUSSION 

Water absorption
The water absorption patterns for all samples were char

acterized by rapid water uptake during the first 6 hr after 
which the rate slowed down as saturation point was reached 
(Fig. 1). Similar curves were obtained for the samples 
stored for 3 , 6 ,  and 9 m onths. A positive correlation (r = 
0.94) was observed between the initial m oisture conten t of 
the beans and their rate of water uptake during the first 
hour of the soaking process. This agrees w ith results reported 
by Crean and Haisman (1963a) and Gloyer (1921) who 
found that im perm eability to  water in dry beans was in
duced by storing seed at low moisture conten t; and by 
Sefa-Dedeh and Stanley (1979) who state that the seed coat 
is the main factor affecting the initial water uptake in dry 
legumes.

The maximum water absorbed by the beans during soak
ing is affected by bo th  the initial m oisture content and the 
storage tem perature. Water uptake by beans of 12.5% mois
ture stored at 2°C was virtually unaffected by storage time 
up to 9 m onths, while those stored at 32°C showed a 
decrease of about 10% in the maximum water absorbed 
during the storage period (Fig. 2).

Fig. 3—Softening o f dry beans stored for 6  months.

Table 1 —Apparent softening rate constants and correlation coefficients for stored dry beans

Control Sample I Sample II
(2°C, 12.5% H20) (32°C, 14.9% H20) (32°C, 17.9% H20)

Storage Rate Rate Rate
time constant Correlation constant Correlation constant Correlation

(months) (min- 1 ) coefficient (min- 1 ) coefficient (min- 1 ) coefficient

3 0.020 -0.991 0.013 -0.997 0.0084 -0.990
6 0.021 -0.996 0.009 -0.996 0.0055 -0.955
9 0.021 -0.994 0.007 -0.998 0.0055 -0.931
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Cookability
The firmness of beans cooked for 0 ,1 5 , 30, 45 min after 

6 months storage is shown in Fig. 3. Similar plots were ob
tained for beans stored for 3 m onths and 9 m onths. The 
rectilinearity of these semilog plots indicates that the 
softening process follows apparent first order kinetics. The 
apparent softening rate constants derived from the slopes of 
these semilog plots are given in Table 1 together with the 
correlation coefficients o f the lines whose slopes were used 
to calculate the apparent rate constants. The high correla
tion coefficients show a good fit to  apparent first order 
kinetics for all samples. The apparent rate constant for the 
control sample did not change during storage, but it declined 
substantially for bo th  samples stored at 32°C. These results 
confirm previous reports tha t high tem perature and high 
moisture content during storage increase the tim e required 
to soften legume seeds during cooking (Burr et al., 1968; 
Jackson and Varriano-Marston (1981); Mattson et al., 
1950; Morris, 1963).

Total pectic substance
Tables 2 and 3 show respectively the to tal pectic sub

stances in seed coat and cotyledon marcs prepared from 
stored dry beans after cooking for 0, 15, 30 and 45 min. 
The sample stored at 2°C lost pectic substances at a faster 
rate than the samples stored at 32°C. The differences among 
the to ta l pectic substances content at the beginning of the 
cooking process might be due to  the presence of non-pectic 
materials that were no t extracted by the ethanol.

Cooking resulted in losses of pectic substances from  the 
seed coats for all the samples. Even though the results were 
not entirely consistent during the storage period, the beans 
stored at 2°C experienced a larger decrease in the to tal 
pectic substances content than the beans stored at 32°C 
after cooking for 45 min (Table 2). A similar pattern was 
observed for the total pectic substances content in the 
cotyledons; more pectic substances were lost from the 
cotyledons stored at 2°C after cooking for 45 min than 
from  the two treatm ents (Table 3).

Water insoluble pectic substances
Tables 4 and 5 show the water insoluble pectic substance 

content o f seed coat and cotyledon marcs for stored beans 
cooked for 0, 15, 30 and 45 min. Plots of the logarithm of 
the insoluble pectic substances from  bo th  the seed coats 
and cotyledons versus the cooking time are rectilinear sug
gesting that the dissolution of the pectic substances during 
cooking follows first-order kinetics. The apparent rate con
stants calculated from the slope of the line are given in 
Table 6. In all cases the correlation coefficients were better 
than —0.80 and in most cases better than —0.94 (Table 6) 
indicating a good fit to  first order kinetics.

The apparent rate constants for the dissolution of the 
pectic substances in bo th  the seed coats and cotyledons 
were highest for the control sample (2°). A consistent de
crease in the apparent rate constants was observed during 
storage of beans at 32°C.

The apparent softening rate constants were highly

Table 2—Total pectic substances content o f dry seed coat marcs

Storage
time

(months)

Cook
time
(min)

Control
(2°C, 12.5% H20)

Sample I
(32°C, 14.9% H20)

Sample II
(32°C, 17.9% H20)

mg/AGA/g 
Dry marc

mg/AGA/g 
Dry marc

mg/AGA/g 
Dry marc

0 119.2 120.8 104.9
15 91.5 91.0 86.2

3 30 78.8 92.7 90.9
45 76.2 91.7 87.1

0 125.3 114.6 109.2
15 102.6 107.2 111.0

6 30 99.5 102.5 93.2
45 80.8 97.7 95.2

0 127.8 109.1 100.4
15 101.6 105.6 97.7

9 30 93.7 105.9 99.6
45 86.3 103.7 97.8

AGA = anhydrogalacturonic acid

Table 3—Total pectic substances content o f dry cotyledon marcs

Control Sample I Sample II
(2°C, 12.5% H20) (32°C, 14.9% H20) (32°C, 17.9% H20)

Storage Cook
time time mg/AGA/g mg/AGA/g mg/AGA/g

(months) (min) Dry marc Dry marc Dry marc

0 28.8 27.2 26.8
15 25.4 26.2 25.7

3 30 24.7 25.9 24.3
45 24.8 26.6 25.2

0 30.5 29.9 30.8
15 27.9 28.4 28.3

6 30 29.2 29.2 27.8
45 27.8 28.9 28.7

0 29.5 28.1 27.3
15 26.7 27.7 26.8

9 30 26.3 27.5 26.1
45 25.9 27.6 26.3

AGA = anhydrogalacturonic acid
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correlated with the apparent rate constants for the dissolu
tion of the pectic substances in the seed coats and cotyle
dons (Fig. 4 and 5). the correlation coefficients being 
respectively r = 0.96 for the seed coat and r = 0.97 for the 
cotyledon. This evidence supports the theory that changes 
in the pectic substances are responsible for the changes in 
the cooking properties of the dry beans (Rockland and 
Jones, 1974; Sefa-Dedeh et al., 1979).

Phytic acid phosphorous

Beans stored at 2cC showed no significant change in 
phytic acid phosphorous content during the 9 m onths of 
storage (Fig. 6). The beans stored at 32°C showed a consis

ten t decrease in the phytic acid phosphorous content 
during storage, w ith the higher moisture samples showing 
the greatest decrease.

The phytic acid phosphorous content o f the scaked 
beans correlated well w ith the softening rates o f the beans 
(r = 0.96), and the rate constants for the dissolution of the 
pectic substances in the seed coats (r = 0.95) and cotyledon 
(r = 0.92). This suggests that high phytic acid phosphorous 
content in the beans favors a rapid rate of softening and dis
solution of the pectic substances making the beans more 
cookable. This point is illustrated by plotting the firmness 
of the beans after cooking for 45 min versus the phyt.c 
acid phosphorous content of the soaked beans (Fig. 7). 
These findings confirm the results reported by Kon (1979),

Table 4—Water insoluble pectic substances o f dry seed coat marcs

Storage
time

(months)

Cook
time
(min)

Insoluble pectic substances 
(% of total)

Control
(2°C, 12.5% H20)

Sample I
(32°C, 14.9% H20)

Sample 11
(32°C, 17.9% H20)

0 98.2 97.2 95.8
15 88.7 91.8 92.1
30 89.0 90.5 91.9
45 86.7 89.8 89.5

0 97.4 95.7 96.0
15 93.4 92.0 94.1
30 91.3 91.8 92.0
45 88.6 90.4 92.0

0 98.2 96.2 95.8
15 92.1 93.2 93.8
30 90.1 92.2 93.2
45 88.8 91.4 92.1

Table 5—Water insoluble pectic substances o f dry cotyledon marcs

Storage
time

(months)

Cook
time
(min)

Insoluble pectic substances 
(% of total)

Control
(2°C, 12.5% H20)

Sample I
(32°C, 14.9% H20)

Sample II
(32°C, 17.9% H2C)

0 84.4 90.0 88.4
15 79.4 87.7 88.5
30 77.4 86.8 87.0
45 74.2 85.2 86.1

0 83.7 88.8 88.5
15 79.0 87.3 87.6
30 78.3 86.5 87.5
45 76.1 86.4 87.4

0 84.4 89.3 87.9
9 15 78.3 87.7 88.1

30 77.9 87.3 87.7
45 74.5 86.6 87.5

Table 6 --Apparent rate constants and correlation coefficient for the dissolution o f the pectic substances in seed coats and cotyledons

Storage
time

(months)

Control 
(2°C, 12.5% H20)

Sample I 
(32°C, 14.9% H20)

Sample 11 
(32°C, 17.9% H20)

Rate 
constant 

( 10 3 x min- 1 )
Correlation
coefficient

Rate 
constant 

( 10 3 x min- 1 )
Correlation
coefficient

Rate 
constant 

( 10 3 x min- 1 )
Correlation
coefficient

Seed coats
3 1.07 -0.864 0.73 -0.907 0.60 -0.950
6 0.89 -0.992 0.50 -0.920 0.44 -0.946
9 0.94 -0.962 0.48 -0.949 0.36 -0.974

Cotyledons
3 1.19 -0.987 0.51 -0.987 0.28 -0.939
6 0.85 -0.952 0.26 -0.932 0.11 -0.868
9 1.10 -0.947 0.28 -0.960 0.05 -0.800
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Kumar et al. (1978), M attson et al. (1950), and Smithies
(1960) who found a good correlation between low phytic 
acid content and cookability of legumes.

The high correlation between firmness of cooked beans 
and phytic acid phosphorous of the uncooked soaked beans 
suggests that phytic acid content could be used as an index 
of the cookability of red kidney beans. In our experiments, 
all samples with a phytic acid phosphorous level less than 
about 400 mg per lOOg dry bean showed reduced cookabil
ity.

Minerals

The changes in calcium, magnesium, and potassium con
tents of the seed coat marcs during cooking are shown in 
Table 8. Calcium decreased during cooking, and the decrease

RATE CONSTANTS FOR PECTIC SUBSTANCES 
D lSSO LU TIO N (IO '3xM IN_l)

Fig. 4—Relationship between the apparent softening rate constant 
and the apparent pectic substances dissolution rate constant in bean 
seed coat, r = 0.96

Fig. 6 —Phytic acid phosphorous o f soaked red kidney beans, after 
storing for 3, 6  and 9 months.

was greater in the control than in the time samples stored at 
32°C. The magnesium levels were one-third to  one-fourth 
of the calcium levels but they showed a trend similar to the 
calcium during cooking. High values of calcium and magne
sium in the seed coats seem to be associated with high firm 
ness of the cooked bean, high to ta l pectic substances and 
high water soluble pectic substances. The seed coats of the 
beans stored at 2°C had a relatively low potassium content 
after soaking for 1 8 hr at 25°C (Table 8). Cooking for 15 
min caused more than a twofold increase. The potassium 
level declined when the beans were cooked longer than 1 5 
min. The seed coats of beans stored at 32°C had a high 
potassium level which was almost unchanged after 15 min 
cooking and then declined slowly with longer cooking time. 
This pattern  is in sharp contrast to  the saw tooth pattern  of 
change found in beans stored at 2°C The potassium content 
of the seed coats was not well correlated with the bean 
firmness, the total pectic substances or the water insoluble 
pectic substances content.

R ATE CO NSTANTS FOR PECTIC SUBSTANCES 

DISSO LUTIO N ( I 0 ' \M I N ' ' )

Fig. 5—Relationship between the apparent softening rate and the 
apparent pectic substances dissolution rate constant in bean cotyle
don. r = 0.97

PHYTIC ACID PHO SPHO ROU S
( M G  P / I O O G  D R Y  B E A N )

Fig. 7—Relationship between the phytic acid phosphorous o f soaked 
beans and firmness after cooking for 45 min. r = —0.97. Pooled data 
for beans stored for 3, 6  and 9 months.
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The changes in calcium, magnesium, and potassium con
tents of the cotyledon marcs during cooking are shown in 
Table 8. The magnesium contents of the cotyledons are 
about twice as high as the calcium contents which is the 
reverse of what was found in the seed coats (see Table 8). 
The uncooked soaked cotyledons lost both  magnesium and 
potassium in an am ount inversely proportional to  the mois
ture content of the beans during storage. Additional magne
sium and potassium were lost during cooking. There was 
little change in the calcium content of the control during 
cooking, and a small decrease in the samples stored at 32°C 
during cooking. This data supports the finding of Harman 
and Granett (1972) who reported an increase in magnesium 
and potassium leakage from aged peas during soaking. They 
attributed  this to  plasmalemma membrane breakage in the 
cotyledons.

Mattson (1946) suggested a direct relationship between 
cookability of dry peas and the ratio of m onovalent to  di
valent cations. Table 9 lists the ratios found in this study. 
The correlation coefficient between the monovalent/divalent

cations ratio and apparent softening rate constants was r = 
0.93, and for the apparent pectin dissolution rate constants 
was r = 0.90 which supports M attson’s suggestion.

The relationship between phytic acid phosphorous con
ten t and the ratio of monovalent to  divalent cations was 
negative in the seed coats (r = —0.83) and positive in the 
cotyledons of soaked beans (r = 0.85). This is consistent 
w ith the observation that aged beans w ith low phytic acid 
content, due to  hydrolytic cleavage by phytase (M attson 
et al., 1950), show a considerable loss o f potassium icns 
from the cotyledon during soaking. Some of the potassium 
ions lost from  the cotyledons are retained in the seed coats 
resulting in an increase in the ratio of monovalent tc diva
lent cations.

The loss of cookability of dry bean seeds in storage is 
associated w ith a decrease in the phytic acid phosphorous 
content and alterations in the ratio of m onovalent to  diva
lent cations in the soaked beans. The seeds are left w ith less 
phytic acid and less m onovalent cations which can solubilize

Table 7—Calcium, magnesium and potassium in dry seed coat marcs prepared from stored beans (mg/g dry marc)

Storage
time

(months)

Cook
time
(min)

Control 
(2°C, 12.5% H20)

Sample I
(32°C, 14.9% HzO)

Sample II 
(32° C, 17.9% H20)

Ca Mg K Ca Mg K Ca Mg K

0 9.9 2.5 9.9 9.1 2.4 21.3 8.3 2.4 21.1
15 6.1 2.4 20.7 7.6 2.5 21.1 7.8 2.4 22.1

3 30 5.9 2.0 16.6 7.5 2.3 20.0 7.8 2.2 19.7
45 5.2 1.7 13.1 7.6 2.1 17.3 7.7 2.2 18.6

0 9.5 2.5 8.3 7.9 2.2 21.2 8.3 2.1 18.3
15 6.6 2.4 21.3 8.3 2.4 21.2 8.6 2.3 18.4

6 30 6.7 2.0 17.4 8.1 2.2 19.0 8.3 2.2 17.3
45 5.9 1.8 15.1 8.3 2.2 19.2 8.2 2.1 17.6

0 8.8 2.4 8.1 7.5 2.3 21.2 7.3 2.3 19.1
15 6.0 2.3 21.3 7.1 2.4 20.6 7.4 2.4 19.6

9 30 5.8 2.0 17.2 6.8 2.3 19.7 7.0 2.3 18.8
45 4.9 1.7 14.7 7.0 2.2 19.1 6.9 2.2 18.2

Table 8 —Calcium, magnesium and potassium in dry cotyledon marcs prepared from stored beans (mg/g dry marc)

Storage
time

(months)

Cook
time
(min)

Control 
(2°C, 12.5% H20)

Sample I 
(32°C, 14.9% H20)

Sample 11 
(32°C, 17.9% H20)

Ca Mg K Ca Mg K Ca Mg K

0 0.50 1.20 10.75 0.55 1.07 8.94 0.55 0.71 5.93
15 0.48 0.95 7.13 0.45 0.86 5.24 0.37 0.69 6.19
30 0.45 0.84 6.01 0.42 0.78 5.10 0.34 0.59 5.32
45 0.45 0.74 5.03 0.34 0.66 4.51 0.34 0.63 5.57

0 0.46 1.27 11.20 0.43 0.77 6.73 0.37 0.61 4.73
15 0.55 0.97 7.97 0.51 0.73 5.70 0.36 0.62 4.70
30 0.48 0.70 5.51 0.39 0.59 4.90 0.31 0.64 4.61
45 0.47 0.74 5.79 0.39 0.60 4.74 0.30 0.60 4.68

0 0.47 1.25 11.02 0.51 0.83 7.28 0.49 0.63 5.20
15 0.53 0.97 7.61 0.50 0.76 5.56 0.42 0.63 5.19
30 0.50 0.81 6.22 0.47 0.70 5.05 0.39 0.58 5.03
45 0.49 0.75 5.84 0.45 0.67 4.66 0.39 0.58 5.04

Table 9—Ratio o f monovalent to divalent cations in soaked beans

Storage
time

(months)
Control

(2°C, 12.5% H20)
Sample I

(32°C, 14.9% HzO)
Sample 11

(32°C, 17.9% H20)

3 0.80 1.85 1.99
Seed coat 6 0.70 2.09 1.75

9 0.72 2.16 1.99

3 6.32 5.52 4.71
Cotyledon 6 6.47 5.61 4.83

9 6.41 5.43 4.64
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the pectic substances through chelation and ion exchange 
during the cooking process.

Future studies on this problem could investigate the fac
tors responsible for making the aged bean membranes more 
permeable to small molecular weight solutes. Harman and 
Mattick (1976) found a good correlation between free 
radical form ation as the result of lipid oxidation and damage 
to  the plasmalemma membrane of aged peas. The finding 
by Mejia (1979) in regard to  the oxidation of polyphenolic 
substances during aging of dry beans also opens new possi
bilities in connection with membrane permeabilities in aged 
beans and peas.
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s o rp t io n  a n d  c o o k in g  t im e . J .  F o o d  S c i. 4 6 : 7 9 9 .
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M a ttso n , S . 1 9 4 6 . T h e  c o o k a b i li ty  o f  y e llo w  p e as . A c ta  A gr. S u ec . 
2 : 1 8 5 .

M a ttso n , S .E ., A k e b erg , E ., E r ic k sso n , E ., K o u tte r -A n d e rs so n , E ., 
a n d  V ah ra s , K . 1 9 5 0 . F a c to rs  in  d e te rm in in g  th e  c o m p o s i t io n  an d  
c o o k a b i lity  o f  p eas . A c ta  A gr. S c a n d . 1 : 4 0 .

M cC read y , R .M . a n d  M cC o m b , E .A . 1 9 5 2 . E x t r a c t io n  a n d  d e te r 
m in a tio n  o f  to ta l  p e c t ic  m a te r ia ls  in  f ru its .  A n a l. C h em . 2 4 : 1 9 8 6 .

M ejia, E .G . 1 9 7 9 . E f fe c ts  o f  v a rio u s  c o n d itio n s  o f  s to ra g e  o n  gen era l 
a sp ec ts  o f  b e a n  h a rd e n in g . F in a l r e p o r t  o f  U N U  F e llo w , In s t i tu te  
o f N u tr i t io n  o f  C en tra l A m e ric a  a n d  P a n a m a , G u a tem a la  C ity .

M orris , H .J . 1 9 6 3 . C o o k in g  q u a litie s  o f  d ry  b e a n s . S ix th  A n n u a l 
D ry  B ean  C o n fe re n ce . L o s  A n g e les , C A . p .  1 1 - 2 3 .  W este rn  R e- 
t io n a l R ese a rch  L a b o ra to ry ,  US D e p t,  o f  A g r ic u ltu re , A lb a n y , CA .
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M u n e ta , P . 1 9 6 4 . T h e  c o o k in g  t im e  o f  d ry  b e a n s  a f te r  e x te n d e d  
s to ra g e . F o o d  T e c h n o l. 1 8 (8 ) :  1 3 0 .

R o c k la n d , L .B . a n d  J o n e s ,  F .T .  1 9 7 4 . S c a n n in g  e le c tr o n  m ic ro sc o p e  
s tu d ie s  o n  d ry  b e a n s : e f fe c ts  o f  c o o k in g  o n  th e  c e llu la r  s t ru c tu re  
o f  c o ty le d o n s  in  re h y d ra te d  la rg e  l im a  b e an s . J .  F o o d  S ci. 3 9 : 3 4 2 .

S e fa -D ed eh , S ., S ta n le y , D .W ., a n d  V o isey , P.W . 1 9 7 8 . E f fe c ts  o f  
so ak in g  tim e  a n d  c o o k in g  c o n d itio n s  o n  te x tu r e  a n d  m ic ro s tru c 
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s to ra g e  tim e  a n d  c o n d itio n s  o n  th e  h a rd - to -c o o k  d e fe c t  in  co w p eas  
(V igna  u n g u ic u la ta ) .  J . F o o d  S c i. 4 4 : 7 9 0 .

S e fa -D ed eh , S . a n d  S ta n le y , D .W . 1 9 7 9 . T h e  re la tio n s h ip  o f  m ic ro 
s tru c tu re  o f co w p eas  to  w a te r  a b s o r p t io n  a n d  d e h u llin g  p ro p e r tie s .  
C erea l C h em . 5 6 : 3 7 9 .

S m ith ie s , R .H . 1 9 6 0 . E f fe c t  o f  c h e m ic a l c o n s t i tu t io n  o n  te x tu re  o f  
p eas . S o c . C h em . In d .  M o n o g ra p h  7 , 1 1 9 . T h e  S o c ie ty , L o n d o n .
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KINETICS OF TANNIN DEACTIVAT ION . . . From page 1568,

constants. The results showed tha t for all cultivars m oisture 
and tem perature affected the rate constants (k) of deactiva
tion. There was an increase in rate of deactivation w ith an 
increase in moisture and tem perature levels. The combina
tion of 25% m oisture and 45°C gave the highest rate con
stants.

Boiling treatm ent of high tannin sorghum was accom
panied by a logarithmic reduction of extractable tannin. 
The plot of In (a -  x) against tim e for the three sorghum 
cultivars yielded straight lines (Fig. 2) again suggesting first 
order kinetics. The regression lines for the three cultivars 
were drawn and the regression and correlation coefficients 
calculated. Both regression and correlation coefficients 
(Table 4) were highly significant. The rate constants were 
similar and ranged from  0.031-0.035 m in-1 for the three 
cultivars.

The result dem onstrating that anaerobic storage treat
ment responds to  moisture and tem perature changes is of 
im portance for the practical application of this process. 
Moisture and tem perature conditions can be selected to 
achieve the desired rate of tannin deactivation during 
anaerobic storage. The results of the boiling treatm ent 
showed that most of the tannin was deactivated by 50 min 
of boiling and the tannin content for the three cultivars 
was then <1%  (Fig. 2).
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---------------------------- ABSTRACT----------------------------
P r o te i n  i s o la te s  w e re  p r e p a r e d  b y  i s o e l e c t r i c  p r e c i p i t a t i o n  o r  d ia ly s is  
o f  t h e  f i r s t  a n d  s e c o n d  a q u e o u s  e x t r a c t s  o f  r a p e s e e d  f l o u r  w h ic h  w a s  
u n m o d i f i e d  o r  a c y l a te d  b y  s u c c in ic  o r  a c e t i c  a n h y d r id e .  A c y la t io n  
o f  t h e  f l o u r  lo w e r e d  th e  p r o t e i n  a n d  p h y t i c  a c id  c o n t e n t s  w i t h o u t  
s ig n i f i c a n t ly  a l t e r in g  th e  a m in o  a c id  c o m p o s i t i o n  o f  t h e  i s o e l e c t r ic -  
a lly  p r e c i p i t a t e d  p r o t e in  i s o la te s  f r o m  th e  tw o  e x t r a c t s .  T h e  a c y l a te d  
p r o t e i n  i s o la te s  f r o m  th e  i s o e l e c t r i c a l ly  p r e c i p i t a t e d  e x t r a c t s  h a d  
h ig h  n i t r o g e n  s o lu b i l i t y ,  e m u ls i f y in g  a n d  f a t  a b s o r p t i o n  p r o p e r t i e s .  
I s o e le c t r i c a l ly  p r e c ip i t a t e d  a n d  d ia ly z e d  a c y l a t e d  p r o t e in s  d id  n o t  
d i f f e r  in  n i t r o g e n  s o lu b i l i ty ,  b u t  d ia ly z e d  u n m o d i f i e d  p r o t e i n  i s o 
la te s  h a d  n i t r o g e n  s o lu b i l i t y  w h ic h  w a s  c o n s id e r a b ly  g r e a te r  th a n  
t h a t  o f  i s o e l e c t r i c a l ly  p r e c i p i t a t e d  p r o te in s .

INTRODUCTION
HIGH PHYTIC ACID is one of the factors limiting the food 
applications of rapeseed protein (Jones, 1979). Phytic acid 
binds by electrostatic attraction to basic or acidic amino 
acids and/or minerals thus reducing their bioavailabilities 
(Cheryan, 1980). Acylation, a m ethod of protein modifi
cation often used to  improve functional properties, can 
increase the net negative charges of the protein, introduce 
bulky side groups and change the protein conform ation 
(Kinsella, 1976). Hence it can affect the degree of protein- 
mineral-phytate interactions. Therefore, with an ultimate 
goal of preparing a low phytate rapeseed protein isolate of 
good functional properties, we determined in our earlier 
studies (Thom pson and Cho, 1984; Cho and Thom pson,
1984) the extractability and precipitation behaviors of 
nitrogen, phytic acid and minerals in dehulled, defatted 
rapeseed flour (RF) which was acylated by various levels of 
succinic or acetic anhydride. Results showed that high level 
of protein acylation (63% succinylation or 87% acetylation) 
provides preferential improvement in extractability o f pro
tein over phytic acid in the first aqueous extract of acylated 
RF and low recovery of phytic acid in the protein after 
isoelectric precipitation or dialysis. The extractability of 
phytic acid was greater in the second than in the first ex
tract of acylated RF control. Thus separate processing of 
the first and second extracts was recommended in our 
previous studies if an isolated protein of negligible phytic 
acid content is required. Recovery of the protein in the 
second extract of acylated RF was also recommended if a 
further increase of 8-11% in protein yield from the RF is 
desired.

In order for new protein isolates to be acceptable, they 
should maintain or enhance the quality o f the food in 
which they are used. They should not only have satisfactory 
nutritional and toxicological properties but also good func
tional properties (Kinsella, 1976).

The objective of this study was to evaluate the chemical 
com position and some functional properties of protein 
isolates prepared from the first and second aqueous extracts 
of rapeseed flour which had been acylated w ith high levels 
o f succinic or acetic anhydride.

Authors Thompson and Cho 3re affiliated with the Dept, o f Nutri
tional Sciences, Univ. o f Toronto, Toronto, Canada M5S 1A8.

MATERIALS & METHODS
D E H U L L E D , s o lv e n t  e x t r a c t e d  r a p e s e e d  f l o u r  w a s  o b t a i n e d  f r o m  
th e  F o o d  R e s e a r c h  I n s t i t u t e ,  C a n a d a  D e p a r t m e n t  o f  A g r ic u l tu r e ,  
O t ta w a .  P ro m in e -D ,  a  c o m m e r c ia l  s o y  p r o t e i n  i s o la te ,  w a s  o b t a i n e d  
f r o m  C e n t r a l  S o y a  C o r p o r a t io n  (C h ic a g o ,  IL )  a n d  f re s h  eggs f r o m  a  
lo c a l  s u p e r m a r k e t .  D ia ly s is  m e m b r a n e  tu b in g  ( S p e c t r a p o r ® ,  M .W . 
c u t  o f f :  6 , 0 0 0 - 8 ,0 0 0 ,  c y l in d e r  d ia m  2 0 .4  m m )  w a s  o b t a i n e d  f r o m  
S p e c t r u m  M e d ic a l  I n d u s t r i e s ,  In c .  (L o s  A n g e le s ,  C A ) .  A ll  c h e m ic a ls  
w e r e  a n a l y t i c a l  g r a d e  u n le s s  o th e r w is e  s p e c i f i e d .  D e io n iz e d  w a t e r  
w a s  u s e d  f o r  p r o t e in  i s o la te s  p r e p a r a t i o n .

S a m p le  p r e p a r a t i o n

D e f a t t e d  R F  w a s  d is p e r s e d  in  d e io n iz e d  w a te r  ( 1 : 2 0 ,  w /v )  a n d  
a c y l a te d  w i th  s u c c in ic  o r  a c e t ic  a n h y d r id e  ( 0 .1 8 6 g  o r  m L ,  r e s p e c 
t iv e ly ,  p e r  g  p r o t e i n )  a t  p H  8 .5  f o r  1 h r  a t  r o o m  t e m p e r a t u r e  a n d  
c e n t r i f u g e d  to  y ie ld  e x t r a c t  1 a s  d e s c r ib e d  p r e v io u s ly  ( T h o m p s o n  
a n d  C h o ,  1 9 8 4 ) .  T h e  u n m o d i f i e d  c o n t r o l  w a s  t r e a t e d  in  t h e  s a m e  
m a n n e r  e x c e p t  t h a t  n o  a c y l a t i n g  a g e n t s  w e r e  a d d e d .  T h e  re s id u a l  
R F  w a s  r e e x t r a c t e d  w i th  d e io n iz e d  w a t e r  ( 1 : 2 0 ,  w /v )  a t  p H  8 .5  
f o r  1 h r  a n d  r e c e n t r i f u g e d  to  p r o v id e  e x t r a c t  II . A ll e x t r a c t s  w e re  
a d ju s t e d  t o  t h e i r  i s o e l e c t r i c  p H s  (p H  4 ,  3 .5  a n d  3 .0  f o r  e x t r a c t  1 o f  
u n m o d i f i e d  R F ,  e x t r a c t  I o f  a c y l a t e d  R F  a n d  a ll  e x t r a c t s  I I ,  r e s p e c 
t iv e ly )  (C h o  a n d  T h o m p s o n ,  1 9 8 4 )  w i th  I N  HC1, a n d  c e n t r i f u g e d  
a t  1 0 0 0  x g  f o r  2 5  m in .  T o  d e t e r m in e  t h e  e f f e c t  o f  a lc o h o l  t r e a t 
m e n t ,  a  p o r t i o n  o f  th e  p r e c i p i t a t e  f r o m  u n m o d i f i e d  o r  a c e ty l a t e d  
e x t r a c t  I w a s  w a s h e d  tw ic e  w i th  5 0 %  e th y l  a lc o h o l  (5  a l c o h o l :  1 
p r e c ip i t a t e ,  v /v )  f o l l o w e d  b y  c e n t r i f u g a t io n .  B o th  a lc o h o l  t r e a t e d  
a n d  u n t r e a t e d  p r e c i p i t a t e s ,  w e r e  w a s h e d  tw ic e  w i th  d e io n iz e d  w a te r  
(5  w a t e r : l  p r e c i p i t a t e ,  v /v ) ,  r e d is p e r s e d  in  t h e  s a m e  a m o u n t  o f  
w a te r ,  a d ju s t e d  to  p H  7 w i th  I N  HC1 a n d  f r e e z e - d r ie d .  A ll s a m p le s  
w e re  g r o u n d  to  p a s s  th r o u g h  a  1 0 0  m e s h  a n d  a n a ly z e d  f o r  c h e m ic a l  
c o m p o s i t i o n  a n d  f u n c t i o n a l  p r o p e r t i e s .

E x t r a c t s  I a n d  II  w i th  o r  w i t h o u t  0 .1 M  s o d iu m  e th y le n e  d ia m in e -  
t e t r a a c e t i c  a c id  (E D T A )  w e r e  d ia ly z e d  in  S p e c t r a p o r  m e m b r a n e  
tu b in g s  a g a in s t  d i s t i l l e d  w a te r  a t  4 ° C  f o r  f iv e  d a y s .  D is t i l le d  w a t e r  
w a s  c h a n g e d  tw ic e  a  d a y .  T h e  n i t r o g e n  a n d  p h y t i c  a c id  r e c o v e r ie s  
in  t h e  r e t e n t â t e s  h a v e  b e e n  r e p o r t e d  (C h o  a n d  T h o m p s o n ,  1 9 8 4 ) .  
T h e  r e t e n t â t e s  w e r e  f r e e z e - d r ie d  a n d  t e s t e d  f o r  n i t r o g e n  s o lu b i l i t y  in  
th is  s t u d y .

C h e m ic a l  a n a ly s is

C ru d e  p r o t e i n ,  a s h  a n d  m o i s tu r e  w e re  d e t e r m in e d  b y  s t a n d a r d  
A O A C  ( 1 9 8 0 )  p r o c e d u r e s ,  p h y t i c  a c id  b y  th e  m e t h o d  o f  L a t t a  a n d  
E s k in  ( 1 9 8 0 )  a n d  g lu e o s in o la te  b y  th e  t e c h n iq u e  o f  W e t te r  a n d  
Y o u n g s  ( 1 9 7 6 ) .  C a lc iu m  a n d  z in c  w e re  m e a s u r e d  b y  a to m ic  a b s o r p 
t i o n  s p e c t r o s c o p y  (P ra s a d  e t  a l . ,  1 9 6 6 ) .  A m in o  a c id s  w e r e  m e a s u r e d  
b y  u s in g  a B e c k m a n  M o d e l  1 2 0  a m in o  a e id  a n a ly z e r  a f t e r  a c id  h y 
d r o ly s is  o f  t h e  s a m p le  w i th  6 N  HC1 f o r  2 4  h r  a t  1 1 0 ° C  u n d e r  v a c u 
u m .  T h e  n in h y d r i n  p r o c e d u r e  ( R o s e n ,  1 9 5 7 ;  G r a n t ,  1 9 6 3 )  w a s  
e m p lo y e d  to  e s t i m a te  t h e  e x t e n t  to  w h ic h  th e  f r e e  a m in o  g r o u p s  o f  
t h e  p r o t e i n s  h a d  r e a c t e d  w i th  a c y l a t in g  a g e n t s ,  w i th  t h e  u n m o d i f i e d  
p r o t e in  i s o la te  a s  c o n t r o l .

E v a lu a t io n  o f  f u n c t io n a l  p r o p e r t i e s

N i t ro g e n  s o lu b i l i ty  w a s  d e t e r m in e d  a t  p H  7 a c c o r d in g  to  A A C C
( 1 9 6 9 )  m e t h o d s  a s  d e s c r ib e d  b y  T h o m p s o n  e t  a l .  ( 1 9 8 2 a ) .  W h ip p in g  
c a p a c i ty  w a s  c a l c u la te d  a s  %  v o lu m e  in c r e a s e  o f  a  5 0  m L  3 %  ( w /v )  
s a m p le  d i s p e r s io n  o r  a s  %  v o lu m e  in c r e a s e  p e r  g p r o t e i n  a f t e r  w h ip 
p in g  w i th  a  h ig h  s p e e d  S u n b e a m  e le c t r i c  m ix e r  f o r  6  m in  ( L a w h o n  
a n d  C a t e r ,  1 9 7 1 ) .

T h e  c e n t r i f u g a t io n  t e c h n iq u e  (L in  e t  a l . ,  1 9 7 4 )  w a s  f o l l o w e d  in  
t h e  m e a s u r e m e n t  o f  f a t  a b s o r p t io n  c a p a c i t i e s .  T h e  f r e e z e - d r ie d  p r o 
te in  i s o la te  ( 0 .5 g )  w a s  m ix e d  w i th  3 .0  m L  c o r n  o i l  w i th  a  g la s s  r o d  
in  a  15  m L  g r a d u a te d  c e n t r i f u g e  tu b e  f o r  1 m in .  A f te r  a  h o ld in g  
p e r io d  o f  3 0  m in ,  t h e  t u b e  w a s  c e n t r i f u g e d  ( 1 0 0 0  x g ,  2 5  m in )  a r .d
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the volume of free oil was read. Fat absorption was expressed as the 
amount (mL) of com oil bound per g sample or protein.

Emulsifying activity index (EAI) was determined according to 
the turbidimetric technique of Pearce and Kinsella (1978). To pre
pare emulsions, 1 mL corn oil and 3 mL 0.5% (w/v) aqueous protein 
isolate dispersion were homogenized in an Omni-mixer with micro 
attachment (Ivan Sorvall, Newtown, CT) at the lowest speed setting 
for 1 min at room temperature. Aliquots (1 mL) of the emulsion 
were diluted with 0.1% (w/v) sodium dodecyl sulfate and the ab
sorbance was determined at 500 nm. EAI denotes the area of inter
face stabilized per g sample or protein.

Color of the uniformly ground (100 mesh) freeze-dried samples 
was determined with a spectrophotometer equipped with reflectance 
accessory. The lightness value (Ycje) was calculated from the 
tristimulus values (X,Y,Z) as described by Clydesdale and Francis
(1969). Bulk density was determined by weighing the samples (5g) 
in a cylinder (25 mL) and after tapping the cylinder 10 times, 
noting the sample volume. It was expressed as g per mL of sample.

All functional properties of RF and Promine D and whipping 
properties of fresh egg white were determined for comparison with 
those of the unmodified and acylated protein isolates.

Two batch preparations were made per sample and each prepara
tion was analyzed for chemical composition and functional proper
ties at least in duplicate.

RESULTS & DISCUSSION
THE PROTEIN CONTENT of rapeseed protein isolates 
(RPI) prepared from  extract I of unmodified RF was 85.2% 
(Table 1). The protein content of the succinylated (S-RPI) 
and acetylated rapeseed protein isolates (A-RPI) from 
extract I were lower at 75.3 and 76.5%, respectively, prob
ably due to the succinic or acetic acid residues bound to  the 
proteins and the NaCl produced during neutralization.
S-RPI had lower protein content than A-RPI despite its 
lower degree of modification (Table 1) since the succinic 
acid residue which was bound to the protein is a larger 
molecule than the acetic acid residue in A-RPI. In addition, 
because of the large num ber of negative charges present in
S-RPI, there was a greater NaOH requirem ent for neutrali
zation and hence greater NaCl production in S-RPI.

Lower phytic acid contents in S-RPI and A-RPI than 
RPI from extract I were expected since the extractability of 
phytic acid from RF was decreased by acylation (Thompson 
and Cho, 1984). A-RPI showed a slightly lower phytic acid 
content than S-RPI, probably due to  a lower phytic acid 
extractability at the high level of RF acetylation.

The RPI, S-RPI and A-RPI from extract II showed pro
tein contents about 17% less than the respective protein 
isolates from extract I. However, their ash contents were 1

to 2 times and the phytic acid contents 3 to  14 times 
greater than those from respective protein isolates from 
extract I (Table 1). These com positional trends are not 
surprising based on the extractability and precipitation 
patterns of minerals and phytic acid in acylated rapeseed 
protein (Thom pson and Cho, 1984). However, for all 
protein isolates from extract II, the ratio of protein to 
phytic acid concentration (10.9, 20.5 and 21.5 for RPI,
S-RPI and A-RPI, respectively) was greater than what 
might be expected from  the extractability precipitation 
da:a (10.6, 10.1 and 12.9 for RPI, S-RPI and A-RPI, 
respectively) (Cho and Thom pson, 1984) suggesting further 
losses of phytic acid during the washing steps prior to 
freeze drying of the precipitate. Greater losses of phytic 
acid occurred in the acylated than the unm odified samples.

No protein isolates have detectable glucosinolates. 
Glucosinolates are undesirable in rapeseed products since in 
the presence of myrosinase, they are hydrolyzed to  com
pounds such as isothiocyanates, oxazolidinethione and 
nitriles which can cause enlarged thyroid and reduced weight 
gam (Fenwick, 1982). Except A-RPI from extract II, all 
the other protein isolates showed no detectable calcium. 
On the contrary, all the protein isolates contained zinc 
which was the highest in A-RPI and S-RPI from extract II.

Except for a small, insignificant reduction in lysine and 
isoleucine content by succinylation, there was no change 
in the essential amino acid com position of RPI upon acyla
tion (Table 1). Similar observations have been reported on 
succinylated soy protein (Franzen and Kinsella, 1976a), 
sunflower (Kabirullah and Wills, 1982), and whey protein 
concentrates (Thom pson and Reyes, 1980), although others 
reported no losses in amino acids (Franzen and Kinsella, 
1976b). However, the protein quality o f acylated protein 
isolates can not be predicted by the essential amino acid 
pattern. Some of the amino acids, especially lysine, are 
partly bound by acylating agents and may be partially un
available (Groninger and Miller, 1979; Bjarnason and 
Carpenter, 1969; Siu and Thom pson, 1982a, b). Therefore, 
S-RPI and A-RPI may have slightly lower nutritional quality 
than RPI, despite the similar amino acid patterns shown in 
Table 1. Contrary to  this is the work of Johnson and 
Brekke (1983) which showed no im pairm ent in in vitro 
digestibility of pea protein isolates upon acylation of lysine 
up to  95%. S-RPI and A-RPI from extract I had 63 and 
87%, respectively, o f the amino groups acylated; extract II 
had 20 and 55%, respectively (Table 1).

Some functional properties of RPI, S-RPI and A-RPI

Table 1—Chemical compositiona o f unmodified (RPI), succinylated (S-RPI,, and acetylated (A-RPI) rapeseed protein isolates prepared from 
respsective extracts / or II by isoelectric precipitation

RPI S-RPI A-RPI

1 II 1 II 1 II

Protein (Nx6.25), % 85.2 68.9 75.3 57.5 76.5 60.7
Ash, % 4.2 7.2 4.4 6.1 4.0 5.5
Phytic acid, % 2.2 6.3 0.3 2.8 0.2 2.8
Glucosinolates, mg/g sample b b b b b b
Calcium, ppm b b b b b 20
Zinc, ppm 7.7 4.2 8.0 14.0 6.8 14.6
Essential amino acids0 (g/1 OOg protein) 

Lys 5.1 6.0 4.8 6.0 5.1 5.9
Thr 5.3 5.5 5.8 6.6 5.8 5.5
Cys + Met 2.8 3.4 3.0 3.1 3.2 2.6
Phe + Tyr 8.7 8.7 9.0 9.1 8.2 9.4
Val 4.7 4.9 5.5 5.3 5.9 5.8
lie 4.4 4.6 3.7 3.5 4.8 4.6
Leu 8.7 8.5 8.7 8.6 8.7 8.6

Chemical modification, % 0 0 63 20 87 55

® D ry basis 
“ Not detectable  
c T rypto p h an  not analyzed
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L O W  P H Y T A T E  R A P E S E E D  P R O T E I N . . .

prepared from  respective extracts I and II of RF are pre
sented in Table 2. Acylation of the RF greatly increased the 
nitrogen solubility of protein isolates. S-RP1 from extract 
I hydrated instantaneously and remained dispersed in 
solution. A-RPI from extract I was also highly water soluble 
but a little less than S-RPI. Increased solubility is often 
observed in acylated proteins (Franzen and Kinsela, 1976b; 
Eisele and Brekke, 1981). Nitrogen solubility of RPI 
(9.9%) from extract I was poor which might be due to 
extensive aggregation of protein during isoelectric precipi
tation or denaturation by acid. Nakai et al. (1980) also 
reported low dispersibility of isoelectrically precipitated 
rapeseed protein due to  inadequate resuspension. Phytic 
acid might also play a role in lowering the nitrogen solu
bility (Sm ith and Rackis, 1957). Phytic acid content in 
RPI from extract I (2.2%) was 8 to  10 times greater than 
the acylated counterpart (Table 1). Gillberg and Tornell
(1976) clearly dem onstrated the ability of phytic acid to 
decrease the protein solubility and even added sodium 
phytate to  increase protein precipitation yield.

RPI from extract II had better (27.4%) nitrogen solu
bility than RPI from extract I even though it had more 
phytic acid (9.9%), probably due to differences in their 
protein com position. Rapeseed has a complicated protein 
com position and contains proteins with widely different 
isoelectric pH and molecular weights (Lonnerdal and Jan
sen, 1972, 1973; Lonnerdal et al., 1977). The proteins in 
extract 1 appear to  differ from that in extract II since they 
exhibit different isoelectric pH’s (Cho and Thompson,
1984). Greater nitrogen solubility of A-RPI from  extract II 
than S-RPI might be due to  higher protein modification in 
the case of the form er (Table 1). All the acylated protein 
isolates exhibited better nitrogen solubility than RF or 
Promine D. Greater nitrogen solubility of acylated proteins 
was due to  increased protein-water interaction as the net 
negative charges increased upon acylation (Kinsella, 1976).

Emulsifying activity index of protein isolates from ex
tract I was improved w ith acylation to  levels better than 
tha t o f Promine-D (Table 2). The increase however was not 
linearly related to  the increase in nitrogen solubility. This 
could be explained by the fact that emulsifying property is 
dependent not only on solubility but also on hydrophile- 
lipophile balance (HLB) of the particular protein (Nakai, 
1983). If the HLB of the protein is close to  the optim al 
HLB for the oil, then emulsion capacity and stability o f the 
protein will be high. Acylation of the proteins which in
creases net negative charges (Kinsella, 1976) might be 
expected to  unfold the protein structure and expose more 
hydrophobic groups which then could change the HLB 
towards a more favorable level. The EAI of RPI and A-RPI

from extract II were greater than those from  extract I 
probably due to  the previously m entioned differences in 
protein com position and HLB between the extract I and II 
protein isolates.

S-RPI and A-RPI from  extracts I and II had poorer 
whipping properties than the RPI, RF and egg white (Table
2). A good foam-forming protein should reduce the surface 
and interfacial tension of the liquid and form structural 
continuous, cohesive films around air vacuoles (Kinsella,
1976). This property is dependent on the viscosity, hydro- 
phobicity, solubility and net charge density of the proteins 
(Nakai, 1983). While increased viscosity, hydrophobicity 
and solubility favor foaming, increased net charge density 
tends to decrease foam stability since it prevents protein- 
protein interactions required in a continuous film arounc 
air bubbles. There is, therefore, a balance that should be 
maintained among these factors to  obtain a good stable 
foam. The S-RPI and A-RPI had lower whipping properties 
than RPI probably because of the excessive net negative 
charges associated with their high degree of acylation. 
Thompson and Reyes (1980) also observed poor whippabil- 
ity in succinylated cheese whey protein concentrate. High 
whipping capacity of RPI from extract II was comparable 
to  that of egg white but their foam characteristics were 
different. RPI from extract II had a soft, flowing, cream 
colored foam w ith medium-size air bubbles while egg white 
had the more desirable hard, brittle white foam with small- 
size air bubbles.

Acylation o f the RF resulted in a slight but insignificant 
decrease in the bulk density of RPI from extract I. Differ
ence in bulk density cannot be attributed  to particle size 
and shape as well as protein concentration during drying as 
all were ground to  uniform size and protein isolate concen
tration was standardized during freeze drying. Any decrease 
in the bulk density arising from acylation could probably 
be due to unfolding of the interfolded polypeptides as 
acylation replaces the short range attractive forces in the 
native protein with short range repulsive or neutral ones 
of two to  four carbon fragments (Gounaris and Perlman, 
1967; Habeeb, 1967). Such unfolding could result in loosen
ing of the texture (Kinsella, 1976). All the bulk densities, 
however, were greater than those of RF. All protein isolates 
from extracts II, in general, had lower bulk densities than 
those from extract I. Since protein isolates from extract II 
have a lower degree of acylation, they differed in bulk 
densities from  those from extract I probably due to  large 
differences in their protein content and com position (Table
1).

The fat absorption capacity of RPI from extract I ex
pressed as ml/g sample did not change with succinylation

Table 2—Functional properties o f unmodified (RPI), succinylated (S-RPI) and acetylated (A-RPI) rapeseed protein isolates prepared from 
respective extracts / or II by isoelectric precipitation

Nitrogen
solubility

%

Emulsifying activity index3
Whipping
capacity Bulk

density
g/ml

Fat absorption
Color 
Y C Em2/g sample m2/g protein A b Bc mL/g sample mL/g protein

RPI 1 9.9 110 130 378 299 0.29 3.0 3.6 41.9
II 27.4 137 230 600 593 0.19 3.6 5.3 36.0

S-RPI 1 99.5 132 177 145 130 0.24 3.0 4.0 30.4
II 70.7 127 227 115 137 0.23 3.0 5.4 29.6

A-RPI 1 91.4 136 179 132 116 0.28 3.4 4.5 33.3
II 89.1 143 246 155 178 0.21 3.4 5.9 38.2

RF 54.6 117 257 356 521 0.17 3.8 8.4 65.4
Promine-D 64.4 119 131 138 101 0.36 2.1 2.3 69.1
Egg white ~ - - 661d - - - - -
?  Denotes area of in terface stabilized per unit weight sam ple or protein (Pearce and K in se lla , 1978). 
D % vo lum e Increase of 50 ml 3% sam ple dispersion  

% volum e increase per g protein  
a % volum e increase of 50 ml fresh egg w hite
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but slightly increased w ith acetylation. This may be related 
to their differences in degree of acylation. Choi et al.
(1983) observed a big change in fat absorption of co tton 
seed only at acylation levels greater than 60%. Expressed as 
ml/g protein, however, the fat absorption increased with 
both succinylation and acetylation. The increase in fat 
absorption may be attributed  to  greater exposure of hydro- 
phobic groups as the proteins unfold during acylation (Kin- 
sella, 1976). Also, it can partly be due to  differences in 
bulk density since fat absorption (second column values in 
Table 2) and bulk density correlated significantly (r = 0.79, 
p <  0.05 or r = -0 .8 3 , p <  0.01 when the value for RF is 
included) as observed by Wang and Kinsella (1976). Fat 
absorptions of all protein isolates were better than that of 
Promine D but less than that of RF.

All the protein isolates had greenish brown color and 
were darker than the cream colored RF or Promine-D 
(Table 2). Unlike other studies (Franzen and Kinsella, 
1976a, b), the acylated protein isolates were darker than 
the unmodified RP1. This might be attributed  to  high ex
traction of polyphenolic com ponents along with the pro
tein upon acylation of RF. Thom pson et al. (1982c) also 
reported that the higher the am ount o f nitrogen recovered, 
the higher was the am ount of pigments which coprecipitated 
with the proteins and contributed to the darkness of the 
product. For bo th  extracts, the S-RPI was slightly darker 
than the A-RPI.

In the previous study (Cho and Thom pson, 1984), 
dialysis technique of preparing protein isolates was tried 
to  improve the nitrogen retention  and remove the residual 
acylating agent and nonproteinacious constituents of the 
extracts. Extract II w ith EDTA was dialyzed against dis
tilled water to  further reduce its high phytic acid content. 
In this study, the nitrogen solubility of S-RPI from extract 
I and A-RPI from extracts I and II w ith or w ithout EDTA 
prepared by dialysis m ethod was determ ined and was found 
to  be high (84-97% ) and not significantly different from 
the corresponding protein isolates prepared by isoelectric 
precipitation (Table 2). The solubility o f S-RPI from  ex
tract II was improved from 71 to  89% by dialysis method. 
The dialysis technique also improved the nitrogen solubility 
of RPI from extract I from 10 to  64% and that from 
extract II from  27 to  45%. These results implied that iso
electric precipitation was the main factor hindering solubili
zation of RPI and that poor nitrogen solubility by isoelectric 
precipitation can be overcome by acylation.

Phenolic constituents in rapeseed which are responsible 
for the green and brown colors of alkali-treated rapeseed 
products (Kozlowska et al., 1975) can bind with protein, 
reversibly by hydrogen bonding and irreversibly by oxida
tion followed by covalent condensation (Loomis and Bat- 
taile, 1966). Therefore, washing with ethanol, a hydrogen 
bond breaking agent, was tried to disrupt the interactions 
between proteins and polyphenols. Alcohol treatm ent did 
not significantly change the chemical composition and 
functional properties of RPI and A-RPI. However, it 
resulted in a considerably lighter color in the A-RPI, (YCIE 
= 43.9) and RPI (Y ^ je = 45.6) although still darker than 
the color of RF and Promine-D (Table 2). Alcohol treat
ment in conjunction with sulfite treatm ent has been sug
gested for better color lightening of the rapeseed products 
(Keshavarz et al., 1977; Thom pson et al., 1982c).

In conclusion, acylation of the RF followed by aqueous 
extraction and isoelectric precipitation provided protein 
isolates with negligible phytic acid content and unaltered 
essential amino acid com position. The protein has high 
solubility, emulsifying and fat absorption properties and 
may be useful in products such as beverages, wieners, meat 
patties and dairy analogues. A second aqueous extract of the 
residual acylated RF provided protein isolates with phytic 
acid which was greater than that of the first extract but

still lower than that prepared from  the second extract of 
unmodified RF. It is worthwhile recovering also this pro
tein as it may find food applications similar to  that of the 
first extract protein isolate; it has functional properties 
which are either comparable to or better than that of the 
first extract. The color of all acylated products are dark, 
but could be improved by alcohol or preferably combined 
alcohol and sulfite treatm ent.

The application of acylated proteins in food systems has 
been successfully tried (Creamer et al., 1971; Melnychyn 
and Stapley, 1973; Thom pson and Reniers, 1982; Thom p
son et al., 1982b, 1983). However, acylated proteins have 
not been commercialized due to limited data on their 
safety and toxicity. The only toxicity  study done (Creamer 
et al., 1971) showed that mice fed acetyl casein were lighter 
in weight and had smaller litters than mice fed casein. How
ever, no histological changes in the organ were observed in 
mice fed acetyl casein for three generations. Succinyl amino 
acids appear to  be absorbed (Siu and Thom pson, 1982b) 
but their metabolic fates are not clear. Obviously, more 
biological testing is needed before acylated proteins such as 
those produced in this study can be widely used.
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M. K. W AG N ER and F. F. BU STA

---------------------------  ABSTRACT ---------------------------
The effects of sodium acid pyrophosphate (SAPP), sodium chloride 
(NaCl) and/or potassium sorbate (PS) on the growth from heat- 
activated spores of three individual strains or a mixture of ten strains 
of Clostridium botulinum in peptone-yeast extract-glucose broth at 
pH 5.55 or 5.85 were measured spectrophotometrically at Agaonm- 
Growth ratios (GR = treatment/control) based on time to reach 
Ag3o = 0-35 or 0.04 were calculated and used to compare effects of 
additives on strains. SAPP, NaCl, PS, and pH exhibited independent 
significant main effects (p<0.01) on delaying growth in most C. 
botulinum strains tested. Combinations of additives without NaCl 
consistently caused an increase in the GR and an increase in or
ganism sensitivity to additives in the medium. Treatments contain
ing SAPP (0.2 or 0.4%) and PS (0.13 or 0.26%) were more effective 
for delaying growth than other formulations tested.

INTRODUCTION
NITRITE has been used for decades in cured meat products 
for preservation by prevention of toxin form ation by 
Clostridium botulinum  (Pivnick et al., 1970). In recent 
years, however, nitrite has been implicated as a precursor of 
carcinogenic nitrosamines (Gray and Randall, 1979). Con
sequently, work continues toward a means of decreasing or 
eliminating the use of nitrite by finding a chemical alterna
tive or by altering the process. The need for such investiga
tions is detailed in a recent publication by the National 
Academy of Sciences (NAS, 1982).

Examples of chemical antibotulinal agents which are 
promising as nitrite replacements include potassium sorbate 
(PS) and sodium acid pyrophosphate (SAPP). Potassium 
sorbate was effective in com bination with low levels of ni
trite  in delaying botulinal toxin production in tem perature- 
abused bacon (Sofos et al., 1980), whereas SAPP was effec
tive in delaying botulinal toxin production in chicken 
(Nelson et al., 1983) and beef/pork (Wagner and Busta, 
1983) frankfurter emulsions.

A nother antibotulinal alternative approach to nitrite 
involves addition of greater am ounts of sodium chloride 
(NaCl) to the product. However, reductions of NaCl have 
becom e the trend in cured meat products (Terrell, 1983), 
thus complicating the nitrite dilemma. Recent work on 
reduction of NaCl in cured meat products has been directed 
primarily to  water binding capacity (Puolanne and Terrell, 
1983b), as well as the physical, chemical and sensory 
properties in reduced NaCl products such as frankfurters 
(Puolanne and Terrell, 1983a). Inform ation is needed on 
the interactions of various nitrite alternatives such as PS 
and SAPP in the presence of reduced NaCl levels and the 
effects of such com binations on C. botulinum  growth and 
toxin  production.

This research was conducted at the Dept, o f Food Science & Nutri
tion, Univ. o f Minnesota, 1334 Eckles Ave., St. Paul, MN, 55108. 
Author Wagner is now affiliated with the Dept, o f Food Science, 
Univ. o f Wisconsin, 1605 Linden Drive, Madison, Wi, 53706. Author 
Busta is now affiliated with the Dept o f Food Science & Human 
Nutrition, Univ. o f Florida, Gainesville, FL, 32611.

The objective of this research was to  observe the effects 
of PS and SAPP at various concentrations alone and in com 
bination w ith NaCl on the growth from spores of different 
strains of C. botulinum  in media systems.

MATERIALS & METHODS

Spore inoculum
The C. botulinum inoculum used was either one of three strains 

(Lamanna B, 52A, 62A) or a mixture of equal proportions of ter. 
strains [five type A (36A, 52A, 62A, 77A 12885A) and five type E 
(ATCC 7949, 41B, 53B, 213B, Lamanna B)]. The original spore 
suspensions were provided by Swift and Co. Research Center (Oak 
Brook, IL). Sporulation of the strains and preparation of spore 
crops were performed according to the methods described by Chis- 
tiansen et al. (1973). Harvested spores were stored in distilled water 
at 4°C until used. Individual strains were enumerated using Lee 
tubes (Ogg et al., 1979), and inocula were adjusted to yield ca.
103-104 spores/mL of inoculated medium. The inoculum volume of 
spore suspensions was 0.1 mL/5 ml of medium.

Medium preparation
Peptone-yeast extract broth was prepared according to Hcide- 

man et al. (1977) and modified following the procedure by Blocher 
et al. (1982). The modified medium, designated peptone-yeast ex
tract-glucose (PYEG) broth, was used in all experiments. The 
medium for Lee tubes was PYEG + 15g agar/L. Various combina
tions of SAPP (0, 0.2, 0.4%), NaCl (0, 1.25, 2.50%) (Spectrum 
Chem. Mfg. Corp., Redondo Beach, CA) and/or PS (0, 0.13, 0.26%) 
were added to appropriate liquid media treatments prior to pH 
adjustment and before filter sterilization. The SAPP and PS were 
provided by Monsanto Co. (St. Louis, MO).

The pH of all treatments was adjusted to either 5.55 or 5.85 by 
the addition of IN or 6N/HC1 or NaOH and measured with a glass 
combination electrode and an Orion 620 meter. Each pH adjusted 
treatment was filter sterilized using 0.45 pm cellulose nitrate mem
brane filters (Micro Filtration Systems, Dublin, CA) and dispensed 
into 12.7 mm glass colorimeter tubes (5 mL/tube). The pH of each 
treatment after filter sterilization was within ca. ± 0.1 pH units of 
the initial pH adjustment.

Test procedure
Sterile PYEG in treatment tubes was inoculated with the appro

priate spore suspension and heat activated at 80 ± 2°C for 15 min, 
overlaid with sterile molten vaspar and incubated at 37°C.

Absorbance at 630 nm (Ag3o) was measured with a Bausch and 
Lomb Spectronic 20 spectrophotometer at approximately 4-hr in
tervals. The arithmetic mean A630 for each treatment (10 tubes/ 
treatment) was calculated for each measurement using the respective 
uninoculated treatment tube to blank the spectrophotometer.

Data analysis
Time to reach an A63o of 0.35 or 0.04 was estimated by linear 

interpolation between the last average A630 < 0.35 or 0.04 and the 
first average Ag3o > 0.35 or 0.04 for each treatment. An Aé3o of 
0.35 was chosen for most spore suspensions because it required at 
least four of the ten replicate tubes per treatment to reach simul- 
tanoeus substantial growth. An Ag3o of 0.04 was chosen using simi
lar criteria mentioned above for other spore suspensions which 
consistently reached maximum Ag3o < 0.35, yet displayed a read
able average A630 of ca. 0.04. The A630 = 0.35 and the A630 = 
0.04 were calculated for the ten-strain mixture using the same origi
nal data.
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Growth ratios (GR) were calculated for each treatment (GR = 
Hr to A63q of 0.35 or 0.04 for treatment/Hr to A ^ q of 0.35 or 
0.04 for control). The larger the GR, the more inhibition had oc
curred. Controls were represented by additive-free treatments at the 
same pH as the test treatments.

Statistical analysis
The study was designed as two replicates of a split plot experi

ment where two levels of pH were randomized to laboratory days 
(the whole plots) and a 3x3x3 factorial was randomized in three sets 
of nine combinations for day by confounding two degrees of free
dom for a three-way interaction with days. All 27 combinations of 
each additive, SAPP, NaCl, and PS at three different levels were 
tested under each pH (5.55 and 5.85). On any given day a constant 
pH was used with one-third the replicate (9 combinations) of the 
additives. Data were analyzed using IVAN at the University of 
Minnesota (Weisberg and Koehler, 1979). Statistical differences 
among means were tested using f-values at the 5 and 1% levels 
(Snedecor and Cochran, 1980).

RESULTS & DISCUSSION

Effect of pH on C. botulinum  growth
Significance of pH was observed in C. botulinum  strains 

Lamanna B (p<0.05), 52A (p<0.01) and 62A (p<0.01) 
(Table 1). Results from  this statistical analysis indicate vari
ation in strain sensitivity to  hydrogen ion concentration (as 
measured by pH). Fig. la  displays the differences among 
C. botulinum  strains in pH sensitivities based on GR using 
average A630 = 0.35, whereas Fig. lb  displays the same pH 
comparisons based on GR from an average Ag3o = 0.04. In 
bo th  Fig. la  and b, the individual strain responses to  pH 
5.55 and to  5.85 can be seen for 52A, Lamanna B and 62A. 
Blocher et al. (1982) previously showed tha t spores of all 
ten strains used in the com posite inoculum  exhibited de
layed growth at pH 5.65 based on predicted GR data. An 
increase in GR, at a lower pH of 5.55, also is indicated by 
most results presented in Fig. 1. The data on the composite 
inoculum indicated that not all ten strains exhibit delayed

growth when used together. This is shown by the nonsig
nificant effect o f pH on the ten-strain mixtures at both  GR 
= 0.35 and GR = 0.04 (Table 1). Blocher et al. (1982) also 
showed various responses depending on strain or spore 
suspension. O ther factors such as medium, growth tem pera
ture and inoculum size have also been shown to  influence 
the variability of growth of C. botulinum  between the pH 
range 4.0 - 6.0 (Ito  and Chen, 1978).

Effect of SAPP, NaCl and PS on C. botulinum  growth
All three major additives, SAPP, NaCl and PS, exhibited 

independent significant main effects (p^O .Ol) on the over
all design of the experim ent for most strains tested (Table
1). Only PS displayed a significant influence on growth by 
strain 52A (p<0.01). Fig. 2a and b show the variations in 
GR among levels of additives employed for ten-strain mix
ture (Ag3o = 0.35), Lamanna B and 52A; as well as for the 
ten strain m ixture (A63o = 0.04) and 62A, respectively.

Effect of SAPP. Increasing levels of SAPP (0, 0.2, and 
0.4%) caused subsequent increases in GR values for all 
strains tested (Fig. 2a and b). For example for strain 52A, 
in treatm ents containing 0, 0.2 and 0.4% SAPP the GR’s 
were 1.3, 2.2 and 4.0, respectively. These results are consis
ten t w ith earlier work showing SAPP to  be effective in de
laying C. botulinum  spoilage and toxin production in pork 
slurries (Jarvis et al., 1979), chicken emulsions (Nelson et 
al., 1983), and beef/pork emulsions (Wagner and Busta, 
1983). The effect of phosphate buffer on inhibition of C. 
botulinum  by antioxidants and related phenolic com pounds 
was similar to  that of SAPP (Reddy and Pierson, 1982). 
The increase in GR indicating increased sensitivity to  addi
tives in media containing SAPP may have been due to  the 
polyphosphates causing cell deform ation during outgrow th 
as reported by Seward et al. (1982) using C. botulinum  
type E in microculture; however, inhibition of growth in 
the present study was directly related to  additive concentra
tion. Seward et al. (1982) speculated that the similarities in

Table 1—Analysis o f variance for growth o f Clostridium botulinum spores in Peptone-Yeast Extract-Glucose broth containing various levels o f 
sodium acid pyrophosphate, N a d  and/or potassium sorbate

a 630 “  9-35 Ag3Q - 0.04

Ten-strain Ten-strain
Mixture Lamanna B 52A Mixture 62A

Source df MS F MS F MS F MS F MS F

Replicates (R) 1 15.270 3.24NS 0.952 1.14NS 5.118 2.37NS 0.152 0.09NS 16.357 1.19NS
pH (H) 1 19.978 4.24NS 5.787 6.95* 78.319 36.28“ 1.510 0.84NS 173.150 12.60“
R x H 1 1 7.448 3.70NS 1.799 2.16NS 7.369 3.41 NS 11.702 6.52* 4.364 0.32NS

+Error—1 8 4.7143 0.8332 2.1588 1.7956 13.7436

Sodium acid
pyrophos
phate (S) 2 14.733 6.34** 4.795 5.52** 6.361 1.24NS 8.919 49.38** 25.329 7.31“

NaCl (N) 
Potassium

2 12.278 5.28** 5.932 6.83** 11.790 2.29NS 2.654 14.70“ 25.875 8.05**

sorbate (P) 2 13.862 5.97** 18.171 20.93** 78.728 15.31** 9.326 51.64** 93.760 27.07“
HS 2 3.943 1.70NS 1.156 1.33NS 1.983 0.39NS 0.020 0.11 NS 8.100 2.34NS
HIM 2 14.362 6.18** 2.397 2.76NS 5.356 1.04NS 1.913 10.59“ 14.791 4.27*
HP 2 8.032 3.46* 5.522 6.36“ 48.865 9.50** 1.053 5.83“ 41.588 12.01“
SN 4 2.723 1.1 7NS 0.847 0.98NS 7.496 1.46NS 0.359 1.99NS 2.976 0.86NS
SP 4 1.562 0.67NS 1.135 1.31 NS 2.755 0.54NS 0.232 1.28NS 1.183 0.34NS
NP 4 4.723 2.03NS 2.620 3.02* 3.266 0.64NS 1.281 7.09** 3.661 1.06NS
HSN 4 3.229 1.39NS 0.843 0.97NS 4.727 0.92NS 0.175 0.97NS 1.525 0.44NS
HSP 4 1.814 0.78NS 1.124 1.30NS 3.245 0.63NS 0.302 1.67NS 1.176 0.34NS
HNP 4 3.918 1.69NS 1.234 1.42NS 2.193 0.43NS 0.302 1.67NS 3.841 1.11 NS

Error—2 60 2.324 0.868 5.142 0.181 3.464

N S = N ot significant 
* = Sig n ificant at p <  0 .05  

* *  = Sig n ificant at p <  0.01
+ Erro r— 1 is for days w ith in  pH levels and Is confounded w ith 2 df in the S x N x P  Interaction.
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Fig. 1—Effect o f pH  5.55 and 5.85 on 
growth o f Clostridium botulinum: (a) 
ten-strain mixture, Lamanna B and 52A 
(A630 = 0.35) and (b) ten-strain mixture 
and 62A (Agßg = 0.04).
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Fig. 2 —Effect o f SAPP, NaCI or PS on growth o f Clostridium botu
linum: (a) ten-strain mixture, Lamanna B and 52A (Aßßg = 0.35) 
and (b) ten-strain mixture and 62A (Aß3g = 0.04).

morphological cell deform ations which occurred in the 
presence of either PS or hypophosphite might suggest simi
lar mechanisms of action for polyphosphates and PS on 
growing vegetative cells.

Phosphates perform three basic chemical functions in 
cured meat systems: control pH by buffering; sequester 
m etal ions; and act as polyanions to  increase ionic strengths 
of solutions (Steinhauer, 1983). The latter two functions 
were of concern in this study. Short chain polyphosphates 
(especially pyrophosphates such as SAPP) are best for se
questering heavy m etal ions such as iron and copper. The 
increase in GR observed with increase of SAPP may indi
cate ions essential for cell development were made un
available. The influence of SAPP on ionic strength was 
considered inconsequential because the am ount of SAPP 
utilized in the experim ent contributed only minimally to 
overall ionic strength (Table 2). Experiments utilizing the 
addition of essential cations to  solutions containing SAPP 
in the model systems used in these experiments have yet to 
be conducted to  validate these claims.

Effect of NaCI. Increasing the levels of NaCI (0, 1.25 and 
2.50%) did not appear to cause responses in GR values 
similar to those with SAPP (Fig. 2a and b). Inhibition of
C. botulinum  growth was more prevalent w ith treatm ents

Table 2—Ionic strengths and percentages o f additives in PYEG  broth

Additive Ionic strength3 Percentage

SAPP 0.08 0.2
0.16 0.4

NaCI 0.21 1.25
0.43 2.50

PS 0.01 0.13
0.02 0.26

3 Based on 100%  moisture content, V = EV2M Z , where Y = ionic 
strength, M = molarity, and z = charge of ion.

containing 0% NaCI compared to  higher levels (1.25 and 
2.50%). Pivnick and Thacker (1970) also observed that C. 
botulinum  spores grew to a greater extent in media con
taining NaCI than in media w ithout NaCI.

Treatm ents containing 1.25% NaCI enhanced C. koiu- 
linurn growth more than either 0% or 2.50% NaCI. These 
results suggest that C. botulinum  spore germ ination may be 
restricted at higher NaCI concentrations, as was previously 
shown by Ando (1974). Media w ithout added NaCI may 
not have sufficient ions for successful spore germination. 
NaCI was the largest con tribu tor to  ionic strength in the 
treatm ents employed in this experim ent (Table 2). The 
decrease in GR values in treatm ents containing 1.25% NaCI 
may be due to  the presence of sufficient ions for spore 
germination and outgrow th. Further explanations for NaCI 
tolerance by certain strains of C. botulinum  has been sug
gested by Kiss et al. (1978) who speculated a relationship 
between salt tolerance and DNA reapir capacity, and by 
Tesone et al. (1981) who observed that NaCI in the growth 
medium raised the upper limit of tem perature for growth of 
C. perfringens.

Effect of PS. Increased levels o f PS (0, 0.13 and 0.26%) 
resulted in increased GR values for all strains tested (Fig. 
2a and b). The responses were similar to  those observed for 
SAPP.

PS has been reported to inhibit germination (Sm oot and 
Pierson, 1981). Sorbate inhibition of growth was dependent 
on strain of C. botulinum  spores and different spore sus
pensions of the same strain (Blocher et al., 1982). This dif
ference in strains or spore suspensions was observed _n 
Fig. 2a and b.

Interactions of pH and NaCI effects on C. botulinum  growth
The interactions of pH and NaCI were significant for the 

ten-strain mixture (A630 = 0.04) (p<0.01) and for strain 
62A (p=i0.05) (Table 1). Comparison of data showing the 
influence of pH 5.55 and 5.85 on C. botulinum  growth for
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the ten-strain m ixture (A630 = 0.35) is made in Fig. 3a. 
Results for the ten-strain m ixture (A530 = 0.04) and 62A 
are shown in Fig. 3b.

In general, the ten-strain m ixture (Ag3o = 0.35) and 
strain 62A (A630 = 0.04) show a larger GR and an increased 
sensitivity to additives in the media at pH 5.55 compared to 
pH 5.85. Pivnick and Thacker (1970) reported that certain 
salt (NaCl) levels (1-4%) were more inhibitory toward 
C. botulinum  in medium at pH 6.0 rather than at pH 7.0. 
Emodi and Lechowich (1969) also showed that the toler
ance of C. botulinum  to  salt is lower at pH 6.5 than 7.2.

Results from the ten-strain m ixture (A630 = 0.35) (Fig. 
3a) show a difference in GR for spores in 0% NaCl trea t
ments at pH 5.55 (GR = 3.7) and at pH 5.85 (GR = 1.4), 
yet no difference at other NaCl levels (Fig. 3a), suggesting

O
■*->
CO

GC
JO
-*->
gr
6

ü

o

C0
GC
-C

?
O
i_

Ü

N a C l  ( % )

inhibition due to  pH and not due to  a NaCl/pH interaction. 
Similar results were obtained for strain 62A at pH 5.55 
(Fig. 3b). The only NaCl/pH interaction resulting in inhibi
tion occurred for 62A at pH 5.55 in the presence of 2.50% 
NaCl. The 1.25% NaCl-containing treatm ents enhanced 
growth at pH 5.55. This enhancem ent of growth may be 
due to the effect of ions on spore germination and ou t
growth.

Lynt et al. (1982) reported tha t proteolytic strains of 
C. botulinum  were more tolerant to  high salt concentration 
than nonproteolytic strains; however, results from  this 
study showed variation even among different proteolytic 
strains (Fig. 3a and b).

Interactions of pH and PS effects on C. botulinum  growth
Interactions of pH and PS were significant (p<0 .01) for 
most strains tested (Table 1). The exception was the ten- 
strain m ixture (A630 = 0.35) which showed significance at 
the p<0.05 level. The influence of pH and PS effects on 
growth can be seen for the C. botulinum  ten-strain mixture 
(A630 = 0.35), Lamanna B and 52A at pH 5.55 (Fig. 4a) 
and at pH 5.85 (Fig. 4b). The same effects of pH and PS 
interaction for C. botulinum  ten-strain m ixture (A63q = 
0.04) and 62A are shown in Fig. 5.
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Fig. 3—Influence o f pH  and/or NaCl on growth o f Clostridium 
botulinum: la) ten-strain mixture (Aßßo = 0.35) at pH  5.55 (•) and 
5.85 (x) and (b) ten-strain mixture (*■ ) and 62A (•) (A ß jg  = 0.04) 
at pH  5.55 I— ) and pH  5.85 (---).

Fig. 4—Influence o f pH  and/or PS on growth o f Clostridium botu
linum: ten-strain mixture (•), Lamanna B (*) and single strain 52A 
(•) (AßßQ = 0.35) at a pH  of: (a) 5.55 and (b) 5.85.
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PS (%)
Fig. 5—Influence o f pH  and/or PS on growth o f Clostridium 
botulinum: ten-strain mixture (±) and single strain 62A (•) 
(A630 ~ 0.04) at pH  5.55 (— ) and pH  5.85 (— ).

Smoot and Pierson (1981) previously reported that PS 
was a strong inhibitor of germination at pH 5.7 with re
duced effectiveness as an inhibitor at a higher pH of 6.2 or
6.7. Blocher et al. (1982) also reported C. botulinum  sensi
tivities to  reduced pH in com bination with PS. Results from 
Fig. 4a, b, and Fig. 5 are consistent with bo th  observations.

Again, variation in sensitivity to reduced pH and PS con
ten t was noted among strains tested, w ith 52A (Fig. 4a) and 
62A (Fig. 5) displaying a greater degree of increased sensi
tivity to  PS levels at the low pH tested. This was more than 
either the ten-strain m ixture or Lamanna B. The com bina
tion of 0.26% PS and pH 5.55 was the most favorable for 
increased strain sensitivity to  additives in the media for all 
strains tested.

Interactions of NaCl and PS effects on C. botulinum  growth

Significant NaCl and PS interactions (p<0 .05) were 
observed for only Lamanna B in this study (Table 1). The 
influence of various levels of NaCl (0, 1.25, and 2.50%) and 
PS (0, 0.13, and 0.26%) on GR of Lamanna B is shown in 
Fig. 6. A slight increase in strain sensitivity to  additives in 
the media was observed with increasing NaCl levels from 
1.25% to 2.50%. However, the largest GR was observed for 
com binations containing 0% NaCl and 0.26% PS. These 
results agree w ith earlier observations of inhibitory activity 
of PS on C. botulinum  ( Blocher et al., 1982). Although this 
tw o-factor interaction was statistically significant (p<0.05), 
it was small compared with the main effects observed 
separately for NaCl and PS (p<0.01) (Table 1).

Observations from  nonsignficant two-factor interactions
Several two- and three-factor interactions were not sig

nificant (Table 1). Some of these interactions have been re
ported by other workers, however, and require mention.

Effect of SAPP and NaCl. The effects of sodium phos
phates w ith and w ithout NaCl, on the ability of Moraxella-

PS (%)
Fig. 6 —Influence o f NaCl and/or PS on growth o f Clostridium botu
linum strain Lamanna B.

Acinetobacter cells to  grow were determ ined by Firsten- 
berg-Eden et al. (1981). Combinations of SAPP and NaCl 
exhibited a synergistic inhibitory effect. Roberts et al.
(1981) showed a reduction in spoilage by C. botulinum  
spore outgrow th in a pork slurry system when polyphos
phate was used in com bination w ith 4.5% salt. Results 
obtained from  the present study showed no significant 
SAPP/NaCl interaction (Table 1) for any C. botulinum  
strain tested.

Effect of SAPP and PS. Synergistic effects o f SAPP and 
PS on C. botulinum  inhibition are well know n; however, no 
significant interaction between the two was observed in 
results obtained from  this study (Table 1). Work by Ivey 
and Robach (1978) using C. botulinum-inoculated perish
able, canned, com m inuted, cured pork showed that either 
SAPP or sodium hexam etaphosphate displayed statistically 
significant synergistic interactions with sorbic acid. In ter
actions also were observed by Seward et al. (1982) when 
normal growth of C. botulinum  was prevented by the addi
tion of 0.5% tripolyphosphate to  media containing 1.5% PS 
at pH 7.1, and the inhibition was more than in media con
taining PS alone.

Interactions of SAPP, NaCl and/or PS effects on 
C. botulinum  growth

Observations involving two (nonzero) levels of SAPP are 
p lotted for the nine com binations of NaCl and PS and are 
compared to  the zero level of SAPP response in Fig. 7:
(a) (A630 = 0.35), ten-strain m ixture; (b) (A630 = 0.35), 
52A; (c) (A630 = 0.35) Lamanna B; (d) (A63o = 0.04, a 
ten-strain m ixture; (e) (A630 = 0.04), 62A. All strains 
showed an increase in GR and an increased sensitivity to  
additives in the media for treatm ent com binations contain
ing SAPP (0.2 and 0.4%), NaCl (0%) and PS (0.13 and 
0.26%).

The most favorable com bination for inhibiting growth of 
the ten-strain m ixture of C. botulinum  was 0.2% SAP? in 
com bination with 0.26% PS (Fig. la. and d). A com bination 
of 0.4% SAPP and 0.26% PS delayed growth most exten
sively in 52A (Fig. 7b) and Lamanna B (Fig. 7c). In Fig. 7e, 
a 0.2% SAPP, 2.50% NaCl and 0.26% PS com bination was 
the most inhibitory to  62A with 0.4% SAPP, 0% NaCl and 
0.26% PS producing about the same GR value for 62A as it 
had for 52A and Lamanna B.

CONCLUSIONS
SAPP, NaCl, PS and pH each independently exhibited a 
main effect (p<0.01) on the growth of most strains of C. 
botulinum  used in this study. In addition, com binations of 
SAPP (0.2 and 0.4%) and PS (0.13 and 0.26%) were the 
most effective treatm ents for delaying growth of C. bo tu 
linum. Finally, com binations of additives excluding NaCl 
consistently increased GR values and sensitivity to  additives 
in the media at bo th  pH 5.55 and 5.85.
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Findings suggest that the reduction of NaCI from 2.50% 
to 1.25% in this system may decrease antibotulinal effects 
observed for com binations of SAPP and PS used in this 
study. However, the elimination of NaCI can increase that 
antibotulinal effect. These conclusions are drawn from 
media model systems and may be somewhat altered in meat 
environments.
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S e n s o r y  A n a l y s i s  o f  C a r b o n a t e d  A p p l e  J u i c e  

U s i n g  R e s p o n s e  S u r f a c e  M e t h o d o l o g y

M. R. McLELLAN, J. BARNARD, and D. T. QUEALE

----------------------------------- A BSTR AC T----------------------------------
C a r b o n a t e d  a p p le  j u i c e ,  p r o d u c e d  a t  v a r io u s  le v e ls  o f  s o lu b le  s o l id s  
(B r ix )  a n d  c a r b o n a t i o n ,  w a s  s tu d i e d  u s in g  r e s p o n s e  s u r f a c e  m e t h o d 
o lo g y  w i th  t r e a t m e n t  le v e ls  b a s e d  o n  a  r o t a t a b l e  d e s ig n .  S e n s o r y  
a t t r i b u t e s  o f  a r o m a ,  s w e e te n e r s ,  s o u rn e s s ,  b o d y ,  c a r b o n a t i o n  le v e l,  
a n d  a c c e p ta b i l i t y  w e re  e v a l u a te d  a n d  r e s p o n s e  m o d e ls  d e r iv e d  w h e r e  
a p p r o p r i a t e .  A r o m a  i n t e n s i t y  w a s  n o t  s ig n i f i c a n t ly  a f f e c t e d  b y  le v e l 
o f  s o lu b le  s o l id s  o r  c a r b o n a t i o n  le v e l.  A  m o d e l  i n c lu d in g  l in e a r  a n d  
q u a d r a t i c  e f f e c t s  w a s  d e r iv e d  f o r  s w e e tn e s s  r e s p o n s e  a n d  p e r c e iv e d  
c a r b o n a t io n  le v e l.  S o u r n e s s  a n d  b o d y  ( m o u t h f e e l )  w e re  m o d e le d  
w i th  s ig n i f i c a n t  l in e a r  e f f e c t s .  T h e  m o d e l  d e r iv e d  f o r  t h e  a c c e p ta b i l 
i t y  o f  t h e  j u i c e  h a d  a  r id g e  o f  h ig h  a c c e p ta b i l i t y  r u n n in g  t h r o u g h  
t h e  r a n g e  o f  t y p i c a l  s o lu b le  s o l id s  a n d  c a r b o n a t i o n  le v e ls .

INTRODUCTION

A P P L E  J U I C E  i s  a  p o p u l a r  b e v e r a g e  i n  t h e  U . S .  a n d  t h e  

w o r l d  m a r k e t s .  I t  i s  p e r c e i v e d  a s  a  w h o l e s o m e  a n d  n u t r i 
t i o u s ,  a l l - d a y  b e v e r a g e  a n d  a s  s u c h  i s  g a i n i n g  i n  u s e  a n d  
p o p u l a r i t y  w i t h  l a r g e  i n c r e a s e s  i n  s a l e s  o v e r  r e c e n t  y e a r s  
( A n o n . ,  1 9 8 2 ) .  W i t h  t h e  i n c r e a s i n g  u s e  o f  a p p l e  j u i c e ,  a  
c a r b o n a t e d  a p p l e - b a s e d  b e v e r a g e  m a y  b e c o m e  m o r e  p o p u l a r  
a n d  c a p t u r e  a  p a r t  o f  t h i s  e x p a n d i n g  m a r k e t .  T h e r e  e x i s t s  
a  n e e d  t o  b e t t e r  u n d e r s t a n d  t h e  e f f e c t  o f  c a r b o n a t i o n  o n  
t h e  p e r c e p t i o n  o f  q u a l i t y  p a r a m e t e r s  o f  a p p l e  j u i c e .  T h e r e  
h a v e  b e e n  a  n u m b e r  o f  r e p o r t s  s u g g e s t i n g  a n d  e v a l u a t i n g  
t h e  u s e  o f  c a r b o n a t i o n  a s  b o t h  a  p r e s e r v a t i v e  a n d  f l a v o r  
e n h a n c e r  i n  a p p l e  j u i c e ;  h o w e v e r ,  f e w  h a v e  i n v e s t i g a t e d  t h e  

e f f e c t s  o n  s p e c i f i c  s e n s o r y  a t t r i b u t e s .

C a r p e n t e r  ( 1 9 3 3 )  f i r s t  r e p o r t e d  o n  t h e  p u b l i c  a c c e p t a b i l 
i t y  o f  c a r b o n a t e d  v e r s e s  n o n c a r b o n a t e d  a p p l e  j u i c e .  I r i s h
( 1 9 3 3 )  s u g g e s t e d  v a r i o u s  l e v e l s  o f  p u r e  j u i c e  f o r  c a r b o n 
a t e d  f r u i t  b e v e r a g e s .  I n c l u d e d  w a s  a p p l e  j u i c e ,  f o r  w h i c h  h e  

r e c o m m e n d e d  a  m i n i m u m  o f  1 5 %  i n  t h e  c a r b o n a t e d  b e v e r 
a g e .  P r o d u c t i o n  o f  c a r b o n a t e d  a p p l e  j u i c e  i n  c a n s  w a s  i n 

v e s t i g a t e d  b y  C e l m e r  a n d  C r u e s s  ( 1 9 3 7 ) .  T h i s  s t u d y  c o m 
p a r e d  q u a l i t y  o f  c a r b o n a t e d  f r u i t  j u i c e s  p a c k e d  i n  t i n  

v e r s e s  g l a s s  c o n t a i n e r s .  A r e n g o - J o n e s  ( 1 9 3 9 )  r e p o r t e d  o n  
t h e  u s e  o f  d r y  i c e  f o r  p r o d u c t i o n  o f  c a r b o n a t e d  a p p l e  
j u i c e ,  a  t e c h n i q u e  w h i c h  i s  o u t  o f  d a t e  c o m p a r e d  t o  c u r 

r e n t  c o m m e r c i a l  p r a c t i c e s .  B r o w n  e t  a l .  ( 1 9 3 9 )  s t u d i e d  t h e  
p r e s e r v a t i o n  a n d  q u a l i t y  o f  c a r b o n a t e d  v e r s u s  n o n c a r b o n 
a t e d  a p p l e  j u i c e .  T h e i r  w o r k  i n d i c a t e d  t h e  s i g n i f i c a n c e  o f  
t h e  p r e s e r v a t i v e  e f f e c t s  o f  c a r b o n a t i o n  o n  a p p l e  j u i c e .  

B r i g h t  a n d  P o t t e r  ( 1 9 7 0 )  r e p o r t e d  o n  o v e r a l l  a c c e p t a b i l i t y  
o f  c a r b o n a t e d  v e r s u s  n o n c a r b o n a t e d  a p p l e  j u i c e .  T h e i r  
f i n d i n g s  i n d i c a t e d  a n  o v e r a l l  s l i g h t  p r e f e r e n c e  f o r  c a r b o n 
a t e d  a p p l e  j u i c e .

R e s p o n s e  s u r f a c e  M e t h o d o l o g y  ( R S M )  i s  a  u n i q u e  t o o l  
u s e d  t o  i d e n t i f y  t h e  c o m b i n a t i o n  o f  q u a n t i t a t i v e  l e v e l s  o f  
t w o  o r  m o r e  f a c t o r s  t h a t  w i l l  p r o d u c e  a n  o p t i m u m  r e 
s p o n s e ,  u s u a l l y  a  m a x i m u m  o r  m i n i m u m .  A n  e x c e l l e n t  

i n t r o d u c t o r y  p a p e r  o n  t h e  u s e  o f  R S M  i n  t h e  f o o d  s c i e n c e s

Authors McLellan and Queale are affiliated with the Dept, o f Food  
Science & Technology and Author Barnard is affiliated with the 
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tural Experiment Station, Geneva, N Y  14456.

h a s  b e e n  p u b l i s h e d  b y  G i o v a n n i  ( 1 9 8 3 )  a n d  s h o u l d  b e  

r e f e r e n c e d  f o r  f u r t h e r  g e n e r a l  i n f o r m a t i o n  o n  t h e  t e c h n i q u e .

MATERIALS & METHODS

M a te r ia ls

A  b l e n d  o f  a p p le s  c o n s i s t in g  o f  a p p r o x i m a t e l y  8 0 %  R .I .  G r e e n 
in g ,  1 0 %  M c I n to s h  a n d  1 0 %  C o r t l a n d  w e r e  p r e s s e d  f o r  j u i c e .  T h e  
ju i c e  w a s  c la r i f i e d  f o r  2  h r  a t  4 9 ° C  u s in g  p e c t in a s e  (K le r z y m e  2 0 0 ,  
G B  F e r m e n t a t i o n  I n d u s t r i e s  I n c . ,  C h a r lo t t e ,  N C ) ,  c o o le d  th r o u g h  
a  t u b e  a n d  s h e l l  h e a t  e x c h a n g e r  a n d  t h e n  f i l t e r e d .  A  p r e c o a t  o f
6 .8  k g  p e r  9 .2 9  m 2 o f  f i l t e r  a r e a  ( F i l t e r  C e l , J o h n s -M a n v i l le ,  D e n v e r ,  
C O ) w a s  a p p l ie d  t o  t h e  p l a t e  a n d  f r a m e  f i l t e r .  B o d y  fe e d  w a s  m a in 
t a in e d  b e tw e e n  0 .5 %  a n d  1%  d u r in g  f i l t r a t i o n .  T h e  f i l t e r e d  ju i c e  
w a s  p ip e d  i n t o  5 0  g a l.  d r u m s  w h e r e  5 0 0  p p m  s o d iu m  b e n z o a te  
w a s  a d d e d  a s  a n  a n t i - m ic r o b i a l  a g e n t .  T h e  d r u m s  o f  j u i c e  w e re  
s to r e d  a t  0 ° C  u n t i l  c a r b o n a t e d .  T h e  f i l t e r e d  j u i c e  w a s  o f  1 2 .8 ° B r ix  
a n d  h a d  a  t i t r a t a b l e  a c i d i ty  o f  0 .3 9 %  a s  m a l ic  a c id ;  t h e  p H  w a s  
3 .7 2 .

S o lu b l e  s o l id s  o f  s o m e  s a m p le  l o t s  w e re  a d ju s t e d  t o  r a n g e  b e 
tw e e n  8° a n d  1 4 °  B r ix  b a s e d  o n  t h e  e x p e r i m e n t a l  d e s ig n .  T h e  
r a n g e  w a s  s e le c te d  t o  b e  a n a lo g o u s  b u t  s o m e w h a t  b e lo w  t y p ic a l  
j u i c e  s a m p le s  ( M a t t i c k  a n d  M o y e r ,  1 9 8 3 ) .  S a m p le s  r e q u i r i n g  a n  i n 
c r e a s e d  B r ix  w e re  a d ju s t e d  w i t h  s u c r o s e .  T h o s e  r e q u i r i n g  a  d e c r e a s e  
in  B r ix  w e re  a d ju s t e d  w i t h  a  m a l ic  a c id  b u f f e r  s o l u t i o n  in  o r d e r  t o  
m a in t a in  a  s t a n d a r d  t i t r a t a b l e  a c i d i ty .

C a r b o n a t io n

J u ic e  s a m p le s  w e r e  a d ju s t e d  f o r  s o lu b le  s o l id s  a n d  c a r b o n a t e d  
a c c o r d in g  t o  t h e  e x p e r im e n ta l  d e s ig n .  T h e  r a n g e  o f  c a r b o n a t io n ,
0 - 4  v o lu m e s  o f  C O 2 , w a s  t y p i c a l  o f  t h a t  f o u n d  in  t h e  c a r b o n a t e d  
b e v e r a g e  in d u s t r y  ( P h i l l ip s  a n d  W o o d r o o f ,  1 9 8 1 ) .  T h e  c a r b o n a t i o n  
u n i t  ( Z a h m  C a r b o n a t in g  P i lo t  P la n t  U n i t ,  Z a h m  a n d  N a g e l  C o .,  I n c . ,  
B u f f a lo ,  N Y )  a l lo w e d  C O 2 t o  e n t e r  t h e  j u i c e  t h r o u g h  a  s u b m e r g e d  
a e r a t i o n  s to n e .  P r e s s u r e  w a s  m a i n t a in e d  f o r  a  p r e d e t e r m i n e d  p e r io d  
t o  a l lo w  e q u a l i z a t i o n  o f  d is s o lv e d  a n d  g a s e o u s  CC>2 - A  c o m p le t e  
s w e e p  a n d  p r e s s u r i z a t i o n  o f  e a c h  b o t t l e  w a s  m a d e  w i t h  C O 2 j u s t  
p r i o r  t o  f i l l in g .  J u i c e  w a s  h e ld  a t  0 ° C  d u r in g  c a r b o n a t i o n  a n d  f i l l 
in g .  B o t t l e s  w e r e  d r i e d  a n d  c h i l l e d  t o  - 4 0 ° C  b e f o r e  f i l l in g .  T h e  b o t 
t l e s  w e re  c lo s e d  w i t h  c r o w n  c a p s .

S e n s o r y  a n a ly s is

S a m p le s  w e r e  s u b m i t t e d  t o  a n  e x p e r i e n c e d  p a n e l  c o n s is t in g  
o f  e ig h t  p e r s o n s  f o r  a  Q u a n t i t a t i v e  D e s c r ip t i v e  A n a ly s is  (Q D A )  
( S to n e  e t  a l . ,  1 9 7 4 ) .  P a n e l i s t s  w e r e  s e le c te d  o n  t h e i r  a b i l i t y  t o  
d i s c r im in a t e  a n d  r e p r o d u c e  r e s u l t s  f r o m  d i f f e r e n c e  t e s t s .  A l l  p a n e l 
i s t s  h a d  e x p e r i e n c e  w i t h  Q D A  t y p e  p a n e l s  a n d  w i t h  v a r io u s  p r o c 
e s s e d  a p p le  p r o d u c t s .  E a c h  a t t r i b u t e  o n  t h e  b a l l o t  w a s  i n t e r p r e t e d  
u s in g  a  t y p i c a l  Q D A  n o n - n u m e r i c  l in e a r  s c a le  w i t h  a  lo w -m e d iu m -  
h ig h  o r  s im i la r  n o t a t i o n  ( T a b le  1 ) .  N u m e r i c a l  i n t e r p r e t a t i o n  w a s  
h a n d le d  b y  d ig i t iz in g  t h e  b a l l o t  s c a le s  t o  p r o d u c e  a n  a n s w e r  r e -

Table 1-Sensory attributes included on the quantitative descriptive 
analysis ballot with appropriate scale notations

Attribute QDA scale notation

Fruity Apple Aroma low — medium -  high
Sweetness low — medium -  high
Sourness (Tartness) low — medium -  high
Body thin - thick
Carbonation Level low — medium -  high
Acceptability low — medium -  high
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f l e e t in g  a  0 .0  -  1 0 .0  s c a le  in  t e n th s .  T h e  te c h n iq u e  a n d  b a s is  f o r  
d ig i t iz in g  is  d e s c r ib e d  e l s e w h e re  (M c L e lla n  a n d  C a s h ,  1 9 8 3 ) .  T e s t in g  
w a s  c a r r ie d  o u t  in  a  s e n s o r y  e v a l u a t io n  l a b o r a t o r y ,  in  p a r t i t i o n e d  
b o o t h s  u n d e r  s t a n d a r d i z e d  d a y l ig h t  c o n d i t io n s .  S a m p le s ,  8 0  m L ,  a t  
r o o m  t e m p e r a t u r e ,  w e re  p o u r e d  in to  w in e  g la s s e s  a n d  s u b m i t t e d  
in  g r o u p s  o f  t h r e e  t o  t h e  p a n e l is ts .  E a c h  w a s  c o d e d  u s in g  a  th r e e  
d ig i t  r a n d o m  n u m b e r .  A ll  s a m p le s  i n c lu d in g  r e p l i c a t e s  w e re  g iv e n  to  
p a n e l i s t s  in  a  r a n d o m  o r d e r .  W a te r  w a s  p r e s e n t  f o r  r in s in g .  P a n e l is ts  
w e re  i n s t r u c t e d  t o  e v a lu a te  e a c h  s a m p le  p r e s e n te d ,  i n d iv id u a l ly ,  
f o r  a t t r i b u t e s  in  t h e  fo l l o w in g  c a te g o r ie s :  a r o m a ,  t a s t e ,  m o u t h f e e l  
a n d  a c c e p ta b i l i t y .

E x p e r i m e n ta l  d e s ig n  a n d  s ta t i s t i c a l  a n a ly s is

A  r o t a t a b l e  d e s ig n  w a s  u s e d  in  th i s  p r o j e c t  t o  m in im iz e  t h e  
n u m b e r  o f  e x p e r im e n ta l  u n i t s  in v o lv e d  (M u l le n  a n d  E n n is ,  1 9 7 9 ) .  
N in e  r e p l ic a te s  o f  e a c h  t r e a t m e n t  c o m b i n a t i o n  w e re  s u b m i t t e d  
t o  t h e  p a n e l i s t s .  A p p r o p r i a t e  t r e a t m e n t  c o m b in a t io n s  u s e d  in  t h e  
d e s ig n  a re  s h o w n  a s  c o d e d  le v e ls  a n d  a c t u a l  le v e ls  in  T a b le  2 .

S t a t i s t i c a l  a n a ly s is  w a s  a c c o m p l i s h e d  u s in g  a  G E N S T A T  (A lv e y  
e t  a l . ,  1 9 7 7 )  p r o g r a m  w r i t t e n  b y  o n e  o f  t h e  a u t h o r s  ( B a r n a r d ,
1 9 8 4 ) .  A c tu a l  m e t h o d o lo g y  f o r  c a l c u la t io n s  c a n  b e  d e r iv e d  f r o m  
e l e m e n ta r y  t e x t  b o o k s  (e .g .  G il l ,  1 9 7 8 ) .

RESULTS & DISCUSSION

A  V A R I A N C E  R A T I O  w a s  c a l c u l a t e d  f o r  a  m o d e l  w i t h  
l i n e a r  e f f e c t s  o n l y  a n d  a l s o  f o r  a  m o d e l  w h i c h  i n c l u d e d  
b o t h  l i n e a r  a n d  q u a d r a t i c  e f f e c t s ,  f o r  e a c h  o f  t h e  s e n s o r y  
a t t r i b u t e s .  A d d i t i o n a l l y ,  a  v a r i a n c e  r a t i o  f o r  l a c k  o f  f i t  o f  
t h e  r e s p e c t i v e  m o d e l  w a s  c a l c u l a t e d .  A  s u m m a r y  o f  p e r t i 

n e n t  m o d e l s  i s  g i v e n  i n  T a b l e  3 .
A n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  n o  s i g n i f i c a n t  e f f e c t  o f

Table 2—Level combinations for the two variables, carbonation and 
soluble solids used in the rotatable design for response surface analy
sis

Level of carbonation Level of soluble solids

(coded)
Vol. C 02 

(actual) (coded)
Brix

(actual)

-1 .0 0.6 -1 .0 9.0
-1 .0 0.6 1.0 13.0

1.0 3.5 -1 .0 9.0
1.0 3.5 1.0 13.0
1.414 4.0 0.0 11.0

-1.414 0.0 0.0 11.0
0.0 2.0 1.414 14.0
0.0 2.0 -1.414 8.0
0.0 2.0 0.0 11.0

Table 3 —Summary o f response surface models. The independent 
variable 'Y ' is the sensory response. Variables for actual levels o f 
soluble solids and carbonation are 'B' (Brix) and 'C  (Vol. o f CO2 ), 
respectively.

Attribute Model
Significance

(P)

Sweetness — Linear and Quadratic Model 
Y = 4.81 + 0.25(B) -  1 .66(0 + 0.04(B2) 

+ 0.07(BC) + 0.09(C2)
0.10

Sourness — Linear Model
Y =4.86 -0 .07(B) + 0.69(C) 0.01

Body — Linear Model
Y = 2.54 + 0.23(B) -  0 .20(0 0.01

Carbonation — Linear and Quadratic Model
Y = 2.82 -  0.24(B) + 2.28(0  + 0.026(B2) 0.01

-  0.14(BC) + 0.22IC2)
Acceptability — Linear and Quadratic Model

Y = - 6 . 8 7  + 1.7(B) + 2 .6 (0  -  0.05(B2) 0.01
-  0.12(BC) -  0.28IC2)

c a r b o n a t i o n  o r  s o l u b l e  s o l i d s  o n  t h e  a r o m a  i n t e n s i t y  o f  t h e  

s a m p l e s .  C a r b o n  d i o x i d e  d o e s  n o t  h a v e  a n  a r o m a  o f  i t s e l f  
a n d  b a s e d  o n  t h e s e  r e s u l t s  t h e  e f f e r v e s c e n c e  i n  t h e  p o u r e d  
b e v e r a g e  d i d  n o t  s i g n i f i c a n t l y  i m p i n g e  o n  t h e  e f f e c t  o f  t h e  
a p p l e  j u i c e  a r o m a  v o l a t i l e s  p r e s e n t  i n  t h e  h e a d s p a c e  o v e r  
t h e  r a n g e  o f  t h e  s t u d y .

T h e  s e n s o r y  r e s p o n s e  o f  s w e e t n e s s  w a s  m o d e l e d  w i t h  
s i g n i f i c a n t  l i n e a r  e f f e c t s .  W i t h  t h e  i n c l u s i o n  o f  q u a d r a t i c  
e f f e c t s ,  t h e  m o d e l  w a s  s i g n i f i c a n t  a t  P  =  0 . 1 0 .  A l t h o u g h  

n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  P  =  0 . 0 5 ,  t h e  q u a d r a t i c  c e r 
t a i n l y  s e e m s  w o r t h  c o n s i d e r i n g  a s  a  p l a u s i b l e  m o d e l  ( F i g .  
1 ) .  L a c k  o f  f i t  h o w e v e r ,  w a s  m a r g i n a l l y  s i g n i f i c a n t  i n d i c a t 
i n g  t h e  p o s s i b i l i t y  t h a t  a d d i t i o n a l  p a r a m e t e r s  a r e  n e e d e d  i n  
t h e  m o d e l .

T h e  a n a l y s i s  o f  s o u r n e s s  r e s p o n s e  i n d i c a t e d  o n l y  s i g n i f i 

c a n t  l i n e a r  c o m p o n e n t s  i n  t h e  m o d e l .  L a c k  o f  f i t  w a s  n o t  
s i g n i f i c a n t .  T h e  c o e f f i c i e n t s  f o r  t h e  l i n e a r  t e r m s  i n  t h e  
m o d e l  f o r  s o u r n e s s ,  u n l i k e  t h e  l i n e a r  t e r m s  i n  t h e  m o d e l  
f o r  s w e e t n e s s ,  w e r e  n o t  e q u a l  a n d  o p p o s i t e .  T h e  l i n e a r  
t e r m  c o e f f i c i e n t  f o r  c a r b o n a t i o n  w a s  0 . 9 8 ;  h o w e v e r ,  t h e  

c o e f f i c i e n t  f o r  t h e  e f f e c t  o f  B r i x  w a s  o n l y  0 . 1 5 .  S o u r n e s s  
w a s  a f f e c t e d  t o  a  m u c h  l e s s e r  d e g r e e  b y  a  c h a n g e  i n  B r i x  
t h a n  b y  a  r e s p e c t i v e  c h a n g e  i n  c a r b o n a t i o n .

A  s i g n i f i c a n t  l i n e a r  m o d e l  w a s  g e n e r a t e d  f o r  s e n s o r y  
r e s p o n s e  t o  b o d y ,  a  d e s c r i p t o r  o f  t h e  m o u t h f e e l  o f  t h e  b e v 

e r a g e .  T h e  m o d e l  p r o p o s e s  a  p o s i t i v e  e f f e c t  o f  s o l u b l e  s o l i d s  
o n  b o d y  a n d  a  n e g a t i v e  e f f e c t  o f  c a r b o n a t i o n  o n  b o d y .  
L a c k  o f  f i t  w a s  n o t  s i g n i f i c a n t  i n d i c a t i n g  a d e q u a c y  o f  t h e  
m o d e l .

P e r c e i v e d  c a r b o n a t i o n  w a s  m o d e l e d  w i t h  s i g n i f i c a n t  
l i n e a r  a n d  q u a d r a t i c  e f f e c t s .  T h e  r e s p o n s e  s u r f a c e  i l l u s t r a t e s  
t h e  s e n s i t i v i t y  o f  t h e  c a r b o n a t i o n  r e s p o n s e  t o  s o l u b l e  s o l i d s  

a t  t h e  t w o  e x t r e m e s  o f  v o l u m e s  o f  C 0 2 u s e d  ( F i g .  2 ) .  
T h o u g h  l a c k  o f  f i t  w a s  s h a r p l y  r e d u c e d  i n  g o i n g  t o  a  m o d e l  

w i t h  b o t h  l i n e a r  a n d  q u a d r a t i c  t e r m s ,  i t  w a s  s t i l l  m a r g i n 

a l l y  s i g n i f i c a n t  i n d i c a t i n g  m i s s i n g  c o m p o n e n t s  t o  t h e  m o d e l .
T h e  a c c e p t a b i l i t y  o f  t h e  c a r b o n a t e d  b e v e r a g e  w a s  

m o d e l e d  w i t h  b o t h  l i n e a r  a n d  q u a d r a t i c  t e r m s .  T h e  r e -

Sweetness

Fig. 1-Response surface relating level o f carbonation and soluble 
solids to sweetness response.
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Carbonation Acceptability

Fig. 2—Response surface relating level o f carbonation and soluble Fig. 3—Response surface relating level o f carbonation and soluble
solids to perceived carbonation. solids to level o f acceptability.

s p o n s e  s u r f a c e  i n d i c a t e d  a  r i d g e  o f  h i g h e r  v a l u e s  r e a c h i n g  a  
t h e o r e t i c a l  o p t i m u m  j u s t  o u t s i d e  o f  t h e  r a n g e  o f  t h e  e x p e r i 
m e n t  ( F i g .  3 ) .  A n  i n t e r p r e t a t i o n  o f  t h e  r e s p o n s e  s u r f a c e  
l e a d s  t o  t h e  p r o p o s i t i o n  t h a t  a  s p e c i f i c  o p t i m u m  l e v e l  o f  
c a r b o n a t i o n  e x i s t e d  f o r  e a c h  l e v e l  o f  s o l u b l e  s o l i d s  i n  t h e  

c a r b o n a t e d  a p p l e  j u i c e .  A  m a x i m u m  w a s  c a l c u l a t e d  f o r  t h e  
s u r f a c e  a t  1 5 . 0 6  B r i x  a n d  1 . 3 0  v o l u m e s  o f  C O 2 . K n o w i n g  
t h e  e q u a t i o n  f o r  t h e  r i d g e  l i n e ,  o p t i m u m  l e v e l s  o f  c a r b o n a 

t i o n  b a s e d  o n  s o l u b l e  s o l i d s  c a n  b e  d e r i v e d .

V o l .  C 0 2 =  5 . 7 9  -  0 . 2 9  ( B r i x )  [ 1 ]

E q .  [ 1 ] w a s  g e n e r a t e d  f o r  t h e  r i s i n g  r i d g e  i n  t h e  r e s p o n s e  
s u r f a c e  p l o t  o f  a c c e p t a b i l i t y  l e v e l .  T h e  r i d g e  w a s  a s s o c i a t e d  

w i t h  t h e  l e a s t  s e n s i t i v e  c a n o n i c a l  a x i s  a s  d e t e r m i n e d  b y  t h e  
l a t e n t  r o o t s .

CONCLUSIONS

T H E  L I N E A R  M O D E L S  h a v e  b e e n  p r o p o s e d  f o r  t h e  s e n 
s o r y  r e s p o n s e  t o  s o u r n e s s  a n d  b o d y  ( m o u t h f e e l )  i n  c a r 
b o n a t e d  a p p l e  j u i c e .  B o t h  w e r e  r e a s o n a b l e  i n  t h e i r  e s t i 
m a t e s  a n d  c o u l d  b e  a p p l i e d  w i t h  c o n f i d e n c e .

T h r e e  m o d e l s  i n c l u d i n g  l i n e a r  a n d  q u a d r a t i c  e f f e c t s  w e r e  
s u g g e s t e d  f o r  s w e e t n e s s ,  p e r c e i v e d  c a r b o n a t i o n  a n d  a c c e p t 
a b i l i t y .  T h e  m o d e l s  f o r  s w e e t n e s s  a n d  c a r b o n a t i o n ,  t h o u g h  
s i g n i f i c a n t ,  m a y  i n v o l v e  m o r e  t h a n  t h i s  p r e l i m i n a r y  e x p e r i 
m e n t  s u g g e s t s ;  h o w e v e r ,  b o t h  o f f e r  a  r e a s o n a b l e  a n d  s i g n i f i 
c a n t  s t a r t i n g  p o i n t  i n  t h e  e f f o r t  t o  m o d e l  s e n s o r y  r e s p o n s e  
o f  t h e s e  a t t r i b u t e s  i n  c a r b o n a t e d  a p p l e  j u i c e .  M o d e l i n g  t h e  
s e n s o r y  r e s p o n s e  o f  a c c e p t a b i l i t y ,  t h i s  t h i r d  m o d e l  p o s e d  a  
s i g n i f i c a n t  f i n d i n g ,  t h a t  b e i n g  a  r i d g e  o f  h i g h  a c c e p t a b i l i t y  
r u n n i n g  t h r o u g h  t h e  r a n g e  o f  t h e  e x p e r i m e n t .  T h e  r i d g e  
i n d i c a t e d  a n  o p t i m u m  l e v e l  o f  c a r b o n a t i o n  d e p e n d i n g  u p o n  

t h e  l e v e l  o f  s o l u b l e  s o l i d s .

A l l  t h e  m o d e l s  p r o p o s e d  h e r e  w i l l  n e e d  a d d i t i o n a l  w o r k  
t o  v e r i f y  a n d  f u r t h e r  e x t e n d  t h e i r  a p p l i c a b i l i t y .  T h i s  i s

e s p e c i a l l y  t r u e  a b o u t  t h e  m o d e l s  p r o p o s e d  f o r  p e r c e i v e d  
c a r b o n a t i o n  a n d  s w e e t n e s s  r e s p o n s e .
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HELY TUORILA-OLLIKAINEN, SEIJA MAHLAMAKI-KULTANEN, and RAKEL KURKELA

----------------------------------- ABSTRACT----------------------------------
S ix t e e n  s o f t  d r in k  s a m p le s ,  in  w h ic h  a p p e a r a n c e  ( c o lo r le s s  o r  
c o lo r e d ) ,  f r u i t y  f la v o r  (w i th  o r  w i t h o u t  a  f l a v o r a n t )  a n d  s w e e tn e s s  
(5 o r  9 % s u c r o s e )  w e re  s y s te m a t ic a l ly  v a r ie d ,  w e re  r a t e d  f o r  th e i r  
p le a s a n tn e s s  o f  a p p e a r a n c e ,  f la v o r  ( o d o r ,  t a s t e  a n d  s w e e tn e s s  s e p a 
r a t e ly )  a n d  o v e ra l l  l ik in g  b y  4 4 8  y o u n g  a d u l t s  a n d  c h i ld r e n .  In  te r m s  
o f  s a m p le  p a r a m e te r s  s u c r o s e  c o n c e n t r a t i o n  a n d  th e  p r e s e n c e  o f  a  
f l a v o r a n t  s ig n i f i c a n t ly  in f l u e n c e d  o v e ra l l  l ik in g ,  w h e r e a s  c o lo r  h a d  
l i t t l e  s ig n if ic a n c e .  In  t e r m s  o f  s e n s o ry  a t t r i b u t e s  p l e a s a n tn e s s  o f  
t a s t e  a n d  s w e e tn e s s  m a in ly  d e t e r m in e d  o v e ra l l  l ik in g .  T h e  re s p o n s e s  
o f  y o u n g  a d u l t s  a n d  o f  c h i ld r e n  w e re  in  t h e  m a in  r a t h e r  s im ila r ,  
e x c e p t  t h a t  t h e  c h i ld r e n  s e e m e d  t o  p u t  m o r e  e m p h a s is  o n  s w e e tn e s s .

INTRODUCTION

S E N S O R Y  A T T R I B U T E S  o f  f o o d s  a n d  b e v e r a g e s  a r e  
c o m m o n l y  c a t e g o r i z e d  a s  a p p e a r a n c e ,  t e x t u r e ,  a n d  f l a v o r ,  
i . e .  o d o r  a n d  t a s t e .  T h e s e  a t t r i b u t e s  n a t u r a l l y  o v e r l a p  ( s e e  
e .g .  K r a m e r ,  1 9 7 2 ;  H u t c h i n g s ,  1 9 7 7 ) ,  a n d  i n  s o m e  f o o d s  
t h e y  c a n  b e  d i s t i n g u i s h e d  m o r e  e a s i l y  t h a n  i n  o t h e r s .  T h e i r  
r e l a t i v e  i m p o r t a n c e  i n  t h e  o v e r a l l  l i k i n g  o r  a c c e p t a n c e  o f  a  
p r o d u c t  h a s  b e e n  s t u d i e d  i n  q u e s t i o n n a i r e s  ( S c h ü t z  a n d  
W a h l ,  1 9 8 1 ;  S z c z e s n i a k ,  1 9 7 2 ;  S z c z e s n i a k  a n d  K l e y n ,  1 9 6 3 )  
a n d  i n  t h e  c a s e  o f  s p e c i f i c  f o o d  p r o d u c t s  i n  s e n s o r y  t e s t s  

( e . g .  D u B o s e  e t  a l ,  1 9 8 0 ;  E n n i s  e t  a l . ,  1 9 7 9 ;  P a n g b o r n  e t  
a l . ,  1 9 6 0 ;  P a n g b o r n  a n d  L e o n a r d ,  1 9 5 8 ;  S c h ü t z ,  1 9 5 4 ) .  T h e  
a u t h o r s  g e n e r a l l y  a g r e e  t h a t  o v e r a l l  f l a v o r  o r  i t s  s e p a r a t e  

d i m e n s i o n s  c r i t i c a l l y  a f f e c t  p r o d u c t  l i k i n g .  H o w e v e r ,  a p 
p e a r a n c e  a n d  t e x t u r e  m a y  a l s o  p l a y  a  c o n s i d e r a b l e  r o l e .  * 00250
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C o l o r  a n d  s w e e t n e s s  o f  s o f t  d r i n k s  h a v e ,  b e s i d e s  t h e i r  
r o l e  i n  h e d o n i c  q u a l i t y ,  n u t r i t i o n a l  a n d  s a f e t y  a s p e c t s  

( A n o n . ,  1 9 8 0 ;  B i e r m a n ,  1 9 7 9 ) .  T h e  p r e s e n t  s t u d y  w a s ,  

t h e r e f o r e ,  a i m e d  a t  d e t e r m i n i n g  s y s t e m a t i c a l l y  t h e i r  r e l a t i v e  
i m p o r t a n c e ,  a s  w e l l  a s  t h e  i m p o r t a n c e  o f  f l a v o r ,  t c  t h e  o v e r 

a l l  l i k i n g  o f  s o f t  d r i n k s .

MATERIALS & METHODS

Sample preparation and presentation
T w o  s e r ie s  o f  c a r b o n a t e d  s o f t  d r in k s ,  in  w h ic h  a p p e a r a n c e ,  

f r u i t y  f la v o r  a n d  s w e e tn e s s  le v e l v a r ie d ,  w e r e  p r e p a r e d  a c c o r d in g  
t o  a  n o r m a l  i n d u s t r i a l  r e c ip e ;  t h e  s e r ie s  a re  c a l l e d  h e r e  R A S P B E R R Y  
a n d  P E A R  s e r ie s  (s e e  T a b le  1 ). W ith in  b o t h  s e r ie s ,  t h o s e  h a v in g  a  
c o l o r a n t ,  a  f l a v o r a n t  a n d  9 %  s u c r o s e  a r e  s im i la r  t o  t y p i c a l  c o m m e r 
c ia l  F in n i s h  s o f t  d r in k s .  S a m p le s  c o n ta in in g  5 %  s u c r o s e  w e r e  c le a r ly  
le s s  s w e e t ,  b u t  t h e y  s t i l l  r e t a in e d  c h a r a c t e r i s t i c  q u a l i t i e s  o f  s w e e te n 
e d  s o f t  d r in k s ,  w h ic h  w a s  t h e  d e s i r e d  e f f e c t  o f  th i s  s w e e te n in g  lev e l.

T h e  s a m p le s  w e re  p r e p a r e d  b y  th e  m e t h o d  c o m m o n ly  u s e d  in  
p r o d u c t  d e v e l o p m e n t  l a b o r a to r i e s  o f  t h e  F in n i s h  s o f t  d r in k  in d u s t r y .  
M in o r  i n g r e d ie n t s  w e re  d is s o lv e d  in  l i q u id  s u c r o s e  (6 5 %  w /w ) ,  a d d e d  
to  b o t t l e s  o f  c a r b o n a t e d  w a te r  a n d  e v a l u a te d  b e tw e e n  2  a n d  14  d a y s  
a f t e r  p r e p a r a t i o n .  C a r b o n a t io n  is  r e la t iv e ly  in s e n s i t iv e  t o w a r d s  t o e  
in g r e d ie n t s  u s e d  in  th i s  s t u d y  ( H o f f s t r o m ,  1 9 8 2 ) .

B o th  s e r ie s  w e re  p r e s e n te d  to  s u b je c t s  in  s e ts  o f  f o u r  s a m p le s  
in  a n  i n c o m p le t e  b lo c k  d e s ig n  (p la n  1 1 .1 0 ,  C o c h r a n  a n d  C o x ,  19511). 
T h e  c o d e d  s a m p le s  ( 6 0  m L )  w e r e  p r e s e n t e d  a t  1 0 - 1 3 ° C  in  r a n d o m 
iz e d  o r d e r s  in  1 2 5  m L  t r a n s p a r e n t  p o l y e t h y l e n e  c u p s ,  p l a c e d  o n  
w h i te - c o v e r e d  t r a y s .  T h e  s u b je c t s  r a t e d  t h e  p le a s a n tn e s s  o f  a p p e a r 
a n c e  a n d  f la v o r  ( o d o r ,  t a s t e  a n d  s w e e tn e s s  s e p a r a t e ly )  a s  w e ll  a s 
l ik in g ,  o n  a  1 0  c m  l in e  a n c h o r e d  v e rb a l ly  a t  b o t h  e n d s  ( S to n e  e t  
a l . ,  1 9 7 4 ) .  T l ie  s c a le  w a s  m o d i f i e d  b y  in d ic a t in g  th e  p o s s ib le  r e 
s p o n s e  s i te s  w i th  n in e  e q u i d i s t a n t  b a r s .  P r io r  t o  te s t in g ,  t h e  s u b je c t s  
w e re  i n s t r u c t e d  in  t h e  u s e  o f  t h e  s c a le ,  b u t  n o t  in  s n i f f in g  o r  t a s t in g  
te c h n iq u e s .  T h e  s u b je c t s  e v a l u a te d  o n e  a t t r i b u t e  o f  a ll  th e  s a m p le s  
a t  a  t im e  -  f i r s t  a p p e a r a n c e ,  t h e n  o d o r ,  s w e e tn e s s  a n d  t a s t e .  T a s te  
w a s  d e f in e d  a s  a n  a t t r i b u t e  c o v e r in g  a ll  o r a l  p e r c e p t io n s  e x c e p t  
s w e e tn e s s .  F in a l ly ,  s u b je c t s  e v a lu a te d  o v e ra l l  l ik in g .  N o  r in s in g  w a te r  
w a s  p ro v id e d .  A f te r  t h e  p e r f o r m a n c e  o f  t h e  s e n s o ry  t e s t  t h e  s u b je c t s  
f i l le d  o u t  a q u e s t i o n n a i r e ,  in  w h ic h ,  a m o n g  o t h e r  th in g s ,  t h e i r  
o p in io n s  c o n c e r n in g  th e  im p o r t a n c e  o f  s e n s o r y  a t t r i b u t e s  w e re  
q u e r ie d .

Table 1—Sample ingredients per liter o f beverage

Ingredient Source Sample no.
A. RASPBERRY drinks 1 2 3 4 5 6 7 e

Sucrose (%) Finnish Sugar Co. Ltd. 5 5 5 5 9 9 9 9
Sodium benzoate (mg) Merck 90 90 90 90 90 90 90 90
Amaranth (E123) (mg)a Williams Ltd., England — 40 — 40 — 40 _ no
Raspberry flavor Fructus Fabriker, Sweden - - + + - - + +

B. PEAR drinks 9 10 11 12 13 14 15 13
Sucrose (%) Finnish Sugar Co. Ltd. 5 5 5 5 9 9 9 9
Sodium benzoate (mg) Merck 90 90 90 90 90 90 90 90
Tartrazine (E102) (mg)b Williams Ltd., England — 4 — 4 _ 4 _ 4
Patent blue V (E131) (mg)13 Nederlandse Kleustofindustri, 

Holland
— 0,4 - 0.4 - 0,4 - 0,4

Citric acid-1-hydrate 
(g citric acid)

Merck — - 1,35 1,35 - - 1,35 1,35

Pear flavor Fructus Fabriker, Sweden — - + + - - + +
a Red color  
D Green color
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Table 2—Mean overall liking of soft drink samples in different subgroups

Sample no. Sample characteristics Overall liking3

RASPBERRY 

Adults Children

PEAR

Adults Children
RASP

BERRY PEAR Color Flavor
Sweetness 
(% sucrose)

1 9 — — 5 3.3 ab 2.7 a 3.4 ab 3.4 a
2 10 + - 5 2.6 a 2.6 a 3.1 a 3.7 ab
3 11 — + 5 3.5 ab 3.0 ab 3.5 ab 3.8 ab
4 12 + + 5 3.1 ab 4.0 b 3.4 ab 4.1 ab
5 13 — - 9 3.2 ab 4.1 b 3.9 ab 4.9 bd
6 14 + — 9 3.9 b 4.1 b 4.2 b 5.4 d
7 15 — + 9 5.4 c 7.0 c 5.8 c 7.2 c
8 16 + + 9 5.6 c 7.0 c 5.9 c 7.0 c

Each mean consists of 56  scores. Means w ith in  co lum ns followed by the same letter are not signif icantly  different at the 95%  level using 
T u k e y ’s alternate procedure ( T U K E Y B )  test.

S u b je c ts

A  t o t a l  o f  4 4 8  s u b je c ts ,  o f  w h o m  o n e  h a l f  (N  =  2 2 4 )  w e r e  y o u n g  
a d u l t  c o l le g e  s t u d e n t s  (m e a n  a g e  2 0 .2 ,  s .d .  2 .5  y r )  a n d  t h e  o t h e r  h a l f  
(N  =  2 2 4 )  w e re  s c h o o l  c h i ld r e n  ( m e a n  a g e  1 1 .0  s .d .  1 .0  y r ) ,  p a r t i c i 
p a t e d  in  t h e  s tu d y .  In  b o t h  a g e  g ro u p s ,  h a l f  o f  t h e  s u b je c t s  (N  = 
1 1 2 )  e v a lu a te d  s a m p le s  o f  t h e  R A S P B E R R Y  a n d  t h e  o t h e r  h a l f  
(N  =  1 1 2 )  s a m p le s  o f  t h e  P E A R  s e r ie s . I n  e a c h  g r o u p  h a l f  (N  = 5 6 )  
w e re  f e m a le s .

T e s t in g  w a s  c o n d u c t e d  d u r in g  s c h o o l  h o u r s ,  b e f o r e  l u n c h .  S es
s io n s  t o o k  p la c e  in  a  c a n t e e n  ( c h i ld r e n )  o r  in  a n  a u d i to r iu m  (y o u n g  
a d u l t s ) .  T e s t in g  w a s  c a r r ie d  o u t  d u r in g  a  m i ld  p e r io d  in  a u tu m n .  
N o r m a l  f l u o r e s c e n t  l ig h t in g  w a s  p r o v id e d  in  t h e  t e s t in g  ro o m s .

A n a ly s is  o f  r e s u l t s

T h e  d a t a  w e re  a n a ly z e d  b y  c o m p u t e r  p r o g r a m s  f r o m  t h e  S ta t i s 
t i c a l  P a c k a g e  f o r  t h e  S o c ia l  S c ie n c e s  (N ie  e t  a l . ,  1 9 7 5 ) .  T h e  s c o re s  
g iv e n  o n  t h e  g r a p h ic a l  s c a le  w e r e  c o n v e r t e d  t o  in te g e r s  f r o m  1 t o  9  
(1  =  e x t r e m e ly  u n p le a s a n t  a n d  9  =  e x t r e m e ly  p le a s a n t ) .  A ll  t h e  
v a r ia b le s  w e re  t r e a t e d  a s  in te r v a l  s c a le  le v e l v a r ia b le s .  C o r r e la t io n s  
w e r e  c a l c u la te d  a s  P e a r s o n ’s p r o d u c t  m o m e n t  c o r r e l a t i o n  c o e f f i 
c ie n ts .

RESULTS

T H E  R A T I N G S  o f  o v e r a l l  l i k i n g  s h o w e d  a n  i d e n t i c a l  g r o u p 
i n g  f o r  t h e  t w o  m o s t  p r e f e r r e d  s a m p l e s  i n  a l l  t h e  s u b g r o u p s  
( T a b l e  2 ) .  F o r  b o t h  y o u n g  a d u l t  s u b g r o u p s  t h e  r e m a i n d e r  
o f  t h e  g r o u p i n g  w a s  a l s o  s i m i l a r .  A n  i n t e r e s t i n g  f e a t u r e  i n  

t h e  y o u n g  a d u l t  s u b g r o u p s  w a s  t h a t  c o l o r e d ,  u n f l a v o r e d  
s a m p l e s  w i t h  5 %  s u c r o s e  ( n o s .  2  a n d  1 0 )  r e c e i v e d  p o o r e r  
r a t i n g s  t h a n  t h e  o t h e r  “ d e f e c t i v e ”  s a m p l e s  1 , 3 ,  4 ,  5 ,  9 ,  1 1 ,  
1 2 ,  a n d  1 3 .  T h e  r a t i n g s  o f  c h i l d r e n  i n  t h e  P E A R  s e r i e s  w e r e  
g r o u p e d  a c c o r d i n g  t o  s u c r o s e  c o n c e n t r a t i o n ,  b u t  t h i s  w a s  

n o t  t h e  c a s e  i n  t h e i r  R A S P B E R R Y  s e r i e s .  T h e  r a n g e  o f  
r a t i n g s  w a s  w i d e r  i n  t h e  c h i l d r e n  t h a n  i n  t h e  y o u n g  a d u l t  

s u b g r o u p s .
A n a l y s i s  o f  v a r i a n c e  o f  t h e  o v e r a l l  l i k i n g  r a t i n g s  i n d i c a t e d  

t h a t  s u c r o s e  c o n c e n t r a t i o n  w a s  c r u c i a l  f o r  o v e r a l l  l i k i n g  

[ R A S P B E R R Y ,  a d u l t s  F (  1 , 4 4 0 )  =  5 8 . 8 3  a n d  c h i l d r e n  

F (  1 , 4 4 0 )  =  1 3 2 . 7 7 ;  P E A R ,  a d u l t s  f (  1 , 4 4 0 )  =  7 0 . 7 7  a n d  
c h i l d r e n  F ( l , 4 4 0 )  =  1 2 3 . 4 7 ;  p  <  0 . 0 0 1  i n  a l l  c a s e s ) .  T h e  
f l a v o r a n t  ( p l u s  a n  a c i d  a d d i t i o n  i n  P E A R  d r i n k s )  w a s  a l s o  

i m p o r t a n t  [ R A S P B E R R Y ,  a d u l t s  F (  1 , 4 4 0 )  =  4 2 . 0 2  a n d  
c h i l d r e n  F ( l , 4 4 0 )  =  8 5 . 4 4 ;  P E A R ,  a d u l t s  F ( l , 4 4 0 )  =  2 8 . 5 2  
a n d  c h i l d r e n  F (  1 , 4 4 0 )  =  2 9 . 2 8 ;  p  <  0 . 0 0 1  i n  a l l  c a s e s ] .  
M o r e o v e r  t h e  i n t e r a c t i o n  f l a v o r  x  s u c r o s e  c o n c e n t r a t i o n  

w a s  s i g n i f i c a n t  [ R A S P B E R R Y ,  a d u l t s  F (  1 , 4 4 0 )  =  2 0 . 7 3  a n d  
c h i l d r e n  F (  1 , 4 4 0 )  =  2 4 . 0 2 ;  P E A R ,  a d u l t s  F (  1 , 4 4 0 )  =  1 5 . 0 2  
a n d  c h i l d r e n  F ( l , 4 4 0 )  =  1 3 . 5 2 ;  p  <  0 . 0 0 1  i n  a l l  c a s e s ] . T h e  
p r e s e n c e  o f  c o l o r  w a s  s i g n i f i c a n t  f o r  o n l y  o n e  g r o u p  o f  
s u b j e c t s  [ R A S P B E R R Y ,  a d u l t s  F ( l , 4 4 0 )  =  7 . 6 8 ,  p  <  0 . 0 1  ] ,  

b e i n g  c o n s i d e r e d  n e g a t i v e  w h e n  c o m b i n e d  w i t h  t h e  l o w e r  
l e v e l  o f  s u c r o s e  ( 5 % )  b u t  p o s i t i v e  w h e n  c o m b i n e d  w i t h  t h e  

n o r m a l  s u c r o s e  c o n c e n t r a t i o n .
A m o n g  t h e  s e n s o r y  r a t i n g s ,  s w e e t n e s s ,  t a s t e  a n d  o v e r a l l

Table 3—Correlation coefficients between pleasantness ratings o f 
sensory attributes

Appear
ance Odor Sweetness Taste

Overall
liking

A. RASPBERRY drinks
Adults

Appearance 1.00 0.17 0.03 0.09 0.08
Odor 1.00 0.22 0.24 0.26*
Sweetness 1.00 0.66*** 0.58***
Taste 1.00 0.76***
Overall liking 1.00

Children
Appearance 1.00 0.33* 0.11 0.13 0.14
Odor 1.00 0.31* 0.39** 0.39***
Sweetness 1.00 0.78*** 0.67***
Taste 1.00 0.74***
Overall liking 1.00

B. PEAR drinks
Adults

Appearance 1.00 0.28* 0.06 0.10 0.22
Odor 1.00 0.29* 0.30* 0.26
Sweetness 1.00 0.73*** 0.64***
Taste 1.00 0.75***
Overall liking 1.00

Children
Appearance 1.00 0.28* 0.23 0.18 0.21
Odor 1.00 0.29* 0.27* 0.32*
Sweetness 1.00 0.65*** 0.62***
Taste 1.00 0.69***
Overall liking 1.00

* p < 0.05  * * p < 0.01 * * * P <  0 .001

l i k i n g  w e r e  t h e  m o s t  c l o s e l y  c o r r e l a t e d  ( T a b l e  3 ) .  T h e  c o r r e 

l a t i o n  o f  o d o r  w i t h  o t h e r  a t t r i b u t e s  w a s  w e a k e r ,  a n d  
a p p e a r a n c e  c o r r e l a t e d  o n l y  s l i g h t l y  w i t h  o t h e r  s e n s o r y  a t t r i 
b u t e s .  T h i s  t r e n d  w a s  s i m i l a r  i n  a l l  t h e  s u b g r o u p s .  M u l t i p l e  
r e g r e s s i o n  a n a l y s i s  w a s  c a r r i e d  o u t  t o  p r e d i c t  t h e  s i g n i f i c a n c e  
o f  s e n s o r y  a t t r i b u t e s  f o r  o v e r a l l  l i k i n g .  B e c a u s e  o f  m u l t i 

c o l i n e a r i t y  c a u s e d  b y  t h e  t a s t e  x  s w e e t n e s s  i n t e r a c t i o n ,  t h e  
c o m b i n a t i o n  o f  t h e s e  t w o  p a r a m e t e r s  w a s  t a k e n  a s  o n e  
i n d e p e n d e n t  v a r i a b l e .  I n  a l l  m o d e l s ,  c o m p u t e d  s e p a r a t e l y  
f o r  t h e  f o u r  s u b g r o u p s ,  t a s t e  a n d  s w e e t n e s s  w e r e  s i g n i f i c a n t ,  
b u t  t h e i r  i n t e r a c t i o n  w a s  n o t  ( T a b l e  4 ) .  O d o r  w a s  o f  l e s s  
s i g n i f i c a n c e ,  a n d  a p p e a r a n c e  w a s  o f  a l m o s t  n e g l i g i b l e  i m p o r 
t a n c e .  I n  t h e  d i f f e r e n t  s u b g r o u p s ,  u p  t o  6 0 %  o f  t h e  o v e r a l l  

l i k i n g  r e s p o n s e s  w e r e  e x p l a i n e d  b y  t h e  p l e a s a n t n e s s  o f  t h e  
s e n s o r y  a t t r i b u t e s .  I n  g e n e r a l ,  t h e  r e g r e s s i o n  e q u a t i o n s  o f  
t h e  y o u n g  a d u l t s  a n d  c h i l d r e n  c o r r e s p o n d e d  t o  e a c h  o t h e r ,  
a l t h o u g h  i n  t h e  e q u a t i o n s  o f  t h e  d a t a  f r o m  t h e  y o u n g e r  
g r o u p ,  s w e e t n e s s  s e e m e d  t o  b e c o m e  m o r e  p r o n o u n c e d .

V e r b a l l y  e x p r e s s e d  s i g n i f i c a n c e s  o f  d i f f e r e n t  s e n s o r y  

a t t r i b u t e s  f o r  t h e  a c c e p t a n c e  o f  s o f t  d r i n k s  d i s p l a y e d  r a t h e r
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IMPORTANCE OF COLOR, FLA VOR A N D  SWEETNESS. . .

Table 4—Pleasantness o f taste, sweetness, odor and appearance as factors explaining overall liking of soft drinks: stepwise multiple regression 
analysis, regression coefficients ___________________________________________________________

Subject group Taste Sweetness Taste x Sweetness Odor Appearance Constant R2 (%)

A. RASPBERRY drinks
Adults 0 66*** 0.13** - 0.10* - 0.27 58.85
Children 0.52*** 0.22*** - 0.13*** - 0.49 58.24

B. PEAR drinks
Adults 0.59*** 0.21*** — - 0.19*** -0 .3 0 60.96
Children 0.48*** 0.29*** - 0.13** - 0.46 53.78

* p <  0.05 * * p < 0 . 0 1  * * *  p <  0.001

Table 5—Reports by subjects on the importance o f sensory attri
butes in the acceptance o f soft drinks

Importance3

Ade Its Children Significance
Attribute (N = 224) (N = 224) t value

Taste 3.9 ± 0.4 3.8 ± 0.6 1.79
Sweetness 3.0 ± 0.8 3.3 ± 0.8 3.34***
Odor 2.6 ± 0.7 2.5 ± 0.8 2.19*
Appearance 2.4 ± 0.8 2.1 ± 0.8 3.42***

3 1 = indifferent, 4 - extremely  important ;  means and standard 
deviations are given.

* p <  0.05  
* * *  p <  0 .001

s i m i l a r  t r e n d s  f o r  b o t h  g r o u p s  ( T a b l e  5 ) .  T a s t e  w a s  t h e  m o s t  
i m p o r t a n t  c r i t e r i o n  o f  a c c e p t a n c e .  C h i l d r e n  p u t  m o r e  e m 

p h a s i s  o n  s w e e t n e s s ,  w h e r e a s  t h e  y o u n g  a d u l t s  c o n s i d e r e d  
a p p e a r a n c e  a n d  o d o r  t o  b e  m o r e  i m p o r t a n t  t h a n  d i d  t h e  

c h i l d r e n .

DISCUSSION

T H E  A N A L Y S I S  O F  F A C T O R S  i n f l u e n c i n g  o v e r a l l  l i k i n g ,  
w h e t h e r  p e r f o r m e d  o n  t h e  l e v e l  o f  s a m p l e  p a r a m e t e r s ,  

s e n s o r y  a t t r i b u t e s  o r  v e r b a l l y  e x p r e s s e d  o p i n i o n s ,  r e v e a l e d  
t h e  s i g n i f i c a n c e  o f  t a s t e  a n d  s w e e t n e s s  f o r  h e d o n i c  r e s p o n s e s  
t o  s o f t  d r i n k  s a m p l e s .  T h i s  i s  i n  a g r e e m e n t  w i t h  S c h ü t z  a n d  
W a h l  ( 1 9 8 1 ) ,  w h o ,  i n  t h e i r  q u e s t i o n n a i r e  s t u d y ,  f o u n d  t h a t  
f l a v o r  w a s  p a r t i c u l a r l y  i m p o r t a n t  f o r  l i q u i d  f o o d  p r o d u c t s ,  
a n d  w i t h  S z c z e s n i a k  ( 1 9 7 2 ) ,  w h o  r e p o r t e d  f l a v o r  a s  t h e  

m a i n  c r i t e r i o n  o f  b e v e r a g e  p r e f e r e n c e s  a m o n g  t e e n a g e r s .  
T h e  c o m m e n t s  b y  t h e  s u b j e c t s  o f  P a n g b o r n  e t  a l .  ( 1 9 6 0 ) ,  
a n d  o f  P a n g b o r n  a n d  L e o n a r d  ( 1 9 5 8 ) ,  a s  r e a s o n s  f o r  s e n 
s o r y  r e s p o n s e s  t o  f l a v o r e d  d r i n k s  a l s o  e m p h a s i z e  t h e  s i g n i f i 
c a n c e  o f  s w e e t n e s s  a n d  f l a v o r .

S w e e t n e s s  a p p e a r s  t o  o c c u p y  a n  i m p o r t a n t  p o s i t i o n  
a m o n g  f l a v o r  a t t r i b u t e s .  M e m b e r s  o f  s o c i e t i e s  o t h e r w i s e  
d i v e r g i n g  c o n s i d e r a b l y  : n  t h e i r  t a s t e  h a b i t s  s h a r e  t h e  p r e f e r 
e n c e  f o r  s w e e t n e s s  ( M o s k o w i t z  e t  a l . ,  1 9 7 5 ) .  S w e e t n e s s  h a s  
a l s o  b e e n  s u g g e s t e d  t o  c o n s t i t u t e  o n e  o f  t h e  b a s i c  d i m e n 
s i o n s  r e g u l a t i n g  p r e f e r e n c e  b e h a v i o r  ( P i l g r i m  a n d  K a m e n ,  
1 9 5 9 ) .  I n  a d d i t i o n  t o  t h e  p r e s e n t  w o r k ,  o t h e r  s e n s o r y  
s t u d i e s  h a v e  a l s o  s h o w n  t h a t  s w e e t n e s s  f o r m s  a n  i m p o r t a n t  
c r i t e r i o n  f o r  o v e r a l l  l i k i n g  ( E n n i s  e t  a l . ,  1 9 7 9 ;  P a n g b o r n  e t  
a l . ,  1 9 6 0 ;  P a n g b o r n  a n d  L e o n a r d ,  1 9 5 8 ) .  A  s u c r o s e  c o n c e n 
t r a t i o n  i n  s o f t  d r i n k s  o f  a r o u n d  1 0 %  w a s  p r e f e r r e d  b y  a  

m a j o r i t y  o f  A m e r i c a n  s u b j e c t s  ( P a n g b o r n ,  1 9 8 0 )  a n d  t h e  
s a m e  w a s  t r u e  i n  t h e  p r e s e n t  s t u d y .

I n  h e r  a n a l y s i s ,  S c h j f f m a n  ( 1 9 7 9 )  f o u n d  t h a t  b e v e r a g e s  
w e r e  e v a l u a t e d  a c c o r d i n g  t o  t w o  c r i t e r i a :  s w e e t n e s s  a n d  
f a m i l i a r i t y .  I n  t h e  p r e s e n t  s t u d y  t h e  s a m p l e s  c o n t a i n i n g  a  
f l a v o r a n t  a n d  a  f a m i l i a r  s u c r o s e  c o n c e n t r a t i o n  ( 9 % )  o b v i 
o u s l y  f u l f i l l e d  t h e s e  c r i t e r i a  a n d  w e r e  t h e r e f o r e  r a t e d  h i g h l y  
i n  t h e  o v e r a l l  l i k i n g .  P o s i t i v e  a s s o c i a t i o n  b e t w e e n  f l a v o r  a n d  
s w e e t n e s s  w a s  a l s o  n o t e d  b y  P a n g b o r n  a n d  L e o n a r d  ( 1 9 5 8 ) .

C o l o r  h a d  o n l y  a  s l i g h t ,  i f  a n y ,  i n f l u e n c e  o n  o v e r a l l  
l i k i n g .  H o w e v e r ,  i t  is  w e l l  k n o w n  t h a t  c o l o r  f u n c t i o n s  a s  a

n e c e s s a r y  c u e  f o r  f l a v o r  i d e n t i f i c a t i o n  ( e . g .  D u B o s e  e t  a l . ,  

1 9 8 0 ;  H a l l ,  1 9 5 8 ) ,  a n d  t h a t  e v e n  a  s l i g h t  d e v i a t i o n  f r o m  
t h e  a c c u s t o m e d  h u e  m a y  c o n s i d e r a b l y  c h a n g e  a  p r e f e r e n c e  

r a t i n g  ( M a r t e n s  e t  a l . ,  1 9 8 3 ) .  T h i s  e x p l a i n s  t h e  n e e d  f o r  
a r t i f i c i a l  c o l o r i n g  i n  m a n y  p r o d u c t s  w h i c h  t h e m s e l v e s  a r e  

c o l o r l e s s .  I n  t h e  p r e s e n t  s t u d y  t h e  s a m p l e s  w e r e  n o t  i d e n t i 
f i e d  a s  “ r a s p b e r r y ”  o r  “ p e a r ”  d r i n k s ,  b u t  o n l y  a s  s o r t  
d r i n k s .  T h e  l a c k  o f  f l a v o r  s p e c i f i c a t i o n  m o s t  p r o b a b l y  
e x p l a i n s  t h e  i n s i g n i f i c a n c e  o f  c o l o r ;  i n  a n  e a r l i e r  s t u d y  
f l a v o r  s p e c i f i c a t i o n  w a s  f o u n d  t o  i n f l u e n c e  c o l o r  r a t i n g s  
( T u o r i l a - O l l i k a i n e n ,  1 9 8 2 ) .  T h e  f a c t  t h a t  a d u l t  s u b j e c t s  
r e a c t e d  n e g a t i v e l y  t o  c o l o r e d ,  b u t  o t h e r w i s e  d e f e c t i v e  
s a m p l e s  a l s o  s u g g e s t s  t h a t  t h e  p r i n c i p a l  r o l e  o f  c o l o r  i s  a s  
a n  a r o u s e r  o f  e x p e c t a t i o n s  a n d  a s s o c i a t i o n s .  H o w e v e r ,  t h e  

r e s u l t  a l s o  c a l l s  f o r  a  c r i t i c a l  e x a m i n a t i o n  o f  t h e  “ n e e d ”  f o r  
a r t i f i c i a l  c o l o r a n t s ;  t h e s e  n e e d s  m a y  f l u c t u a t e .  I t  i s  w o r t h y  
o f  n o t e  t h a t  o n  t h e  F i n n i s h  s o f t  d r i n k  m a r k e t  c o l o r l e s s  s o f t  

d r i n k s  c o n s t i t u t e  a b o u t  o n e - f i f t h  o f  t o t a l  s a l e s  ( M a r t i n o f f ,
1 9 8 2 ) .  T h u s ,  t h e  s u b j e c t s  w e r e  m o s t  p r o b a b l y  f a m i l i a r  w i t h  

b o t h  c o l o r l e s s  a n d  c o l o r e d  s o f t  d r i n k  p r o d u c t s .
P l e a s a n t n e s s  r a t i n g s  o f  d i f f e r e n t  s e n s o r y  a t t r i b u t e s  o n l y  

p a r t i a l l y  e x p l a i n e d  o v e r a l l  l i k i n g  r e s p o n s e s .  T h i s  r e f l e c t s  t h e  
c o m p l e x ,  m u l t i d i m e n s i o n a l  n a t u r e  o f  a  h e d o n i c  r e s p o n s e  

( H i r s c h m a n  a n d  H o l b r o o k ,  1 9 8 2 ) .  T h e  s e n s o r y  a t t r i b u t e s  
m e a s u r e d  i n  t h i s  s t u d y  m a y  h a v e  c o v e r e d  t h e  s e n s o r y  d_- 

m e n s i o n s  o f  t h e  p r o d u c t ,  b u t  t h e y  c o u l d  n o t  c o v e r  t h e  
p o s s i b l e  m e n t a l  i m a g e s  a n d  f a n t a s i e s  w h i c h ,  t o g e t h e r  w i t h  
t h e  a c t u a l  s a m p l e  p r o p e r t i e s ,  c r e a t e  t h e  s a m p l e  i m a g e .

I n  g e n e r a l  t h e  r e a c t i o n s  o f  y o u n g  a d u l t s  a n d  c h i l d r e n  
w e r e  s i m i l a r ,  b u t  c h i l d r e n  s e e m e d  t o  p u t  m o r e  e m p h a s i s  

o n  s w e e t n e s s  a t  t h e  e x p e n s e  o f  o t h e r  s e n s o r y  a t t r i b u t e s .  
T h e  i m p o r t a n c e  o f  s w e e t n e s s  t o  y o u n g e r  a g e  g r o u p s  h a s  
p r e v i o u s l y  b e e n  i n d i c a t e d  b y  P a n g b o r n  a n d  L e o n a r d  ( 1 9 5 8 )  
a n d  b y  D e s o r  e t  a l .  ( 1 9 7 5 ) .  T h e  r e s u l t  m a y  b e  a n  i n d i c a t i o n  

o f  t r u l y  d i f f e r e n t  s e n s o r y  p r e f e r e n c e s ,  b u t  i t  m a y  a l s o  i m p l y  
a n  i n a b i l i t y  o f  c h i l d r e n  t o  c o m p r e h e n d  o r  a p p r e c i a t e  t h e  

c o m p l e x  s p e c t r u m  o f  p r o p e r t i e s  w h i c h  m a k e  u p  a  c e r t a i n  
p r o d u c t .
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D e t e r m i n a t i o n  o f  I n d i v i d u a l  S i m p l e  S u g a r s  i n  

A q u e o u s  S o l u t i o n  b y  N e a r  I n f r a r e d  S p e c t r o p h o t o m e t r y

GERALD G. DULL and ROBERTO GIANGIACOMO

A B ST R A C T ----------------------------------  MATERIALS & METHODS
A n  a p p r o a c h  is  p r e s e n t e d  f o r  u s in g  n e a r  in f r a r e d  r e g io n  ( N I R )  
s p e c t r o p h o t o m e t r y  t o  d e t e r m in e  t h e  i n d iv id u a l  s im p le  su g a rs  
(g lu c o s e ,  f r u c to s e ,  a n d  s u c r o s e )  in  a q u e o u s  s o lu t io n s  r a n g in g  f r o m  
3 -  5 2 %  (w /w ) .  T h e  9 5 %  c o n f id e n c e  l im i t s  o f  t h e  m e t h o d  f o r  g lu 
c o s e ,  f r u c to s e ,  a n d  s u c r o s e  w e r e  + 1 .3 ,  1 .0 , 0 .9 % , r e s p e c t iv e ly .

INTRODUCTION

M E A S U R E M E N T  o f  s o l u b l e  s o l i d s  i s  a  g e n e r a l l y  a c c e p t e d  
p r a c t i c e  u s e d  i n  f o l l o w i n g  q u a l i t y  c h a n g e s  i n  a  n u m b e r  o f  
f r u i t s  a n d  v e g e t a b l e s .  R e c o g n i z i n g  t h a t  s o l u b l e  s o l i d s  i s  a  
m e a s u r e  o f  s u g a r s  p r i m a r i l y ,  b u t  n o t  e x c l u s i v e l y ,  t h e  c a p a 
b i l i t y  o f  f o l l o w i n g  t h e  c o n c e n t r a t i o n s  o f  s p e c i f i c  s i m p l e  
s u g a r s  r a p i d l y  a n d  n o n d e s t r u c t i v e l y  d u r i n g  d e v e l o p m e n t  
a n d  p o s t h a r v e s t  s t o r a g e  o f  f r u i t s  a n d  v e g e t a b l e s  i s  a  c r i t i c a l  

n e e d  i n  e v a l u a t i n g  t h e  q u a l i t y  o f  t h e s e  p r o d u c t s .  N e a r  i n 
f r a r e d  r e g i o n  ( N I R )  s p e c t r o p h o t o m e t r y  i s  t h e  m o s t  p r o m i s 
i n g  o f  s e v e r a l  n o n d e s t r u c t i v e  m e t h o d s  w h i c h  h a v e  t h e  

p o t e n t i a l  o f  m e e t i n g  t h i s  n e e d .  T h i s  t e c h n i q u e  is  p r e s e n t l y  
i n  w i d e  u s e  i n  d e t e r m i n i n g  c h e m i c a l  c o n s t i t u e n t s  a n d  
q u a l i t y  p a r a m e t e r s  i n  a g r i c u l t u r a l  p r o d u c t s ,  a s  d i s c u s s e d  
i n  a  r e c e n t  r e v i e w  ( P o l e s e l l o  a n d  G i a n g i a c o m o ,  1 9 8 3 ) .  
H o w e v e r ,  m o s t  o f  t h e s e  d e t e r m i n a t i o n s  a r e  a p p l i e d  t o  d r y  
o r  l o w  m o i s t u r e  p r o d u c t s  ( l e s s  t h a n  1 5 %  m o i s t u r e )  a n d  a r e  
n o t  p r a c t i c a b l e  f o r  f r e s h  f r u i t s  a n d  v e g e t a b l e s .

I n  t h e  c o u r s e  o f  d e v e l o p i n g  a  n o n d e s t r u c t i v e  m e t h o d  f o r  

m e a s u r i n g  s p e c i f i c  s i m p l e  s u g a r s  i n  f r u i t  t i s s u e s  b y  N I R  
s p e c t r o p h o t o m e t r y ,  w e  h a v e  e n c o u n t e r e d  a  n u m b e r  o f  o b 
s t a c l e s .  P r e l i m i n a r y  i n d i c a t i o n s  ( D u l l  e t  a l . ,  1 9 7 8 )  h a v e  
e n c o u r a g e d  u s  t o  c o n t i n u e  o u r  e f f o r t s  i n  t h i s  a r e a .  I n  t h a t  
w o r k ,  i t  w a s  p o i n t e d  o u t  t h a t  s u g a r  s p e c t r a  h a v e  a b s o r p 
t i o n  b a n d s  i n  t h e  w a v e l e n g t h  r e g i o n  f r o m  9 0 0  -  1 3 0 0  n m .  

W a t e r  a l s o  h a s  a b s o r p t i o n  b a n d s  i n  t h i s  r e g i o n .  W e  a t t r i b 
u t e d  o u r  d i f f i c u l t i e s  i n  t h a t  w o r k  t o  t h e  a b s o r p t i o n  o f  
r a d i a t i o n  b y  w a t e r  w h i c h  w a s  s t r o n g  i n  c o m p a r i s o n  t o  t h e  
a b s o r p t i o n  b y  s u g a r s .  W e  r e a s o n e d  t h a t  i t  w o u l d  b e  n e c e s 
s a r y  t o  e s t a b l i s h  f i r s t  t h a t  i t  w a s  p o s s i b l e  t o  o b t a i n  s a t i s f a c 
t o r y  N I R  m e a s u r e m e n t s  o n  i n d i v i d u a l  d r y  s u g a r s .  S u c c e s s 

f u l  r e s u l t s  w e r e  o b t a i n e d  w i t h  d r y  s u g a r s  i n  t h e  r a n g e  
9 5 0  -  1 8 5 0  n m  ( G i a n g i a c o m o  e t  a l . ,  1 9 8 1 ) .  W i t h  t h e  

k n o w l e d g e  t h a t  t h e  N I R  s p e c t r a  o f  s i m p l e  s u g a r s  c o n t a i n  
s u f f i c i e n t  i n f o r m a t i o n  t o  e n a b l e  t h e  s p e c t r o p h o t o m e t r i c  
d e t e r m i n a t i o n  o f  d r y  s u g a r s ,  w e  a p p l i e d  t h e  s a m e  t e c h n i q u e  
t o  s u g a r  s o l u t i o n s ,  t a k i n g  a d v a n t a g e  o f  n e w  c o m p u t e r  
p r o g r a m s  w h i c h  w e r e  a v a i l a b l e  f o r  p r o c e s s i n g  t h e  s p e c t r a l  

d a t a .
T h i s  p a p e r  i n c l u d e s  t h e  r e s u l t s  o f  o u r  s t u d i e s  o n  t h e  

d e t e r m i n a t i o n  o f  g l u c o s e ,  f r u c t o s e ,  a n d  s u c r o s e  i n  a q u e o u s  

s o l u t i o n s  i n  t h e  c o n c e n t r a t i o n  r a n g e  3  -  5 2 %  ( w / w )  u s i n g  
N I R  s p e c t r o p h o t o m e t r y .
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S a m p le  p r e p a r a t i o n

S a m p le s  o f  g lu c o s e ,  f r u c t o s e ,  a n d  s u c r o s e  u s e d  in  t h i s  w o r k  
w e re  e s ta b l i s h e d  a s  p u r e  s in g le  s u g a r s  b y  h ig h  p e r f o r m a n c e  l iq u id  
c h r o m a to g r a p h y .  S a m p le s  o f  e a c h  s u g a r  w e r e  p r e p a r e d  in  d i s t i l le d  
w a te r  a t  c o n c e n t r a t i o n s  o f  1 .5 ,  8 , 1 5 ,  2 4 ,  3 5 ,  4 8 ,  a n d  6 0 %  o n  a  w /w  
b a s is .  E a c h  s o lu t io n  w a s  r e p l i c a t e d  f o u r  t im e s .  T h e s e  s a m p le s  w e re  
d e s ig n a te d  a s  t h e  c a l i b r a t i o n  s e t .  A  s e c o n d  s e t  o f  s u g a r  s a m p le s  w a s  
p r e p a r e d  u s in g  t h e  c o n c e n t r a t i o n s  o f  3 ,  1 2 ,  2 0 ,  3 6 ,  a n d  5 2 %  f o r  
e a c h  s u g a r ,  r e p l i c a t e d  f o u r  t im e s .  T h i s  s e t  o f  s a m p le s  w a s  d e s ig n a te d  
a s  t h e  p r e d i c t i o n  s e t .

S p e c t r a l  d a t a  a c q u i s i t i o n  a n d  p r o c e s s in g

T h e  in s t r u m e n t  u s e d  in  t h i s  w o r k  w a s  a  m o d i f i e d  S p e c t r o C o m -  
p u t e r  p r o d u c e d  b y  t h e  N e o te c  C o m p a n y .  I t  i s  m a d e  u p  o f  a  C a ry  
m o n o c h r o m a t o r ,  a  l e a d  s u l f id e  d e t e c t o r ,  a n d  a  D a ta  G e n e r a l  c o m 
p u t e r .  T h e  s y s te m  is  d e s c r ib e d  in  d e t a i l  e l s e w h e r e  ( R o s e n t h a l  e t  a l . ,
1 9 7 6 ) .  W e u s e d  a  t r a n s m i t t a n c e  (T )  g e o m e t r y  i n  w h ic h  t h e  i n c id e n t  
r a d i a t i o n  p a s s e d  t h r o u g h  th e  s a m p le .  S in c e  t h e  i n s t r u m e n t  is  a  s in g le  
b e a m  ty p e ,  i t  w a s  n e c e s s a ry  t o  u s e  t h e  e m p t y  c e ll a s  a  r e f e r e n c e  
s t a n d a r d .  T h e  c e l l  p a t h  l e n g th  w a s  2 .7 4  m m .  T h e  s a m p le  c e l ls  u s e d  
in  t h i s  w o r k  w e r e  c o n s t r u c t e d  w i t h  a n  a lu m in u m  b o d y  a n d  q u a r t z  
e n d  p la te s .  T h e  p a t h  le n g th  w a s  v a r ie d  b y  u s in g  a p p r o p r i a t e  s p a c e r s  
b e tw e e n  t h e  t o p  a n d  b o t t o m  e n d  p la te s .  S in c e  t h e  p a t h  l e n g th  ( a n d  
t h e r e f o r e  t h e  s a m p le  v o lu m e )  w a s  f i x e d ,  t h e  p r e d i c t e d  c o n c e n t r a 
t i o n s  w e re  o n  a  %  w e ig h t /v o lu m e  b a s is .  T h e  r e s u l t s  w e re  c o n v e r te d  
t o  o u r  s t a n d a r d  c o n c e n t r a t i o n  u n i t s  (%  w e ig h t /w e ig h t )  b y  d iv id in g  
t h e  s p e c t r a l  d a t a  b y  t h e  d e n s i t y  o f  e a c h  s p e c i f i c  s a m p le .  T h e  s p e c i f i c  
w a v e le n g th  r a n g e  u s e d  in  t h i s  s t u d y  w a s  1 5 5 0  -  1 8 5 0  n m .  T h e  
m o n o c h r o m a t o r  s l i t  w a s  s e t  a t  2  m m ,  w h ic h  g a v e  a n  e f f e c t iv e  
b a n d p a s s  o f  7  n m .  W e  c o l l e c t e d  1 0 0 0  d a t a  p o i n t s  i n  e a c h  s p e c t r u m  
w i t h  a  w a v e le n g th  i n c r e m e n t  o f  0 .3  n m  p e r  d a t a  p o i n t .  T h e  s p e c 
t r a l  d a t a  w e re  r e c o r d e d  a s  lo g  1 /T .  T h e  in s t r u m e n t  n o i s e  le v e l 
w a s  f o u n d  to  b e  0 .0 0 1 5  o p t i c a l  d e n s i t y  ( O D )  u n i t s ,  p e a k  t o  p e a k ,  
o v e r  t h e  s p e c t r a l  r a n g e  b e in g  s tu d ie d .

T h e  m e t h o d o lo g y  u s e d  in  t h i s  w o r k  d e p e n d e d  u p o n  t h e  c o m 
p u t a t i o n  o f  d e r iv a t iv e s  o f  s p e c t r a  in  r e l a t i o n  t o  c h a n g e s  i n  c o m p o 
n e n t  c o n c e n t r a t i o n s .  T h e  b e s t  r e s u l t s  w e r e  o b t a i n e d  u s in g  s e c o n d  
d e r iv a t iv e  d a t a  p ro c e s s in g .  T h e  d a t a  w e r e  p r o c e s s e d  in  a  s e c o n d  
d e r iv a t iv e  f o r m  u s in g  t h e  p r o c e d u r e  a n d  c o m p u t e r  p r o g r a m s  d e s 
c r ib e d  b y  N o r r i s  a n d  M ass ie  ( 1 9 8 1 ) .  T h e  s e c o n d  d e r iv a t iv e  f o r  t h e  
lo g  1 /T  a t  a  n o m in a l  w a v e le n g th  B  w a s  o b t a i n e d  f r o m  t h e  c a l c u la 
t i o n  A  +  C  -  2 B , w h e re  A  a n d  C  r e p r e s e n te d  v a lu e s  f o r  lo g  1 /T  
a t  w a v e le n g th s  b e lo w  a n d  a b o v e  B . T h e  s e p a r a t i o n s  b e tw e e n  A ,  B , 
a n d  C  a r e  t e r m e d  g a p s .  T h e  e x a c t  n u m b e r  o f  d a t a  p o i n t s  i n  th e s e  
g a p s  w a s  o p t im iz e d  b y  s te p w is e  l in e a r  r e g r e s s io n  a n a ly s is  w i th  a 
c o m p u t e r  p r o g r a m  w h ic h  g a v e  t h e  h ig h e s t  c o r r e l a t i o n  c o e f f i c i e n t  
a n d  lo w e s t  p o s s ib le  s t a n d a r d  e r r o r  o f  e s t i m a te .  T h e  c o m p u t e r  p r o 
g r a m  m a d e  i t  p o s s ib le  t o  u s e  a  s e c o n d  d e r iv a t iv e  a t  a  s p e c i f i c  w a v e 
l e n g th  o r  t h e  r a t i o  o f  tw o  s e c o n d  d e r iv a t iv e s  a t  tw o  d i f f e r e n t  w a v e 
le n g th s .  N o r r i s  ( 1 9 8 3 )  s t a t e d  t h a t  t h e  u s e  o f  t h e  d e r iv a t iv e  r a t i o  w a s  
n e c e s s a r y  t o  c o m p e n s a t e  f o r  p a t h  l e n g th  v a r i a t i o n s  d u e  t o  d i f f e r 
e n t  p a r t i c le  s iz e s  a n d  c o n s t i t u e n t s .  I n  t h e  r a t i o  m e t h o d ,  t h e  r e g r e s 
s io n  a n a ly s is  c o m p o n e n t  o f  t h e  p r o g r a m  c o m p a r e d  a l l  t h e  r a t i o s  o f  
t h e  s e c o n d  d e r iv a t iv e  a t  a  w a v e le n g th  t o  t h e  s e c o n d  d e r iv a t iv e  a t  
e a c h  w a v e le n g th  i n  t h e  r e g io n  s c a n n e d  a n d  id e n t i f i e d  t h e  w a v e 
le n g th s  o f  t h e  s e c o n d  d e r iv a t iv e  r a t i o  g iv in g  t h e  h ig h e s t  c o r r e l a t i o n  
w i t h  t h e  c h e m ic a l  d a t a .  T h e  w a v e le n g th s  i n  t h i s  r a t i o  a r e  r e f e r r e d  
t o  a s  t h e  n u m e r a t o r  a n d  d e n o m i n a t o r  w a v e le n g th s .  B o t h  s in g le  
d e r iv a t iv e s  a n d  d e r iv a t iv e  r a t i o s  w e r e  u s e d  f o r  t h i s  s t u d y .

E a c h  c a l ib r a t i o n  a n d  p r e d i c t i o n  s a m p le  w a s  s c a n n e d  t h r e e  t im e s  
a n d  t h e  s c a n s  w e re  a v e r a g e d  t o  g iv e  a  s in g le  s p e c t r u m  f o r  e a c h  r e p l i 
c a t e  o f  e a c h  c o n c e n t r a t i o n  o f  e a c h  s u g a r .  T h e  s p e c t r a l  d a t a  f o r  t h e  
c a l i b r a t i o n  s e t  w e r e  p r o c e s s e d  t o  d e v e lo p  a  r e g r e s s io n  e q u a t i o n
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w h ic h  c o u ld  b e  u s e d  f o r  p r e d i c t i o n  p u r p o s e s .  S p e c t r a l  d a t a  w e re  
c o l l e c t e d  f o r  p r e d i c t i o n  s a m p le s  a n d  th e  d a t a  w e re  u s e d  to  p r e d i c t  
t h e  s u g a r  c o n c e n t r a t i o n s  _n t h a t  s e t .

S ta t i s t i c a l  a n a ly s is

T h e  p e r f o r m a n c e  o f  : h e  N IR  p r o c e d u r e  w a s  f o l l o w e d  b y  c a lc u 
la t in g  t h e  s t a n d a r d  e r r o r  w h ic h  is  t h e  s q u a r e  r o o t  o f  t h e  s u m  o f  t h e  
s q u a r e s  o f  t h e  d i f f e r e n c e s  b e tw e e n  t h e  a c t u a l  a n d  p r e d i c t e d  v a lu e s  
d iv id e d  b y  n -2 .  T h e  s t a n d a r d  e r r o r  f o r  t h e  c a l i b r a t i o n  s e t  is c a l le d  
t h e  s t a n d a r d  e r r o r  o f  c a l i b r a t i o n  (S E C ) .  T h e  s t a n d a r d  e r r o r  f o r  th e  
p r e d i c t i o n  s e t  is  c a l le d  t h e  s t a n d a r d  e r r o r  o f  p r e d i c t i o n  (S E P ) .  
T h e  s t a n d a r d  e r r o r s  a n d  c o n f id e n c e  l im i t s  w e re  c a l c u l a t e d  a c c o r d 
in g  to  L i t t l e  a n d  H ill  ( 1 9 7 8 ) .

RESULTS & DISCUSSION

I T  S H O U L D  B E  N O T E D  t h a t  t h e  g e n e r a l  a p p r o a c h  o f  c l a s 

s i c  s p e c t r o p h o t o m e t r y  w a s  t h e  b a s i s  f o r  t h i s  w o r k ;  h o w 
e v e r ,  t h e  a c q u i s i t i o n  a n d  m a t h e m a t i c a l  t r e a t m e n t  o f  s p e c 
t r a l  d a t a  w h i c h  w e r e  c o r r e l a t e d  w i t h  c o m p o n e n t  c o n c e n 
t r a t i o n s  r e p r e s e n t e d  a  m a j o r  d e p a r t u r e  f r o m  t h e  s t a n d a r d  
p r o c e d u r e .  T h e  a b s o r p t i o n  a t  a  s i n g l e  w a v e l e n g t h  w a s  n o t  
a d e q u a t e  f o r  t h e  d e t e r m i n a t i o n  o f  s u g a r s  i n  a q u e o u s  s o l u 
t i o n s .  F o r  t h i s  r e a s o n ,  t h e  d e r i v a t i v e  s p e c t r o p h o t o m e t r y  

a p p r o a c h  w a s  u s e d .
I n  p r e l i m i n a r y  w o r k ,  t h e  r e g i o n  f r o m  1 0 0 0  -  2 2 0 0  n m  

w a s  s c a n n e d  u s i n g  a  c e l l  p a t h  l e n g t h  o f  0 . 2 5 4  m m ,  a n d  a  

p r o b l e m  o f  n o n r e p r o c u c i b i l i t y  o f  s e l e c t i o n  o f  w a v e l e n g t h s  
f o r  e a c h  s u g a r  w a s  e n c o u n t e r e d .  H o w e v e r ,  t h e  w o r k  d i d

WAVELENGTH (nm)

Fig. 1—Absorption spectra o f glucose (- - -), fructose (■ ■ ■ ), and 
sucrose (-—)in 35% (w/w) aqueous solutions.

Fig. 2-Second derivative spectra o f glucose (- - fructose (■ ■ ■ ), 
and sucrose f— ) in 35% (w/w) aqueous solution.

p r o d u c e  i n f o r m a t i o n  w h i c h  s u b s t a n t i a t e d  t h e  c o n t e n t i o n  
t h a t  t h e  w a v e l e n g t h  r e g i o n  o f  1 5 5 0  -  1 8 5 0  n m  c o n t a i n e d  
s p e c t r a l  i n f o r m a t i o n  w h i c h  c a n  b e  u s e d  i n  t h e  d e t e r m i n a 

t i o n  o f  s p e c i f i c  s u g a r s .  W e  r e a s o n e d  t h a t  t h e  n o n r e p r o d u c i 
b i l i t y  w a s  d u e  t o  i n a d e q u a t e  a b s o r p t i o n  b y  t h e  s u g a r s  i n  
c o m p a r i s o n  t o  t h e  a b s o r p t i o n  b y  w a t e r  i n  t h e  w a v e l e n g t h  
r e g i o n  s c a n n e d .  T o  m i n i m i z e  t h i s  p r o b l e m ,  a  w a v e l e n g t h  

r e g i o n  w a s  s e l e c t e d  w h i c h  r e p r e s e n t s  a  s p e c t r a l  w i n d o w  
b e t w e e n  t w o  m a j o r  w a t e r  a b s o r p t i o n  b a n d s  a t  1 4 5 0  a n d  

1 9 4 0  n m .  T h i s  c h o i c e  p e r m i t t e d  u s e  o f  a  l o n g e r  c e l l  p a t h  

( 2 . 7 4  m m )  w h i c h  r e s u l t e d  i n  a  m o r e  f a v o r a b l e  d e t e c t i o n  o f  
a b s o r p t i o n  b y  t h e  s u g a r s .

A b s o r p t i o n  s p e c t r a  o f  3 5 %  s o l u t i o n s  o f  g l u c o s e ,  f r u c 
t o s e ,  a n d  s u c r o s e  i n  t h e  w a v e l e n g t h  r a n g e  1 5 5 0  -  1 8 5 0  
n m  a r e  p r e s e n t e d  i n  F i g .  1 . T o  t h e  e y e ,  a n d  b a s e d  u p o n  c l a s 

s i c  s p e c t r o p h o t o m e t r y ,  t h e r e  d i d  n o t  a p p e a r  t o  b e  s u f f i 
c i e n t  s p e c t r a l  c h a r a c t e r  t o  e n a b l e  t h e  u s e  o f  t h e s e  d a t a  f o r  

p r e d i c t i o n  p u r p o s e s .  W i t h  t h e  u s e  o f  s e c o n d  d e r i v a t i v e  
p r o c e s s i n g ,  s u b t l e  c h a n g e s  i n  t h e s e  s p e c t r a  w e r e  e n h a n c e d  
t o  s u c h  a  d e g r e e  t h a t  c l e a r  d i f f e r e n c e s  b e t w e e n  t h e  t h r e e  
s u g a r s  a p p e a r ,  a s  s h o w n  i n  F i g .  2 .  T o  i l l u s t r a t e  t h e  c h a n g e s  
i n  s p e c t r a l  c h a r a c t e r  w i t h  c o n c e n t r a t i o n  o f  t h e  s a m p l e ,  
t h e  s e c o n d  d e r i v a t i v e  s p e c t r a  o f  g l u c o s e  s o l u t i o n s  o f  t h r e e  

d i f f e r e n t  c o n c e n t r a t i o n s  a r e  s h o w n  i n  F i g .  3  a n d  a r e  c o m 

p a r e d  w i t h  p u r e  w a t e r .  T h e  w a v e l e n g t h s  s e l e c t e d  w i t h  t h e  
c o m p u t e r  p r o g r a m  f o r  t h e  h i g h e s t  c o r r e l a t i o n  b e t w e e n  s p e c 
t r a l  a n d  c h e m i c a l  d a t a  a r e  l i s t e d  i n  T a b l e  1 . T h e  c o r r e l a t i o n  

c o e f f i c i e n t s  f o r  t h e  r e l a t i o n s h i p  b e t w e e n  s p e c t r a l  d a t a  a n d  
s u g a r  c o n c e n t r a t i o n s  e q u a l e d  o r  e x c e e d e d  0 . 9 9 9 5 .  I n  t h e  
c a s e  o f  g l u c o s e ,  u s e  o f  t h e  s e c o n d  d e r i v a t i v e  r a t i o ,  a s  o p 
p o s e d  t o  a  s i n g l e  s e c o n d  d e r i v a t i v e  v a l u e ,  c o n s i s t e n t l y  

r e s u l t e d  i n  a  h i g h e r  c o r r e l a t i o n  a n d  a  l o w e r  s t a n d a r d  e r r o r  
o f  c a l i b r a t i o n  ( S E C ) .  F o r  f r u c t o s e  a n d  s u c r o s e ,  t h e  s i n g l e  
d e r i v a t i v e  g a v e  t h e  b e s t  r e s u l t s .  T h e  r e g r e s s i o n  e q u a t i o n  

c o n s t a n t s  a n d  s t a n d a r d  e r r o r  o f  c a l i b r a t i o n s  a r e  p r e s e n t e d  
i n  T a b l e  2 .  T h e  r e g r e s s i o n  e q u a t i o n s  w e r e  u s e d  t o  c o m p u t e  

t h e  c o n c e n t r a t i o n s  o f  s u g a r s  i n  t h e  p r e d i c t i o n  s a m p l e s  T h e  
p r e d i c t i o n  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  3 .

T h e  9 5 %  c o n f i d e n c e  l i m i t s  f o r  p r e d i c t i o n s  o f  g l u c o s e ,  
f r u c t o s e ,  a n d  s u c r o s e  w e r e  ± 1 . 3 ,  1 . 0 ,  a n d  0 . 9 % ,  r e s p e c t i v e 
l y .  T h i s  l e v e l  o f  a n a l y t i c a l  p r e c i s i o n  i s  i n  a g r e e m e n t  w i t h  t h e  

l i m i t a t i o n s  i m p o s e d  b y  t h e  i n h e r e n t  i n s t r u m e n t  n o i s e  l e v e l  
o f  0 . 0 0 1 5  O D  u n i t s .  T h i s  n o i s e  l e v e l  e q u a t e s  t o  a  s u g a r  
c o n c e n t r a t i o n  d i f f e r e n c e  o f  ± 0 . 8 % .  T h e r e f o r e ,  t h e  c o m b i n a 
t i o n  o f  i n s t r u m e n t  n o i s e  a n d  s a m p l i n g  e r r o r  r e s u l t  i n  a  

m i n i m u m  d e t e c t a b l e  d i f f e r e n c e  i n  s u g a r  c o n c e n t r a t i o n  o f  
2 % .

Fig. 3—Second derivative spectra o f glucose solutions at three differ
ent concentrations compared with pure water.
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Table 1 -Numerator and denominator wavelengths at which the 
highest correlations occurred between second derivative data and 
concentrations o f glucose, fructose, and sucrose in aqueous solutions

Numerator
wavelength

nm

Denominator
wavelength

nm

Correlation
coefficient

r

Glucose 1600 1687 0.9996
Fructose 1727 — 0.9999
Sucrose 1732 — 0.9995

Table 2--Regression equation constants and standard errors o f cali-
brat!on (SEC) for correlations o f glucose, fructose, and sucrose
concentrations with second derivative data (Y  = A  + BX)

Sugar A B SEC

Glucose 58.4 -31.8 0.61
Fructose 69.5 491.4 0.29
Sucrose 91.8 672.6 0.66

CONCLUSIONS

A L L O W I N G  f o r  i n s t r u m e n t a t i o n  m o d i f i c a t i o n s  t o  r e d u c e  
t h e  i n s t r u m e n t  n o i s e  l e v e l  t o  0 . 0 0 0 1  O D  u n i t s ,  w e  b e l i e v e  

t h e  a c c u r a c y  o f  p r e d i c t i o n  c a n  b e  m a r k e d l y  i m p r o v e d  
o v e r  t h e  e n t i r e  c o n c e n t r a t i o n  r a n g e  1 .5  -  6 0 %  f o r  e a c h  
s u g a r .  P r e l i m i n a r y  t e s t s  i n d i c a t e  t h a t  t h e  m e t h o d  w i l l  
e n a b l e  o n e  t o  d e t e r m i n e  a l l  t h r e e  s u g a r s  i n  a  m i x t u r e  w i t h  
a  s i n g l e  s c a n ,  b u t  a d d i t i o n a l  w o r k  is  n e e d e d  t o  d e v e l o p  t h e  
c a l i b r a t i o n  p r o c e d u r e .

T h e s e  r e s u l t s  s u b s t a n t i a t e  t h e  c o n t e n t i o n  t h a t  N I R  
s p e c t r o p h o t o m e t r y  c a n  b e  u s e d  s u c c e s s f u l l y  t o  d e t e r m i n e  
t h e  c o n c e n t r a t i o n  o f  g l u c o s e ,  f r u c t o s e ,  a n d  s u c r o s e  i n  

a q u e o u s  s o l u t i o n s .
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I n t e r a c t i o n  o f  S u c r o s e  w i t h  S t a r c h  D u r i n g  D e h y d r a t i o n  

a s  S h o w n  b y  W a t e r  S o r p t i o n

P. CHIINIACHOTI and M. P. STEINBERG

----------------------------------- A BSTR AC T----------------------------------
C o m p o n e n t  i n t e r a c t io n s  in  t h e  s u c r o s e - s ta r c h - w a te r  s y s te m  w e re  
in v e s t ig a te d .  S ta r c h ,  s u c ro s e ,  a  m e c h a n ic a l  s t a r c h : s u c r o s e  m i x t u r e  
a n d  f o u r  p o w d e r s  o b t a in e d  b y  f r e e z e  d ry in g  d i lu t e  a q u e o u s  m ix tu r e s  
w e re  e q u i l i b r a t e d  t o  aw  ra n g in g  f r o m  0 . 3 3 - 0 .9 3 .  B o th  ra w  a n d  
g e l a t in iz e d  s ta r c h  w e re  i n c lu d e d .  S u c r o s e - s t a r c h  i n t e r a c t i o n  w a s  
d e t e r m in e d  b y  m e a s u r in g  t h e  r e d u c t i o n  in  w a te r  s o r p t io n  a s  c o m 
p a r e d  to  t h e o r e t i c a l .  O n ly  t h e  f r e e z e - d r ie d  m i x t u r e s  s h o w e d  in t e r 
a c t io n .  I n t e r a c t e d  s u c r o s e ,  c a l c u l a t e d  a s  t h e  s u c r o s e  t h a t  d id  n o t  
b in d  w a te r ,  ( 1 ) d e c r e a s e d  f r o m  a  m a x im u m  a t  0 .8 6  a w  t o  z e r o  a t  
0 .9 3 6  aw> a n d  (2 )  r o s e  s h a r p ly  w i th  in c r e a s in g  s u c r o s e - s ta r c h  r a t i o  
to  a m a x im u m  a t  a  r a t i o  o f  0 .4  a n d  d e c r e a s e d  to  z e r o  w i th  f u r t h e r  
in c r e a s e  in  r a t io  t o  1 .5 . M o re  s u c r o s e  i n t e r a c t e d  w i th  g e la t in iz e d  
th a n  ra w  s ta r c h .

INTRODUCTION

I N T E R A C T I O N S  b e t w e e n  c o n s t i t u e n t s  o f  a  f o o d  c a n  b e  
o f  p r o f o u n d  i m p o r t a n c e .  M o s t  f o o d s  c o n t a i n  m u c h  w a t e r  a t  
s o m e  s t a g e  i n  t h e i r  b i o l o g i c a l  d e v e l o p m e n t  a n d / o r  p r o c e s s 
i n g  s o  w a t e r  c a n  b e  v e r y  i m p o r t a n t  t o  s u c h  i n t e r a c t i o n s .  

T h e  h y d r a t i o n  o f  m a c r o m o l e c u l e s  i n  s a l t  s o l u t i o n s  is  
e x t r e m e l y  c o m p l e x  ( N e a l e  a n d  W i l l i a m s o n ,  1 9 5 6 ;  S c h u -  
m a k e r  a n d  C o x ,  1 9 6 1 ) .  B u l l  a n d  B r e e s e  ( 1 9 7 0 )  f o u n d  i o n -  

w a t e r - p r o t e i n  i n t e r a c t i o n s  a t  r e l a t i v e l y  h i g h  s a l t  c o n c e n t r a 
t i o n s  a n d  e s t i m a t e d  t h e  r a t e s  o f  w a t e r  a n d  s o l u t e  b o u n d  o n  
e g g  a l b u m i n  b y  a n  i s o p i e s t i c  m e t h o d .

I n  c a s e  o f  t h e  N a C l - > v a t e r - c a s e i n  s y s t e m  ( G a l ,  1 9 7 5 ;  G a l  
a n d  H u n z i k e r ,  1 9 7 7 ;  G a l  a n d  S i n g e r ,  1 9 6 5 ) ,  a n  e n h a n c e d  

i o n i c - p r o t e i n  i n t e r a c t i o n  w a s  r e p o r t e d .  T h e i r  e x p l a n a t i o n  
w a s  b a s e d  o n  t h e  h y p o : h e s i s  t h a t  N a C l  e x i s t e d  i n  a n  e q u i l i 
b r i u m  a m o n g  c r y s t a l l i n e ,  a m o r p h o u s ,  b o u n d  a n d  d i s s o l v e d  
p h a s e s .  T h i s  w a s  s u p p o r t e d  b y  s i m i l a r  e x p e r i m e n t s  i n  o t h e r  

s y s t e m s ,  s u c h  a s  N a C l  a n d  s o y  p r o t e i n  ( M c C u n e ,  1 9 8 1 ) ,  
N a C l  a n d  p a r a c a s e i n  ( H a r d y  a n d  S t e i n b e r g ,  1 9 8 4 )  a n d  o t h e r s  
( L e e d e r  a n d  W a t t ,  1 9 7 4 ;  M c L a r e n  a n d  R o w e n ,  1 9 5 1 ;  
B u l l ,  1 9 4 4 ) .  I t  w a s  c o n c l u d e d  t h a t  t h e  a m o u n t  o f  s a l t  
b o u n d  b y  a  p r o t e i n  i n c r e a s e d  w i t h  i n c r e a s i n g  s a l t  c o n c e n 
t r a t i o n  t o  a  m a x i m u m  a n d  r e m a i n e d  c o n s t a n t  u p o n  f u r t h e r  
a d d i t i o n  o f  s a l t ;  t h i s  s a l t  b i n d i n g  c a p a c i t y  d e p e n d e d  o n  
m o i s t u r e  c o n t e n t .

P r e f e r e n t i a l  i n t e r a c t i o n  o f  p r o t e i n s  w i t h  s a l t s  a n d  s u g a r s  
i n  c o n c e n t r a t e d  s o l u t i o n s  w a s  f o u n d  b y  A r a k a w a  a n d  T i m a -  
s h e f f  ( 1 9 8 2 ) .  I t  h a s  b e e n  w e l l  r e c o g n i z e d  t h a t  t h e r e  i s  a  
s t r o n g  c h e m i c a l  r e a c t i o n  b e t w e e n  p r o t e i n s  a n d  r e d u c i n g  
s u g a r s  i n  m a n y  f o o d  s y s t e m s  s u c h  a s  c o r n m e a l  p r o t e i n s  a n d  
l a c t o s e  a n d  s u c r o s e  ( R a c i c o t  e t  a l . ,  1 9 8 1 )  a n d  b e t w e e n  c a 
s e i n  a n d  s u g a r s  ( M i n s o n  e t  a l . ,  1 9 8 1 ;  L o n e r g a n  e t  a l . ,  1 9 8 1 ) .

S o l u t e - s o l u t e  i n t e r a c t i o n  h a s  b e e n  s t u d i e d  i n  a  c a r b o 
h y d r a t e  s y s t e m .  J a n a d o  a n d  N i s h i d a  ( 1 9 8 1 )  r e p o r t e d  i n 
c r e a s e d  s o l u b i l i t i e s  o f  h y d r o p h o b i c  s o l u t e s  s u c h  a s  o c t a n o l  
a n d  h e p t a n o l  a s  t h e  c o n c e n t r a t i o n  o f  s u g a r s  i n c r e a s e d .  T h i s  
w a s  e x p l a i n e d  o n  t h e  b a s i s  t h a t  a s  s u c r o s e  c o n c e n t r a t i o n  
i n c r e a s e d ,  a w  d e c r e a s e d ,  c a u s i n g  a  r e d u c t i o n  i n  n u m b e r  o f  

h y d r o g e n  b o n d s  a n d  a n  e n h n a c e m e n t  o f  n o n p o l a r  i n t e r a c 
t i o n s .

Authors Chinachoti and Steinberg are affiliated with the Dept, o f 
Food Science, Univ. o f Illinois, Urbana, IL 61801.

V a r i o u s  c h a r g e d  c a r b o h y d r a t e  m a c r o m o l e c u l e s ,  e . g .  

g u m s ,  h a v e  b e e n  r e p o r t e d  t o  s h o w  s t r o n g  i n t e r a c t i o n s  w i t h  
s u g a r s  a s  w e l l  a s  s a l t s ,  e v e n  i n  g e l s  a t  t h e  h i g h  a w  o f  0 . 9 9  

( R e y  a n d  L a b u z a ,  1 9 8 1 ) .  T h e  e f f e c t  o f  s u g a r s  o n  p h y s i c a l  
a n d  c h e m i c a l  p r o p e r t i e s  o f  a  f o o d  s y s t e m  h a s  b e e n  s h o w n  
t o  b e  r e l a t e d  t o  t h e i r  aw  s u p p r e s s i o n  p r o p e r t i e s  ( S p i e s  a n d  
H o s e n e y ,  1 9 8 2 ;  H e s t e r  e t  a l . ,  1 9 5 6 ;  B a x t e r  a n d  H e s t e r ,  

1 9 5 8 ;  S a l e m  a n d  J o h n s o n ,  1 9 6 5 ;  G h i a s i  e t  a l . ,  1 9 8 2 ) .
T h e  o b j e c t i v e  w a s  t o  s t u d y  t h e  s u c r o s e - s t a r c h - w a t e r  s y s 

t e m  i n  o r d e r  t o  t e s t  f o r  i n t e r a c t i o n  b e t w e e n  s u c r o s e  a n d  
s t a r c h  a s  d e t e r m i n e d  f r o m  a  r e d u c t i o n  i n  w a t e r  s o r p t i o n .  
M o s t  f o o d s  c o n t a i n i n g  s t a r c h  h a v e  b e e n  h e a t e d  s o  t h e  s t a r c h  
h a s  b e e n  g e l a t i n i z e d .  S o l u t e s  s u c h  a s  o l i g o s a c c h a r i d e s  h a v e  
b e e n  f o u n d  t o  e n t e r  t h e  g e l  p h a s e  o f  s t a r c h  a n d  i n t e r a c t  

t h e r e  ( B r o w n  a n d  F r e n c h ,  1 9 7 7 ) .  T h e r e f o r e ,  i t  w a s  i m p o r 
t a n t  t o  s t u d y  i n t e r a c t i o n  i n  g e l a t i n i z e d  a s  w e l l  a s  r a w  s t a r c h .

MATERIALS & METHODS

Materials

C o r n  s ta r c h  (A rg o , B e s t F o o d s ,  I n c . ,  E n g le w o o d  C lif f s ,  N J j ,  
1 1 . 1 % m o is tu r e  w .b .  w a s  u s e d  in  b o th  t h e  c r y s t a l l i n e  a n d  g e la t in iz e d  
fo r m s .  G e la t in iz e d  s ta r c h  w a s  p r e p a r e d  b y  a d d in g  2 0 0 g  d i s t i l l e d ,  
d e io n iz e d  w a te r  to  lO g  s ta r c h  a n d  h e a t in g  a t  1 0 0 ° C  f o r  3 0  m in .  
M ic r o s c o p ic  o b s e r v a t io n  s h o w e d  t h a t  g e l a t i n i z a t i o n  w a s  m o r e  t h a n  
9 5 %  c o m p le t e .  S u c ro s e  w a s  a n a l y t ic a l  g r a d e  (M a l l in c k r o d t ,  I n c . ,  S t .  
L o u is ,  M O ).

C o r n  s ta r c h  a n d  s u c r o s e  w e re  u s e d  to  p r e p a r e  e ig h t  s a m p le s  a s  
f o l l o w s :  ( 1 )  s t a r c h  w a s  m ix e d  w i th  d e io n iz e d ,  d i s t i l l e d  w a te r  ( 2 g 
w a t e r  t o  l g  s ta r c h ) ,  f r o z e n  a t  - 4 0 °  C  a n d  f r e e z e - d r ie d  ( r o o m  te m 
p e r a t u r e ,  a b o u t  3 m ic r o n s  H g p r e s s u re ,  2 4  h r ) ;  (2 )  c r y s ta l l in e  
s u c r o s e ;  ( 3 )  f r e e z e - d r ie d  s u c r o s e  p r e p a r e d  b y  d is s o lv in g  c r y s ta l l in e  
s u c r o s e  in  s u f f ic ie n t  d e io n iz e d ,  d is t i l l e d  w a te r  t o  m a k e  a  2 0 %  w .b .  
s o lu t i o n ,  f r o z e n  a n d  f r e e z e  d r ie d  a s  a b o v e ;  ( 4 )  s t a r c h  a n d  s u c r o s e  
( d r y )  w e re  m e c h a n ic a l ly  m ix e d  in  t h e  p r o p o r t i o n  o f  9 : 1 ;  ( 5 )  s t a r c h  
w a s  m ix e d  w i th  w a te r  a s  a b o v e  a n d  a  s u f f i c i e n t  a m o u n t  o f  t h e  2 0 % 
s u c r o s e  s o lu t io n  d e s c r ib e d  a b o v e  w a s  a d d e d  t o  g iv e  s u c r o s e :  s t a r c h  
r a t i o  d .b .  o f  1 :9 .  T h e  tw o  l iq u id s  w e re  m ix e d  b y  s t i r r i n g  a t  r o o m  
t e m p e r a t u r e  to  m in im iz e  t h e  p o s s ib i l i ty  o f  h e a t  e f f e c t s ,  e q u i l i b r a t e d  
f o r  2  h r ,  f r o z e n  a n d  f r e e z e - d r ie d  a s  a b o v e ;  (6 ) s a m e  a s  5  b u t  in  2 :8  
r a t i o ;  ( 7 )  s a m e  a s  5  b u t  in  1 :1  r a t i o ;  (8 ) s a m e  a s  5  b u t  in  9 :1  r a t i o .

A ll f r e e z e - d r ie d  s a m p le s  s h o w e d  a  v a c u u m  o v e n  m o i s t u r e  b e 
tw e e n  3 a n d  5 % .

Sorption isotherms

E a c h  o f  t h e  8 d r y  s a m p le s  w a s  e q u i l i b r a t e d  a g a in s t  9  s a t u r a t e d  
s a l t  s o lu t io n s  a t  2 5 ° C  ( S to k e s  a n d  R o b in s o n ,  1 9 4 9 ;  G r e e n s p a n ,
1 9 7 7 )  t o  o b t a in  a  s o r p t io n  i s o th e r m  o v e r  th e  r a n g e  0 .3 3 - 0 .9 3  aw . 
T h e  c e l l  u s e d  w a s  a  m o d i f i c a t i o n  o f  th e  P E C  ( L a n g  e t  a l . ,  1 9 8 1 )  in  
t h a t  t h e  s a m p le  w a s  p la c e d  in  a  1 0  m L  w e ig h in g  b o t t l e  h e ld  in  a  w e ll  
a t  t h e  b o t t o m  w h ile  th e  s a tu r a t e d  s a l t  s o lu t io n  w a s  o u t s id e  th e  w e ll. 
M o is tu r e  c o n t e n t  w a s  d e t e r m in e d  f r o m  w e ig h t  g a in .  E a c h  t im e  th e  
b o t t l e  w a s  w e ig h e d ,  th e  s a m p le  w a s  s t i r r e d  w i th  a  t in y  r o d  t h a t  h a d  
b e e n  t a r e d  w i th  t h e  b o t t l e .  D u p l ic a te  d e t e r m i n a t i o n s  w e r e  m a d e  a t  
e a c h  aw ; t h e  d e v ia t io n  f r o m  th e  m e a n  ra n g e d  f r o m  1 .2  ± 0 .5 %  a t  
lo w  m o is tu r e  c o n t e n t  t o  1 2 .4  ± 1 .0 %  a t  h ig h  m o i s t u r e  c o n t e n t .  
T h e r e f o r e ,  o n ly  a v e ra g e s  a re  p r e s e n te d  h e r e .

RESULTS & DISCUSSION

R a w  s t a r c h ,  s u c r o s e ,  a n d  a  m e c h a n i c a l  m i x t u r e

T h e  s t a r c h  ( s a m p l e  1 )  s h o w e d  a  l i n e a r  i s o t h e r m  ( S m i t h ,
1 9 4 7 ) ;  t h e  l i n e  p a r a m e t e r s  a r e  i n  T a b l e  1 .
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C r y s t a l l i n e  s u c r o s e  ( s a m p l e  2 )  s o r b e d  a  n e g l i g i b l e  a m o u n t  

o f  w a t e r  a t  e a c h  a w  b e l o w  0 .8 6  w h i l e  a t  h i g h e r  a w , t h e  d a t a  
p o i n t s  f e l l  o n  a  s m o o t h  c u r v e  ( F i g .  1 )  w h i c h  i n t e r s e c t e d  t h e  

0 . 8 6  a w  l i n e  a t  0 . 5 g  w a t e r / g  s u c r o s e ,  c o m p a r i n g  f a v o r a b l y  

w i t h  t h e  r e f e r e n c e  ( D i t t m a r ,  1 9 3 5 )  c o n c e n t r a t i o n  f o r  a  
s a t u r a t e d  s u c r o s e  s o l u t i o n  a t  t h i s  t e m p e r a t u r e .

S o r p t i o n  d a t a  f o r  s a m p l e  4  ( F i g .  2 )  g a v e  t w o  s t r a i g h t  
l i n e s  o f  d i f f e r e n t  s l o p e s ,  o n e  b e l o w  0 .8 6  a w  a n d  a n o t h e r  
a b o v e .  T h e  c o n n e c t i o n  w a s  m a d e  b y  a  v e r t i c a l  l i n e  a t  0 . 8 6 ,  
t h e  s a t u r a t i o n  a w  f o r  s u c r o s e ,  b a s e d  o n  F i g .  1 , w h e r e  s u 
c r o s e  a l o n e  s h o w e d  a  v e r t i c a l  l i n e  a t  t h i s  a w . T h u s ,  t h e  
l o w e r  l i n e  s h o w s  s o r p t i o n  b y  s t a r c h  a l o n e ,  a n d  t h e  u p p e r  
l i n e  s h o w s  s o r p t i o n  b y  s u c r o s e  a s  w e l l  a s  b y  s t a r c h .

L a n g  a n d  S t e i n b e r g  ( 1 9 8 0 )  d e v e l o p e d  a  m a s s  b a l a n c e  
e q u a t i o n  b a s e d  o n  t h e  p r e m i s e  t h a t  t h e  m o i s t u r e  c o n t e n t  o f  
a  m i x t u r e  w a s  e q u a l  t o  t h e  s u m  o f  t h e  m o i s t u r e  c o n t e n t s  
s o r b e d  b y  t h e  c o m p o n e n t s .  T h e y  t e s t e d  t h e  e q u a t i o n  a t

Fig. 1— Sorption isotherm data at 25°C for crystalline and amor
phous sucrose.

t h r e e  a w  l e v e l s  w i t h  e a c h  o f  t h r e e  m e c h a n i c a l  s u c r o s e - s t a r c h  

m i x t u r e s  ( 1 : 9 ,  2 : 8 ,  a n d  4 : 6 )  a n d  f o u n d  t h a t  t h e  c a l c u l a t e d  
m o i s t u r e  c o n t e n t s  a g r e e d  w i t h  t h e  e x p e r i m e n t a l  v a l u e s  

w i t h i n  a b o u t  2 % .  T h e y  c o n c l u d e d  t h a t  t h e  c o m p o n e n t s  
s o r b e d  i n d e p e n d e n t l y  o f  e a c h  o t h e r .  U s i n g  t h e  d a t a  f o r  
s u c r o s e  a n d  s t a r c h  i n  T a b l e  1 , t h e  d a t a  i n  F i g .  1 w e r e  s u b 
j e c t e d  t o  t h e  s a m e  t e s t .  T h e  d i s c r e p a n c y  b e t w e e n  c a l c u l a t e d  
a n d  e x p e r i m e n t a l  m o i s t u r e  c o n t e n t s  f o r  t h e  e i g h t  a w  r a n g i n g  
f r o m  — 2 . 4  t o  + 3 . 4 % ,  l e d  t o  t h e  s a m e  c o n c l u s i o n .

F r e e z e - d r i e d  m i x t u r e s

F i g .  3  s h o w s  t h e  d a t a  f o r  t h e s e  f r e e z e - d r i e d  m i x t u r e s  a s  
w e l l  a s  f o r  f r e e z e - d r i e d  s t a r c h  ( s a m p l e  1 ) a n d  f r e e z e - d r i e d  

s u c r o s e  ( s a m p l e  3 ) .  T h e s e  d a t a  w e r e  s u b j e c t e d  t o  t h e  s a m e  
m a s s  b a l a n c e  t e s t  a s  t h e  m e c h a n i c a l  m i x t u r e s .  T h e  5  p o i n t s  
o f  e x p e r i m e n t a l  a n d  c a l c u l a t e d  v a l u e s  f o r  t h e  2 : 8  m i x t u r e  
( s a m p l e  6 )  a t  a w  b e l o w  0 . 8 6  f e l l  o n  t h e  s a m e  l i n e  ( F i g .  4 ) .  
T h e  c a l c u l a t e d  v a l u e s  w e r e  o b t a i n e d  a s s u m i n g  t h a t  s u c r o s e  

d i d  n o t  b i n d  w a t e r .  T h u s ,  n o n e  o f  t h e  s u c r o s e  s o r b e d  w a t e r  
a s  p r e d i c t e d  b y  t h e  m a s s  b a l a n c e  e q u a t i o n  w h i c h  a s s i g n s  
z e r o  s o r p t i o n  t o  s u c r o s e  a t  a w  b e l o w  0 . 8 6 .  A l s o ,  t h e  s t a r c h  

s o r b e d  i t s  e x p e c t e d ,  o r  n o r m a l ,  a m o u n t  o f  w a t e r .

Table 1—Comparison o f calculated and experimental values for the 
linear regression line parameters o f the Smith isotherms (25°C). 
Moisture content = a + b log (1 — aw)

Intercept a Slope b Exp.
Corr.

ratio Calc. Exp. Calc. Exp. Coef. r

Water activity 
range

0.329-0.860

1:9 0.073 0.069 -0.144 -0.155 0.997
2:8 0.065 0.062 -0.128 -0.126 0.965
1:1 0.040 0.054 -0.080 -0.055 0.983
9:1 0.008 0.011 -0.016 -0.011 0.997

0,36-0.925

starch — +0.081 — -0.160 0.998
1:9 -0.016 -0.010 -0.303 -0.247 0.999
2:8 -0.116 -0.272 -0.449 -0.563 0.999
1:1 -0.411 -0.299 -0.881 -0.737 0.996
9:1 -0.805 -0.560 -1.459 -1.247 0.999

sucrose - -0.903 - -1.603 0.998

Fig. 2—Sorption isotherm data at 25°C  for sucrose-starch 1:9 pre
pared by mixing the dry components.

Fig. 3—Sorption isotherm data at 25°C for solids obtained by freeze 
drying solutions o f  sucrose, starch and four sucrose-starch mixtures.
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S U C R O S E / S T A R C H  IN T E R A C T IO N  D U R IN G  D E H Y D R A T IO N  . ..

H o w e v e r ,  t h e r e  w a s  a  m a r k e d  d i s c r e p a n c y  b e t w e e n  
e x p e r i m e n t a l  a n d  c a l c u l a t e d  m o i s t u r e  c o n t e n t  a t  aw  a b o v e  

0 . 8 6  ( F i g .  4 ) ;  t h e  e x p e r i m e n t a l  v a l u e  w a s  b e l o w  t h a t  p r e 
d i c t e d  b y  t h e  m a s s  b a l a n c e .  T h e  c o m p a r i s o n  w a s  r e p e a t e d  
f o r  t h e  o t h e r  m i x t u r e s  a n d  t h e  d a t a  a r e  s u m m a r i z e d  i n  t h e  
f o r m  o f  S m i t h  p l o t  p a r a m e t e r s  i n  T a b l e  1 . T h e  e x p e r i m e n t a l  

m o i s t u r e  c o n t e n t  w a s  a l w a y s  b e l o w  t h e  c a l c u l a t e d .  E v i d e n t 
l y ,  o n e  c o m p o n e n t  w a s  n o t  s o r b i n g  i t s  f u l l  m e a s u r e  o f  

w a t e r .  S i n c e  s t a r c h  s o r b e d  i t s  f u l l  c o m p l e m e n t  o f  w a t e r  a t  
a w  b e l o w  0 . 8 6 , a s  d i s c u s s e d  j u s t  a b o v e ,  i t  w a s  c o n c l u d e d  
t h a t  s t a r c h  c o n t i n u e d  t o  s o r b  i t s  f u l l  c o m p l e m e n t  o f  w a t e r  
a t  a w  a b o v e  0 . 8 6 .  T h e r e f o r e ,  s u c r o s e  w a s  t h e  c o m p o n e n t  
n o t  s o r b i n g  i t s  f u l l  c o m p l e m e n t  o f  w a t e r ,  i . e . ,  s o m e  o f  t h e  
s u c r o s e  h a d  i n t e r a c t e d  w i t h  t h e  s t a r c h  a n d  t h u s  l o s t  i t s  

w a t e r  b i n d i n g  a b i l i t y .

W a t e r  s o r p t i o n  b y  s u c r o s e  c o m p o n e n t

T h e  w a t e r  s o r b e d  b y  t h e  s u c r o s e  w a s  t a k e n  t o  b e  t h e  
t o t a l  w a t e r  l e s s  t h e  w a t e r  s o r b e d  b y  t h e  s t a r c h .  T h e  S m i t h  

p l o t  p a r a m e t e r s  f o r  t h e  a w  r a n g e  0 . 8 6 - 0 . 9 2 5  ( T a b l e  1 )  w e r e  
u s e d  t o  c a l c u l a t e  t h e  e x p e r i m e n t a l  m o i s t u r e  c o n t e n t  o f  t h e  
m i x t u r e  f o r  a  n u m b e r  o f  a w  v a l u e s  a t  0 . 0 2  i n c r e m e n t s .  

F r o m  S m i t h  p l o t  l i n e  p a r a m e t e r  d a t a  f o r  s t a r c h  a l o n e  
( T a b l e  1 ) ,  t h e  m o i s t u r e  b o u n d  b y  t h e  s t a r c h  i n  l g  m i x t u r e  
a t  e a c h  a w  w a s  s i m i l a r l y  c a l c u l a t e d .  T h e  d i f f e r e n c e  b e t w e e n  
t h e s e  t w o  v a l u e s  g a v e  t h e  w a t e r  s o r b e d  b y  t h e  s u c r o s e  i n  l g  
m i x t u r e .  T h i s  w a s  d i v i d e d  b y  t h e  w e i g h t  r a t i o  o f  s u c r o s e  t o  

m i x t u r e  t o  o b t a i n  g  w a t e r  b o u n d  b y  s u c r o s e  p e r  g  t o t a l  
s u c r o s e .  T h e  r a t i o  o f  t o t a l  s u c r o s e  t o  m i x t u r e  w a s  d i v i d e d  
b y  r a t i o  o f  s t a r c h  t o  m i x t u r e  t o  o b t a i n  t h e  r a t i o  o f  t o t a l  
s u c r o s e  t o  t o t a l  s t a r c h .

S a m p l e  c a l c u l a t i o n  o f  t h e  a m o u n t  o f  i n t e r a c t e d  s u c r o s e  
f o r  a  s u c r o s e - s t a r c h  2 : 8  m i x t u r e  a t  a w  0 . 9 2 :

( 1 )  W a t e r  s o r b e d  b y  t h e  m i x t u r e  ( M m ) :

M m  g w a t e r / g  m i x t u r e  = a m  +  b m  lo g  (1  -  0 .9 2 )  (S m i th ,  1 9 4 7 )

F r o m  T a b l e  1 ,  a m  =  i n t e r c e p t  f o r  t h e  m i x t u r e  =  — 0 . 2 7 2 ,  
b m  =  s l o p e  f o r  t h e  m i x t u r e  =  - 0 . 5 6 3 ;  M m  =  0 . 3 4 5 6  g  
w a t e r / g  m i x t u r e .

( 2 )  W a t e r  s o r b e d  b y  s t a r c h  i n  t h e  m i x t u r e  ( M s t ) :

M gj g  w a t e r / g  s t a r c h  =  [ a ^  +  b st l o g  (1  -  0 . 9 2 ) ]
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Fig. 4—Comparison o f experimental and calculated (mass balance) 
isotherm data 25°C for one freeze-dried sucrose-starch mixture.

F r o m  T a b l e  1 , a st =  i n t e r c e p t  f o r  p u r e  s t a r c h  =  + 0 . 3 8 1 ;  

b st =  s l o p e  f o r  p u r e  s t a r c h  =  — 0 . 1 6 0 ;  M st =  0 . 2 5 6 5  g  w a t e r / g  
s t a r c h

g  w a t e r  g  s t a r c h  g  w a t e r
0 . 2 5 6 5  ---------------- x  0 . 8 0  -----------------=  0 . 2 0 5 2  -----------------

g  s t a r c h  g  m i x  g  m i x

T h e r e f o r e ,  w a t e r  s o r b e d  b y  t h e  s u c r o s e  i n  t h e  m i x t u r e  i s  
M m  — M s t =  0 . 3 4 5 6  — 0 . 2 0 5 2  =  0 . 1 4 0 4 g  w a t e r / g  m i x t u r e ;

0 . 1 4 0 4  g  w a t e r  1 g  m i x
= -------------------------------x ---------------------------  =  0 . 7 0 2  g  w a t e r / g  s u c r o s e

g  m i x  0 .2  g  s u c r o s e

T h i s  w a s  p l o t t e d  i n  F i g .  5  o n  t h e  Y  a x i s  a b o v e  i t s  m i x t u r e  
r a t i o  o f  2 / 8  =  0 . 2 5  o n  t h e  X  a x i s  f o r  a w  =  0 . 9 2 .  A l l  o t h e r  
p o i n t s  o n  F i g .  5  w e r e  s i m i l a r l y  o b t a i n e d .

F i g .  5  s h o w s  t h a t  t h e  w a t e r  s o r b e d  b y  t h e  s u c r o s e  c o m 
p o n e n t  w a s  g r e a t l y  a f f e c t e d  b y  a ^ ,  a s  e x p e c t e d .  H o w e v e r ,  
i t  w a s  a l s o  a f f e c t e d  b y  t h e  s u c r o s e - s t a r c h  r a t i o  a t  b e l o w  1 . 0 . 
E a c h  c u r v e  s t a r t e d  a t  t h e  o r i g i n  a n d  t h e  w a t e r  s o r b e c  b y  
e a c h  g r a m  o f  s u c r o s e  a t  e a c h  a w  i n c r e a s e d  w i t h  i n c r e a s i n g  
r a t i o .  A b o v e  a  r a t i o  o f  1 . 0 ,  t h e  c u r v e s  r e m a i n e d  h o r i z o n t a l  

a t  t h e  s a m e  l e v e l  a s  t h a t  s h o w n  b y  s u c r o s e  a l o n e  a t  t h e  

i n f i n i t y  m a r k  o n  t h e  r a t i o  a x i s .  I f  t h e  s u c r o s e  i n  t h e  m i x t u r e  
s o r b e d  i n d e p e n d e n t l y ,  w e  s h o u l d  e x p e c t  e a c h  c u r v e  t o  b e  

h o r i z o n t a l  o v e r  t h e  e n t i r e  r a t i o  r a n g e .  T h u s ,  a t  t h e  l o w  

r a t i o s ,  a  u n i t  w e i g h t  o f  s u c r o s e  w a s  n o t  s o r b i n g  i t s  n o r m a l  
c o m p l e m e n t  o f  w a t e r  b e c a u s e  t h e  s u c r o s e  h a d  i n t e r a c t e d  
w i t h  s t a r c h  i n  s o m e  m a n n e r  t h a t  r e d u c e d  i t s  w a t e r - b i n d i n g  

c a p a c i t y .  T h i s  w a s  e x t e n d e d  t o  t h e  i d e a  t h a t  i n  a  g i v e n  m i x 
t u r e  a t  a  g i v e n  a w , a  p o r t i o n  o f  t h e  s u c r o s e  h a d  i n t e r a c t e d  
w i t h  s t a r c h  a n d  b o u n d  n o  w a t e r  w h i l e  t h e  r e m a i n i n g  s u 

c r o s e  w a s  f r e e  t o  b i n d  i t s  n o r m a l  c o m p l e m e n t  o f  w a t e r .  O n  
t h i s  b a s i s ,  t h e  c u r v e s  o f  F i g .  5  c o u l d  b e  u s e d  t o  c a l c u l a t e  
t h e  a m o u n t  o f  i n t e r a c t e d  s u c r o s e .

I n t e r a c t e d  s u c r o s e

I n t e r a c t e d  s u c r o s e  w a s  c a l c u l a t e d  a s  t h e  t o t a l  s u c r o s e  
m i n u s  f r e e  s u c r o s e .  F r e e  s u c r o s e  w a s  c a l c u l a t e d  o n  t h e  b a s i s  
o f  t o t a l  w a t e r  b o u n d  b y  t h e  s u c r o s e  c o m p o n e n t ,  M s g  
w a t e r / g  s u c r o s e .  T h u s ,  f r e e  s u c r o s e  m a y  b e  o b t a i n e d  f r o m  

t h e  r a t i o  o f  e x p e r i m e n t a l  t o t a l  w a t e r  b o u n d  b y  s u c r o s e  i n  
t h e  m i x t u r e  t o  a m o u n t  o f  w a t e r  e x p e c t e d  i f  a l l  t h e  s u c r o s e  
s h o w e d  n o r m a l  w a t e r - b i n d i n g .  T h e  l a t t e r  w a s  o b t a i n e d  f r o m  

t h e  S m i t h  p l o t  p a r a m e t e r s  f o r  s u c r o s e  i n  T a b l e  1 . T h u s :

M s x  S
f r e e  s u c r o s e  =  --------------------------------------

a s +  b s l o g  (1  -  a w )

Fig. 5—Water sorbed by sucrose calculated as the difference between 
total water sorbed and water sorbed by starch as affected by mixture 
ratio and water activity.
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w h e r e  M s =  g  t o t a l  w a t e r  s o r b e d  b y  m i x t u r e / g  s u c r o s e ;  S  =  
t o t a l  s u c r o s e  i n  t h e  m i x t u r e ,  g .

F o r  e x a m p l e ,  F i g .  5  w a s  e n t e r e d  a t  a  m i x t u r e  r a t i o  o f  
0 . 4  a n d  t h e  w a t e r  s o r b e d  a t  a w  o f  0 . 8 6  w a s  f o u n d  t o  b e  

0 . 2 6 g  w a t e r / g  s u c r o s e  =  M s a n d  S  =  0 . 4 g  s u c r o s e / g  s t a r c h .  
T h u s ,  f r e e  s u c r o s e  a t  t h i s  p o i n t

0 . 2 6  x  0 . 4
= ------------------------------------------------------------------  =  0 . 2 2 3 g

- 0 . 9 0 3  -  1 . 6 0 3  x  l o g  ( 1  -  0 . 8 6 )

a n d  i n t e r a c t e d  s u c r o s e  =  0 . 4 g  — 0 . 2 2 3 g  =  0 . 1 7 7 g .  T h i s

v a l u e  w a s  p l o t t e d  i n  F i g .  6  a s  0 . 1 7 7 g  i n t e r a c t e d  s u c r o s e / g  
s t a r c h  a g a i n s t  S  =  0 . 4 g  s u c r o s e / g  s t a r c h  o n  t h e  0 . 8 6  a w  

c u r v e .  A l l  o t h e r  p o i n t s  w e r e  s i m i l a r l y  o b t a i n e d .
A t  e a c h  a w , w i t h  i n c r e a s i n g  s u c r o s e - s t a r c h  r a t i o ,  i n t e r 

a c t e d  s u c r o s e  s t a r t e d  a t  t h e  o r i g i n ,  r o s e  t o  a  p e a k  a n d  f e l l  

b a c k  t o  z e r o  ( F i g .  6 ) .  A s c e n d i n g  a n d  d e s c e n d i n g  r e g r e s s i o n  
l i n e s  w e r e  c a l c u l a t e d  a t  e a c h  a w . T h e  i n t e r s e c t i o n  o f  t h e s e  
l i n e s  g a v e  a  “ r e g r e s s i o n  p e a k . ”  T h e  s l o p e s  a n d  p e a k  c o o r 

d i n a t e s  a r e  g i v e n  i n  T a b l e  2 .  T h e  p e a k  o c c u r r e d  a t  t h e  s a m e  
t o t a l  s u c r o s e ,  a b o u t  0 . 3 5 g , a n d  i t s  a m p l i t u d e  d e c r e a s e d  b y  a  
f a c t o r  o f  5  w i t h  i n c r e a s i n g  a w  f r o m  0 . 8 6  t o  0 . 9 2 .  B o t h  

s l o p e s  a l s o  d e c r e a s e d  w i t h  i n c r e a s i n g  aw .

T h e  i n t e r p r e t a t i o n  o f  T a b l e  2  i s  t h a t  i n t e r a c t i o n  w i t h  

s t a r c h  w a s  g r e a t e s t  ( a b o u t  l / 4 g  s u c r o s e / g  s t a r c h )  a t  t h e  
l o w e s t  aw  w h e r e  t o t a l  s u c r o s e  c o n c e n t r a t i o n  w a s  t h e  h i g h 

e s t ,  i . e . ,  m o i s t u r e  c o n t e n t  w a s  l o w e s t .  A s  t h e  a w  i n c r e a s e d ,  
t h e  m o i s t u r e  c o n t e n t  i n c r e a s e d ,  a n d  t h i s  c a u s e d  t h e  e q u i l i b 

r i u m  t o  s h i f t  a w a y  f r o m  i n t e r a c t e d  t o  f r e e  s u c r o s e  s o  t h a t  
a t  0 . 9 2  o n l y  l / 2 0 g  s u c r o s e  r e m a i n e d  i n t e r a c t e d  w i t h  l g
s t a r c h .  F u r t h e r  a n a l y s i s  o f  t h e  d a t a  s h o w e d  a  l i n e a r  r e l a t i o n 
s h i p  b e t w e e n  i n t e r a c t e d  s u c r o s e  a n d  a w  w i t h  a  s l o p e  o f

o Aw

Fig. 6—Interacted sucrose in freeze-dried sucrose-starch mixtures 
as affected by mixture ratio and water activity.

— 3 . 0 7 ,  Y  i n t e r c e p t  o f  2 . 8 7 3 8  a n d  r  v a l u e  o f  0 . 9 9 4 .  E x t r a 

p o l a t i o n  o f  t h i s  l i n e  i n d i c a t e d  t h a t  i n t e r a c t e d  s u c r o s e  f e l l  
t o  z e r o  a t  a b o u t  0 . 9 4  a ^ , .

A t  t o t a l  s u c r o s e  c o n c e n t r a t i o n s  b e l o w  0 . 4 ,  i n t e r a c t e d  
s u c r o s e  i n c r e a s e d  s h a r p l y  w i t h  i n c r e a s i n g  t o t a l  s u c r o s e .  
T h e r e  w a s  a n  e q u i l i b r i u m  b e t w e e n  f r e e  a n d  i n t e r a c t e d  s u 
c r o s e  s u c h  t h a t  t h e  a d d e d  s u c r o s e  i n d u c e d  a  s h i f t  o f  t h e  
e q u i l i b r i u m  f r o m  f r e e  t o  i n t e r a c t e d  s u c r o s e .  T h i s  r e s e m b l e s  
a  t y p i c a l  i n t e r a c t i o n  p h e n o m e n o n ,  f o r  i n s t a n c e ,  a  s t r o n g  

i o n i c  i n t e r a c t i o n  s u c h  a s  t h a t  b e t w e e n  p r o t e i n  a n d  s a l t .  I n  

g e n e r a l ,  s u c h  s t r o n g  i n t e r a c t i o n s  s h o w  a  l e v e l i n g  o f f  o f  t h e  
i n t e r a c t i o n  v s  c o n c e n t r a t i o n  c u r v e  a s  a  m a x i m u m  i n t e r a c 

t i o n  is  o b t a i n e d  a n d  t h e  d e g r e e  o f  i n t e r a c t i o n  r e m a i n s  a t  t h e  
m a x i m u m  l e v e l  w i t h  f u r t h e r  i n c r e a s e  i n  r e a c t a n t  c o n c e n t r a 
t i o n  ( B u l l  a n d  B r e e s e ,  1 9 7 0 ;  G a l ,  1 9 7 5 ;  G a l  a n d  S i n g e r ,  
1 9 6 5 ;  M c C u n e  a n d  S t e i n b e r g ,  1 9 8 3 ;  H a r d y  a n d  S t e i n b e r g ,

1 9 8 3 ) .  T h e r e f o r e ,  t h e r e  a r e  a  l i m i t e d  n u m b e r  o f  b i n d i n g  
s i t e s  o n  a n  i o n i c  m a c r o m o l e c u l e  t o  b i n d  a n  i o n i c  s o l u t e  a n d  
t h e  b i n d i n g  i s  i r r e v e r s i b l e .  I n  c o n t r a s t ,  a t  s u c r o s e  c o n c e n t r a 

t i o n s  a b o v e  0 . 4 ,  t h e  p r e s e n t  n o n i o n i c  ( s u c r o s e - s t a r c h )  s y s 
t e m  s h o w e d  a  r a p i d  d e c r e a s e  i n  i n t e r a c t i o n ;  i . e . ,  a t  h i g h e r  
s u c r o s e  c o n c e n t r a t i o n ,  t h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  

w a s  h i g h e r  s o  t h a t  s u c r o s e  l e a v e s  t h e  s t a r c h  a n d  e n t e r s  i n t o  

h y d r o g e n  b o n d i n g  w i t h  t h e  w a t e r .  F r o m  t h i s  w e  c a n  c o n 
c l u d e  t h a t  t h e  s u c r o s e - s t a r c h  b o n d  i s  w e a k e r  t h a n  h y d r o g e n  

b o n d i n g .  T h i s  i s  s u p p o r t e d  b y  J a n a d o  a n d  N i s h i d a  ( 1 9 8 1 )  
w h o  f o u n d  t h a t  s u g a r s  a n d  a l c o h o l s  s h o w  s o m e  h y d r o p h o b i c  

i n t e r a c t i o n s .
F r e e z e - d r i e d  s u c r o s e  i s  a m o r p h o u s  a n d  a m o r p h o u s  s u 

c r o s e  i s  h i g h l y  h y g r o s c o p i c  ( W h i t e  a n d  C a k e b r e a d ,  1 9 6 6 ;  

M a c k o w e r  a n d  D y e ,  1 9 5 6 ) .  I t  r e l e a s e s  w a t e r  u p o n  c r y s t a l l i 
z a t i o n  ( I g l e s i a s  a n d  C h i r i f e ,  1 9 7 8 ;  K a r e l ,  1 9 7 3 ) .  T h e r e f o r e ,  
o u r  e x p l a n a t i o n  o f  t h e  s u c r o s e - s t a r c h  i n t e r a c t i o n  f o u n d  
h e r e  i s  t h a t  s o m e  o f  t h e  a m o r p h o u s  s u c r o s e  f o r m e d  d u r i n g  
f r e e z e  d r y i n g  i n t e r a c t e d  w i t h  t h e  s t a r c h .  T h e  m e c h a n i c a l  
m i x t u r e  d i d  n o t  s h o w  i n t e r a c t i o n  b e c a u s e  i t  c o n t a i n e d  n o  
a m o r p h o u s  s u c r o s e .

G e l a t i n i z e d  s t a r c h

T h e  i s o t h e r m  f o r  g e l a t i n i z e d  s t a r c h  w a s  l i n e a r  b e t w e e n  
a w  0 . 5 8  a n d  0 . 8 8 .  I t  s h o w e d  t h e  s a m e  m o i s t u r e  c o n t e n t  a s

Table 2—Effect o f  water activity on maximum amount o f interacted 
sucrose and slopes o f ascending and descending lines in Fig. 6

Regression peak Slopes

Water
activity

g interacted 
sucrose/g 

starch

g total 
sucrose/g 

starch

g int. sucrose/g 
total sucrose

Ascending Descending

0.86 0.241 0.36 0.639 -0.188
0.38 0.160 0.33 0.424 -0.124
0.90 0.113 0.41 0.275 -0.090
0.92 0.052 0.28 0.181 -0.044

Table 3—Line parameters for experimental and calculated Smith plots, where moisture content (dry basis) = A  + B log (1 -  aw), for sorption by 
mixtures o f sucrose and either gelatinized or raw starch at aw 0.86 — 0.93 and 25°C. Values at 0.90 aw given to facilitate comparison

Sucrose Experimental Calculated
Discrepancy 

at 0.9 aw
Starch
ratio

A
intercept

B
slope

Moisture content 
at 0.90 aw

A
intercept

B
slope

Moisture content 
at 0.90 aw

g water g water g water

g mixture g mixture g mixture
Gelatinized starch

1:9 -0.1017 0.3458 0.244 -0.0093 -0.2892 0.280 0.036

2:8 -0.3008 -0.5755 0.275 -0.1085 -0.4350 0.327 0.052

1:1 -0.3262 -0.7652 0.439 -0.4064 -0.8729 0.467 0.028
8:2 -0.4329 -1.0262 0,593 -0.7043 -1.3108 0.607 0.014

9:1 -0.7517 -0.4033 0.652 -0.8039 -1.4571 0.653 0.001
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Table 4—Effect o f water activity on maximum amount o f sucrose interacted with starch and on sucrose-starch ratio at this maximum: compari
son o f  gelatinized with raw starch

Ordinate Abscissa Ratio ordinate.abscissa
g interacted sucrose/g starch 9 total sucrose/g starch g interacted sucrose/g total sucrose

Water
activity Gelatinized Raw Gelatinized Raw Gelatinized Raw D iff

0.86 0.30 0.24 0.38 0.36 0.80 0.67 0.13
0.88 0.19 0.16 0.34 0.33 0.57 0.49 0.08
0.90 0.15 0.11 0,43 0.41 0.34 0.28 0.06
0.92 0.11 0.05 0.47 0.28 0.23 0.19 0.04

r a w  s t a r c h  a t  a w  0 . 5 8 ,  a  s l i g h t l y  l o w e r  m o i s t u r e  a t  a w  0 . 8 8  

a n d  t h e  s a m e  a t  a w  0 . 9 0 2 .
T h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  d a t a  f o r  m i x t u r e s  a r e  i n  

T a b l e  3 .  P l o t s  o f  e x p e r i m e n t a l  d a t a  w e r e  s i m i l a r  a m o n g  

m i x t u r e s  a n d  b e t w e e n  g e l a t i n i z e d  a n d  r a w  s t a r c h  f o r  e a c h  
m i x t u r e .  T h e  i n t e r a c t e d  s u c r o s e  c a l c u l a t i o n s  a r e  i n  T a b l e  4 .

T h e  e f f e c t  o f  s t a r c h  g e l a t i n i z a t i o n  o n  s u c r o s e  i n t e r a c t i o n  
w a s  d e t e r m i n e d  b y  c o m p a r i n g  p o i n t s  o f  m a x i m u m  i n t e r a c 
t i o n  b e t w e e n  m i x t u r e s  w i t h  g e l a t i n i z e d  a n d  r a w  s t a r c h .  T h e  
a m o u n t  o f  i n t e r a c t e d  s u c r o s e  ( o r d i n a t e )  w a s  h i g h e r  i n  c a s e  
o f  g e l a t i n i z e d  s t a r c h  a t  e a c h  aw  a n d  t h i s  d e c r e a s e d  s h a r p l y  
w i t h  i n c r e a s e d  a w  i n  b o t h  c a s e s .  T h e  q u o t i e n t  o f  t h e  p e a k  
o r d i n a t e  a n d  a b s c i s s a  v a l u e s  i n  T a b l e  4  g a v e  t h e  r a t i o  o f  
i n t e r a c t e d  t o  t o t a l  s u c r o s e  a t  e a c h  a w , a l s o  i n  T a b l e  4 .  
T h e s e  r a t i o s  w e r e  h i g h e r  f o r  g e l a t i n i z e d  s t a r c h  a t  e a c h  a w  
b u t  t h e  d i f f e r e n c e  d e c r e a s e d  w i t h  i n c r e a s i n g  aw . T h i s  d i f f e r 
e n c e  b e t w e e n  g e l a t i n i z e d  a n d  r a w  s t a r c h  w a s  e x p l a i n e d  o n  

t h e  b a s i s  t h a t  g e l a t i n i z a t i o n  o f  s t a r c h  c o n v e r t s  s o m e  o f  i t s  
c r y s t a l l i n e  a m y l o p e c t i n  f r a c t i o n  t o  t h e  a m o r p h o u s  f o r m  
( v a n  d e n  B e r g ,  1 9 8 1 ) .

SUMMARY

I N T E R A C T I O N  b e t w e e n  s u c r o s e  a n d  s t a r c h  w a s  c a l c u l a t e d  

f r o m  a  d e c r e a s e  i n  w a t e r  s o r p t i o n  a s  c o m p a r e d  t o  t h a t  o b 

t a i n e d  w h e n  e a c h  c o m p o n e n t  s o r b s  i n d e p e n d e n t l y .  A  m e 
c h a n i c a l  m i x t u r e  s h o w e d  n o  i n t e r a c t i o n ,  b u t  i n t e r a c t i o n  
w a s  o b s e r v e d  i n  a  w e t t e d  a n d  f r e e z e - d r i e d  m i x t u r e .  T h i s  

w a s  d u e  t o  p r e s e n c e  c f  a m o r p h o u s  s u c r o s e  i n  t h e  f r e e z e -  
d r i e d  s a m p l e s  b u t  n o t  i n  t h e  m e c h a n i c a l  m i x t u r e s .  T h i s  

i n t e r a c t i o n  w a s  s t r o n g l y  a w  d e p e n d e n t ;  a t  a  g i v e n  s u c r o s e -  
s t a r c h  r a t i o ,  i t  i n c r e a s e d  w i t h  d e c r e a s i n g  a w ; a t  c o n s t a n t  aw , 
i t  i n c r e a s e d  w i t h  s u c r o s e - s t a r c h  r a t i o  t o  a  m a x i m u m  a t  0 . 5  
a n d  t h e n  d e c r e a s e d .  T h e  i n c r e a s e d  m o i s t u r e  c o n t e n t  o b t a i n e d  
u p o n  e q u i l i b r a t i o n  o f  t h e  h i g h  s u c r o s e  s a m p l e s  c a u s e d  t h e  
s u c r o s e  t o  i n t e r a c t  l e s s  w i t h  s t a r c h  a n d  m o r e  w i t h  w a t e r .  
G e l a t i n i z e d  s t a r c h  s h o w e d  m o r e  i n t e r a c t i o n  w i t h  s u c r o s e  
t h a n  d i d  r a w  s t a r c h .
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---------------------------------- A BST R A C T -----------------------------------
A n  im p r o v e d  m e t h o d  f o r  t h e  d e t e r m i n a t i o n  o f  n o n e n z y m a t i c  
b ro w n in g  in  d e h y d r a t e d  d a i r y  p o w d e r s  is  d e s c r ib e d .  T h e  m e t h o d  
in v o lv e s  l i b e r a t i o n  o f  t h e  b r o w n  p ig m e n ts  f r o m  th e  p r o t e in  m o le 
c u le s  b y  m e a n s  o f  a  p r o t e o l y t i c  e n z y m e ,  p r o n a s e .  F o r  c o m p le t e  
p r o t e o ly s i s ,  t h e  p r o n a s e  m i x t u r e  (2 .5 3  m g  e n z y m e /O . lg  d r y  p o w 
d e r )  w a s  i n c u b a t e d  a t  4 5 ° C  f o r  2  h r .  A f te r  c la r i f i c a t i o n ,  t h e  b r o w n 
in g  in d e x  ( d e f in e d  a s  t h e  o p t i c a l  d e n s i ty  d i f f e r e n c e  m e a s u r e d  a t  
4 2 0  n m  a n d  5 5 0  n m )  w a s  d e t e r m in e d  s p e c t r o p h o t o m e t r i c a l l y .  T h e  
s u g g e s te d  m e t h o d  p ro v e d  t o  b e  s t r a ig h t f o r w a r d ,  e a s y  t o  e m p lo y ,  a n d  
s h o w e d  h ig h  a c c u r a c y  a n d  r e p r o d u c ib i l i t y .  T h e  p r o c e d u r e  is s u i ta b le  
f o r  r o u t i n e  l a b o r a t o r y  a n a ly s e s  a n d  i t s  r e p e a t a b i l i t y ,  a s  e x p re s s e d  b y  
th e  c o e f f i c i e n t  o f  v a r ia t io n ,  w a s  b e lo w  3% .

INTRODUCTION

F O O D S  a r e  v e r y  s e n s i t i v e  a n d  s u s c e p t i b l e  t o  q u a l i t y  l o s s e s  
d u e  t o  c h e m i c a l  i n s t a b i l i t y  w h i c h  d e p e n d s  o n  c o m p o s i 
t i o n a l  a n d  e n v i r o n m e n t a l  f a c t o r s .  O n e  r e a c t i o n  c a u s i n g  
m a j o r  f o o d  q u a l i t y  l o s s e s  i s  n o n e n z y m a t i c  b r o w n i n g ,  

k n o w n  a s  t h e  M a i l l a r d  r e a c t i o n .  I t  m a y  l e a d  t o  u n d e s i r a b l e  
d e t e r i o r a t i o n  d u e  t o  t h e  f o r m a t i o n  o f  c h e m i c a l l y  s t a b l e  a n d  
n u t r i t i o n a l l y  u n a v a i l a b l e  d e r i v a t i v e s  k n o w n  a s  m e l a n o i d i n s  
( K a r e l  e t  a l . ,  1 9 7 5 ;  M a u r o n ,  1 9 8 1 ) .

D a i r y  p o w d e r s  a r e  m o s t  s e n s i t i v e  t o  n o n e n z y m a t i c  
b r o w n i n g  a s  t h e y  c o n t a i n  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  

l a c t o s e  a n d  p r o t e i n s  w i t h  h i g h  l y s i n e  l e v e l .  I n  a d d i t i o n  
r e l a t i v e l y  h i g h  t e m p e r a t u r e s  a n d  w a t e r  c o n t e n t  d u r i n g  
p r o c e s s i n g  a n d  p r o l o n g e d  s t o r a g e  a r e  t h e  m a j o r  f a c t o r s  
i n v o l v e d  i n  t h e  h i g h  s u s c e p t i b i l i t y  o f  d e h y d r a t e d  d a i r y  

p r o d u c t s ,  a s  t h e y  a r e  f a v o r a b l e  c o n d i t i o n s  f o r  t h e  M a i l l a r d  
r e a c t i o n  ( B e n d e r ,  1 9 7 2 ;  H e n r y  e t  a l . ,  1 9 4 8 ;  L a b u z a ,  1 9 7 2 ) .

A  m e t h o d  t o  d e t e r m i n e  n o n e n z y m a t i c  b r o w n i n g  i n  d r y  
m i l k  p r o d u c t s ,  w h i c h  i n v o l v e s  p r o t e o l y s i s  o f  t h e  p r o t e i n  

m o l e c u l e s  b y  m e a n s  o f  a  p r o t e o l y t i c  e n z y m e ,  w a s  r e p o r t e d  
b y  C h o i  e t  a l .  ( 1 9 4 9 ) .  L a b u z a  a n d  S a l t m a r c h  ( 1 9 8 1 )  i m 
p r o v e d  t h e  m e t h o d  b y  u s i n g  a  m i x t u r e  o f  t h r e e  e n z y m e s  

w h i c h  i n c r e a s e d  t h e  p r o t e o l y s i s .  T h e s e  m e t h o d s  w e r e  d e 
s i g n e d  t o  o v e r c o m e  t h e  m a i n  f a c t o r  l i m i t i n g  t h e  e x t r a c t i o n  
o f  t h e  b r o w n  p i g m e n t s  f r o m  t h e  d a i r y  p r o d u c t s  w h i c h  is  

r e l a t e d  t o  t h e  f o r m a t i o n  o f  u n e x t r a c t a b l e  c o m p l e x e s  o f  
p r o t e i n  p i g m e n t s  ( G o l d b l i t h  a n d  T a n n e n b a u m ,  1 9 6 6 ) .

I n  t h e  c o u r s e  o f  k i n e t i c  s t u d i e s  o f  b r o w n i n g  d e t e r i o r a 
t i o n  o f  d a i r y  p r o d u c t s ,  p r e s e n t l y  u n d e r t a k e n  b y  t h e  a u t h o r s ,  
i t  w a s  o b s e r v e d  t h a t  t h e  r e c o m m e n d e d  m e t h o d s  p u b l i s h e d  
i n  t h e  l i t e r a t u r e  s u f f e r  f r o m  s e v e r a l  d r a w b a c k s  w h i c h  
h a m p e r  t h e  r e c e i v i n g  o f  r e p r o d u c i b l e  n o n e n z y m a t i c  v a l u e s  

i n  d a i r y  p o w d e r s .
T h i s  i n v e s t i g a t i o n  w a s  u n d e r t a k e n  w i t h  t h e  a i m  o f  d e v e l 

o p i n g  a  m o d i f i e d  m e t h o d  w h i c h  w o u l d  p r o v i d e  b e t t e r  
a c c u r a c y  a n d  r e p r o d u c i b i l i t y ,  a n d  b e  s u i t a b l e  f o r  r o u t i n e  
l a b o r a t o r y  w o r k  o n  n o n e n z y m a t i c  b r o w n i n g  d e t e r m i n a t i o n  

o f  d a i r y  p o w d e r s .
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MATERIALS & METHODS

D a iry  p o w d e r s

F o u r  c o m m e r c ia l  d a i r y  p o w d e r s  w e r e  t e s t e d :  ( a )  W h o le  m ilk  
p o w d e r  -  ( T n u v a ,  I s r a e l ;  2 6 .4 %  p r o t e i n ,  2 7 .5 %  f a t  a n d  3 8 .2 %  
s u g a r s ) ;  ( b )  C o f f e e  w h i t e n e r  (D M V  D e  M e lk in d u s t r i e  V e g h e l ,  B V -1 5  
V e g h e l- H o l la n d ;  8% p r o t e i n ,  3 5 %  e m u ls i f i e d  v e g e t a b le  f a t ,  a n d  5 1 %  
s u g a r s ) ;  ( c )  W h e y  p o w d e r  -  (D M V  D e  M e lk in d u s t r i e  V e g h e l ,  B V -1 5  
V e g h e l- H o l la n d ;  1 4 .2 %  p r o t e i n ,  0 .8 %  f a t  a n d  7 6 .3 5  s u g a r s ) ;  a n d  (d )  
“ M a te r n a ”  (M a a b a r o t  P r o d u c t s  L t d . ,  M a a b a r o t ,  I s ra e l ;  a  s p r a y -d r ie d  
i n f a n t ’s f i r s t  m o n t h s  m i lk  p o w d e r ;  1 1 .1 %  p r o t e i n ,  2 5 .9 %  f a t  a n d  
5 5 .5 %  la c to s e ) .

P r o n a s e  m e t h o d

T h e  p r o p o s e d  m e t h o d  w a s  b a s e d  o n  p r o n a s e  p r o te o ly s i s .  T h e  
p r o c e d u r e  w a s  a s  f o l l o w s :  l g  o f  t h e  d a i r y  p o w d e r  w a s  d is p e r s e d  in  
5  m L  d e io n iz e d  d is t i l l e d  w a te r  a t  4 5 ° C .  T h e  m i x t u r e  w a s  m ix e d  
th o r o u g h l y  a n d  1.5  m L  w a s  t r a n s f e r r e d  to  a  2 .5  m L  t e s t  t u b e  w h ic h  
c o n t a i n e d  0 .4  m L  o f  P r o n a s e  (C a lb io c h e m - B e h r in g  P - 5 3 7 0 2 ;  4 5 ,0 0 0
P .U .K /m g )  s o lu t io n  (1 0  m g  e n z y m e /m L  b u f f e r  t r i s ,  p H  7 .0 0 ,  w i th  
5 0  m M  C a C y ,  y ie ld in g  u l t im a te ly  2 .5 3  m g  e n z y m e /O . lg  d r y  p o w 
d e r .  T h e  t e s t  t u b e s  w e re  p la c e d  o n  a  r a c k  a n d  in c u b a t e d  f o r  1 2 0  
m in  a t  4 5 ° C  in  a w a te r  b a th .  T h e  ra c k  w a s  c o o le d  in  ic e  w a t e r  a n d  
1 5 0  juL t r i c h lo r o a c e t i c  a c id  (1 0 0 %  T C A )  w e re  a d d e d  to  e a c h  tu b e .  
C e n t r i f u g a t io n  (2 0  m in  a t  7 0 0 0  r p m )  a n d  f i l t r a t i o n  (W h a tm a n  N o . 1 
f i l t e r  p a p e r )  w e re  u s e d  f o r  c l a r i f i c a t i o n  p r io r  t o  t h e  s p e c t r o p h o t o -  
m e t r i c  d e t e r m in a t io n .

B ro w n in g  in d e x

T h e  o p t i c a l  d e n s i t y  o f  t h e  c le a r  f i l t r a t e s  w a s  d e t e r m in e d  o n  a 
G i l f o r d  (M o d e l  2 5 0 ;  O b e r l in ,  O H )  s p e c t r o p h o t o m e t e r .  S a m p le s  
w e re  r e a d  in  a  1 m L  c u v e t t e  w i th  1 c m  p a s s  le n g th .  W a te r  w a s  u s e d  
a s  b la n k .  B ro w n in g  in d e x ,  O D , w a s  c a l c u l a t e d  a s :

O D  -  A 4 2 0 n m  — ^ 5 S 0 n m

F o r  p r a c t i c a l  p u r p o s e s  t h e  b r o w n in g  in d e x  w a s  e x p r e s s e d  a s  O D /g  
d r y  s o lid s .

RESULTS & DISCUSSION

T H E  O P T I C A L  D E N S I T Y  ( O D )  a f t e r  a n  i n c u b a t i o n  p e r i o d  
o f  1 2 0  m i n  a n d  u p  t o  2 4 0  m i n  w a s  s i m i l a r  a t  e a c h  t i m e  
i n t e r v a l  ( 3 0  m i n ) .  H e n c e ,  f o r  p r a c t i c a l  r e a s o n s  1 2 0  m i n  
r e a c t i o n  t i m e  a t  4 5 ° C  w a s  a d o p t e d  a s  a  s t a n d a r d  f o r  t h e  

p r e s e n t  s t u d y .
T h e  r e l a t i v e l y  h i g h  i n c u b a t i o n  t e m p e r a t u r e  ( 4 5 ° C )  w a s  

u t i l i z e d  t o  c o m p l y  w i t h  p r e v i o u s  r e p o r t s  ( C h o i  e t  a l . ,  1 9 4 9 ;  
L a b u z a  a n d  S a l t m a r c h ,  1 9 8 1 ) .  F u r t h e r m o r e ,  o n l y  a n  i n 
s i g n i f i c a n t  d e c r e a s e  i n  b r o w n i n g  w a s  o b s e r v e d  w h e n  i n c u b a 
t i o n  w a s  d o n e  a t  l o w e r  t e m p e r a t u r e s .  O n  t h e  o t h e r  h a n d ,  a t  
4 5 c C  t h e  r e a c t i o n  t i m e  w a s  r e d u c e d  t o  a  m i n i m u m ,  a n d  

t h u s  d e t e r m i n a t i o n  e f f i c i e n c y  w a s  i m p r o v e d .
T o  a s s e s s  t h e  r e p r o d u c i b i l i t y  o f  t h e  s u g g e s t e d  b r o w n i n g  

d e t e r m i n a t i o n  m e t h o d ,  e i g h t  s e p a r a t e  d e t e r m i n a t i o n s  w e r e  
c a r r i e d  o u t  o n  a  t y p i c a l  d a i r y  p o w d e r .  T h e  p r o d u c t  c h o s e n  
w a s  t h e  “ M a t e r n a ”  p o w d e r  ( T a b l e  1 ) .  F o r  a l l  t h e  o t h e r  
d a i r y  p o w d e r s ,  f o u r  r e p l i c a t e  d e t e r m i n a t i o n s  w e r e  c a r r i e d  
o u t  ( T a b l e  2 ) .  A l s o ,  i n  o r d e r  t o  i n c r e a s e  t h e  b r o w n i n g  i n d e x  
s i g n i f i c a n t l y ,  a n d  t o  c a u s e  h i g h  p r o t e i n  d e n a t u r a t i o n ,  a l l  
t h e  p o w d e r s  w e r e  s e v e r l y  h e a t  t r e a t e d .  T h e s e  s e v e r e  c o n d i 
t i o n s  w e r e  u s e d  t o  t e s t  t h e  a b i l i t y  o f  t h e  p r o n a s e  t o  p r o t e -  
o l y z e  h i g h l y  d e n a t u r e d  p r o t e i n s ,  t h u s  s i m u l a t i n g  c o n d i t i o n s

—Continued on page 1613
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i n  M i l k  a n d  M i l k  P r o d u c t s

V. K. BATISH, HARISH  CHANDER, and B. RANGANATHAN

----------------------------------  A BSTRACT-----------------------------------
O u t  o f  7 2 8  e n t e r o c o c c a l  i s o la te s  r e c o v e r e d  f r o m  2 0 8  s a m p le s  o f  
m i lk  a n d  m ilk  p r o d u c t s ,  2 1 6  i s o la te s  (2 9 .1 % )  p r o d u c e d  d e o x y r i b o 
n u c le a s e  (D N a s e ) ,  b u t  a m o n g  th e m  o n ly  31  (4 .3 % )  w e re  c a p a b le  o f  
e x h ib i t i n g  th e r m o n u c le a s e  (T N a s e )  a c t iv i ty .  T h e  in c id e n c e  o f  D N a s e  
p o s i t iv e  e n t e r o c o c c i  w a s  m a x im u m  ( 6 3 .4 % )  in  K u lf i  m ix ,  b u t  th e  
n u m b e r  o f  th e r m o n u c le a s e  p o s i t iv e  e n t e r o c o c c i  w a s  m a x im u m  
(9 .6 % )  in  n o n f a t  d r y  c o w ’s m i lk .  D N a s e  p o s i t iv e  e n t e r o c o c c i  w e re  
e n c o u n t e r e d  in  7 8  (3 7 .5 % )  s a m p le s ,  w h e re a s  o n ly  2 2  (1 0 .6 % )  o f  
t h e  s a m p le s  s h o w e d  th e  p r e s e n c e  o f  th e r m o n u c le a s e  p r o d u c in g  
e n t e r o c o c c i .  A l th o u g h  3 0  s a m p le s  (1 4 .4 % )  c o n ta in e d  s t a p h y l o c o c c a l  
T N a s e ,  th e r m o n u c le a s e  o f  n o n s t a p h y l o c c a l  o r ig in  w a s  a c tu a l ly  
d e t e c t e d  in  7 s u c h  s a m p le s .  T h e  l a t t e r ,  h o w e v e r ,  d id  n o t  c o n ta in  
e i t h e r  S ta p h y l o c o c c u s  a u r e u s  o r  t h e i r  e n t e r o t o x i n s .

INTRODUCTION

T H E  P R O D U C T I O N  o f  d e o x y r i b o n u c l e a s e  ( D N a s e )  b y  

S t r e p t o c o c c i  g r o u p s  A ,  B ,  C ,  F ,  G  a n d  L  w a s  f i r s t  r e p o r t e d  
b y  T i l l e t t  e t  a l ,  ( 1 9 4 8 ) ,  B r o w n  ( 1 9 5 0 ) ,  a n d  G u d d i n g
( 1 9 7 9 ) .  L a t e r ,  g r o u p  D  S t r e p t o c o c c i  ( E n t e r o c o c c u s )  w e r e  
a l s o  i n c l u d e d  i n  t h e  l i s t  ( T h o m a s  a n d  N a m b u d r i p a d ,  1 9 7 4 )  
B a t i s h  e t  a l ,  1 9 8 2 ) .  H o w e v e r ,  i n  t h e  l a t t e r  c a s e ,  m a n y  o f  t h e  
e n t e r o c o c c a l  s t r a i n s  r e c o v e r e d  f r o m  d a i r y  p r o d u c t s  p r o 
d u c e d  D N a s e  t h a t  r e s i s t e d  b o i l i n g  f o r  1 5  m i n ,  i n d e n t i c a l  t o  
t h e r m o n u c l e a s e  ( T N a s e )  o f  S t a p h y l o c o c c u s  a u r e u s  ( B i s s o n -  

n e t t i  e t  a l . ,  1 9 8 0 ;  P a r k  e t  a l . ,  1 9 8 2 ;  B a t i s h  e t  a l . ,  1 9 8 2 )  a n d  
h e n c e ,  t h e y  m a y  i n t e r f e r e  w i t h  t h e  T N a s e  t e s t  f r e q u e n t l y  
u s e d  f o r  t h e  s c r e e n i n g  o f  f o o d s  f o r  t h e  p r e s e n c e  o f  s t a p h y 

l o c o c c a l  e n t e r o t o x i n s  ( L a c h i c a  e t  a l . ,  1 9 6 9 ;  T a t i n i  e t  a l . ,  

1 9 7 5 ;  B a t i s h  e t  a l . ,  1 9 7 8 ) .  I n  o r d e r  t o  f i n d  t h e  p o s s i b i l i t y  o f  
f a l s e  r e a c t i o n  i n  t h e  c o n v e n t i o n a l  T N a s e  t e s t  d u e  t o  e n t e r o 
c o c c a l  D N a s e s ,  t h e  i n c i d e n c e  o f  D N a s e  a n d  T N a s e  p o s i t i v e  
e n t e r o c o c c i  i n  m i l k  a n d  m i l k  p r o d u c t s  s a m p l e d  f r o m  v a r i 
o u s  s o u r c e s  h a s  b e e n  d e t e r m i n e d  i n  t h e  p r e s e n t  i n v e s t i g a 

t i o n .  C o r r e l a t i o n  o f  t h e  o c c u r r e n c e  o f  T N a s e  p o s i t i v e  e n 
t e r o c o c c i  w i t h  p r e s e n c e  o f  T N a s e  i n  t h e s e  s a m p l e s  i s  a l s o  
c a r r i e d  o u t .

MATERIALS & METHODS

C o l le c t i o n  a n d  a n a ly s is  o f  s a m p le s

S a m p le s  o f  m i lk  a n d  m ilk  p r o d u c t s ,  in c lu d in g  r a w  a n d  p a s t e u r 
iz e d  c o w ’s m i lk ,  s w e e t  c h e e s e ,  c h e d d a r  c h e e s e ,  b u t t e r ,  K u l f i  (a  
f r o z e n  d a i r y  p r o d u c t  s im ila r  t o  ic e  c r e a m  b u t  m a d e  f r o m  m ilk  c o n 
c e n t r a t e d  in  o p e n  c o n ta in e r  w i t h o u t  w h ip p in g ) ,  k u l f i  m ix ,  ic e  
c r e a m ,  s w e e te n e d  c o n d e n s e d  m i lk  a n d  n o n f a t  d r y  c o w ’s m i lk  a n d  
i n f a n t  f o o d s  ( s p r a y  d r i e d ) ,  w e r e  c o l le c te d  a s e p t ic a l ly  f r o m  th e  lo c a l  
m a r k e t  as w e ll  a s  f r o m  th e  I n s t i t u t e ’s e x p e r im e n ta l  d a i r y  a n d  
e x a m in e d  f o r  t h e  p re s e n c e  o f  e n t e r o c o c c i  u s in g  c i t r a t e  a z id e  a g a r  
( S a r a s w a t  e t  a l .,  1 9 6 5 )  a f t e r  a d ju s t in g  t h e  c o n c e n t r a t i o n  o f  s o d iu m  
c h lo r id e  a t  6 .5 %  a n d  f in a l  p H  a t  9 .6 .  A ll  i s o la te s  w e re  s u b je c te d  to  
g r o u p  D  s e r o lo g y  ( F u l l e r ,  1 9 3 8 )  a s  w e ll  a s  S h e r m a n ’s c r i t e r i a  ( S h e r 
m a n ,  1 9 3 7 )  t o  d e t e r m in e  if  t h e y  w e re  ‘t r u e ’ e n t e r o c o c c i .  F o r  f u r t h e r  
c h a r a c t e r i z a t i o n  o f  e n t e r o c o c c i ,  t h e  p r o c e d u r e  o f  D e ib e l  a n d  S e e le y
( 1 9 7 4 )  w a s  f o l l o w e d .

Authors Batish, Chander, and Ranganathan are affiliated with the 
Dairy Microbiology Division, National Dairy Research Institute, 
Kama! (Haryana) 132001, India.

D N a s e  a c t iv i ty

E n t e r o c o c c a l  i s o la te s  w e re  g r o w n  in  T o d d - H e w i t t  b r o t h  f o r  18  h r  
a t  3 7 ° C  a n d  t e s t e d  f o r  D N a s e  u s in g  m e t h y l  g r e e n  D N A  a g a r  c f  t h e  
f o l lo w in g  c o m p o s i t i o n :  S o d iu m  s a l t  o f  c a l f  t h y m u s  D N A  (S ig m a ) ,  
1 0  m g ; 0 .5 %  m e t h y l  g r e e n  ( B D H ) ,  0 .5  m L ;  0 .0 1 M  c a l c iu m  c h lo r id e  
(B D H ) ,  0 .1  n tL ;  0 .0 1 M  m a g n e s iu m  c h lo r id e  ( B D H ) ,  0 .1  m L ;  s o d iu m  
c h lo r id e  (B D H ) ;  lO g ; n o b le  a g a r  ( D i f c o ) ,  lO g , a n d  0 .2 M  v e r o n a l  
b u f f e r  (p H  7 .0 ) ,  1 0 0  m L . F o r  d e t e r m i n a t i o n  o f  b o t h  D N a s e  a n d  
T N a s e  a c t iv i t i e s  o f  e n t e r o c o c c i ,  t h e  m e t h o d  o f  B a t i s h  e t  a l .  ( 1 9 8 2 )  
w a s  fo l l o w e d .

D i f f e r e n t i a t i o n  o f  th e r m o n u c le a s e  s o u r c e

F o r  c o n f i r m in g  t h e  p r e s e n c e  o f  T N a s e  o f  s t a p h y l o c o c c a l  a s  w e ll  
a s  n o n s t a p h y l o c o c c a l  o r ig in  in  s a m p le s  s h o w in g  T N a s e  p o s i t iv e  
e n t e r o c o c c i ,  t h e  e x t r a c t i o n  p r o c e d u r e  o f  T a t i n i  e t  a l .  ( 1 9 7 5 )  a s  
m o d i f i e d  b y  B a t is h  e t  a l .  ( 1 9 8 2 )  w a s  f o l l o w e d .  T N a s e  e x t r a c t s  w e re  
p r e p a r e d  f r o m  th e  s a m p le s  a t  p H  4 .5  a s  w e ll  a s  a t  p H  3 .8 .  T N a s e  
a c t iv i ty  in  th e s e  p r e p a r a t i o n s  w a s  r e c o r d e d  b o t h  o n  t o lu id in e  b lu e  
D N A  a g a r  ( L a c h ic a  e t  a l .,  1 9 7 1 )  a s  w e ll  a s  o n  m e t h y l  g r e e n  D N A  
a g a r  m e d ia  a f t e r  h e a t in g  th e  e x t r a c t s  a t  1 0 0 ° C  f r o  15  m in  a n d  1 h r ,  
r e s p e c t iv e ly ,  u s in g  th e  p r o c e d u r e  d e s c r ib e d  a b o v e .  T h e  e x t r a c t i o n  o f  
T N a s e  o f  s t a p h y l o c o c c a l  o r ig in  f r o m  th e  s a m p le s  a t  p H  3 .8  w a s  v e ry  
u s e f u l  f o r  t h e i r  d i f f e r e n t i a t i o n  f r o m  T N a s e s  o f  n o n s t a p h y l o c o c c a l  
o r ig in ,  s in c e  t h e  l a t t e r  c o u ld  b e  e x t r a c t a b l e  a t  t h e  s a id  p H .  T N a s e s  
o f  S. a u r e u s  w e re  o n ly  s l ig h t ly  a f f e c t e d  w h e n  h e a t e d  a t  1 0 0 ° C  f o r  1 
h r  w h ile  T N a s e s  o f  e n t e r o c o c c i  w e re  c o m p le t e l y  i n a c t iv a t e d .  T N a s e s  
o f  e n t e r o c o c c i ,  o n  t h e  o t h e r  h a n d  w e re  a c t iv e  w h e n  t h e  p H  o f  t h e  
D N a s e  a sg a y  m e d iu m  w a s  a d ju s t e d  t o  p H  6 .7  a s  w e ll  a s  t o  p H  9 .0 .  
S ta p h y lo c o c c a l  T N a s e  w a s  n o t  a c t iv e  a t  p H  6 .7 .

D e te c t io n  o f  s t a p h y l o c o c c a l  e n t e r o t o x i n s

F r o m  th e  T N a s e  p o s i t iv e  s a m p le s ,  s t a p h y l o c o c c a l  e n t e r o t o x i n s  
w e re  e s t r u c t e d  b y  th e  m e t h o d  o f  C a s m a n  ( 1 9 6 7 ) .  T h e  m ic r o s l id e  g e l 
d i f f u s io n  t e s t  (C a s m a n  e t  a l . ,  1 9 6 9 )  w a s  u s e d  to  d e t e c t  e x t r a c t e d  
e n t e r o t o x i n ,  w i th  s t a n d a r d  a n t i s e r a  s u p p l ie d  b y  D r .  M .S . B e r g d o l l .

/ Table 1 —Distribution o f deoxyribonuclease (DNase) positive entero
cocci isolated from milk and milk products

Type of sample
No. of 

samples

No. of 
entero
cocci 

tested3

No. of entero
cocci showing 

DNase 
activity

No. of entero
cocci showing 

TNase 
activity

Raw cow’s milk 23 90 23(25.5) 3(3.3)
Pasteurized 17 33 4(12.1) 0

cow's milk
Sweet cheese 10 36 9(25.0) 0
Cheddar cheese 25 105 53(50.5) 3(2.8)
Processed cheese 10 0 0 0
Butter 20 14 0 0
Kulfi 20 55 26(47.3) 1(1.8)
Ice cream 10 38 6(51.8) 0
Sweetened 10 41 9(21.5) 12(4.8)

condensed milk
Nonfat dry 27 125 41(32.8) 12(9.6)

cow's milk
Infant food 16 150 19(12.7) 9(6.0)

Total 208 728 216(29.7) 31(4.3)

a The number of enterococci tested equal the number isolated. Fig
ures in parentheses indicate percentage.
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Table 2—Incidence of samples of milk and milk products positive for thermonuclease (TNase)

Type of sample

No. of 
samples 
tested

No. of samples 
positive for staph
ylococcal TNasea

Type of staphy
lococcal entero
toxin detected

No. of samples positive 
for nonstaphylococcus 
(enterococcal) TNase

Raw cow's milk 23 6(26.7) A, C, D 1(4.3)
Pasteurized cow's milk 17 1(5.9) A 0
Sweet cheese 10 1(10.0) A 1(10.0)
Cheddar cheese 25 4(16.0) A, B 1(4.0)
Processed cheese 10 0 _b 0
Butter 20 2(10.0) A 0
Kulfi 20 3(15.0) A, B, C 2(10.0)
Kulfi mix 20 2(10.0) A, B 0
Ice cream 10 1(10.0) A, B 1(10.0)
Sweetened cond. milk 10 0 _b 1(10.0)
Nonfat dry cow's milk 27 7(25.9) A, B, D 0
Infant food 16 3(18.7) A, B 0

Total 208 30(14.4) 7(3.4)

a Data in parentheses indicate percentage 
° Not detected

RESULTS AND DISCUSSION

I N  T H E  P R E S E N T  I N V E S T I G A T I O N ,  2 9 . 7 %  o f  t h e  e n t e r -  
o c o c c a l  i s o l a t e s  e x a m i n e d  w e r e  p o s i t i v e  f o r  D N a s e ,  w i t h  t h e  

h i g h e s t  i n c i d e n c e  o f  s u c h  o r g a n i s m s  ( 6 3 . 4 % )  o b s e r v e d  i n  
k u l f i  m i x  ( T a b l e  1 ) .  H o w e v e r ,  o n l y  4 . 3 %  o f  t h e  D N a s e  p o s i 
t i v e  e n t e r o c o c c i  w e r e  c a p a b l e  o f  p r o d u c i n g  T N a s e .  T h e  
i n c i d e n c e  o f  T N a s e  p o s i t i v e  e n t e r o c o c c i  w a s  m a x i m u m  
( 9 . 6 % )  i n  n o n f a t  d r y  c o w ’s  m i l k .  I n f a n t  f o o d s  a n d  s w e e t 
e n e d  c o n d e n s e d  m i l k  s a m p l e s  a l s o  c o n t a i n e d  a p p r e c i a b l e  

n u m b e r s  o f  T N a s e  p o s i t i v e  e n t e r o c o c c i .  R e c o v e r y  o f  T N a s e  

p o s i t i v e  e n t e r o c o c c i  f r o m  d a i r y  p r o d u c t s  e x a m i n e d  i n  t h i s  
s t u d y  w e r e  i n  a g r e e m e n t  w i t h  T h o m a s  a n d  N a m b u d r i p a d

( 1 9 7 4 )  a n d  B a t i s h  e t  a l .  ( 1 9 8 2 )  w h o  a l s o  r e p o r t e d  t h e r m o 
s t a b l e  D N a s e  p r o d u c i n g  e n t e r o c o c c i  i n  m i l k  a n d  m i l k  

p r o d u c t s ,  e s p e c i a l l y  i n  d r i e d  m i l k .  T h e  p r e s e n c e  o f  T N a s e  
p o s i t i v e  e n t e r o c o c c i  i n  s u c h  f o o d s  m a y  b e  v i e w e d  w i t h  
c o n c e r n ,  s i n c e  m a n y  o f  t h e m  a r e  c a p a b l e  o f  i n d u c i n g  f o o d  
p o i s o n i n g  s y n d r o m e s  i n  l a b o r a t o r y  a n i m a l  m o d e l s  ( B a t i s h  e t  

a l . ,  1 9 8 2 ) .
D N a s e  p r o d u c t i o n  b y  e n t e r o c o c c i  a l s o  h a s  b e e n  r e p o r t e d  

b y  o t h e r  w o r k e r s .  W h i l e  s u r v e y i n g  D N a s e  p r o d u c t i o n  b y  
m i c r o o r g a n i s m s  o t h e r  t h a n  s t a p h y l o c o c c i ,  P a r k  e t  a l .  ( 1 9 8 0 )  

r e p o r t e d  s o m e  s t r a i n s  o f  S . f a e c a l i s  p r o d u c e d  D N a s e  t h a t  
w e r e  h e a t  r e s i s t a n t .  B i s s o n n e t t i  e t  a l .  ( 1 9 8 0 )  a l s o  r e p o r t e d  
T N a s e  p r o d u c t i o n  b y  S . f a e c a l i s  s t r a i n s  i s o l a t e d  f r o m  n a t u r 

a l l y  c o n t a m i n a t e d  c h e e s e .  C o n v e r s e l y ,  s e v e r a l  o t h e r  w o r k e r s  
( B r o w n ,  1 9 5 0 ;  L a c h i c a  a n d  D e i b e l ,  1 9 6 9 )  f a i l e d  t o  d e m o n 

s t r a t e  D N a s e  p r o d u c t i o n  a m o n g  e n t e r o c o c c i .  T h e  p r o b a b l e  
r e a s o n  f o r  t h e  f a i l u r e  o f  s o m e  o f  t h e s e  w o r k e r s  t o  d e m o n 

s t r a t e  D N a s e  p r o d u c t i o n  m a y  b e  d u e  t o  d i f f e r e n t  a s s a y  
c o n d i t i o n s  u s e d  f o r  d e t e r m i n i n g  t h e  e n z y m e  a c t i v i t y .  T h o s e  

w o r k e r s  u s e d  s t a p h y l o c o c c a l  T N a s e  a s s a y  p r o c e d u r e s  f o r  
e n t e r o c o c c a l  D N a s e s  a l s o .  M e t h y l  g r e e n  D N A  a g a r  m e d i u m  
d e v e l o p e d  i n  t h i s  l a b o r a t o r y  ( B a t i s h ,  1 9 8 2  w a s  f o u n d  t o  b e  
s u i t a b l e  f o r  d e t e c t i o n  o f  e n t e r o c o c c a l  D N a s e s .  M a n y  o f  t h e  
e n t e r o c o c c a l  i s o l a t e s  t h a t  e x h i b i t e d  p o o r  T N a s e  a c t i v i t y  o n  
c o n v e n t i o n a l  T o l u i d i n  b l u e  D N A  a g a r  u s e d  f o r  t h e  a s s a y  o f  
s t a p h y l o c o c c a l  T N a s e s  w e r e  c a p a b l e  o f  s h o w i n g  a  g o o d  
T n a s e  a c t i v i t y  o n  m e t h y l  g r e e n  D N A  a g a r  m e d i u m .

T h e  T N a s e s  o f  s t a p h y l o c o c c a l  o r i g i n  w e r e  d e t e c t e d  i n  3 0  
s a m p l e s  ( 1 4 . 4 % ) ,  w h e r e a s  T N a s e  o f  n o n s t a p h y l o c o c c a l  
o r i g i n  w e r e  f o u n d  i n  7  s a m p l e s  ( 3 . 4 % )  ( T a b l e  2 ) .  T w o  
s a m p l e s  o f  K u l f i  a n d  o n e  e a c h  o f  r a w  c o w ’s m i l k ,  s w e e t  
c h e e s e ,  C h e d d a r  c h e e s e ,  i c e  c r e a m ,  a n d  s w e e t e n e d  c o n 
d e n s e d  m i l k  w e r e  p o s i t i v e  f o r  e n t e r o c o c c a l  T N a s e .  S a m p l e s  

c o n t a i n i n g  e n t e r o c o c c a l  T N a s e s  d i d  n o t  c o n t a i n  e i t h e r  S . 

a u r e u s  o r  t h e i r  e n t e r o t o x i n s .  H o w e v e r ,  t h e y  d i d  c o n t a i n  
m o r e  t h a n  1 0 5 c e l l s  o f  T N a s e  p o s i t i v e  e n t e r o c o c c i  p e r  m L  
o r  g ,  t h e r e b y  s u g g e s t i n g  e n t e r o c o c c a l  n a t u r e  o f  T N a s e  i n

t h e s e  s a m p l e s .  O n  t h e  o t h e r  h a n d ,  a l l  o f  t h e  3 0  s a m p l e s  
p o s i t i v e  f o r  s t a p h y l o c o c c a l  T N a s e  a l s o  c o n t a i n e d  s t a p h y l o 
c o c c a l  e n t e r o t o x i n ,  A ,  B ,  C  o r  D .  A  h i g h  p o p u l a t i o n  o f  

T N a s e  p o s i t i v e  S . a u r e u s  ( 1 0 6 c e l l s  p e r  m L  o r  g )  w e r e  r e 
c o r d e d  i n  t h e s e  s a m p l e s ,  e x c e p t  i n  o n e  p a s t e u r i z e d  c o w  

m i l k  a n d  t h r e e  i n f a n t  f o o d  s a m p l e s  w h i c h  a p p e a r e d  t o  c o n 
t a i n  p e r f o r m e d  s t a p h y l o c o c c a l  e n t e r o t o x i n s  a n d  T N a s e .  I n  
v i e w  o f  t h e  p r e s e n c e  o f  n o n s t a p h y l o c o c c a l  T N a s e  i n  f o o d s ,  
s a m p l e s  e x h i b i t i n g  p o s i t i v e  T N a s e  m a y  l e a d  t o  a n  i n c o r r e c t  

i n t e r p r e t a t i o n  w i t h  r e g a r d  t o  c o n t a m i n a t i o n  b y  S . a u r e u s .  
H e n c e ,  d u e  c o n s i d e r a t i o n  m u s t  b e  g i v e n  t o  n o n s t a p h y l o c o c 

c a l  T N a s e  p o t e n t i a l l y  p r e s e n t  i n  t h e  f o o d  p r o d u c t s ,  b e f o r e  

f i n a l l y  i n t e r p r e t i n g  t h e  r e s u l t s  o n  t h e  b a s i s  o f  T N a s e  t e s t .
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A Research Note

N o n d e s t r u c t i v e  C o l o r  M e a s u r e m e n t  o f  F r e s h  B r o c c o l i

R. L. SHEWFELT, E. K. HEATON, and K. M. BATAL

----------------------------------- ABSTRACT-----------------------------------
A m a jo r  l im i t a t i o n  in  t h e  c o lo r im e t r y  o f  f r e s h  b r o c c o l i  h a s  b e e n  th e  
c u r v a tu r e  o f  t h e  h e a d .  T o t a l  c h l o r o p h y l l  c o n c e n t r a t i o n  a n d  v is u a l 
a p p e a r a n c e  h a v e  th u s  b e e r  th e  m e t h o d s  o f  c h o ic e  f o r  c o lo r  m e a s u r e 
m e n t .  S a m p le s  f r o m  s ix  c u l t iv a r s  s e le c te d  f o r  o b v io u s  v is u a l c o lo r  
d i f f e r e n c e s  w e re  p r e s e n te d  to  a n  o ld e r  ( G a r d n e r  C -4 )  a n d  a  n e w e r  
( G a r d n e r  X L - 8 4 5 )  g e n e r a t i o n  c o lo r im e te r  u s in g  b o t h  w h o le  h e a d  
a n d  s h a v e d  f l o r e t  s a m p le  p r e s e n ta t i o n s .  N o  s ig n if ic a n t  d i f f e r e n c e s  
w e re  o b s e r v e d  in  t h e  t o t a l  c h l o r o p h y l l  c o n c e n t r a t i o n s  o f  t h e  c u l t i 
v a rs , b u t  d i s t i n c t i o n  w a s  m a d e  a m o n g  th e  c u l t iv a r s  u s in g  t h e  s h a v e d  
f l o r e t  p r e s e n t a t i o n  f o r  t h e  o ld e r  m o d e l  a n d  th e  w h o le  h e a d  p r e s e n 
t a t i o n  f o r  t h e  n e w e r  m o d e l .  N e w e r  g e n e r a t i o n  c o lo r im e te r s  t h u s  
p r o v id e  a r a p id  n o n d e s t r u c t iv e  m e a n s  o f  a s s e s s in g  f r e s h  b r o c c o l i  
c o lo r .

INTRODUCTION

L O S S  O F  G R E E N  C O L O R  i s  a  m a j o r  l i m i t i n g  f a c t o r  i n  
s h e l f - l i f e  r e d u c t i o n  i n  t h e  s t o r a g e  o f  f r e s h  b r o c c o l i .  T h e  
m o s t  w i d e l y  a c c e p t e d  m e a n s  o f  e v a l u a t i n g  b r o c c o l i  c o l o r  
h a s  b e e n  t h e  s u b j e c t i v e  s c a l e  d e s c r i b e d  b y  L i p t o n  a n d  H a r r i s
( 1 9 7 4 )  o r  W a n g  ( 1 9 7 7 ) .  C h l o r o p h y l l  a n a l y s i s  h a s  b e e n  u s e d  
b y  s e v e r a l  i n v e s t i g a t o r s  ( F u l l e r  e t  a l . ,  1 9 7 7 ;  W a n g ,  1 9 7 9 ;  
B a t a l  e t  a l . ,  1 9 8 2 )  a s  a n  o b j e c t i v e  a l t e r n a t i v e ,  b u t  i t  i s  a  
t e d i o u s ,  d e s t r u c t i v e  t e c h n i q u e .  C o l o r i m e t r y  h a s  b e e n  u s e d  
i n  t h e  p a s t  t o  e v a l u a t e  b r o c c o l i  c o l o r  ( B a t a l  e t  a l . ,  1 9 8 2 ;  
S h e w f e l t  e t  a l . ,  1 9 8 3 )  w i t h  l i m i t e d  s u c c e s s .  T h e  m a j o r  l i m i 
t a t i o n  o f  p a s t  c o l o r i m e t r y  s t u d i e s  h a s  b e e n  t h e  i n a b i l i t y  o f  
t h e  i n s t r u m e n t s  t o  c o m p e n s a t e  f o r  t h e  c u r v a t u r e  o f  t h e  
b r o c c o l i  h e a d .  S a m p l e s  w e r e  t h u s  p r e s e n t e d  t o  t h e  c o l o r 
i m e t e r  a s  i n d i v i d u a l  f l o r e t s  s h a v e d  f r o m  t h e  h e a d .  N o t  o n l y  

i s  t h i s  t e c h n i q u e  d e s t r u c t i v e ,  t h e  u n d e r s i d e  o f  t h e  f l o r e t s  

s t a r t  t o  y e l l o w  e a r l i e r  t h a n  t h e  s u r f a c e  f a c i n g  t h e  n o r m a l  
v i e w e r  g i v i n g  a n  i n a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  w h o l e  

h e a d .  T h e  c u r v a t u r e  l e a d s  t o  d i f f r a c t i o n  ( o r  s c a t t e r i n g )  o f  
t h e  l i g h t  w h i c h  c a n n o t  b e  a p p r o p r i a t e l y  i n t e r p r e t e d  b y  t h e  
l i g h t  c o l l e c t o r  ( F r a n c i s  a n d  C l y d e s d a l e ,  1 9 7 5 ) .

T h e  f i e l d  o f  c o l o r i m e t r y  h a s  a d v a n c e d  r a p i d l y  i n  t h e  p a s t  
f e w  y e a r s  a n d  s e v e r a ;  i n s t r u m e n t s  h a v e  b e e n  d e v e l o p e d

Authors Shewfelt and Heaton are with the Dept, o f Food Science, 
Univ. o f Georgia Experiment Station, Experiment, GA 30212. 
Author Batal is with the Dept, o f Horticulture, Univ. of Georgia 
Coastal Plains Station, Tifton, GA 31793.

u s i n g  f i b e r  o p t i c s  ( H a m m e l ,  1 9 8 1 )  t h a t  a r e  s u p p o s e d  t o  
c o r r e c t  f o r  t h e  c u r v a t u r e  o f  m a n y  f r u i t s  a n d  v e g e t a b l e s .  T h e  

p u r p o s e  o f  t h i s  s t u d y  is  t o  d e t e r m i n e  i f  o n e  o f  t h e  n e w e r  

g e n e r a t i o n  i n s t r u m e n t s  c a n  p r o v i d e  a n  o b j e c t i v e ,  n o n d e 
s t r u c t i v e  m e t h o d  f o r  t h e  c o l o r  e v a l u a t i o n  o f  f r e s h  b r o c c o l i .

MATERIALS & METHODS
S IX  C U L T I V A R S  o f  b r o c c o l i  (C V S  ‘C o r s a i r ’, ‘E m p e r o r ’, ‘E x c a l ib u r ’, 
‘G r e e n  B e r e t ’, ‘G re e n  D u k e ’ a n d  ‘S o u th e r n  C o m e t ’) g r o w n  in  t e s t  
p l o t s  a t  T i f t o n ,  G A  w e re  s e le c te d  f o r  m a r k e d  d i f f e r e n c e s  in  v is u a l  
c o lo r  a t  a  s im ila r  le v e l o f  m a t u r i t y .  F r o m  e a c h  c u l t iv a r  s ix  h e a d s  
( f o u r  h e a d s  f o r  t h e  c u l t iv a r  ‘E m p e r o r ’) w e re  s e le c te d  a s  r e p r e s e n t a 
tiv e , h a r v e s te d  w i th in  a 2 -d a y  p e r io d ,  c o o le d  a n d  to p - i c e c .  T h e  
h e a d s  w e re  t r a n s p o r t e d  to  E x p e r i m e n t ,  G A , a  d i s ta n c e  o f  a p p r o x i -  
m te ly  1 5 0  m ile s ,  f o r  t h e  p h y s ic a l  a n d  c h e m ic a l  a n a ly s e s .  S a m p le s  
w e re  s to r e d  a t  1° C  w i th  ic e  a d d e d  w h e n  n e c e s s a ry  u n t i l  c o lo r  m e a 
s u r e m e n t s  c o u ld  b e  p e r f o r m e d  1 w k  a f t e r  h a rv e s t .

C o lo r  m e a s u r e m e n t s  w e re  p e r f o r m e d  o n  e a c h  w h o le  h e a d  a n d  
t h e n  o n  f l o r e t s  s h a v e d  f r o m  e a c h  h e a d  u s in g  b o t h  t h e  G a r d n e r  C -4  
c o lo r im e te r ,  a n  o ld e r  g e n e r a t i o n  i n s t r u m e n t ,  a n d  t h e  G a r d n e r  
X L -8 4 5  c o lo r im e te r  t h a t  e m p lo y s  f ib e r  o p t ic s .  F lo r e t s  f r o m  e a c h  
h e a d  w e re  p la c e d  in  a p p r o p r i a t e  s a m p le  c u p s  a n d  c o v e r e d  w i t h  a  
b la c k  n o n g lo s s y  f in i s h e d  c o v e r in g  to  p r o t e c t  f r o m  s t r a y  l i g h t  d u r in g  
m e a s u r e m e n t .  T h e  i n s t r u m e n t s  w e re  a d ju s t e d  u s in g  a  g r e e n  s t a n d a r d  
t i le  (L  =  5 0 . 4 ,  a  =  - 2 5 . 2 ,  b  = + 6 .2 ) .  D e r iv e d  f u n c t i o n s  f o r  c o lo r  
d i f f e r e n c e  (A E ) a n d  h u e  d i f f e r e n c e  (A H ) w e re  c a l c u l a t e d  u s in g  th e  
f o r m u la e :

A E  = [ (A L )2 +  (Aa)2 + (Ab)2 ] Vl

C  = ( a 2 +  b 2 / 2

A H  = [ ( A E )2 -  (A L )2 -  (A C ) 2 ] 1/2

w h e r e  A L , A a, A b  a n d  A C a r e  d i f f e r e n c e s  in  t h e  c o lo r  v a lu e s  o f  e a c h  
s a m p le  f r o m  t h e  s t a n d a r d  t i le  (A n o n . ,  1 9 7 9 ) .

T o t a l  c h lo r o p h y l l  c o n c e n t r a t i o n  w a s  d e t e r m in e d  b y  t h e  p r o c e 
d u r e  o f  L e b e r m a n n  e t  a l.  ( 1 9 6 8 )  a s  m o d i f i e d  b y  B a ta l  e t  a l.  ( 1 9 8 2 ) .  
S t a t i s t i c a l  a n a ly s is  w a s  p e r f o r m e d  u s in g  th e  s t a n d a r d  a n a ly s i s  o f  
v a r ia n c e  a n d  D u n c a n ’s m u l t i p l e  r a n g e  t e c h n iq u e s  (H e lw ig  a n d  C o u n 
c il,  1 9 7 9 ) .

RESULTS & DISCUSSION

T H E  S I X  C U L T I V A R S  u s e d  i n  t h e  s t u d y  p r o v i d e d  a  w i d e  
r a n g e  o f  s h a d e s  o f  g r e e n  c o l o r  w i t h  l i t t l e  v a r i a t i o n  o f  c o l o r  
b e t w e e n  s a m p l e s  w i t h i n  a  c u l t i v a r .  A  b l u i s h  t i n g e ,  c o m m o n  

t o  c e r t a i n  c u l t i v a r s  i n  l a t e  a u t u m n ,  w a s  a p p a r e n t  i n  t h e  
‘ E m p e r o r ’ a n d  ‘ E x c a l i b u r ’ s a m p l e s .

t
Table 1—Total chlorophyll and instrumental color values of six cultivars o f fresh broccoli using the Gardner C-4 colorimeter with shaved florets 
presentation and the Gardner XL-845 colorimeter with the whole head presentation (values represent a single measurement on each o f four 
heads for 'Emperor' and six heads for each o f the other cultivars)

Cultivar

T otal
chlorophyll
(mg/100g)

Gardner C-4 (shaved florets) Gardner XL-845 (whole head)
L AE AH tan 1b/a L AE AH tan 1b/a

Corsair 27.0a 38.8b 22.2a 16.5b 119.8a 29.2b 28.5ab 9 4ab 133 2C
Emperor 25.4a 45.3a 20.6bc 18.8a 116.8a 41.9a 25.7C 14.0a 230 8a
Excalibur 25.5a 44.0a 20.2bc 17.2b 118.8a 34.1b 29.0a 10.9ab 191 4b
Green Beret 24.5a 42.9a 21.0b 17.6b 118.5a 32.7b 26.3bc 8.0bc 147 3C
Green Duke 24.0a 43.2a 20.7bc 17.4b 118.0a 33.5b 26.0bc 8.5abc 153.4bc
Southern Comet 
a-C *____

23.6a 45.7a 19.6C 17.8b 119.8a 32.2b 28.0abc 3.7C 167.3bc
a' c Means within a column with the same letter are not significantly different from each other (p < 0.05).
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D e s p i t e  t h e  o b v i o u s  d i f f e r e n c e s  i n  v i s u a l  a p p e a r a n c e ,  n o  

s i g n i f i c a n t  d i f f e r e n c e s  w e r e  d e t e c t e d  i n  t h e  t o t a l  c h l o r o p h y l l  

c o n c e n t r a t i o n s  o f  s a m p l e s  f r o m  d i f f e r e n t  c u l t i v a r s  ( T a b l e  

1 ) . I t  i s  a p p a r e n t  t h a t  f a c t o r s  o t h e r  t h a n  c h l o r o p h y l l  c o n 
c e n t r a t i o n  a r e  c o n t r i b u t i n g  t o  t h e  v i s u a l  a p p e a r a n c e  o f  t h e  
b r o c c o l i .

N o  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  o b s e r v e d  i n  a n y  o f  t h e  
i n s t r u m e n t a l  c o l o r  v a l u e s  w h e n  u s i n g  t h e  o l d e r  c o l o r i m e t e r  

w i t h  t h e  w h o l e  h e a d  p r e s e n t a t i o n  ( d a t a  n o t  s h o w n ) .  W h e n  

t h e  s h a v e d  f l o r e t s  w e r e  p r e s e n t e d  t o  t h i s  i n s t r u m e n t ,  s o m e  
d i s t i n c t i o n  b e t w e e n  c u l t i v a r s  w a s  o b s e r v e d  ( T a b l e  1 ) .  T h e  
f u n c t i o n  p r o v i d i n g  t h e  g r e a t e s t  d i s c r i m i n a t i o n  w a s  A E .  T h i s  

i n s t r u m e n t  a s  w e l l  a s  o t h e r  o l d e r  i n s t r u m e n t s  o f  s i m i l a r  
d e s i g n  a r e  a p p a r e n t l y  n o t  a b l e  t o  c o m p e n s a t e  f o r  d i f f e r e n c e s  
i n  t h e  c u r v a t u r e  o f  t h e  b r o c c o l i  h e a d .

T h e  n e w e r  m o d e l  d e t e c t e d  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  
c u l t i v a r s  f o r  L  a n d  A E  v a l u e s  w i t h  t h e  s h a v e d  f l o r e t  p r e s e n 
t a t i o n  ( d a t a  n o t  s h o w n ) .  T h e  w h o l e  h e a d  p r e s e n t a t i o n  u s i n g  
t h e  n e w e r  c o l o r i m e t e r  p r o v i d e d  t h e  g r e a t e s t  d i s t i n c t i o n  
b e t w e e n  t h e  c u l t i v a r s  o b s e r v e d  i n  t h e  s t u d y  ( T a b l e  1 ) .  T h e  

w i d e s t  r a n g e  o f  d i f f e r e n c e s  w a s  o b s e r v e d  i n  t h e  h u e  a n g l e  
( t a n ^ b / a ) .  T h e  t w o  c u l t i v a r s  e v i d e n c i n g  a  b l u i s h  t i n g e  a r e  
s e p a r a t e d  f r o m  t h e  r e s t  b y  h u e  a n g l e s  g r e a t e r  t h a n  1 8 0  
i n d i c a t i n g  a  n e g a t i v e  b  v a l u e  ( g r e a t e r  b l u e  t h a n  y e l l o w  

c h a r a c t e r ) .

A l t h o u g h  b o t h  c o l o r i m e t e r  m o d e l s  w e r e  a b l e  t o  d e t e c t  
d i f f e r e n c e s  i n  t h e  c o l o r  o f  b r o c c o l i  c u l t i v a r s  u s e d  i n  t h e  
s t u d y ,  t h e  w h o l e  h e a d  p r e s e n t a t i o n  i s  c l e a r l y  p r e f e r a b l e  t o  
t h e  s h a v e d  h e a d  p r e s e n t a t i o n .  T h e  n o n d e s t r u c t i v e  n a t u r e  

o f  t h e  w h o l e  h e a d  s a m p l e  p r e s e n t a t i o n  p r o v i d e s  m u l t i p l e  

e v a l u a t i o n  o f  t h e  s a m e  h e a d s  d u r i n g  s h e l f - l i f e  s t u d i e s .  I n  
a d d i t i o n ,  t h e  s u r f a c e  e v a l u a t e d  o b j e c t i v e l y  b y  t h e  i n s t r u 

m e n t  a n d  s u b j e c t i v e l y  b y  t h e  c o n s u m e r  a r e  t h e  s a m e  w h e n  

t h e  w h o l e  h e a d  p r e s e n t a t i o n  is  e m p l o y e d .  T h u s  t h e  n e w e r  

g e n e r a t i o n  c o l o r i m e t e r s  p r o v i d e  a  r a p i d ,  n o n d e s t r u c t i v e  
a l t e r n a t i v e  t o  c h l o r o p h y l l  a n a l y s i s  i n  t h e  o b j e c t i v e  m e a s u r e 
m e n t  o f  b r o c c o l i  c o l o r .
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D E T M  O F  B R O W N I N G  I N  D A I R Y  P O W D E R S . . . From page 1609,

Table 1— Browning index (OD/g dry solid) reproducibility (eight 
replicates) in "Materna"  powder exposed to various heat treatments

Heat treatment 
(hr at 90°C) Average

Standard
deviation

Coefficient of 
variation (%)

_ 0.075 0.002 2.9
50 0.183 0.003 1.6

100 0.296 0.003 1.1

w h i c h  m a y  b e  p e r t i n e n t  d u r i n g  “ h i g h  t e m p e r a t u r e - l o n g  t i m e ”  

p r o c e s s e s .
T h e  n o n e n z y m a t i c  b r o w n i n g  d a t a  d e r i v e d  ( T a b l e  1 ) 

s h o w e d  t h a t  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  f o r  a l l  t h e  b r o w n i n g  
i n d e x e s  w a s  b e l o w  3 % . T h i s  l o w  v a r i a b i l i t y  i n d i c a t e d  t h a t  
t h e  m e t h o d  s u g g e s t e d  w a s  h i g h l y  r e p r o d u c i b l e  a n d  a c c u r a t e .  

F u r t h e r m o r e ,  t h e  d e r i v e d  d a t a  ( T a b l e s  1 a n d  2 )  s h o w e d  t h a t  
t h e  m e t h o d  w a s  n o t  a f f e c t e d  b y  p r o t e i n  d é n a t u r a t i o n .  

S i m i l a r  r e p e a t a b i l i t y  w a s  r e p o r t e d  f o r  b r o w n i n g  d e t e r m i n a 
t i o n  i n  c i t r u s  p r o d u c t s  ( M e y d a v  e t  a h ,  1 9 7 7 ) .

A s  t h e  d a i r y  p o w d e r s  a n a l y z e d  c o n t a i n e d  a  w i d e  r a n g e  o f  
p r o t e i n  c o n c e n t r a t i o n s  ( 8 - 2 6 % )  t y p i c a l  t o  o t h e r  s i m i l a r  
p r o d u c t s ,  i t  m a y  b e  a s s u m e d  t h a t  t h e  e n z y m e  c o n c e n t r a t i o n  
u s e d  w o u l d  b e  e f f e c t i v e  t o  l i b e r a t e  t h e  b r o w n  p i g m e n t s  i n  

o t h e r  d a i r y  p r o d u c t s .
I n  c o n c l u s i o n ,  t h e  s u g g e s t e d  m e t h o d  f o r  d e t e r m i n a t i o n  

o f  n o n e n z y m a t i c  b r o w n i n g  i n  d a i r y  p o w d e r s  p r o v e d  t o  b e  

s t r a i g h t f o r w a r d ,  e a s y  t o  e m p l o y  a n d  t o  b e  h i g h l y  r e p r o d u c 
i b l e .  F u r t h e r m o r e ,  t h e  p r o c e d u r e  i s  s u i t a b l e  f o r  r o u t i n e  
l a b o r a t o r y  a n a l y s e s  a n d  i t s  r e p e a t a b i l i t y ,  a s  e x p r e s s e d  b y  

t h e  c o e f f i c i e n t  o f  v a r i a t i o n ,  w a s  b e l o w  3 % .

Table 2—Browning index (OD/g dry solid; average + standard devia
tion; four replicates) in several dairy powders exposed to various 
heat treatments

Heat treatment 
(hr at 90°C) Whole milk Coffee whitener Whey powder

_ 0.200+0.006 0.067+0.002 0.745+0.006
50 0.508+0.007 0.548+0.003 1.192+0.017

100 0.856+0.002 1.346+0.010 1.577+0.051
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A Research Note

I m p r o v e d  S i e v e  M e t h o d  f o r  M e a s u r e m e n t  o f  L y o p h o r e s i s  i n  A p p l e s a u c e

J. N. NO GUEIRA  and M. R. McLELLAN

-----------------------------------ABSTRACT-----------------------------------
M e a s u r e m e n t  o f  ly o p h o r e s i s  in  a p p le s a u c e  m a y  y ie ld  e r r o n e o u s  
r e s u l t s  d u e  t o  v a r ia b i l i ty  in  a  p r e v io u s ly  a c c e p te d  s ie v e  m e t h o d .  T o  
o v e r c o m e  th i s  p r o b le m  a n  im p r o v e d  s iev e  m e t h o d  is  p r o p o s e d  in  
w h ic h  th e  t e c h n iq u e s  a n d  e q u i p m e n t  w e re  s e le c te d  t o  g iv e  m o r e  
a c c u r a t e  r e s u l t s  o v e r  a la rg e r  r a n g e  o f  a p p le s a u c e  t y p e s .  B e s id e s  
a c c u r a c y  a n d  s im p l ic i ty ,  th i s  n e w  te c h n iq u e  p r o v id e s  d i f f e r e n t i a t i o n  
o f  s a m p le s  w h e r e  m e a s u r e m e n t  o f  ly o p h o r e s i s  w i th  th e  e a r l ie r  
m e t h o d  is  b a r e ly  d e t e c t e c .  T h i s  n e w  m e t h o d  w i th  in c r e a s e d  s e n s i
t i v i ty  b r in g s  a  s ig n i f i c a n t  im p r o v e m e n t  t o  a  t e c h n iq u e  f a m i l ia r  t o  t h e  
a p p le  p ro c e s s in g  i n d u s t r y .

INTRODUCTION

C O N S I S T E N C Y  i s  a n  i m p o r t a n t  a t t r i b u t e  o f  q u a l i t y  i n  

a p p l e s a u c e .  T h e  U .S .  s t a n d a r d s  f o r  g r a d e  o f  c a n n e d  a p p l e 
s a u c e  1 1 9 8 2 )  a l l o c a t e s  2 0  p o i n t s  o u t  o f  1 0 0  t o  t h i s  f a c t o r  
o f  q u a l i t y .  H o w e v e r ,  e v a l u a t i o n  o f  t h i s  a t t r i b u t e  i n  a p p l e 

s a u c e  is  n o t  a s  s i m p l e  a s  i t  i s  f o r  o t h e r  f o o d  p r o d u c t s .
T o l d b y  a n d  W i l e y  ( 1 9 6 2 )  r e c o m m e n d e d  t h a t  c o n s i s t e n c y  

i n  a p p l e s a u c e  b e  d e t e r m i n e d  o b j e c t i v e l y  b y  m e a s u r i n g  

s e p a r a t e l y  t h e  l y o p h o r e s i s  o f  t h e  s a u c e  a n d  t h e  m o u n d i n g  
o f  t h e  m a s s  o f  s a u c e .  M o u n d i n g  o f  a p p l e s a u c e  c a n  b e  e a s i l y  
e v a l u a t e d  w i t h  t h e  A d a m s  c o n s i s t o m e t e r .  A l t h o u g h  a  f e w  

m e t h o d s  a r e  a v a i l a b l e  f o r  m e a s u r e m e n t  o f  l y o p h o r e s i s  i n  
a p p l e s a u c e  ( T o l d b y  a n d  W i l e y ,  1 9 6 2 ;  P o w e r s  e t  a l . ,  1 9 7 8 ;  
D r a k e  e t  a l . ,  1 9 7 9 )  n o n e  o f  t h e m  s e e m s  t o  b e  c o m p l e t e l y  

a d e q u a t e  i n  t e r m s  o f  s i m p l i c i t y ,  a c c u r a c y  a n d / o r  t i m e  
i n v o l v e d .

T h e  o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  d e v e l o p  a  s i m p l e  a n d  
a c c u r a t e  p r o c e d u r e  f o r  m e a s u r e m e n t  o f  l y o p h o r e s i s  i n  a p 
p l e s a u c e .  T h e  d i r e c t i o n  o f  t h e  w o r k  w a s  t o  s t u d y  m o d i f i c a 
t i o n s  o n  s e v e r a l  s t e p s  o f  t h e  s i e v e  m e t h o d  d e s c r i b e d  b y  
T o l d b y  a n d  W i l e y  ( 1 9 6 2 ) .

MATERIALS & METHODS
L Y O P H O R E S IS  o f  d i f f e r e n t  a p p le s a u c e  s a m p le s  w a s  m e a s u r e d  u s in g  
th e  o r ig in a l  s i e v e m e th o d  ( T o ld b y  a n d  W ile y , 1 9 6 2 )  a n d  a n  im p r o v e d  
te c h n iq u e  d e v e lo p e d  f o r  c o m p a r i s o n .  T h r e e  a p p le s a u c e  s a m p le s  w e re  
p r e p a r e d  f o r  e v a lu a t io n  in  th i s  s t u d y .  T h e  p r e p a r a t i o n  o f  t h e s e  s a m 
p le s  w a s  s u c h  t h a t  t h e  s a u c e  p r o d u c e d  w o u ld  h a v e  d i f f e r e n t  c o n s is 
te n c ie s .

S a m p le  ‘A ’ w a s  p r e p a r e d  f r o m  R .I .  G re e n in g  a p p le s  im m e d ia te ly  
a f t e r  h a rv e s t  w i th  a  r a w  f r u i t  f i r m n e s s  o f  a p p r o x im a te ly  20  lb f .  
T h e s e  a p p le s  w e re  p ro c e s s e d  u n d e r  s t a n d a r d  c o n d i t i o n s  b y  th e  
m e t h o d  o f  L a B e lle  e t  a l .  ( 1 9 6 0 ) .  T h e  p r o c e s s  w a s  m o d i f i e d  s u c h  t h a t  
t h e  f in i s h e r  s c r e e n  s ize  w a s  0 .1 5 8  c m  (1 / 1 6 in .)  a n d  th e  f in i s h e r  
im p e l le r  s p e e d  w a s  7 0 0  r p m .  T h e  a v e ra g e  p a r t i c le  s iz e  in  s a m p le  
‘A ’ a s  d e t e r m in e d  b y  t h e  m e t h o d  o f  K im b a l l  a n d  K e r té s z  ( 1 9 5 2 )  
w a s  0 .4 8 6 4  m m .  B o s tw ic k  r e a d in g  a t  r o o m  t e m p e r a t u r e  w a s  3 .9  c m .

S a m p le  ‘B ’ w a s  p r e p a r e d  f r o m  R o m e  a p p le s  h a r v e s te d  a n d  s to r e d  
a t  0 ° C  u n t i l  t h e  f r u i t  f i r m n e s s  d r o p p e d  to  a p p r o x im a te ly  15  lb f .  
T h e s e  a p p le s  w e re  t h e n  p ro c e s s e d  u n d e r  t h e  s t a n d a r d  c o n d i t i o n s

Author Nogueira, on sabbatic leave at the New York State Agricul
tural Experiment Station, is affiliated with the Dept, o f Rural Tech
nology o f ESALQ-Univ. o f Sao Paulo, 13400-Piracicaba, SP.. Brazil.

Author McLellan is affiliated with the Dept, o f Food Science & 
Technology, Inst, o f Food Science, New York State Agricultural 
Experiment Station, Cornell Univ., Geneva, N Y  14456.

w ith  t h e  f o l lo w in g  m o d i f i c a t i o n .  T h e  f in i s h e r  s c r e e n  w a s  0 .2 3 8  c m  
( 3 / 3 2 i n . )  a n d  th e  f in i s h e r  im p e l le r  s p e e d  w a s  a d ju s t e d  t o  9 0 0  r p m .  
T h e  a v e ra g e  p a r t i c l e  s iz e  o f  s a m p le  ‘B ’ w a s  0 .7 8 3 4 m r r .  a n d  th e  
c o r r e s p o n d in g  B o s tw ic k  r e a d in g  w a s  3 .1 3  c m  a t  r o o m  t e m p e r a t u r e .

S a m p le  ‘C ’ w a s  p r e p a r e d  f r o m  R .I .  G r e e n in g  a p p le s  h a r v e s te d  
a n d  s to r e d  a t  0 ° C  u n t i l  t h e  f r u i t  f i r m n e s s  d r o p p e d  t o  a p p r o x i m a t e l y  
10  lb f .  T h e s e  a p p le s  w e r e  t h e n  p ro c e s s e d  u n d e r  t h e  s t a n d a r d  c o n d i 
t i o n s  w i th  a  0 .3 1 7  c m  ( l / 8 in . )  f in i s h e r  s c r e e n  a n d  a  f in i s h e r  im p e l le r  
s p e e d  o f  7 0 0  r p m .  T h e  a v e ra g e  p a r t i c l e  s iz e  o f  s a m p le  ‘C  w a s  
0 .7 6 2 6  m m  a n d  t h e  c o r r e s p o n d in g  B o s tw ic k  r e a d in g  w a s  3 .4 3  c m  a t  
r o o m  t e m p e r a tu r e .

O r ig in a l  s iev e  m e t h o d  ( I )

T h e  th r e e  d i f f e r e n t  s a m p le s  o f  a p p le s a u c e  (A ,  B a n d  C ) ,  e a c h  in  
t r i p l i c a t e ,  w e re  u s e d  f o r  e v a l u a t io n  o f  th i s  p r o c e d u r e .  T h e  fo l lo w in g  
s te p s  w e re  t a k e n :  ( 1 )  2 0 0 g  o f  a p p le s a u c e  w e r e  w e ig h e d  i n t o  a  N o .  1 
c a n ;  (2 )  A  U n i t e d  S t a t e s  S t a n d a r d  S ie v e  N o .  2 0 ,  a  g la ss  f u n n e l  w i th  a 
d i a m e te r  o f  11 c m , a n d  a  2 5  m L  m e a s u r in g  c y l in d e r  w e re  p la c e d  o n  
t h e  t o p  o f  t h e  c a n ;  (3 )  T h e  s y s te m  w a s  t u r n e d  o v e r  in  a  l a b o r a t o r y  
s ta n d  a n d  t im in g  s t a r t e d ;  (4 )  E x a c t ly  1 0  m in  l a t e r ,  t h e  v o lu m e  o f  
l iq u id  in  t h e  m e a s u r in g  c y l in d e r  w a s  d e t e r m in e d  a n d  r e c o r d e d  a s  a 
m e a s u r e  o f  ly o p h o r e s i s .

Im p r o v e d  s ie v e  m e t h o d  ( I I )

A n o t h e r  s e t  o f  s a m p le s  (A ,  B a n d  C ) ,  in  t r i p l i c a t e ,  w e re  u s e d  to  
e v a lu a te  th i s  p r o c e d u r e .  T h e  p r o c e d u r e  d e v e lo p e d  f o r  t h i s  m e t h o d  
w a s  a s  fo l lo w s :

( 1 )  T h e  e n t i r e  c o n t e n t s  o f  a  3 0 3  c a n  w e re  w e ll  m ix e d .  2 0 0 g  w e re  
w e ig h e d  in to  a  1 0 0 0  m L  g la ss  b e a k e r .  [T h is  b e a k e r  w a s  c u t  t o  m e a 
s u re  a  h e ig h t  o f  8 c m  in  o r d e r  t o  a l lo w  t h e  s a u c e  to  f lo w  r a s t e r  a n d  
g iv e  a  l a rg e r  c o n t a c t  a r e a  o f  t h e  s iev e  t o  s a u c e . ] .

( 2 )  A  U n i t e d  S t a t e s  S t a n d a r d  S ie v e  N o .  2 0 ,  a  g la s s  f u n n e l  w i t h  a  
d i a m e te r  o f  1 2 .5  c m ,  a n d  a  2 5  m L  m e a s u r in g  c y l in d e r  w e re  p la c e d  
o n  t h e  t o p  o f  t h e  b e a k e r .

(3 )  T h e  c o m p le te  s y s te m  w a s  t u r n e d  u p s id e  d o w n  a n d  p l a c e d  in  
l a b o r a t o r y  s ta n d .

(4 )  A f t e r  5 m in ,  t h e  b e a k e r  w a s  l i f t e d  le a v in g  o n ly  t h e  s a u c e  o n  
th e  s c r e e n .  C a re  w a s  t a k e n  to  a s s u r e  a  u n i f o r m  f lo w  r a t e  o f  t h e  s a u c e  
t o  t h e  s ie v e  f o r  e a c h  g r o u p  o f  r e p l ic a te s .

( 5 )  A t  e x a c t ly  1 0 ,  1 5 ,  2 0  a n d  2 5  m in  a f t e r  t h e  s y s te m  w a s  
t u r n e d  u p s id e  d o w n ,  t h e  v o lu m e  o f  l i q u id  w a s  d e t e r m in e d  a n d  r e 
c o r d e d  as a m e a s u r e  o f  l y o p h o r e s i s .  [T h is  w a s  d o n e  to  s e le c t  t h e  
m o s t  s u i t a b le  t im e  f o r  m e a s u r e m e n t  o f  ly o p h o r e s i s . ]

C o e f f i c i e n t s  o f  v a r ia b i l i ty  w e re  c a l c u la te d  f o r  t h e  r e s u l t s  o b t a i n e d  
f r o m  b o t h  m e t h o d s  (I a n d  I I ) .  S t a n d a r d  d e v ia t io n s  w e r e  a ls o  d e t e r 
m in e d  f o r  t h e  d a t a  o b t a in e d  f o r  s a m p le  C  w i th  t h e  im p r o v e d  m e t h o d .

RESULTS & DISCUSSION

M E A S U R E M E N T S  o f  l y o p h o r e s i s  w i t h  t h e  n e w  s i e v e  m e t h 
o d  p r e s e n t e d  a  b e t t e r  d e g r e e  o f  a c c u r a c y  t h a n  t h e  s a m e  
m e a s u r e m e n t s  o b t a i n e d  w i t h  o r i g i n a l  s i e v e  m e t h o d  ( T o l d b y  

a n d  W i l e y ,  1 9 6 2 ) ,  f o r  a l l  a p p l e s a u c e  s a m p l e s  u s e d  i n  t h i s  
e x p e r i m e n t  ( T a b l e  1 ) .  I t  i s  t h i s  i n c r e a s e d  a c c u r a c y  w h i c h  

w a r r a n t s  t h i s  t e c h n i q u e  t o  b e  c o n s i d e r e d  a  s i g n i f i c a n t  i m 
p r o v e m e n t .  T h i s  a c c u r a c y  i s  b a s e d  o n  m e t h o d s  a n d  e q u i p 
m e n t  w h i c h  a r e  b e t t e r  s u i t e d  t o  a l l o w  l y o p h o r e s i s  t o  t a k e  
p l a c e  a n d  t o  m e a s u r e  t h i s  l y o p h o r e s i s  o v e r  a  b r o a d e r  r a n g e .

T h e  c o e f f i c i e n t  o f  v a r i a b i l i t y  c a l c u l a t e d  f o r  t h e  r e s u l t s  
o b t a i n e d  f r o m  b o t h  m e t h o d s  i n d i c a t e d  t h a t  t h e  i m p r o v e d  
m e t h o d ,  a t  a n y  t i m e  o f  m e a s u r e m e n t ,  w a s  b e t t e r  t h a n  t h e  
o r i g i n a l  m e t h o d  ( C V  =  2 7 . 6 % ) .  A s  a l s o  s h o w n  i n  T a b l e  1 

a n d  F i g .  1 , 2 0  m i n  w a s  t h e  t i m e  f o r  h i g h e s t  a c c u r a c y  f o r  
l y o p h o r e s i s  m e a s u r e m e n t  w i t h  t h e  i m p r o v e d  m e t h o d  ( C V  =
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Table 1—Measurement o f lyophoresis with improved and original 
sieve methods

Sample Rep

Improved method (m L)
Original 

method (mL)

10 min 15 min 20 min 25 min 10 min

1 5.4 8.6 10.9 12.0 0.0
A 2 5.4 9.6 11.1 12.6 <1.0

3 4.2 7.7 10.8 12.2 <1.0

1 17.0 19.6 21.8 22.4 5.1
B 2 16.3 19.0 21.2 22.0 3.3

3 16.4 18.9 21.0 22.1 3.1

1 17.0 20.0 24.0 25.6 3.7
C 2 18.8 21.6 24.6 24.9 6.4

3 19.2 22.0 24.9 26.2 5.4

CV (%) 6.1 5.2 1.9 2.2 27.6

1 . 9 % ) .  O n  t h e  o t h e r  h a n d ,  t h i s  m e t h o d  p r e s e n t s  t h e  f l e x i 
b i l i t y  t o  b e  u s e d  w i t h  1 5  o r  e v e n  w i t h  1 0  m i n  w i t h  a  c o e f 

f i c i e n t  o f  v a r i a b i l i t y  o f  5 . 2 %  a n d  6 . 1 % ,  r e s p e c t i v e l y .
A n o t h e r  a d v a n t a g e  o f  t h i s  n e w  t e c h n i q u e  i s  t h e  f a c t  t h a t  

i t  p r o v i d e s  d i f f e r e n t i a t i o n  o f  s a m p l e s  w h e r e  m e a s u r e m e n t  
o f  l y o p h o r e s i s  w i t h  t h e  o r i g i n a l  m e t h o d  i s  b a r e l y  d e t e c t e d .  

S a m p l e  A  i n  T a b l e  1 i l l u s t r a t e s  t h i s  o b s e r v a t i o n .  I t  s h o u l d  
b e  s t r e s s e d  h e r e  t h a t  t h e  a c c u r a c y  o f  t h e  i m p r o v e d  m e t h o d  
d e p e n d s  m a i n l y  o n  t w o  f a c t o r s :  a  w e l l  m i x e d  a p p l e s a u c e  

s a m p l e  a n d  a  v e r y  u n i f o r m  f l o w  r a t e  o f  s a u c e  f r o m  t h e  
b e a k e r  t o  t h e  s i e v e ,  a f t e r  t h e  s y s t e m  i s  t u r n e d  u p s i d e  d o w n .  

T h i s  i s  i m p o r t a n t  t o  a s s u r e  r e p e a t a b l e  m e a s u r e m e n t s  f o r  

r e p l i c a t e s .
I n  t e r m s  o f  s i m p l i c i t y  a n d  t i m e  i n v o l v e m e n t  t h i s  n e w  

p r o c e d u r e  i s  a l s o  h i g h l y  a d v a n t a g e o u s  o v e r  o t h e r  m e t h o d s  
s u c h  a s  t h e  p h o t o g r a p h i c  m e t h o d  ( T o l d b y  a n d  W i l e y ,  1 9 6 2 )  

a n d  t h e  d r i p  m e t h o d  d e s c r i b e d  b y  P o w e r s  e t  a l .  ( 1 9 7 9 )  a n d  

D r a k e  e t  a l .  ( 1 9 7 9 ) .

CONCLUSION

W E  P R O P O S E  t h e  f o l l o w i n g  m e t h o d  f o r  m e a s u r e m e n t  o f  
l y o p h o r e s i s  i n  a p p l e s a u c e :  2 0 0 g  o f  a  w e l l  h o m o g e n i z e d  

s a m p l e  a r e  w e i g h e d  o u t  i n  a  1 0 0 0  m L  g l a s s  b e a k e r  w i t h  8 
c m  h e i g h t .  A  U n i t e d  S t a t e s  S t a n d a r d  S i e v e  N o .  2 0 ,  a  g l a s s  
f u n n e l  w i t h  a  d i a m e t e r  o f  1 2 . 5  c m ,  a n d  a  2 5  m L  m e a s u r i n g  
c y l i n d e r  a r e  p l a c e d  o n  t h e  t o p  o f  t h e  b e a k e r .  T h e  s y s t e m  
is  t h e n  t u r n e d  u p s i d e  d o w n  a n d  h e l d  i n  p l a c e  i n  a  l a b o r a t o r y  

s t a n d .  A f t e r  5  m i n ,  t h e  b e a k e r  i s  l i f t e d  u p  l e a v i n g  t h e  s a u c e  

o n  t h e  s c r e e n .  A t  2 0  m i n  a f t e r  t h e  s y s t e m  w a s  t u r n e d  u p -

TIME (min.) —
Fig. 1—Lyophoresis measurements for different times using the 
improved sieve method on sample 'C'.

s i d e  d o w n ,  t h e  v o l u m e  o f  l i q u i d  i s  d e t e r m i n e d  a n d  r e c o r d e d  
a s  a  m e a s u r e  o f  l y o p h o r e s i s .
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A Research Note

I s o l a t i o n  a n d  F u r t h e r  C h a r a c t e r i z a t i o n  o f  a  H e a t  R e s i s t a n t  

P e r o x i d a s e  I s o e n z y m e  f r o m  C a u l i f l o w e r

C. Y. LEE and A. P. PENNESI

------------------------------------ABSTRACT-----------------------------------
A  h e a t  r e s i s t a n t  i s o e n z y m e  w a s  i s o la te d  f r o m  t h e  s n o w b a l l  c a u l i 
f lo w e r  a n d  w a s  a n a ly z e d  f o r  i t s  t h e r m a l  i n a c t iv a t io n  c h a r a c te r i s t i c s .  
A l th o u g h  i t  e x h ib i t e d  le s s  t h a n  5 %  o f  t h e  t o t a l  p e r o x id a s e  a c t iv i ty ,  
i t  s h o w e d  s t r o n g  h e a t  s t a b i l i ty  in  t h a t  i t  t o o k  m o r e  t h a n  3 0  m in  a t  
5 0 ° C  to  r e d u c e  a c t iv i ty  b y  5 0 % . T h e  r a t e  o f  i n a c t iv a t io n  f o l lo w e d  
f i r s t  o r d e r  k in e t i c s  w i t h  a n  E a  v a lu e  o f  2 1 .3  K c a l /m o l .  In  o r d e r  to  
p r e v e n t  a l l  p e r o x id a s e  c a t a ly z e d  r e a c t io n s  in  c a u l i f lo w e r  d u r in g  s to r 
a g e , th is  h e a t  r e s i s t a n t  i s o e n z y m e  m u s t  b e  c o m p le t e l y  in a c t iv a t e d .

INTRODUCTION

P E R O X I D A S E  ( E C  1 . 1 1 . 1 . 7 ,  d o n o r h v d r o g e n p e r o x i d e  o x i -  

d o r e d u c t a s e )  i s  k n o w n  t o  b e  o n e  o f  t h e  m o s t  h e a t  s t a b l e  
e n z y m e s  i n  p l a n t s  a n d  u n d e r  c e r t a i n  c o n d i t i o n s  o f  l i m i t e d  
h e a t  t r e a t m e n t  o f  v e g e t a b l e s  i t  m a y  r e g a i n  a c t i v i t y  d u r i n g  
s t o r a g e  ( S c h w i m m e r ,  1 9 4 4 ;  L u  a n d  W h i t a k e r ,  1 9 7 4 ) .  I t  i s  
c o n s i d e r e d  t o  h a v e  a  d i r e c t  r e l a t i o n s h i p  t o  t h e  a d v e r s e  
c h a n g e s  i n  f l a v o r  a n d  c o l o r  o f  r a w  a n d  u n d e r - b l a n c h e d  v e g e 

t a b l e s .  R o s o f f  a n d  C r u e s s  ( 1 9 4 9 )  w e r e  t h e  f i r s t  t o  r e p o r t  
t h e  p r e s e n c e  o f  p e r o x i d a s e  i n  c a u l i f l o w e r .  S i n c e  t h e n  a  v e r y  

l i m i t e d  n u m b e r  o f  p a p e r s  o n  t h i s  v e g e t a b l e  a n d  e n z y m e  
h a v e  b e e n  p u b l i s h e d  ( B ö t t c h e r ,  1 9 7 5 ) ,  b u t  t h e y  w e r e  a l l  

b a s e d  o n  p e r o x i d a s e  a c t i v i t y  w i t h i n  c a u l i f l o w e r  t i s s u e .  
R e c e n t l y  L e e  e t  a l .  ( 1 9 8 4 )  i s o l a t e d  c a u l i f l o w e r  p e r o x i d a s e  
i n t o  t h r e e  i s o e n z y m e s  b y  u s i n g  h y d r o p h o b i c  c h r o m a t o g 
r a p h y .  T h e y  r e p o r t e d  t h a t  t h e  i s o e n z y m e  g i v i n g  o v e r  9 4 %  
o f  t h e  t o t a l  p e r o x i d a s e  a c t i v i t y  w a s  v e r y  h e a t - l a b i l e  i n  t h a t  
i t  t o o k  o n l y  1 5  m i n  a t  5 0  C  t o  r e d u c e  i t s  a c t i v i t y  b y  9 8 % .  
T h i s  r e s u l t  w a s  i n  c o n t r a s t  t o  m a n y  p r e v i o u s  r e p o r t s  t h a t  
h a d  s h o w n  p e r o x i d a s e s  f r o m  v a r i o u s  s o u r c e s  t o  b e  v e r y  h e a t  
s t a b l e .  S o m e  r e p o r t s  s u g g e s t e d  t h a t  s e v e r a l  v e g e t a b l e s  
c o n t a i n e d  b o t h  h e a t  s e n s i t i v e  a n d  h e a t  r e s i s t a n t  p e r o x i d a s e  
( Y a m a m o t o  e t  a l . ,  1 9 6 2 ;  L i n g  a n d  L u n d ,  1 9 7 8 ) .  T h e  o b j e c 

t i v e  o f  t h i s  r e s e a r c h  w a s  t o  i s o l a t e  t h e  m i n o r  c a u l i f l o w e r  
i s o e n z y m e  a n d  t o  s t u d y  i t s  h e a t  i n a c t i v a t i o n .

MATERIALS & METHODS
T H E  P E R S I S T E N T  W H IT E  C U R D  a n d  s n o w b a l l  c a u l i f lo w e r  se le c 
t i o n s  ( D ic k s o n  a n d  L e e , 1 9 8 0 )  w e r e  g ro w n  d u r in g  th e  1 9 8 2  a n d  
1 9 8 3  s e a s o n s  a t  th i s  e x p e r im e n t  s ta t io n .  T h e  p e r o x id a s e s  w e re  e x 
t r a c t e d  f r o m  m a t u r e  c a u l i f lo w e r  b y  h o m o g e n iz in g  w i th  c o ld  a c e 
to n e .  T h e  p r o c e d u r e s  f o r  t h e  s e p a r a t i o n  o f  t h e  i s o e n z y m e s  o n  a  
h y d r o p h o b i c  c h r o m a to g r a p h ic  c o lu m n ,  t h e  p u r i f i c a t i o n  o f  t h e  
e n z y m e ,  a n d  t h e  m e a s u r e m e n t  o f  e n z y m e  a c t iv i ty  h a v e  b e e n  p u b 
l i s h e d  p r e v io u s ly  ( F lu r k e y  a n d  J e n ,  1 9 7 8 ;  L e e  e t  a l . ,  1 9 8 4 ;  W isse r- 
m a n n  a n d  L e e , 1 9 8 0 ) .

H e a t  i n a c t iv a t io n  o f  t h e  p e r o x id a s e  i s o e n z y m e  w a s  p e r f o r m e d  
o v e r  a  t e m p e r a t u r e  r a n g e  z 0 - 9 0 ° C  w i th  t h e  h e a t in g  t im e s  v a ry in g  
f r o m  0 - 6 0  m in .  A f te r  h e a t in g  f o r  a  g iv e n  p e r io d  in  a  H a a k  w a te r  
b a t h  (M o d e l  F K ) ,  t h e  s o lu t io n s  w e re  r a p id ly  c o o le d  b y  im m e r s in g  
t h e  t u b e s  in  a n  ic e  w a te r  b a th ;  t h e  s a m p le s  w e re  t h e n  a s s a y e d  im 
m e d ia te ly .  T h e  p e r c e n t  p e r o x id a s e  a c t iv i ty  r e m a in in g  a f t e r  t r e a t 
m e n t  w a s  c a l c u l a t e d  f r o m  t h e  i n i t i a l  a c t iv i ty .

Authors Lee and Pennesi are affiliated with the Institute o f Food  
Science, New York State Agricultural Experiment Station, Cornell 
Univ., Geneva, N Y  14456.

RESULTS & DISCUSSION

M U C H  O F  T H E  D I F F I C U L T Y  i n  u n d e r s t a n d i n g  p e r o x i d a s e  

i s  d u e  t o  t h e  p r e s e n c e  o f  m u l t i p l e  i s o e n z y m e s  i n  v a r i o u s  

p r o d u c t s .  T h e r e f o r e ,  i n  o r d e r  t o  s t u d y  t h e  s p e c i f i c  c h a r a c 
t e r s  o f  p e r o x i d a s e  f r o m  a  g i v e n  p r o d u c t ,  i t  i s  e s s e n t i a l  t o  

i s o l a t e  f i r s t  t h e  i n d i v i d u a l  i s o e n z y m e s .  W e  w e r e  a b l e  t o  
s e p a r a t e  t h e  t h r e e  i s o e n z y m e s  u s i n g  h y d r o p h o b i c  c h r o m a 
t o g r a p h y  a n d  s t e p  g r a d i e n t  e l u t i o n  f r o m  t h e  p r e s i s t e n t  
w h i t e  c a u l i f l o w e r ;  h o w e v e r ,  d u e  t o  t h e  m i n u t e  q u a n t i t y  a n d  

l o w  p e r o x i d a s e  a c t i v i t y ,  w e  w e r e  u n a b l e  t o  c h a r a c t e r i z e  t h e  

m i n o r  i s o e n z y m e s  f r o m  t h i s  c u l t i v a r  i n  t h e  p r e v i o u s  s t u d y  
( L e e  e t  a l . ,  1 9 8 4 ) .  T h e  s n o w b a l l  v a r i e t y ,  w h i c h  t e n c s  t o  
t u r n  b r o w n  o n  e x p o s u r e  t o  s u n l i g h t ,  c o n t a i n e d  a  r e l a t i v e l y  

l a r g e  q u a n t i t y  o f  p e r o x i d a s e  ( a p p r o x i m a t e l y  1 0  t i m e s  t h a t  

o f  t h e  p e r s i s t e n t  w h i t e  c u r d ) .  A s  s h o w n  i n  F i g .  1 , i t  a l s o  
y i e l d e d  t h r e e  i s o e n z y m e s  ( A ,  B ,  a n d  C )  t h a t  h a d  e l u t i o n  

p r o f i l e s  i d e n t i c a l  t o  t h o s e  o f  t h e  p e r s i s t e n t  w h i t e  c a u l i 
f l o w e r .  T h e r e f o r e ,  i t  w a s  p o s s i b l e  t o  i s o l a t e  e n o u g h  e n z y m e  

t o  s t u d y  i t s  h e a t  i n a c t i v a t i o n  p r o p e r t i e s .  I n  o u r  e a r l i e r  s t u d y  
i t  h a d  b e e n  o b s e r v e d  t h a t  c o m p o n e n t  C  w a s  t h e  i s o e n z y m e  
t h a t  g a v e  a b o u t  9 4 %  o f  t h e  p e r o x i d a s e  a c t i v i t y  a n d  t h a t  i t  

w a s  h e a t - l a b i l e  ( L e e  e t  a l . ,  1 9 8 4 ) ,  S i n c e  i s o e n z y m e  A  h a d  
b e e n  f o u n d  t o  b e  m o r e  h e a t  s t a b l e ,  w e  u s e d  i t  f o r  t h e  h e a t  
i n a c t i v a t i o n  s t u d y .

W i t h  g u a i a c o l  a s  t h e  s u b s t r a t e ,  i s o e n z y m e  A  s h o w e d  a  
p H  o p t i m u m  o f  6 . 5  a t  2 2  C . T h i s  i s  t h e  s a m e  v a l u e  a s  t h a t  
o f  t h e  m a j o r  i s o e n z y m e  C  o f  t h e  p e r s i s t e n t  c a u l i f l o w e r  ( L e e  
e t  a l . ,  1 9 8 4 ) .  H o w e v e r ,  t h i s  d i f f e r s  f r o m  t h e  o p t i m u m  o f
5 . 3  r e p o r t e d  b y  R o s o f f  a n d  C r u e s s  ( 1 9 4 9 ) .  S i n c e  t h e i r  
e n z y m e  w a s  a  p a r t i a l l y  p u r i f i e d  f o r m  o f  a c e t o n e  p o w d e r ,  i t  
i s  d i f f i c u l t  t o  c o m p a r e  o u r  r e s u l t s  w i t h  t h e i r  v a l u e s .

Fig. 1-Elution profile from a phenyl-Sepharose CL-4B column for 
the snowball cauliflower peroxidase and protein. Elution was made 
by stepwise decreasing gradients o f ammonium sulfate-potassium 
phosphate buffer. Peroxidase activity was monitored by measuring 
absorbance at 470 nm o f 50 pL sample containing 4 mL o f each 10 
mM guaiacol and H2 O2 .
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Fig. 2 — R a te  o f  h e a t  in a c t iv a t io n  o f  c a u l i f lo w e r  p e r o x id a s e  is o e n 
z y m e  A .

F i g .  2  s h o w s  t h e  r e s i d u a l  p e r c e n t  a c t i v i t y  o f  t h e  i s o e n 

z y m e  A  a s  a  f u n c t i o n  o f  h e a t i n g  t i m e  a t  s i x  d i f f e r e n t  t e m 
p e r a t u r e s .  T h e  e n z y m e  s o l u t i o n s  t r e a t e d  a t  a b o v e  6 0  C  
s h o w e d  b r e a k i n g  p o i n t s  a t  e a r l y  s t a g e  o f  i n a c t i v a t i o n  a n d  
t h e n  t h e  r a t e  o f  i n a c t i v a t i o n  f o l l o w e d  f i r s t  o r d e r  k i n e t i c s  
a s  d i d  i s o e n z y m e  C . I t  a p p e a r s  t h a t  t h e  i s o e n z y m e  A  c o n 
t a i n e d  s o m e  o f  t h e  h e a t  l a b i l e  c o m p o n e n t  w i t h i n  t h e  f r a c 
t i o n .  I s o e n z y m e  C  r e q u i r e d  o n l y  3  m i n  t o  d e s t r o y  5 0 %  o f  
t h e  a c t i v i t y  ( L e e  e t  a l . ,  1 9 8 4 ) ,  h o w e v e r ,  w h e n  i s o e n z y m e  A  

w a s  h e a t e d  a t  5 0 ° C , i t  t o o k  m o r e  t h a n  3 0  m i n  t o  d e s t r o y

a p p r o x i m a t e l y  5 0 %  o f  t h e  a c t i v i t y ;  a t  8 0 ° C  a p p r o x i m a t e l y  
5  m i n  w e r e  r e q u i r e d  f o r  8 5 %  d e a c t i v a t i o n .  W h e n  t h e  l o g a 

r i t h m  o f  t h e  f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  i n a c t i v a t i o n  w a s  

p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  t e m p e r a t u r e  

( A r r h e n i u s  p l o t ) ,  t h e  r a t e  o f  a c t i v i t y  l o s s  s h o w e d  a  t e m p e r 
a t u r e  d e p e n d e n c e .  T h e  a c t i v a t i o n  e n e r g y ,  E a  f o r  t h e  i n a c t i 
v a t i o n ,  w a s  f o u n d  t o  b e  2 1 . 3  K c a l / m o l ,  w h i l e  t h a t  o f  i s o 

e n z y m e  C  w a s  E a  =  4 6 . 4  K c a l / m o l  f r o m  o u r  p r e v i o u s  s t u d y  
( L e e  e t  a l . ,  1 9 8 4 ) .

T h e  c o m p l e x i t y  o f  p e r o x i d a s e  i n a c t i v a t i o n  a p p e a r s  t o  b e  
d u e  t o  t h e  p r e s e n c e  o f  i s o e n z y m e  s p e c i e s .  Y a m a m o t o  e t  a l .
( 1 9 6 2 )  r e p o r t e d  t h a t  t h e  i s o e n z y m e s  o f  s w e e t  c o r n  c o n 
s i s t e d  o f  h e a t - l a b i l e  a n d  h e a t  r e s i s t a n t  f r a c t i o n s .  S i m i l a r  
r e s u l t s  w e r e  a l s o  r e p o r t e d  f o r  h o r s e r a d i s h  b y  L i n g  a n d  L u n d  
( 1 5 7 8 ) .  O f t e n  t h e  r a t e  o f  t h e r m a l  i n a c t i v a t i o n  o f  c o m p o s i t e  
p e r o x i d a s e s  w i l l  n o t  e x h i b i t  f i r s t  o r d e r  r e a c t i o n  k i n e t i c s  d u e  
t o  t h e  p r e s e n c e  o f  p e r o x i d a s e  i s o e n z y m e s  o f  d i f f e r e n t  
s t a b i l i t y  ( L u  a n d  W h i t a k e r ,  1 9 7 4 )  a n d  t h e  p r e s e n t  s t u d y  o f  
c a u l i f l o w e r  p e r o x i d a s e  h a s  p r o v e n  t h e  f a c t .  T h e  E a  v a l u e  o f
2 1 . 3  K c a l / m o l  o n  t h e r m a l  i n a c t i v a t i o n  f r o m  t h i s  s t u d y  is  
v e r y  s i m i l a r  t o  t h a t  ( E a  =  2 1  K c a l / m o l )  o f  h e a t  r e s i s t a n t  
p e r o x i d a s e  i s o e n z y m e  f r o m  h o r s e r a d i s h  ( L i n g  a n d  L u n d ,

1 9 7 8 ) .  T h e  h e a t  r e s i s t a n t  f r a c t i o n  r e p r e s e n t e d  o n l y  a  f e w  

p e r c e n t  o f  t o t a l  e n z y m e  a c t i v i t y ,  b u t  b e c a u s e  o f  i t s  g r e a t  
h e a t  r e s i s t a n c e  i t  c o u l d  a f f e c t  t h e  q u a l i t y  o f  p r o c e s s e d  c a u l i 
f l o w e r  d u r i n g  s t o r a g e .
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A Research Note

P e r o x i d a s e  F r a c t i o n s  f r o m  A s p a r a g u s  o f  V a r y i n g  H e a t  S t a b i l i t i e s

J. R. POWERS, M.J. COSTELLO, and H. K. LEUIMG

----------------------------------- ABSTRACT-----------------------------------
C h r o m a to f o c u s in g  w a s  u s e d  t o  f r a c t i o n a t e  a s p a r a g u s  p e r o x id a s e s .  
B as ic  i s o z y m e s  o f  p i  g r e a te r  t h a n  9 .0  p r e d o m i n a t e d  t h r o u g h o u t  t h e  
s p e a r .  I n  a d d i t i o n ,  a  m o r e  a c id ic  p e r o x id a s e  f r a c t i o n  is  f o u n d  in  t h e  
a s p a r a g u s  s p e a r  t i p .  T h e  b a s ic  a n d  a c id ic  f r a c t i o n s  w e re  s im ila r  in  
h e a t  s t a b i l i t y ,  b u t  t h e  a c id ic  f r a c t i o n  r e a c t iv a t e d  r e a d i ly  a f t e r  h e a t 
in g  a t  7 0 ° C .

INTRODUCTION

P E R O X I D A S E  A C T I V I T Y  i s  w i d e l y  u s e d  a s  a  b l a n c h i n g  
i n d i c a t o r  i n  t h e  p r o c e s s i n g  o f  v e g e t a b l e s  d u e  t o  i t s  r e l a t i v e l y  
h i g h  h e a t  r e s i s t a n c e .  A s p a r a g u s  h a s  b e e n  r e p o r t e d  t o  c o n 
t a i n  s e v e r a l  p e r o x i d a s e  i s o z y m e s  a s  i n d i c a t e d  b y  b e n z i d i n e  

s t a i n i n g  o f  e l e c t r o p h o r e t i c  g e l s  ( H a a r d  e t  a l . ,  1 9 7 4 ) .  M o r e  
r e c e n t l y ,  M c L e l l a n  a n d  R o b i n s o n  ( 1 9 8 3 )  s e p a r a t e d  p e r o x i 
d a s e  i s o z y m e s  f r o m  c a b b a g e  a n d  B r u s s e l  s p r o u t s  b y  i s o 
e l e c t r i c  f o c u s i n g  a n d  f o u n d  t h e  m a j o r i t y  o f  a c t i v i t y  t o  b e  
d u e  t o  i s o z y m e s  w i t h  p i ’s  g r e a t e r  t h a n  8 . 0 .  D i f f e r e n c e s  i n  
h e a t  s t a b i l i t y  o f  s e p a r a t e d  p e r o x i d a s e  i s o z y m e s  h a v e  b e e n  
r e p o r t e d  i n  s e v e r a l  s y s t e m s  i n c l u d i n g  F i c u s ,  L i n u m ,  a n d  

h o r s e r a d i s h  ( K o n  a n d  W h i t a k e r ,  1 9 6 5 ;  F i e l d s  a n d  T y s o n ,  
1 9 8 2 ;  L u  a n d  W h i t a k e r ,  1 9 7 4 ) .  N a v e h  e t  a l .  ( 1 9 8 2 )  r e 
p o r t e d  t h a t ,  b a s e d  o n  h e a t  i n a c t i v a t i o n  d a t a ,  w h o l e  c o r n  

c o n t a i n s  t w o  d i s t i n c t  p e r o x i d a s e  f r a c t i o n s .  T h e  p r e s e n t  
r e p o r t  e x a m i n e s  s i m i l a r  d i f f e r e n c e s  i n  p e r o x i d a s e  f r a c t i o n s  
f r o m  a s p a r a g u s .

MATERIALS & METHODS

M a te r ia ls

A s p a ra g u s  (A s p a ra g u s  o f f ic ia n a lis  L . ,  v a r .  M a r th a  W a s h in g to n )  w a s  
o b t a i n e d  f r o m  t h e  W a s h in g to n  S t a t e  U n iv e r s i ty  D e p a r t m e n t  o f  H o r 
t i c u l t u r e  p l o t s  ( P u l lm a n ,  W A ). C h r o m a to f o c u s in g  m a te r i a l s ,  in c lu d in g  
c o lu m n  m a te r i a l  P B E  9 4  a n d  P B  9 6  e l u t io n  b u f f e r ,  w e r e  f r o m  
P h a r m a c ia  (P is c a ta w a y ,  N J ) .  A ll o t h e r  c h e m ic a ls  w e re  o f  r e a g e n t  
g r a d e ,  a n d  d i s t i l l e d  w a te r  w a s  u s e d  t h r o u g h o u t .  H e a t in g  s tu d ie s  w e re  
d o n e  u s in g  a  B r in k m a n n - L a u d a  M o d e l  T -2  w a t e r  b a t h .  T e m p e r a tu r e  
o f  h e a t e d  e n z y m e  f r a c t io n s  w a s  m o n i t o r e d  u s in g  a  c o p p e r - c o n s t a n t in  
t h e r m o c o u p l e  a n d  a n  E s te r l in e  A n g u s  M o d e l  D -2 0 2 0  m u l t i p o i n t  
r e c o r d in g  p o t e n t i o m e t e r .  S p e c t r o p h o t o m e t r i c  d a t a  w e r e  c o l l e c t e d  
u s in g  a  B e c k m a n  M o d e l  3 5  U V /V is  S p e c t r o p h o t o m e t e r  e q u ip p e d  
w i t h  a  H a a k e  F E  c i r c u la t in g  h e a t e r .

M e th o d s

A s p a ra g u s  w a s  h a r v e s te d  b y  c u t t i n g  s p e a r s  1 - 2  c m  b e lo w  th e  
s u r f a c e .  S p e a r s  w e re  c u t  t o  h a v e  a p p r o x im a te ly  a  1 4  c m  g r e e n  p o r 
t i o n  a n d  t o  b e  1 .0 - 1 .6  c m  in  d i a m e te r  a t  1 2  c m  f r o m  th e  t ip .  Im 
m e d ia t e l y  a f t e r  c u t t i n g ,  s p e a r s  w e re  p la c e d  in  ic e .  W ith in  1 h r  o f  
h a r v e s t ,  s p e a r s  w e r e  d iv id e d  i n t o  t i p ,  m id  a n d  b u t t  p o r t i o n s  ( 0 - 5  
c m ,  5 - 1 0  c m  a n d  > 1 0  c m  r e s p e c t iv e ly  f r o m  t ip ) .  T h e s e  p o r t i o n s  
w e re  s l ic e d  i n t o  l iq u id  n i t r o g e n  a n d  t h e  f r o z e n  m a te r i a l  s t o r e d  a t  
- 4 0 ° C  u n t i l  u s e d  f o r  p r e p a r a t i o n  o f  e n z y m e  e x t r a c t s .  C ru d e  p e r o x i 
d a s e  e x t r a c t s  w e re  p r e p a r e d  a s  d e s c r ib e d  b y  H a a r d  e t  a l .  ( 1 9 7 4 ) .  
P e r o x id a s e  a c t iv i t i e s  w e r e  a s s a y e d  a t  4 6 0  n m  u s in g  I m M  H 2 O 2  a n d  
0 .5  O - d ia n s id in e  ( f in a l  c o n c e n t r a t i o n s )  b u f f e r e d  a t  p H  6 w i th  0 .1 M  
s o d iu m  m a le a t e  a t  3 0 ° C.
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C r u d e  e x t r a c t s  w e r e  d ia ly z e d  a g a in s t  t h e  c h r o m a to f o c u s in g  s t a r t  
b u f f e r ,  0 .2 5 M  e th a n o la m i n e - a c e t i c  a c id  p H  1 0 . T h e  d ia ly z e d  e x t r a c t s  
w e re  a p p l ie d  t o  1 0  x  0 .5  c m  P B E  9 4  c h r o m a to f o c u s in g  c o lu m n s  
p r e v io u s ly  e q u i l i b r a t e d  w i th  s t a r t  b u f f e r .  A f t e r  lo a d in g  o f  e n z y m e  
e x t r a c t ,  t h e  c o lu m n  w a s  e lu t e d  w i th  1 :1 2  (v /v )  P B  9 6 ,  p H  6 . F r a c 
t i o n s  w e r e  c o l l e c t e d  in  1 .2  m L  v o lu m e s .  T h e  p H  o f  ¿ a c t io n s  w a s  
m e a s u r e d  u s in g  a n  O r io n  5 0 1  p H  m e t e r  e q u i p p e d  • i t h  a  C o r n in g  
s e m i - m ic r o e le c t r o d e .

H e a t in g  s tu d ie s  w e r e  c a r r ie d  o u t  o n  0 .2  m L  a l i q u o t s  o f  p e r o x i 
d a s e  p r e p a r a t i o n s  w h ic h  h a d  b e e n  d ia ly z e d  a g a in s t  s o d iu m  m a le a t e  
(0 .1 M , p H  6 )  a n d  s e a le d  in  1 m L  a m p o u le s .  F r a c t i o n s  w e r e  d i lu t e d  
t o  a p p r o x i m a t e l y  e q u a l  p r o t e i n  c o n c e n t r a t i o n  (1 m g /m L )  p r i o r  t o  
h e a t in g .  A m p o u le s  w e r e  r e m o v e d  f r o m  a n  ic e  b u c k e t  t o  t h e  h e a t in g  
b a t h  a t  t im e  z e r o  a n d  w e re  r e m o v e d  a t  s p e c i f i e d  in te r v a l s ,  t r a n s 
f e r r e d  t o  a  w a te r - i c e  m i x t u r e  t o  c o o l  a n d  a s s a y e d .  T h e  th r e e  m i n u t e  
h e a t e d  f r a c t i o n s  w e re  a l lo w e d  t o  r e a c t iv a t e  a t  2 5 °  C  a n d  a s s a y e d  a t  
in te rv a ls  f o r  p e r o x id a s e  a c t iv i ty .

RESULTS & DISCUSSION

C H R O M A T O F O C U S I N G  a  c r u d e  p e r o x i d a s e  e x t r a c t  f r o m  
t h e  t i p  p o r t i o n  o f  a s p a r a g u s  r e s u l t e d  i n  t h e  m a j o r i t y  o f  t h e  
p e r o x i d a s e  a c t i v i t y  e l u t i n g  i n  t h e  p H  1 0  r a n g e  o f  t h e  p H  

g r a d i e n t .  A  s m a l l e r  a m o u n t  e l u t e d  b y  t h e  1 M  N a C l  w a s h .  

A p p r o x i m a t e l y  8 5 %  o f  t h e  p e r o x i d a s e  a c t i v i t y  w a s  r e c o v e r e d  
f r o m  t h e  c o l u m n s .  B u t t  a n d  m i d - s p e a r  e x t r a c t s  s h o w e d  a  
s i m i l a r  p a t t e r n  b u t  t h e  1 M  N a C l  w a s h  r e s u l t e d  i n  e l u t i o n  o f  
v e r y  l i t t l e  a c t i v i t y .  T h e s e  d a t a  i n d i c a t e  t h a t  a  r e l a t i v e l y  

b a s i c  g r o u p  o f  p e r o x i d a s e s  a r e  d o m i n a n t  i n  a s p a r a g u s  s p e a r s .  

I n  a d d i t i o n ,  t h e  t i p  p o r t i o n  o f  a s p a r a g u s  s p e a r s  c o n t a i n s  a  
r e l a t i v e l y  a c i d i c  g r o u p  o f  i s o z y m e s .  T h e s e  d a t a  a r e  i n  a p p a r 
e n t  a g r e e m e n t  w i t h  H a a r d  e t  a l .  ( 1 9 7 4 )  i n  w h i c h ,  v i a  b e n -  

z i d i n e / H 2 0 2  s t a i n i n g  o f  p o l y a c r y l a m i d e  g e l s  r u n  a t  p H  8 . 9 ,  
t h e  m a j o r  p e r o x i d a s e  i s o z y m e s  w e r e  f o u n d  t o  m i g r a t e  w i t h  
a n  R f  o f  0 . 0 3 - 0 . 0 5 .  I n  a d d i t i o n ,  t h e  t i p  p o r t i o n  o f  s p e a r s  
w a s  f o u n d  t o  c o n t a i n  a  r e l a t i v e l y  s t r o n g  a c t i v i t y  a t  R f  ~  
0 . 4 2  ( p r e s u m a b l y  a  m o r e  a c i d i c  i s o z y m e ) .

F r a c t i o n s  w e r e  p o o l e d  f r o m  t h e  t i p  e x t r a c t  c h r o m a t o 

f o c u s i n g  a n d  d e s i g n a t e d  “ b a s i c ”  a n d  “ s a l t ” , r e s p e c t i v e l y ,  
f o r  t h e  p e r o x i d a s e s  e l u t e d  a t  p H  1 0  o r  e l u t e d  b y  1 M  N a C l .  
I n  F i g .  1 a r e  7 0 ° C  h e a t  i n a c t i v a t i o n  d a t a  f o r  t h e  “ b a s i c ”  

a n d  “ s a l t ”  f r a c t i o n s .  B o t h  c u r v e s  a r e  h y p e r b o l i c  i n d i c a t i n g  
t h a t  t h e  i n a c t i v a t i o n  p r o c e s s  i s  b i p h a s i c .  W h e n  p l o t t e d  a s  a  
f i r s t  o r d e r  p r o c e s s  a n d  t r e a t e d  b y  t h e  m e t h o d  o f  s u c c e s s i v e  
r e s i d u a l s ,  t h e s e  d a t a  s u g g e s t  t h a t  e a c h  p r e p a r a t i o n  c o n t a i n s  
t w o  s p e c i e s  b a s e d  o n  h e a t  s t a b i l i t y .  T h e  m o r e  h e a t  s e n s i t i v e  
s p e c i e s  w e r e  i n a c t i v a t e d  a t  t h e  r a t e  o f  1 . 3 2  m i n - 1  a n d  
3 . 5 3 - 1  m i n  f o r  t h e  “ b a s i c ”  a n d  “ s a l t ”  f r a c t i o n s ,  r e s p e c t i v e 
l y .  T h e  m o r e  s t a b l e  s p e c i e s  r e p r e s e n t  ~ 4 0 %  o f  t h e  “ b a s i c ”  
a c t i v i t y  w h i l e  ~ 1 7 %  o f  t h e  “ s a l t ”  f r a c t i o n s  a c t i v i t y  w a s  
s t a b l e .

A l i q u o t s  o f  t h e  3  m i n  7 0 ° C  h e a t  i n a c t i v a t e d  f r a c t i o n s  
w e r e  a l l o w e d  t o  r e a c t i v a t e  a t  2 5 ° C . A s  s h o w n  i n  F i g .  2 ,  
t h e r e  w a s  s i g n i f i c a n t  r e a c t i v a t i o n  o f  t h e  “ s a l t ”  a c t i v i t y  o v e r  
a  1 - h r  p e r i o d  w h i l e  t h e  “ b a s i c ”  f r a c t i o n  r e a c t i v a t e d  m u c h  

l e s s .  M c L e l l a n  a n d  R o b i n s o n  ( 1 9 8 1 )  h a v e  n o t e d  s i m i l a r  
d i f f e r e n c e s  b e t w e e n  i o n i c a l l y  b o u n d  a n d  s o l u b l e  p e r o x i d a s e s  
f r o m  c a b b a g e .

T h a t  t h e r e  a r e  o x i d a t i v e  e n z y m e s  i n  a s p a r a g u s  t h a t  r e 
a c t i v a t e  a f t e r  h e a t  i n a c t i v a t i o n  i s  s u g g e s t e d  b y  t h e  d a t a  o f  

D r a k e  e t  a l .  ( 1 9 8 1 ) .  T h e y  r e p o r t e d  t h a t  a s p a r a g u s  f r o z e n  
a f t e r  m i c r o w a v e  b l a n c h i n g  w a s  s i g n i f i c a n t l y  l o w e r  i n  a s c o r -
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Fig. 2—Reactivation at 25°C and pH  6 (0.1M maieate) o f  "salt" (o) 
and "basic" (o )  asparagus peroxidase after 70°C heat inactivation.
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A Research Note

D i g i t i z e r  A i d e d  D e t e r m i n a t i o n  o f  Y i e l d  S t r e s s  i n  S e m i - L i q u i d  F o o d s

G. KALETUNC-GENCER and M. PELEG

---------------------------------- A BST R A C T ------------------------------------
T h e  y ie ld  s t r e s s  o f  s e m i- l iq u id  f o o d s  c o u ld  b e  c o n v e n i e n t ly  d e t e r 
m in e d  f r o m  t h e i r  a p p a r e n t  v is c o s i ty  v s  s h e a r  s t r e s s  r e l a t i o n s h ip .  
T h e  d a t a  s o u r c e  o f  t h e s e  p l o t s  w e re  e x p e r im e n ta l l y  r e c o r d e d  f lo w  
c u rv e s  w h ic h  w e r e  d ig i t i z e d  a n d  p r o c e s s e d  u s in g  a  g r a p h ic s  t a b l e t  
a n d  a  c o m p u t e r .  T h e  a p p l i c a b i l i t y  o f  t h e  p r o c e d u r e  w a s  d e m o n 
s t r a t e d  in  s im u la te d  f lo w  c u rv e s  w i th  k n o w n  y ie ld  s tr e s s  a n d  in  
p u b l i s h e d  r h e o lo g ic a l  d a t a  w h e r e  t h e  y ie ld  s t r e s s  w a s  i n d e p e n d e n t l y  
d e t e r m in e d .

INTRODUCTION

T H E  D E T E R M I N A T I O N  o f  t h e  y i e l d  s t r e s s  i n  s e m i - l i q u i d  
f o o d s  c a n  b e  d o n e  b y  v a r i o u s  d i r e c t  a n d  i n d i r e c t  m e t h o d s .  
I n  g e n e r a l ,  t h e  d i r e c t  m e t h o d s  a r e  b a s e d  o n  a  g r a d u a l  a n d  

c o n t r o l l e d  i n c r e a s e  o f  t h e  s t r e s s  u n t i l  f l o w  c a n  b e  d e t e c t e d  
o r  b y  m e a s u r i n g  t h e  r e s i d u a l  s t r e s s  a f t e r  a  s h e a r e d  s p e c i m e n  

i s  l e t  t o  r e l a x  ( V a n  W a z e r  e t  a l . ,  1 9 6 3 ;  M i z r a h i  a n d  B e r k ,  
1 9 7 2 ;  B a l m a c e d a  e t  a l . ,  1 9 7 3 ;  R o b i n s o n - L a n g  a n d  R h a ,

1 9 8 1 ) .  T h e  y i e l d  s t r e s s  d e t e r m i n e d  b y  t h e  s e c o n d  m e t h o d ,  
i s  t h a t  o f  t h e  s h e a r e d  f l u i d  a n d  t h e r e f o r e  n e e d  n o t  h a v e  t h e  
s a m e  v a l u e  a s  t h a t  o f  t h e  u n d i s t u r b e d  m a t e r i a l .  T h e  i n d i r e c t  
m e t h o d s  a r e  u s u a l l y  b a s e d  o n  f i t t i n g  t h e  f l o w  c u r v e  w i t h  a  
m o d e l  t h a t  i n c l u d e s  a  y i e l d  s t r e s s  t e r m ,  a n d  c a l c u l a t i n g  i t s  

m a g n i t u d e  f r o m  s t a t i s t i c a l  r e g r e s s i o n .  T h e  m o s t  p o p u l a r  
m o d e l s  f o r  s u c h  c a l c u l a t i o n s  a r e  H e r s c h e l - B u l k l e y ’s  m o d e l :

t = t q  + k j  7 n  ( 1 )

w h e r e  r  i s  t h e  s h e a r  s t r e s s ,  r D t h e  y i e l d  s t r e s s ,  7  t h e  s h e a r  
r a t e  a n d  k j  a n d  n  c o n s t a n t s  a n d  C a s s o n 's  m o d e l :

t Vi  =  k 2 +  k 3 y h  ( 2 )

w h e r e  k 2 a n d  k 3 a r e  c o n s t a n t s  a n d  t h e  y i e l d  s t r e s s  t 0  i s  
e q u a l  t o  k ^ .

O n e  d i f f i c u l t y  w i t h  s u c h  i n d i r e c t  m e t h o d s  i s  t h a t  t h e  

c a l c u l a t e d  y i e l d  s t r e s s  m a g n i t u d e  m a y  d e p e n d  o n  t h e  
s e l e c t e d  m o d e l  ( e .g .  B a r b o s a  a n d  P e l e g ,  1 9 8 3 ) .  S i m i l a r l y ,  

d i r e c t  e x t r a p o l a t i o n  o f  t h e  f l o w  c u r v e  i t s e l f  t o  z e r o  s h e a r  
r a t e  m a y  a l s o  i n t r o d u c e  a n  e l e m e n t  o f  a r b i t r a r i n e s s  t o  t h e  
y i e l d  s t r e s s  d e t e r m i n a t i o n .

A c c o r d i n g  t o  M e w i s  ( 1 9 8 0 )  a n d  B a g l e y  ( 1 9 8 3 )  o n e  o f  
t h e  m o s t  s e n s i t i v e  m e t h o d s  o f  y i e l d  s t r e s s  d e t e r m i n a t i o n  i s  
f r o m  a  p l o t  o f  t h e  a p p a r e n t  v i s c o s i t y  v s  t h e  s h e a r  s t r e s s  

w h e r e  t h e  a p p a r e n t  v i s c o s i t y  ( r ^ p p )  i s  d e f i n e d  a s  t h e  r a t i o  
b e t w e e n  t h e  s h e a r  s t r e s s  a n d  s h e a r  r a t e  o r :

T
^ A F F  = —  ( 3 )

7

A p p l i c a t i o n  o f  t h i s  m e t h o d  w a s  r e c e n t l y  r e p o r t e d  b y  M i l l s  
a n d  K o k i n i  ( 1 9 8 4 )  i n  K a r a y a  g u m  d i s p e r s i o n s .  T h e  m e t h o d  
i s  b a s e d  o n  t h e  d e f i n i t i o n  o f  a  y i e l d  s t r e s s ,  w h i c h  i m p l i e s  
a n  i n f i n i t e  v i s c o s i t y  a t  z e r o  s h e a r  r a t e .  T h e r e f o r e  t h e  e x i s 
t e n c e  o f  a  y i e l d  s t r e s s ,  i r r e s p e c t i v e  o f  a n y  o t h e r  r h e o l o g i c a l  
f e a t u r e s ,  b e c o m e s  e v i d e n t  b y  a  “ s i n g u l a r i t y ”  i n  t h e  r e l a -

A u th o rs  K atetunc-G encer a n d  Peleg are a f f il ia te d  w ith  the Dept, o f  
F o o d  Eng ineering , Univ. o f  Massachusetts, A m hers t, M A  01003.

t i o n s h i p  b e t w e e n  v i s c o s i t y  a n d  s h e a r  s t r e s s .  I n  p r a c t i c e ,  o f  

c o u r s e ,  t h e  e v i d e n c e  w i l l  b e  i n  a  f a s t  a c c e l e r a t i o n  o f  t h e  
c u r v e  a s c e n t  a n d  t h e  m a i n  q u e s t i o n  i s  w h e t h e r  t h i s  i n  a c t u a l  
d a t a  w i l l  b e  s u f f i c i e n t  t o  d e t e r m i n e  t h e  y i e l d  s t r e s s  i n  a n  

u n a m b i g u o u s  m a n n e r .  T h e  o b j e c t i v e  o f  t h i s  w o r k  i s  t o  
d e m o n s t r a t e  t h e  p r a c t i c a l i t y  o f  t h e  m e t h o d  i n  y i e l d  s t r e s s  

e v a l u a t i o n  i n  f o o d  s y s t e m s ,  w i t h  s p e c i a l  e m p h a s i s  o n  t h e  

d a t a  p r o c e s s i n g  b y  a  d i g i t i z e r  a n d  a  c o m p u t e r .

MATERIALS & METHODS
P U B L I S H E D  ( D z u y  a n d  B o g ex  1 9 8 3 ) ,  s im u la t e d  ( i .e .  c u rv e s  d r a w n  
u s in g  a  k n o w n  m o d e l ) ,  o r  e x p e r im e n ta l l y  d e t e r m i n e d  f lo w  c u rv e s  
o f  a  c o m m e r c ia l  t o m a t o  p a s t e  a n d  lo c u s t  b e a n  a n d  x a n t h a n  g u m  
s o lu t io n  ( 1 :1  r a t i o  0 .2 5 %  c o n e )  ( R o to v i s c o  R V -3  H a a k e ,  I n c . ,  S a d -  
d l e b r o o k ,  N J )  w e r e  t r a c e d  b y  t h e  s ty lu s  o f  a  g r a p h ic s  t a b l e t  (H 1 P A D , 
H o u s t o n  I n s t r u m e n t  I n c . ,  H o u s t o n ,  T X )  c o n n e c t e d  t o  a n  A p p le  I I  
c o m p u te r .  E a c h  d a t a  f i l e  so  c r e a t e d  w a s  t r a n s f o r m e d  in t o  a n  a p p a r 
e n t  v is c o s i ty - s h e a r  s t r e s s  f i le  u s in g  E q .  (3 )  a n d  t h e  a p p r o p r i a t e  
c o n v e r s io n  f a c to r s  f o r  t h e  u n i t s .  T h e  p r o c e s s e d  d a t a  w e re  r e p l o t t e d ,  
t h r o u g h  a  s p e c ia l ly  d e v e lo p e d  p r o c e d u r e  (C A L C O M P  s o f tw a r e )  b y  
a  C y b e r  c o m p u t e r ,  a s  a p p a r e n t  v is c o s i ty  v s . s h e a r  s t r e s s  r e l a t i o n s h ip s .

RESULTS & DISCUSSION

B E C A U S E  T H E  D I G I T I Z I N G  P R O C E S S  i s  b a s e d  o n  c u r v e  
t r a c i n g  b y  h a n d ,  i t  w a s  n e c e s s a r y  t o  e s t i m a t e  t h e  e f f e c t s  o f  
h u m a n  e r r o r s  o n  t h e  r e p r o d u c i b i l i t y  a n d  a c c u r a c y  o f  t h e  
p r o c e d u r e .  F u r t h e r m o r e ,  s i n c e  t h e  m e t h o d  i n v o l v e s  t h e  

d e t e c t i o n  o f  a  “ s i n g u l a r i t y ”  t h e r e  i s  a l w a y s  a  r i s k  t h a t  t h e  
v a l u e s  o b t a i n e d  w i l l  h a v e  a n  e r r o r  a s  a  r e s u l t  o f  s u b j e c t i v e  
j u d g e m e n t .  I t  i s ,  o f  c o u r s e ,  c r u c i a l  t o  d e t e r m i n e  w h e t h e r  

t h i s  s o u r c e  o f  e r r o r  i s  o f  p r a c t i c a l  s i g n i f i c a n c e  o r  n o t .  I n  
o r d e r  t o  a n s w e r  t h e s e  t w o  q u e s t i o n s  t h e  p r o c e d u r e  w a s  

t e s t e d  w i t h  s i m u l a t e d  c u r v e s  w h o s e  d a t a  w e r e  p r o d u c e d  b y  

N e w t o n i a n ,  B i n g h a m ’s ,  p o w e r  l a w  p s e u d o p l a s t i c ,  C a s s o n ’s 
a n d  H e r s c h e l - B u l k l e y ’s f l o w  e q u a t i o n s .  T h e s e  s i m u l a t e d  
f l o w  c u r v e s  w e r e  t r a c e d  b y  h a n d  a n d  t h e  d i g i t i z e d  d a t a ,  

s o  o b t a i n e d  w e r e  p l o t t e d  i n  t h e  f o r m  o f  a p p a r e n t  v i s c o s i t y  

v s .  s h e a r  s t r e s s  r e l a t i o n s h i p s .  E x a m p l e s  o f  s u c h  c u r v e s  a r e  
s h o w n  i n  F i g .  1 .  T h i s  a n a l y s i s  w a s  r e p e a t e d  b y  t r a c i n g  t h e  
s a m e  c u r v e  v a r i o u s  t i m e s  a n d  b y  u s i n g  s i m u l a t e d  c u r v e s  
w i t h  d i f f e r e n t  y i e l d  s t r e s s  a n d  o t h e r  f l o w  c o n s t a n t s .  I t  h a s  
b e c o m e  c l e a r l y  e v i d e n t  t h a t  t h e  p r o c e d u r e  w a s  p r a c t i c a l l y  
u n a f f e c t e d  b y  h u m a n  e r r o r s  a t  t h e  t r a c i n g  s t a g e .  I t  w a s  a l s o  
c l e a r  t h a t  t h e  e x i s t e n c e  o f  a  y i e l d  s t r e s s  c o u l d  b e  i d e n t i f i e d  
u n m i s t a k a b l y .  I t s  m a g n i t u d e  w a s  w i t h i n  a n  u n c e r t a i n t y  

r a n g e  o f  l e s s  t h a n  5 -  1 0 % .  T h i s  r a n g e  w a s  m a i n l y  d e t e r 
m i n e d  n o t  b y  h u m a n  e r r o r  b u t  b y  t h e  l i m i t a t i o n s  a r i s i n g  
f r o m  t h e  c a l c u l a t i o n  o f  t h e  d i v i s i o n  p r o d u c t s  w h e r e  t h e  
d i v i s o r  m a g n i t u d e  s t a r t s  t o  a p p r o a c h  z e r o .  T h e r e f o r e ,  
t h e  e s t i m a t e d  v a l u e  o f  t h e  y i e l d  s t r e s s  a p p e a r s  t o  b e  a b o u t  

o n e  o r  t w o  “ s t e p s ”  ( i . e . ,  s t r e s s  r e a d i n g s )  f r o m  t h e  l a s t  
s t r e s s  r e a d i n g  w h e r e  t h e  c a l c u l a t e d  m a g n i t u d e  o f  t h e  

c o r r e s p o n d i n g  v i s c o s i t y  i s  s t i l l  r e a s o n a b l e  a n d  d o e s  n o t  
s t a r t  t o  o s c i l l a t e .

Yield stress o f real system s

T h e  p r o p o s e d  p r o c e d u r e  w a s  a l s o  t e s t e d  w i t h  p u b l i s h e d  
d a t a  o n  t i t a n i u m  d i o x i d e  ( T i 0 2 )  s u s p e n s i o n s  ( D z u y  a n d  
B o g e r ,  1 9 8 3 ) .  I n  t h i s  w o r k  t h e  y i e l d  s t r e s s  o f  t h e  s u s p e n -

1620— IOURNAL OF FOOD SCIENCE-Volume 49 (1984)



SHEAR STRESS -  T
(a r b it r a r y  units)

Fig. 1 -Apparent viscosity vs shear stress relationship o f simulated 
Newtonian, Bingham (t 0  = 40 arbitrary units) and Casson (t 0  =

95.4 arbitrary units) liquids (hand traced from the simulated flow  
curves).

. s i o n  w a s  d e t e r m i n e d  d i r e c t l y  b y  d i f f e r e n t  p h y s i c a l  m e t h o d s  
a n d  w a s  a l s o  c a l c u a l t e d  f r o m  d i f f e r e n t  m o d e l s  w h i c h  

y i e l d e d  v a l u e s  b e t w e e n  1 0 6  -  1 2 8  N  * m ~ 2 . T h e  m a g n i t u d e  

o f  t h e  y i e l d  s t r e s s  o f  t h e  T i 0 2  s u s p e n s i o n  w a s  p r a c t i c a l l y  
t h e  s a m e  r e g a r d l e s s  o f  t h e  m o d e l  c h o s e n  f o r  i t s  c a l c u l a t i o n  

( i . e .  t h e  H e r s c h e l - B u l k l e y ’s a n d  C a s s o n ’s e q u a t i o n s  y i e l d e d  
v e r y  c l o s e  v a l u e s  w h i c h  a l s o  c o r r e s p o n d e d  t o  t h e  v a l u e s  

r e a c h e d  b y  t h e  d i r e c t  m e t h o d s ) .  A p p l i c a t i o n  o f  t h e  d i g i 
t i z e r  a i d e d  d e t e r m i n a t i o n  m e t h o d  t o  t h e  o r i g i n a l  d a t a ,  
a l s o  r e p o r t e d  i n  t h e  p u b l i c a t i o n ,  y i e l d e d  a  v a l u e  o f  1 2 5  

N  • m - 2 . I n  m a n y  f o o d s ,  e s p e c i a l l y  t h o s e  w h o s e  r h e o l o g y  
i s  g o v e r n e d  b y  t i m e  r e l a t e d  e f f e c t s ,  s u c h  a n  a g r e e m e n t  b e 

t w e e n  t h e  d i f f e r e n t  m e t h o d s  m a y  n o t  b e  t h e  c a s e  ( e .g .  
B a r b o s a  a n d  P e l e g ,  1 9 8 3 ) .  F o r  s u c h  m a t e r i a l s  t h e  p r o 

p o s e d  m e t h o d  h a s  a n  a d v a n t a g e  o v e r  t h e  c u r v e  f i t t i n g  
m e t h o d s  s i n c e  i t  i s  n o t  b a s e d  o n  a n y  p a r t i c u l a r  m a t h e m a 
t i c a l  m o d e l  w h o s e  v a l i d i t y  m u s t  b e  e s t a b l i s h e d  s e p a r a t e l y .

T h e  p r o c e d u r e  w a s  a l s o  a p p l i e d  t o  c o m m e r c i a l  t o m a t o  
p a s t e  a n d  g u m s  m i x t u r e  i n  s o l u t i o n  a s  s h o w n  i n  F i g .  2 .  T h e  

f i g u r e  s e r v e s  a s  a n  i l l u s t r a t i o n  o f  t h e  t e c h n i c a l  c o n v e n i e n c e  
o f  t h e  m e t h o d s  t o  d e t e r m i n e  t h e  y i e l d  s t r e s s  o n c e  t h e  c o m 
p u t e r  p r o g r a m  h a s  b e e n  s e t  u p .  B e c a u s e  t h e  m a g n i t u d e  o f  
t h e  y i e l d  s t r e s s  o f  s e m i - f l u i d  f o o d s  m a y  d e p e n d  o n  t h e  s a m 
p l e  s h e a r  h i s t o r y ,  t h e  d e s c r i b e d  p r o c e d u r e  a l s o  o f f e r s  a  

h a n d y  t o o l  t o  s t u d y  s u c h  d e p e n d e n c i e s  a s  w e l l  a s  t h e  e f 
f e c t  o f  o t h e r  f a c t o r s  s u c h  a s  t e m p e r a t u r e ,  p H  a n d  a d d i 
t i v e s .
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Fig. 2—Apparent viscosity vs shear stress 
relationship o f a locust bean and xan- 
than gums mixture in solution (1:1 
ratio 0.25% cone) — Estimated yield 
stress is 15 N  • m~2, and a commercial 
tomato paste — Estimated yield stress 
90 N  • m 2.

SHEAR STRESS -  T  (N-nT2) -------------►

Volume 49 (1984)-JOURNAL OF FOOD SCIENCE-1621



A Research Note
B o n d e d  F u s e d  S i l i c a  C a p i l l a r y  C o l u m n  G L C  

D e t e r m i n a t i o n  o f  B H A  a n d  B H T  i n  C h e w i n g  G u m s

M ICHAEL J. GREENBERG, JOSEPH HOHOLICK, R ICH ARD  ROBINSON, 
KATHRYN KUBIS, JAMES GROCE, and LORRA INE WEBER

----------------------------------- A BST R A C T -----------------------------------
A  g a s  c h r o m a to g r a p h ic  m e t h o d  w a s  d e v e lo p e d  f o r  t h e  q u a n t i t a t i o n  
o f  B H A  a n d  B H T  in  t o l u e n e  p lu s  2 - p r o p a n o l  e x t r a c t s  o f  c h e w in g  
g u m  s a m p le s .  T h e  m e t h o d  u s e s  a  th i c k  f i lm  ( 1 .0  m ic r o n )  b o n d e d  
f u s e d  s il ic a  o p e n  t u b u l a r  c a p i l la r y  c o lu m n  w h ic h  r e s o lv e s  a n t i o x i 
d a n t s  f r o m  f la v o r  o i l  v o la t i le s  a n d  g u m  b a s e  c o m p o n e n t s  a s  c o n 
f i r m e d  b y  m a s s  s p e c t r a l  a n a ly s is .  T h e  c h r o m a to g r a p h ic  m e t h o d  is 
r e p r o d u c ib l e  a t  4 .0  p p m  a n d  d e t e c t s  a s  l i t t l e  a s  2 .0  p p m .  R e g r e s s io n  
a n a ly s is  o f  a n t io x id a n t - b ip h e n y l  i n t e r n a l  s t a n d a r d  p e a k  a r e a  r a t i o s  
t o  a n t i o x i d a n t  c o n c e n t r a t i o n s  r e s u l t e d  in  a  h ig h ly  l in e a r  e q u a t io n  
w i th  a  c o r r e l a t i o n  c o e f f i c i e n t  (R )  o f  0 .9 9  f o r  th e  1 0  -  1 5 0  p p m  
r a n g e .

INTRODUCTION

M A N Y  A N A L Y T I C A L  M E T H O D S  f o r  t h e  d e t e r m i n a t i o n  
o f  2 , 6 - d i - ( t e r t - b u t y l ) - 4 - m e t h y l p h e n o l  ( B H T )  a n d  t h e  2  a n d
3 - t e r t - b u t y l - 4 - h y d r o x y a n i s o l e  i s o m e r s  ( B H A )  i n  f a t s ,  o i l s ,  
s o a p s ,  a n d  c e r e a l s  h a v e  u s e d  p a c k e d  c o l u m n  G L C  t e c h 

n i q u e s  s u c h  a s  t h o s e  r e p o r t e d  b y  F r y  a n d  W i l l i s  ( 1 9 8 2 ) ,  
I s s h i k i  e t  a l .  ( 1 9 8 0 ) ,  M in  e t  a l .  ( 1 9 8 2 ) ,  S e d e a  a n d  T o n i -  
n e l l i  ( 1 9 8 1 ) ,  W y a t t  ( 1 9 8 1 ) ,  a n d  A O A C  M e t h o d  2 0 . 0 1 2

( 1 9 8 0 ) .
T h e  d e t e r m i n a t i o n  o f  B H A  a n d  B H T  i n  c h e w i n g  g u m  h a s  

r e c e i v e d  l i t t l e  a t t e n t i o n  i n  t h e  l i t e r a t u r e .  T h e  o n l y  r e c e n t  
s t u d y  c o n d u c t e d  b y  P s l l e r i n  e t  a l .  ( 1 9 8 2 )  u s i n g  a  r e v e r s e  

p h a s e  H P L C  a p p r o a c h  i n d i c a t e d  i n t e r f e r e n c e s  d u e  t o  f l a v 
o r i n g s  a n d  o t h e r  c o m p o n e n t s  i n  g u m  t h a t  m a y  m a s k  B H A .

B o n d e d  f u s e d  s i l i c a  o p e n  t u b u l a r  ( F S O T )  c a p i l l a r y  c o l 

u m n s  h a v e  b e e n  d e s c r i b e d  b y  S h i b a m o t o  ( 1 9 8 2 )  a n d  J e n 

n i n g s  ( 1 9 8 1 )  t o  b e  s u p e r i o r  t o  a n y  e x i s t i n g  G L C  c o l u m n  
c a t e g o r y  f o r  v o l a t i l e  a n a l y s i s  i n  t e r m s  o f  r e s o l v i n g  p o w e r ,  

i n e r t n e s s ,  a n d  r e p r o d u c i b i l i t y  o f  p e a k  i n t e g r a t i o n s .  T h e  
o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  d e v e l o p  a  b o n d e d  F S O T  
c o l u m n  G L C  m e t h o d  t o  d e t e r m i n e  B H A  a n d  B H T  i n  

c h e w i n g  g u m  w i t h o u t  i n t e r f e r e n c e s  f r o m  f l a v o r  a n d  g u m  
b a s e  c o m p o n e n t s .

MATERIALS & METHODS

M a te r ia ls

B u b b le  g u m s  o f  v a r io u s  f la v o r in g s  a n d  p e p p e r m i n t  s t ic k  g u m  
w e re  f o r m u l a t e d  b y  t h e  W m . W rig le y  J r .  C o m p a n y  (C h ic a g o ,  1L ). 
B ip h e n y l  ( 9 9 %  p u r e )  a n d  B H T  (9 9 + %  p u r e )  w e re  o b t a i n e d  f r o m  
t h e  A ld r ic h  C h e m ic a l  C o m p a n y  ( M ilw a u k e e ,  W I) .  B H A  w a s  o b 
t a i n e d  f r o m  IC N  B io c h e m ic a ls  C o m p a n y  ( P la in v ie w ,  N Y ) .

A n a ly s is  p r o c e d u r e

C h e w in g  g u m  ( 1 0 . Og) a n d  5 0 .0  m L  to l u e n e  a re  p la c e d  in  a  4  o z  
g la ss  b o t t l e ,  c a p p e d ,  a n d  s h a k e n / r o t a t e d  o n  a  l a b o r a t o r y  s h a k e r /  
r o t a t o r  f o r  16  h r .  F i f t y  n L  2 0  u g /m L  b ip h e n y l  i n t e r n a l  s t a n d a r d  
in  2 - p r o p a n o l  is  a d d e d  to  t h e  t o lu e n e  e x t r a c t  ( 2- p r o p a n o l  p r e c ip i 
t a t e s  t h e  g u m  b a se  p o ly m e r  c o m p o n e n t s )  a n d  t h e  s a m p le  is  s h a k e n /  
r o t a t e d  f o r  15  m in .  T h e  s o lu t io n  is  a l lo w e d  t o  s e t t l e  f o r  15 m in ,  
a n d  a  4 0  m L  a l i q u o t  o f  t h e  s o lu t io n  is  t r a n s f e r r e d  to  a  c e n t r i f u g e  
t u b e  a n d  c e n t r i f u g e d  f o r  15  m in .  A  2 5  m L  s a m p le  o f  t h e  c e n t r i -
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f u g e d  s o lu t io n  is  c o n c e n t r a t e d  t o  1 0  m L  b y  d i s t i l l a t i o n  a n d  t h e  c o n 
c e n t r a t e  is  f u r t h e r  p u r i f i e d  b y  p a s s a g e  t h r o u g h  a  W a te r s  S e p -P a c  
F lo r i s i l  c a r t r id g e  p r i o r  t o  i n j e c t i o n .

G a s  c h r o m a to g r a p h y  (G L C )

T h e  G L C  w a s  c a r r ie d  o u t  o n  a  P e r k in  F J m e r  S ig m a  1 1 5  e q u ip p e d  
w i th  a  f l a m e  io n i z a t i o n  d e t e c t o r  a n d  6 0 m  X 0 .2 5  m m  ( i .d .)  F S O T  
b o n d e d  c a p i l l a r y  c o lu m n  c o a t e d  w i t h  1 .0  m ic r o n  D B -1  ( J  a n d  W  
S c ie n t i f i c ,  I n c . ,  R a n c h o  C o r d o v a ,  C A ) .  T h e  c o lu m n  t e m p e r a t u r e  
w a s  h e ld  a t  6 5 ° C  f o r  2  m in ,  p r o g r a m m e d  l in e a r ly  f r o m  6 5 ° C  to  
1 3 5 ° C  a t  1 0 ° C /m in  a n d  p r o g r a m m e d  f r o m  1 3 5 ° C  to  2 0 0 ° C  a t  
l ° C / m i n .  T h e  t e m p e r a t u r e  w a s  h e ld  a t  2 0 0 ° C  f o r  1 0  m in .  T h e  
in j e c to r  a n d  d e t e c t o r  t e m p e r a tu r e s  w e re  2 5 0 ° C  a n d  3 0 0 °  C , r e s p e c 
t iv e ly .  T h e  c a r r ie r  g a s  w a s  h e l iu m  a t  a  c a r r i e r  v e lo c i ty  o f  21  c m /  
se c . a n d  s p l i t  r a t i o  o f  1 0 6 :1 .  I n j e c t i o n  v o lu m e s  w e re  1 y L .  A ll  
i n j e c t i o n s  w e re  m a d e  s p l i t le s s .  T h e  s p l i t t e r  w a s  t u r n e d  o n  0 .5  m in  
a f t e r  i n je c t io n .

Gas chromatography-mass spectral (GLC-MS) analysis
A  F in n ig a n  4 5 0 0  G L C -M S  -  IN C O S  D a ta  S y s te m  e q u ip p e d  

w i th  t h e  a b o v e  D B -1  c o lu m n  d i r e c t e d  i n t o  t h e  i o n  s o u r c e ,  s o u r c e  
t e m p e r a t u r e  o f  1 5 0 ° C ,  a n d  a n  io n iz in g  p o t e n t i a l  o f  7 0  e V  w e re  
u s e d .  M ass  s p e c t r a l  i d e n t i f i c a t i o n s  w e re  c o n f i r m e d  b y  c o m p u t e r -  
a s s is te d  s p e c t r a  m a tc h in g  o f  a u t h e n t i c  s t a n d a r d s .

RESULTS & DISCUSSION

T H E  G A S  C H R O M A T O G R A M  o f  a n  e x t r a c t  o f  a  p e p p e r 
m i n t  f l a v o r e d  s t i c k  g u m  i s  p r e s e n t e d  i n  F i g .  1 . T h e  p e p p e r 

m i n t  f l a v o r  v o l a t i l e s  a n d  o t h e r  g u m  c o m p o n e n t s  w e r e  b a s e 

l i n e  s e p a r a t e d  f r o m  t h e  b i p h e n y l  i n t e r n a l  s t a n d a r d  a n d  B H T  
i n  F i g .  1 . C h r o m a t o g r a p h i c  a n a l y s i s  o f  f l a v o r  o i l s  u s e d  i n  

t h e  g u m s  i n d i c a t e d  n o  d e t e c t a b l e  G L C  p e a k s  w h e r e  t h e  
b i p h e n y l  i n t e r n a l  s t a n d a r d ,  B H A  a n d  B H T  e l u t e d .  E x t r a c t s  
o f  g u m  h a v i n g  n o  a n t i o x i d a n t s  h a d  n o  i n t e r f e r i n g  p e a k s  
w h e r e  b i p h e n y l ,  B H A  a n d  B H T  e l u t e d .  G C / M S  r e s u l t s  

i n d i c a t e  t h a t  t h e  G L C  p e a k s  f o r  e a c h  g u m  e x t r a c t  i n v e s t i 
g a t e d  h a d  m a s s - t o - c h a r g e  r a t i o s  a n d  r e l a t i v e  a b u n d a n c e s  
t h a t  a g r e e d  w i t h  t h e  a n t i o x i d a n t  s t a n d a r d s .

A  s u m m a r y  o f  B H A  a n d  B H T  l e v e l s  f o u n d  i n  c o m m e r 
c i a l l y  a v a i l a b l e  c h e w i n g  g u m  i s  p r e s e n t e d  i n  T a b l e  1 . F r u i t  

f l a v o r  a n d  p e p p e r m i n t  g u m  s a m p l e s  w e r e  1 -  2  m o n t h s  i n  
a g e  a n d  e x h i b i t e d  r e p r o d u c i b i l i t y  o n  t h e  o r d e r  o f  2  -  4  
p p m  w i t h  c o e f f i c i e n t  o f  v a r i a t i o n  v a l u e s  l e s s  t h a n  4 . 0 %  
f o r  t h r e e  r e p l i c a t e  a n a l y s e s  p e r  g u m .  L e m o n  a n d  s t r a w 
b e r r y  g u m  s a m p l e s  w e r e  f i v e  m o n t h s  o f  a g e  a n d  e x h i b i t e d  
s i m i l a r  r e p r o d u c i b i l i t y  a s  t h e  o n e  m o n t h  s a m p l e s ,  b u t  h a d  

s u b s t a n t i a l l y  l o w e r  B H A  v a l u e s .  T h e s e  l o w e r  B H A  v a l u e s  
a r e  i n d i c a t i v e  o f  o x i d a t i o n  t a k i n g  p l a c e  d u r i n g  g u m  s t o r a g e .  
A  s e r i e s  o f  B H A  a n d  B H T  s t a n d a r d s  w i t h  a  c o n c e n t r a t i o n  
r a n g e  o f  1 0  -  1 5 0  p p m  w e r e  c h r o m a t o g r a p h e d ,  a n d  t h e  

a n t i o x i d a n t  p e a k  a r e a  ( A B h a , A b h t )  t o  i n t e r n a l  s t a n d a r d  
p e a k  a r e a  ( A Bj p )  c o r r e l a t e d  t o  t h e  a n t i o x i d a n t  c o n c e n t r a 
t i o n  ( [ B H A ] ,  [ B H T ] )  u s i n g  r e g r e s s i o n  a n a l y s i s .  R e s u l t s  
a r e  p r e s e n t e d  i n  E q  ( 1 )  a n d  ( 2 )  w h e r e  t h e  t e r m s  i n  p a r e n 
t h e s e s  a r e  t h e  9 5 %  c o n f i d e n c e  i n t e r v a l s ,  N  i s  t h e  n u m b e r  
o f  d a t a  p o i n t s ,  a n d  R  is  t h e  c o r r e l a t i o n  c o e f f i c i e n t .  T h e  
e q u a t i o n s  a r e  h i g h l y  U r  c a r  o v e r  t h e  1 0  -  1 5 0  p p m  r a n g e ,  
a n d  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  9 5 %  l e v e l  o f  c o n f i 

d e n c e :  s l o p e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  z e r o  a n d  t h e  

i n t e r c e p t s  s t a t i s t i c a l l y  p a s s  t h r o u g h  t h e  o r i g i n .
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Fig. 1 —Gas chromatogram o f peppermint flavored gum extract.

Table 1—Reproducibility o f method for BH A /BH T  in chewing gum

Sample description
Anti

oxidant Xa Nb Sc C0Vd

Fruit Flavored 
Bubble Gum —1

BHT 115 3 4.0 3.5

Fruit Flavored 
Bubble Gum —2

BHT 118 3 3.5 3.0

Fruit Flavored 
Bubble Gum —3

BHA 82 3 2.7 3.3

Fruit Flavored 
Bubble Gum —4

BHA 82 3 4.2 5.1

Lemon Flavored 
Bubble Gum

BHA 50 3 4.2 8.3

Strawberry Flavored 
Bubble Gum

BHA 59 3 6.5 11.1

Peppermint Stick 
Gum

BHT 53 3 2.1 3.9

f* Mean antiox idant concentratio n in ppm 
b Number of samples  
^Standard  deviation  
b Coeff ic ient  of variation

A b h a

[ B H A ]  =  2 4 2 . 9  ±  ( 3 1 . 7 ) ------------ -  5 . 9  ±  ( 7 . 5 )  ( 1 )
A f l iP

N  =  5  R  =  0 . 9 9

ABHT
[ B H T ]  =  1 6 9 . 9  ± ( 9 . 3 ) ------------  - 3 . 0  ± ( 3 . 0 )  ( 2 )

ABiP

N  =  5  R  =  0 . 9 9

A d d i t i o n a l  s t a n d a r d s  h a v i n g  c o n c e n t r a t i o n s  o f  2  a n d  5 
p p m  w e r e  c h r o m a t o g r a p h e d .  T h e  r e s u l t s  s h o w  t h a t  t h e  

m e t h o d  c a n  d e t e c t  5  p p m  o f  B H A  w h e n  t h e  s i g n a l - t o - n o i s e  
r a t i o  i s  a r o u n d  f i v e  a n d  2  p p m  o f  B H T  w i t h  a  s i g n a l - t o -  

n o i s e  r a t i o  o f  t e n .
T h e  a c c u r a c y  o f  t h e  m e t h o d  w a s  e v a l u a t e d  b y  a d d i n g  

k n o w n  q u a n t i t i e s  o f  a n t i o x i d a n t s .  O n e  e x p e r i m e n t  i n v o l v e d  
a d d i n g  1 2 3  p p m  B H A  a n d  1 2 2  p p m  B H T  t o  a  g u m  s a m p l e .  

A m o u n t s  r e c o v e r e d  w e r e  1 3 0  p p m  B H A  ( 1 0 6 %  r e c o v e r y )  
a n d  1 2 6 . 5  p p m  B H T  ( 1 0 4 %  r e c o v e r y ) .  A  s e c o n d  e x p e r i 
m e n t  i n v o l v e d  a d d i n g  B H T  t o  a  g u m  s a m p l e  h a v i n g  9 6 . 3  

p p m  B H T  a t  f o u r  l e v e l s  ( 0 ,  3 0 ,  6 0 ,  1 0 0  p p m ) .  T h e  e x p e r i 
m e n t a l l y  d e t e r m i n e d  B H T  l e v e l s  [ B H T ] e x p  w e r e  c o r r e l a t e d  
t o  t h e  c a l c u l a t e d  B H T  l e v e l s  [ B H T ] calc u s i n g  l i n e a r  r e 

g r e s s i o n  a n a l y s i s .  R e s u l t s  i n  E q .  ( 3 )  i n d i c a t e  t h a t  t h e  e q u a 
t i o n  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  9 5 %  l e v e l  o f  c o n f i 
d e n c e  a n d  w a s  h i g h l y  l i n e a r .  T h e  s l o p e  i n d i c a t e d  a  h i g h  

d e g r e e  o f  r e c o v e r y  ( 9 6  ±  9 % )  a n d  t h e  i n t e r c e p t  w a s  s t a t i s 

t i c a l l y  t h e  s a m e  c o n c e n t r a t i o n  v a l u e  a s  t h e  o r i g i n a l  s a m p l e  

o f  9 6 . 3  p p m .

[ B H T ]  e x p  =  0 . 9 6  ±  ( 0 . 0 9 )  [ B H T ]  calc  + 9 4 . 1  ± ( 6 . 7 )  ( 3 )

N  =  4  R  =  0 . 9 9

I n  s u m m a r y ,  B H A  a n d  B H T  l e v e l s  i n  c h e w i n g  g u m  c a n  

b e  d e t e r m i n e d  b y  s u b j e c t i n g  t o l u e n e - 2 - p r o p a n o l  e x t r a c t s  t o  
g a s  c h r o m a t o g r a p h y  u s i n g  a  b o n d e d  t h i c k  f i l m  p h a s e  f u s e d  

s i l i c a  c a p i l l a r y  c o l u m n .  M a s s  s p e c t r a l  d a t a  i n d i c a t e  t h a t  t h e  
m e t h o d  r e s o l v e s  t h e s e  a n t i o x i d a n t s  f r o m  a n y  f l a v o r  o i l  o r  
g u m  b a s e  i n t e r f e r e n c e s .  T h e  m e t h o d  i s  r e p r o d u c i b l e  a s  i l l u s 

t r a t e d  b y  t h e  r e l a t i v e l y  l o w  c o e f f i c i e n t  o f  v a r i a t i o n  d a t a ,  
a n d  l i n e a r  o v e r  t h e  1 0  -  1 5 0  p p m  r a n g e .
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A Research Note

A m i n o  A c i d  C o n t e n t  i n  S e l e c t e d  B r e a k f a s t  C e r e a l s

F. I. M EREDITH  and W. O. CASTER

----------------------------------- ABSTRACT-----------------------------------
P r o te i n  a n d  1 7  a m in o  a c id s  w e re  d e t e r m in e d  in  11 c o m m e r c ia l  
b r e a k f a s t  c e r e a ls .  T o t a l  a m in o  a c id  c o n c e n t r a t i o n  ra n g e d  f r o m  
5 ,4 0 8 - 1 9 ,8 7 2  m g /lO O g  c r y  w e ig h t .  L y s in e  w a s  th e  l im i t in g  a m in o  
a c id  in  a ll th e  b r e a k f a s t  c e r e a ls  e x c e p t  A p p le  J a c k s  i n  w h ic h  m e t h i 
o n in e  w a s  t h e  l im i t in g  a m in o  a c id .  T h e  c h e m ic a l  s c o r e  r a n g e d  f r o m
1 1 - 4 5  w h ic h  r e f l e c t e d  t h e  lo w  p r o t e i n  q u a l i t y  in  th e  b r e a k f a s t  
c e r e a ls .

INTRODUCTION

B R E A K F A S T  i s  c o n s i d e r e d  b y  n u t r i t i o n i s t s  t o  b e  t h e  m o s t  
i m p o r t a n t  m e a l  o f  t h e  d a y .  T h i s  i s  e s p e c i a l l y  t r u e  f o r  c h i l 
d r e n  w h o  n e e d  t h i s  n o u r i s h m e n t  t o  p e r f o r m  e f f e c t i v e l y  
d u r i n g  t h e  m o r n i n g  h o u r s  ( C o s t l e y  a n d  F r a n t a ,  1 9 7 7 ) .

B r e a k f a s t  c e r e a l s ,  w h i c h  a r e  a  p r o m i n e n t  a n d  h i g h l y  
a d v e r t i s e d  f o o d  p r o d u c t ,  a r e  a n  i m p o r t a n t  f o o d  i n  t h e  
A m e r i c a n  d i e t .  A  s e a r c h  o f  t h e  s c i e n t i f i c  l i t e r a t u r e  r e v e a l e d  

v e r y  l i t t l e  d a t a  o n  t h e  a m i n o  a c i d  c o n t e n t  o f  b r e a k f a s t  
c e r e a l s .  T h e  n e w  A g r i c u l t u r e  H a n d b o o k  8 -8  ( D o u g l a s s  e t

Author Meredith is affMated with the USDA-ARS, Richard B. 
Russell Agricultural Research Center, P.O. Box 5677, Athens, GA 
30613. Author Caster is affiliated with the College o f Home Eco
nomics, Univ. o f Georgia, Athens, GA 30602.

a l . ,  1 9 8 2 )  o n  b r e a k f a s t  c e r e a l s  a l s o  c o n t a i n s  v e r y  l i t t l e  d a t a  
o n  t h e  a m i n o  a c i d  c o n t e n t  o f  b r e a k f a s t  c e r e a l s .  B e c a u s e  o f  

t h i s  l a c k  o f  i n f o r m a t i o n  a n d  t h e  i m p o r t a n c e  o f  t h i s  f o o d  i n  
t h e  d i e t ,  a n  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  

p r o t e i n  a n d  a m i n o  a c i d  c o n t e n t  i n  s e l e c t e d  b r e a k f a s t  c e r e a l s .

MATERIALS & METHODS
E L E V E N  C O M M E R C IA L  B R E A K F A S T  C E R E A L S  ( B ra n  C h e x ,  
P o s t  4 0 %  B ra n  F la k e s ,  C h e e r io s ,  Q u a k e r  O a ts  Q u ic k  G r i t s ,  K e l lo g g ’s 
C o r n  F la k e s ,  R ic e  K r is p ie s ,  A p p le  J a c k s ,  K e l lo g g ’s S u g a r  F r o s t e d  
F la k e s ,  P r o d u c t  1 9 ,  H e a r t l a n d ,  a n d  S p e c ia l  K )  w e re  p u r c h a s e d  a t  
lo c a l  m a r k e t s .  T h e  b o x e s  o f  b r e a k f a s t  c e r e a ls  w e r e  o p e n e d ,  d r i e d  in  
a  f r e e z e  d r y e r ,  a n d  th e  c o n t e n t s  g r o u n d  to  p a s s  a  4 0  m e s h  s c r e e n .  
T o t a l  n i t r o g e n  w a s  d e t e r m in e d  o n  t h e  d r y  c e r e a ls  b y  A O  A C  ( 1 9 8 0 )  
M ic r o -K je ld a h l  M e th o d  4 7 .0 2 1 .  P r o te i n  w a s  c a l c u l a t e d  b y  m u l t i p l y 
in g  t h e  t o t a l  n i t r o g e n  v a lu e  b y  th e  p r o t e i n  f a c t o r  g iv e n  f o r  e a c h  
c o m m e r c ia l  b r e a k f a s t  c e r e a l  in  A g r ic u l tu r e  H a n d b o o k  8-8  (D o u g la s s  
e t  a l . ,  1 9 8 2 ) .

D u p l ic a te  a c id  h y d r o ly z a t e s  o f  e a c h  d r y  b r e a k f a s t  c e r e a l  w e re  
p r e p a r e d  f o r  a m in o  a c id  a n a ly s is  (M e re d i th ,  1 9 8 2 ) .  S e v e n te e n  a m in o  
a c id s  a n d  a m m o n ia  w e re  d e t e r m in e d  o n  a  D u r r u m  D 5 0 0  a u t o m a t i c  
a m in o  a c id  a n a ly z e r  e q u ip p e d  w i th  a  s in g le  io n  e x c h a n g e  c o lu m n .  
C o n c e n t r a t i o n s  o f  t h e  in d iv id u a l  a m in o  a c id s  w e r e  o b t a i n e d  b y  
m e a s u r in g  t h e  c o lo r  p r o d u c e d  f r o m  th e  r e a c t i o n  o f  t h e  a m in o  a c id  
a n d  n in h y d r i n  a n d  a ll  r e s u l t s  w e re  e x p r e s s e d  o n  a  d r y  w e ig h t  b a s is .  
T r y p t o p h a n ,  w h ic h  is  d e s t r o y e d  d u r in g  a c id  h y d r o ly s i s ,  w a s  n o t  
d e t e r m in e d  a s  i t  r e q u i r e s  a  s e p a r a te  a lk a l in e  h y d r o ly s i s .  T h e  c h e m i
c a l  s c o r e  w a s  c a l c u l a t e d  b y  th e  m e t h o d  o f  S h e f f n e r  ( 1 9 6 7 ) .

Table 1—Percentprotein3, ammonia concentrationb, and amino acid concentrationsb in selected breakfast cereals

Quaker Kellogg's
Post Oats Kellogg's Sugar

Bran
Chex

40% Bran 
Flakes Cheerios

Quick Grits 
(dryi

Corn
Flakes

Rice
Krispies

Apple
Jacks

Frosted
Flakes

Product
19 Heartland Special K

Protein factor 6.3 6.0 5.8 6.25 6.25 5.95 5.9 6.25 6.1 5.8 5.8
% Protein 11.78 10.98 14.28 10.0 7.93 6.84 5.37 4.81 8.30 12.24 20.18
Ammonia 375 414 947 633 309 499 237 219 333 418 1029
Amino acids

Alanine 612 454 592 701 624 408 276 419 546 593 724
Aspartic acid 765 645 1069 535 443 644 375 303 510 967 1018
Arginine 657 424 800 325 162 257 287 105 302 861 942
Cystine 72 117 - - 90 — — 72 97 191 —

Glutamic acid 2281 2585 2838 1865 1677 1360 1356 1149 1748 2471 6262
Glycine 541 494 612 308 222 327 215 148 289 609 769
Proline 918 988 700 925 904 356 496 599 790 703 2262
Serine 495 462 562 412 380 367 262 253 379 564 972
Total non-

essential AAC 6341 6169 7173 5071 4502 3719 3267 3120 4661 7250 12949
Histidined 322 257 300 313 290 192 155 155 225 296 463
lsoleucinee 391 379 511 320 276 320 202 207 267 482 775
Leucine6 957 736 976 1249 1147 644 518 839 1012 930 1561
Lysinee 272 219 369 205 66 168 164 46 124 458 365
Methioninee 132 124 210 161 127 179 150 115 145 170 311
Phenylalaninee 527 407 715 441 480 437 339 336 497 664 1144
Threoninee 365 330 417 304 242 255 183 163 266 411 592
Tyrosine6 349 267 437 253 349 380 214 249 351 432 791
Valinee 522 500 734 485 365 441 279 250 387 628 921

Total
essential AA f 3837 3219 4669 3731 3342 3016 2204 2288 3374 4280 6923

Total AAC 10178 9388 11842 8802 7844 6735 5471 5408 8035 11530 19872

b Tota l nitrogen X  protein factor ® Essentia| amino acids
mg/lOOg dry weight 1 Su m  of nonessential and essential amino acids does not include
bum ooes not include ammonia  ammonia
Histidine essential for children
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RESULTS & DISCUSSION

T H E  P R O T E I N  C O N C E N T R A T I O N  f o u n d  i n  t h e  b r e a k f a s t  

c e r e a l s  s t u d i e d  r a n g e d  f r o m  4 . 8 1 %  f o r  K e l l o g g ’s S u g a r  

F r o s t e d  F l a k e s  t o  2 0 . 1 8 %  f o r  S p e c i a l  K  ( T a b l e  1 ) .

T h e  a m m o n i a  c o n c e n t r a t i o n  i n  C h e e r i o s  ( 9 4 7  m g / l O O g )  

a n d  i n  S p e c i a l  K  ( 1 , 0 2 9  m g / l O O g )  w a s  t w i c e  t h e  l e v e l  
f o u n d  i n  t h e  r e m a i n i n g  b r e a k f a s t  c e r e a l s  ( T a b l e  1 ) .  T h e  
a m i n o  a c i d  c o n c e n t r a t i o n s  o f  a s p a r t i c  a c i d  a n d  g l u t a m i c  
a c i d  i n  C h e e r i o s  a n d  S p e c i a l  K  a l s o  w e r e  g r e a t e r  i n d i c a t i n g  
t h e  a m i d e s  a s p a r a g i n e  a n d  g l u t a m i n e  w e r e  p r e s e n t  i n  g r e a t e r  
c o n c e n t r a t i o n s  t h a n  i n  t h e  o t h e r  b r e a k f a s t  c e r e a l s .  I n  e a c h  

b r e a k f a s t  c e r e a l ,  t h e  n o n e s s e n t i a l  a m i n o  a c i d  p r e s e n t  i n  t h e  
g r e a t e s t  c o n c e n t r a t i o n  w a s  g l u t a m i c  a c i d .  T h e  s u l f u r  a m i n o  
a c i d  c y s t i n e  w a s  d e t e r m i n e d  i n  B r a n  C h e x ,  P o s t  4 0 %  B r a n  

F l a k e s ,  K e l l o g g ’s C o r n  F l a k e s ,  K e l l o g g ’s S u g a r  F r o s t e d  
F l a k e s ,  P r o d u c t  1 9 ,  a n d  H e a r t l a n d .  T h e s e  c y s t i n e  v a l u e s ,  
w h i c h  w e r e  o b t a i n e d  b y  t h e  u s e  o f  a n  a c i d  h y d r o l y s i s ,  a r e  
l o w e r  t h a n  w o u l d  b e  o b t a i n e d  u s i n g  p e r f o r m i c  a c i d  o x i d a 

t i o n  a n d  t h e r e f o r e  s h o u l d  b e  c o n s i d e r e d  a s  t e n t a t i v e .  T h e  

g r e a t e s t  c o n c e n t r a t i o n  o f  t h e  t o t a l  n o n e s s e n t i a l  a m i n o  a c i d s  
o c c u r r e d  i n  S p e c i a l  K  ( 1 2 , 9 4 9  m g / l O O g )  w h i l e  t h e  t o t a l  
n o n e s s e n t i a l  a m i n o  a c i d s  i n  t h e  o t h e r  b r e a k f a s t  c e r e a l s  

r a n g e d  f r o m  3 , 1 2 0  m g / l O O g  ( S u g a r  F r o s t e d  F l a k e s )  t o  

7 , 2 5 0  m g / l O O g  ( H e a r t l a n d ) .

A s  e x p e c t e d  i n  f o o d s  p r o c e s s e d  f r o m  c e r e a l  g r a i n s ,  t h e  
b r e a k f a s t  c e r e a l s  w e r e  l o w  i n  t h e  e s s e n t i a l  a m i n o  a c i d s  
l y s i n e  a n d  m e t h i o n i n e  ( T a b l e  1 ) .  T h e  t o t a l  e s s e n t i a l  a m i n o  

a c i d s  f o r  m o s t  o f  t h e  b r e a k f a s t  c e r e a l s  w e r e  s i m i l a r  e x c e p t  
f o r  A p p l e  J a c k s  ( 2 , 2 4 0  m g / l O O g )  a n d  K e l l o g g ’s  S u g a r  

F r o s t e d  F l a k e s  ( 2 , 2 8 8  m g / l O O g )  w h i c h  w e r e  t h e  l o w e s t  a n d  
S p e c i a l  K  ( 6 , 9 2 3  m g / l O O g )  w h i c h  w a s  t h e  h i g h e s t .

S p e c i a l  K  c o n t a i n e d  t h e  g r e a t e s t  a m o u n t  o f  t o t a l  a m i n o  
a c i d s  ( 1 9 , 8 7 2  m g / l O O g ) .  T h i s  c o n c e n t r a t i o n  w a s  f o u r  t i m e s  
t h a t  o f  K e l l o g g ’s  S u g a r  F r o s t e d  F l a k e s  ( 5 , 4 0 8  m g / l O O g ) ,  
t h e  b r e a k f a s t  c e r e a l  w i t h  t h e  l o w e s t  t o t a l  a m i n o  a c i d  c o n 

c e n t r a t i o n .  T h r e e  o f  t h e  b r e a k f a s t  c e r e a l s  t o t a l  a m i n o  a c i d  

c o n c e n t r a t i o n s  w e r e  g r e a t e r  t h a n  1 0 , 0 0 0  m g / l O O g  ( B r a n  

C h e x ,  C h e e r i o s ,  a n d  H e a r t l a n d ) .

S a m p l e s  o f  t w o  o f  t h e s e  b r e a k f a s t  c e r e a l s  h a d  b e e n  
a n a l y z e d  i n  a  s i m i l a r  f a s h i o n  s o m e  6  y r  e a r l i e r .  I n  o n e  c a s e ,  
t h e  r e s u l t s  w e r e  s u b s t a n t i a l l y  i d e n t i c a l  ( w i t h i n  S D  <  3 % ) ,  

w h i l e  i n  t h e  o t h e r ,  m a j o r  d i s c r e p a n c i e s  o f  c e r t a i n  a m i n o  
a c i d s  w e r e  f o u n d  ( u p  t o  3 0 % )  w h i c h  s u g g e s t e d  r e f o r m u l a 
t i o n  o f  t h e  b r e a k f a s t  c e r e a l  w i t h o u t  a  c h a n g e  o f  t h e  n a m e .

T h i s ,  o f  c o u r s e ,  w o u l d  p o s e  a d d i t i o n a l  p r o b l e m s  f o r  t h o s e  
p r e p a r i n g  a n d  u s i n g  h a n d b o o k  d a t a .

T h e  l i m i t i n g  a m i n o  a c i d  i n  a l l  o f  t h e  b r e a k f a s t  c e r e a l s  

w a s  l y s i n e  e x c e p t  f o r  A p p l e  J a c k s  w h i c h  h a d  m e t h i o n i n e  

a s  t h e  l i m i t i n g  a m i n o  a c i d .  T h e  c h e m i c a l  s c o r e  f o r  l y s i n e  i n  

t h e  b r e a k f a s t  c e r e a l s  w a s  K e l l o g g ’s  C o r n  F l a k e s ,  1 1 ;  K e l 
l o g g ’s S u g a r  F r o s t e d  F l a k e s ,  1 2 ;  P r o d u c t  1 9 ,  2 1 ;  S p e c i a l  K ,  
2 1 ;  Q u a k e r  O a t s  Q u i c k  G r i t s  ( d r y ) ,  2 6 ;  P o s t  4 0 %  B r a n  

F l a k e s ,  2 7 ;  B r a n  C h e x ,  3 0 ;  R i c e  K r i s p i e s ,  3 0 ;  C h e e r i o s ,  3 3 ;  
a n d  H e a r t l a n d ,  4 5 .  T h e  c h e m i c a l  s c o r e  f o r  A p p l e  J a c k s  
( l i m i t i n g  a m i n o  a c i d  m e t h i o n i n e )  w a s  3 4 .

N o t  o n l y  a r e  t h e  p r o t e i n  c h e m i c a l  s c o r e s  l o w  f o r  t h e s e  
h u m a n  f o o d  p r o d u c t s ,  b u t  t h e r e  a r e  a d d i t i o n a l  i n d i c a t i o n s  
( C a s t e r  a n d  R e s u r r e c c i ó n ,  1 9 8 2 )  t h a t  d i r e c t  f e e d i n g  t r i a l s  
m a y  p r o v e  b e n e f i c i a l .  M o s t  a d u l t s  a n d  c h i l d r e n  e a t  b r e a k 
f a s t  c e r e a l s ,  o f t e n  a s  s n a c k s ,  a n d  m o s t  o f t e n  i n  c o m b i n a 
t i o n  w i t h  m i l k .  N e v e r t h e l e s s ,  a n  i m p r o v e m e n t  o f  t h e  p r o 

t e i n  q u a l i t y  w o u l d  e n h a n c e  t h e  n u t r i t i o n a l  v a l u e .
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A Research Note

I n c i d e n c e  o f  T o x i c  A l t e r n a r í a  S p e c i e s  i n  S m a l l  G r a i n s  f r o m  t h e  U S A

V ERN EA L  R. BRUCE, M ICHAEL E. STACK, and PHILIP B. M ISL IVEC

----------------------------------- A BSTR AC T-----------------------------------
A  t o t a l  o f  2 3 0  s m a l l  g ra m  s a m p le s  f r o m  t h e  U .S .A . ( 1 4 8  w h e a t ,  5 7  
b a r le y ,  2 5  r y e )  w e re  e x a m in e d  f o r  th e  p r e s e n c e  o f  s p e c ie s  o f  A l te r 
n a r ía  m o l d  a f t e r  s u r f a c e  d i s in f e c t io n  w i th  5 %  s o d iu m  h y p o c h lo r i t e .  
O n e  o r  m o r e  o f  n in e  d i f f e r e n t  A lte r n a r la  s p e c ie s  w e r e  d e t e c t e d  in  
1 8 4  o f  t h e  s a m p le s .  O f  t h e  e ig h t  s p e c ie s  t e s t e d ,  a ll  p r o d u c e d  te n u -  
a z o n i c  a c id  a n d  s e v e n  p r o d u c e d  a l t e r n a r io l  a n d  a l t e r n a r i o l  m e th y l  
e th e r .  P r o d u c t i o n  o f  th e s e  t o x in s  b y  f o u r  o f  t h e  s p e c ie s  is r e p o r t e d  
f o r  t h e  f i r s t  t im e .  A l th o u g h  e x t r a c t s  f r o m  c u l tu r e s  o f  t h e  e ig h t  
s p e c ie s  w e re  t o x i c  t o  b r in e  s h r im p ,  th e  a b o v e  th r e e  t o x in s  w e re  n o t  
in v o lv e d ,  s u g g e s t in g  t h a t  a d d i t i o n a l  to x i c  m e ta b o l i t e s  w e re  p r e s e n t .

INTRODUCTION

T H E  I N D I C E N C E  C F  F u s a r i u m  L i n k  s p e c i e s  i n  w h e a t ,  

b a r l e y ,  a n d  r y e  f r o m  t h e  U S A  is  r e l a t i v e l y  l o w ,  b u t  t h e r e  
w e r e  i n d i c a t i o n s  t h a t  t h e  c h i e f  m o l d  c o n t a m i n a n t s  o f  t h e s e  
g r a i n s ,  b o t h  b e f o r e  a n d  a f t e r  s u r f a c e  d i s i n f e c t i o n  w i t h  5 %  
s o d i u m  h y p o c h l o r i t e ,  w e r e  A l t e r n a r í a  N e e s  e x  F r .  s p e c i e s  
( u n p u b l i s h e d  d a t a ) .  O t h e r s  ( C h r i s t e n s e n ,  1 9 6 5  ; C h r i s t e n s e n  

a n d  K a u f m a n n ,  1 9 6 5  S e m e n i u k ,  1 9 5 4 )  a l s o  h a v e  r e p o r t e d  
t h e  s u b s t a n t i a l  o c c u r r e n c e  o f  t h e  g e n u s  A l t e r n a r í a  i n  s m a l l  
g r a i n s  o f  t h e  U S A .  H o w e v e r ,  e x c e p t  f o r  o c c a s i o n a l  i d e n t i f i 

c a t i o n s  o f  A .  t e n u i s  N e e s  ( A .  a l t e r n a t a  K e i s s l e r ) ,  t h e  i n d i v i d 
u a l  A l t e r n a r í a  s p e c i e s  e n c o u n t e r e d  w e r e  n o t  i d e n t i f i e d  a n d  
t h e r e  a r e  4 1  l e g i t i m a t e  s p e c i e s  o f  A l t e r n a r í a  a c c o r d i n g  t o  

E l l i s  ( 1 9 7 1 ,  1 9 7 6 ) .
I s o l a t e s  o f  t h e  g e n u s  A l t e r n a r l a , i n c l u d i n g  s o m e  f r o m  

o v e r w i n t e r e d  R u s s i a n  g r a i n  ( J o f f e ,  1 9 6 0 ,  1 9 6 5 ) ,  h a v e  b e e n  

s h o w n  t o  b e  t o x i c  t o  a n i m a l s  i n  l a b o r a t o r y  s t u d i e s .  C h r i s 
t e n s e n  e t  a l .  ( 1 9 6 8 )  r e p o r t e d  t h a t  5 3  o f  6 0  i s o l a t e s  o f  

A l t e r n a r í a  s p e c i e s  w e r e  l e t h a l  t o  r a t s  m a i n t a i n e d  o n  A l t e r -  
n a n a - c o n t a m i n a t e d  c o r n  d i e t s ,  a n d  D o u p n i c  a n d  S o b e r s
( 1 9 6 8 )  f o u n d  t h a t  3 1  o f  9 6  i s o l a t e s  o f  A l t e r n a r í a  s p e c i e s  
c a u s e d  d e a t h s  i n  c h i c k e n s  h e l d  o n  c r a c k e d  c o r n  d i e t s  c o n 
t a m i n a t e d  w i t h  t h e s e  i s o l a t e s .  H a m i l t o n  e t  a l .  ( 1 9 6 9 )  r e 
p o r t e d  t h a t  t h e  i n t e r p e r i t o n e a l  i n j e c t i o n  o f  m i c e  w i t h  A l t e r 

n a r ía  s p e c i e s  e x t r a c t s  c a u s e d  t o x i c i t y  a n d  s o m e t i m e s  d e a t h .  
A l t h o u g h  n o  t o x i c  m e t a b o l i t e s  w e r e  i s o l a t e d  a n d  c h a r a c t e r 
i z e d  i n  t h e  a b o v e  r e p o r t s ,  s u b s e q u e n t  s t u d i e s  ( H a r v a n  a n d  
P e r o ,  1 9 7 6 ;  M e r o n o u k  e t  a l . ,  1 9 7 2 ;  T e m p l e t o n ,  1 9 7 2 )  
c h a r a c t e r i z e d  a  n u m b e r  o f  A l t e r n a r í a  m y  c o t o x i n s ,  i n c l u d 
i n g  t e n u a z o n i c  a c i d  ( T A ) ,  a l t e r n a r i o l  ( A O H ) ,  a n d  a l t e r n a r i o l  
m e t h y l  e t h e r  ( A M E ) .

T o  d e t e r m i n e  t h e  p r e d o m i n a n t  A l t e r n a r í a  s p e c i e s  t h a t  
o c c u r  i n  s m a l l  g r a i n s  f r o m  t h e  U S A ,  e v a l u a t e  t h e i r  a b i l i t y  
t o  p r o d u c e  T A ,  A O H ,  a n d  A M E  u n d e r  l a b o r a t o r y  c o n d i 
t i o n s ,  a n d  t e s t  t h e  u s e  o f  b r i n e  s h r i m p  ( E p p l e y ,  1 9 7 4 )  f o r  
d e t e c t i n g  t h e s e  m y c o t o x i n s ,  w e  c o n d u c t e d  t h e  f o l l o w i n g  
w o r k .

MATERIALS & METHODS
S a m p le s

A  t o t a l  o f  2 3 0  s m a l l  g r a in  s a m p le s  ( 1 4 8  w h e a t ,  5 7  b a r le y ,  25  
r y e )  f r o m  th e  1 9 7 9  c ro p  w e re  e x a m in e d .  S a m p le s  (c a . 2 5 C g ) w e re
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c o l l e c t e d  b y  U  S D A  g ra in  i n s p e c to r s  f r o m  t e r m in a l  e le v a to r s  i n  v a r i
o u s  m id w e s t e r n  s ta te s .  D e ta i le d  h i s to r i e s  o f  in d iv id u a l  s a m p le s  w e re  
n o t  a v a i la b le ,  o th e r  t h a n  d e s ig n a t io n  o f  t h e  t e r m in a l  e le v a to r  f r o m  
w h ic h  t h e y  w e re  c o l le c te d .  U p o n  r e c e i p t ,  s a m p le s  w e re  h e ld  a t  r o o m  
t e m p e r a t u r e  ( 2 2 - 2 5 °  C ) u n t i l  e x a m in e d .

D e te r m in a t io n  o f  t h e  p r e s e n c e  o f  A lte r n a r ía

F r o m  e a c h  s a m p le ,  5 0  i n t a c t ,  v is ib ly  m o ld - f r e e  g ra in s  w e re  s u r 
f a c e - d i s in f e c te d  f o r  1 m in  in  5 %  s o d iu m  h y p o c h l o r i t e ,  r i n s e d  t h r e e  
t im e s  in  s te r i le  w a te r ,  a n d  a s e p t ic a l ly  p l a t e d ,  f iv e  g r a in s  p e r  p la te ,  
o n  p o t a t o  d e x t r o s e  a g a r  ( D if c o )  a m e n d e d  w i th  4 0  m g  c h l o r t e t r a c y -  
c l in e  HC1 j u s t  b e f o r e  p la te s  w e re  p o u r e d ,  t o  i n h i b i t  b a c t e r ia .  P la te s  
w e re  i n c u b a t e d  5 - 7  d a y s  a t  2 2  ± 1 °C  b e f o r e  t h e  p r e s e n c e  o í  A l t e r 
n a r la  s p e c ie s  w a s  d e t e r m in e d .

U p  t o  f iv e  i s o la te s  p e r  s a m p le  o f  s u s p e c t e d  A lte r n a r ía  c o lo n ie s  
w e re  s u b c u l t u r e d  o n  m a l t  e x t r a c t  a g a r  ( c o n ta in in g ,  p e r  l i t e r ,  2 0 g 
m a l t  e x t r a c t ,  1 5 g  b a c t o  a g a r , a n d  4 0  m g  c h l o r t e t r a c y c l in e  H C 1) a n d  
o n  s t a n d a r d  n u t r i e n t  a g a r  ( c o n ta in in g ,  p e r  l i t e r ,  1 .3 6 g  K H 2 P O 4 , 
1 .0 6 g  N a 2 C 0 3 , 5 .0 g  M g S 0 4 , 5 .0 g  d e x t r o s e ,  l .O g  a s p a ra g in e ,  1 5 g  
b a c t o  a g a r ,  a n d  4 0  m g  c h lo r t e t r a c y c l in e  H C 1). S u b c u l tu r e s  w e re  i n 
c u b a t e d  a t  2 2  ± 1 °C  f o r  7 - 1 4  d a y s ,  t h e n  i d e n t i f i e d  a c c o r d in g  to  
N e e r g a a rd  ( 1 9 4 5 )  a n d  E llis  ( 1 9 7 1 ,  1 9 7 6 ) .

M y c o to x i n  d e t e r m in a t io n

O n e  h u n d r e d  o n e  id e n t i f i e d  i s o la te s ,  in v o lv in g  e ig h t  o f  t h e  n in e  
A lte r n a r la  s p e c ie s  d e t e c t e d ,  w e r e  q u a l i t a t iv e ly  s c r e e n e d  f o r  t h e  p r o 
d u c t i o n  o f  T A , A O H , a n d  A M E . I s o la te s  w e re  m u l t i - s p o r e  i n o c u l a t e d  
i n t o  a u to c la v e d  (1 2 1 ° C ,  15 m in ,  15 p s i)  3 0 0  m L  E r le n m e y e r  f la s k s  
c o n ta in in g  5 0 g  p o l i s h e d  r ic e  a n d  5 0  m L  ta p  w a te r ,  a n d  i n c u b a t e d  a t  
2 2 - 2 5  ± 2 ° C  f o r  2 0  d a y s .  C o n t e n t s  o f  f la s k s  w e re  t h e n  e x t r a c t e d  
w i th  1 5 0  m L  m e th a n o l ,  a n d  p r o d u c t i o n  o f  t h e  t o x in ( s )  d e t e r m in e d  
b y  th in - la y e r  c h r o m a to g r a p h y  u s in g  M a l l i n c k r o d t  7  G F  s il ic a  g e l 
p la te s ,  a  b e n z e n e : m e t h a n o i : a c e t i c  a c id  ( 9 0 : 5 : 5 )  s o lv e n t  s y s te m  a n d  
T A , A O H , a n d  A M E  r e f e r e n c e  s ta n d a r d s .  T A  a p p e a r s  a s  a  d a r k  
f l u o r e s c e n c e  q u e n c h in g  s p o t  u n d e r  s h o r t  w a v e  u l t r a v io l e t  l ig h t .  A O H  
a n d  A M E  a re  b lu e  f lu o r e s c e n t  u n d e r  lo n g  w a v e  u l t r a v io l e t  l i g h t .  T h e  
c r u d e  e x t r a c t s  (0 .5  m L  o f  f i l t r a t e )  a n d  r e f e r e n c e  s t a n d a r d s  ( 1 0 0  Mg) 
w e re  a ls o  t e s t e d  f o r  t o x i c i t y  t o  b r in e  s h r im p  b y  t h e  m e t h o d  o f  
E p p le y  (1 9 7 4 ) .

RESULTS
I S O L A T E S  o f  t h e  g e n u s  A l t e r n a r í a  w e r e  d e t e c t e d  i n  1 1 4  o f  
1 4 8  ( 7 7 % )  s u r f a c e - d i s i n f e c t e d  w h e a t  s a m p l e s .  F r o m  t h e s e  

s a m p l e s ,  2 6 8  i s o l a t e s  w e r e  s u b c u l t u r e d ,  p u r i f i e d ,  a n d  s p e c i -  
a t e d  ( E l l i s ,  1 9 7 1 ,  1 9 7 6 ;  N e e r g a a r d ,  1 9 4 5 ) .  E i g h t  d i f f e r e n t  
s p e c i e s  w e r e  i d e n t i f i e d  ( T a b l e  1 ) :  A .  a l t e r n a t a  ( 7 4 . 6 %  o f  t h e  
i s o l a t e s ) ;  A .  l o n g i p e s  ( E l l i s  a n d  E v e r h . )  M a s o n  ( 1 3 . 1 % ) ;

A .  t e n u i s s i m a  ( K u n z e  e x  P e r s . )  W i l t s h i r e  ( 4 . 5 % ) ;  A .  b r a s s i -  
c i c o l a  ( S c h w . )  W i l t s h i r e  ( 2 . 2 % ) ;  A .  c h e i r a n t h i  L i b . )  B o l l e  
( 2 . 2 % ) ;  A .  r a p h a n i  G r o v e s  a n d  S k o l k o  ( 1 . 5 % ) ;  A .  c i t r i  
E l l i s  a n d  P i e r c e  ( 1 . 1 % ) ;  t h e  A l t e r n a r í a  s t a t e  o f  P l e o s p o r a  
i n f e c t o r i a  F u c k e l  ( 0 . 7 % ) .  T h e  g e n u s  w a s  d e t e c t e d  i n  a l l  5 7  

s u r f a c e - d i s i n f e c t e d  b a r l e y  s a m p l e s .  F i v e  s p e c i e s  w e r e  d e 
t e c t e d  ( T a b l e  1 )  f r o m  1 3 6  i s o l a t e s :  A .  a l t e r n a t a  ( 8 5 . 3 %  o f  

t h e  i s o l a t e s ) ;  A .  b r a s s i c i c o l a  ( 5 . 1 % ) ;  A .  t e n u i s s i m a  ( 4 . 4 % ) ;
A .  l o n g i p e s  ( 3 . 7 % ) ;  a n d / * ,  i n f e c t o r i a  ( 1 . 5 % ) .  T h i r t e e n  o f  t h e  
2 5  s u r f a c e - d i s i n f e c t e d  r y e  s a m p l e s  ( 5 2 % )  c o n t a i n e d  A l t e r 

n a r ía .  T h i r t y - n i n e  i s o l a t e s ,  r e p r e s e n t i n g  s i x  s p e c i e s ,  w e r e  
i d e n t i f i e d  ( T a b l e  1 ) :  A . a l t e r n a t a  ( 7 1 . 8 % )  o f  t h e  i s o l a t e s ;
P . i n f e c t o r i a  ( 1 0 . 3 % ) ;  A .  l o n g i p e s  ( 5 . 1 % ) ;  A .  t e n u i s s i m a  
( 5 . 1 % ) ;  A .  b r a s s i c i c o l a  ( 5 . 1 % ) ;  a n d  A .  b r a s s i c a e  ( B e r k )  

S a c c  ( 2 . 6 % ) .  A .  a l t e r n a t a  w a s  t h e  p r e d o m i n a n t  s p e c i e s  d e -
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Table 1—Incidence of Aternaria species in American small grains

Species
Wheat
(268 )a

Isolation frequency (%)

Barley
(136)

Rye
(39)

A .  a l t e r n a t a 74.6 85.3 71.8
A .  l o n g i p e s 13.1 3.7 5.1
A .  t e n u i s s i m a 4.5 4.4 5.1
A .  b r a s s i c i c o l a 2.2 5.1 5.1
A .  c h e i r a n t h i 2.2 0.0 0.0
A .  r a p h a n i 1.5 0.0 0.0
A .  c i f r i 1.1 0.0 0.0
P .  i n f e c t o r i a b 0.7 1.5 10.3
A .  b r a s s i c a e 0.0 0.0 2.6

a T h e  total n um b e r o f A l t e r n a i r a  ¡solates speciated per grain  type. 
c T h e  A l t e r n a r l a  State o f P l e o s p o r a  i n f e c t o r i a .

tected in this study (334 of the 443 isolates) (75.4%); 
however, w ith the exception of a report of the occurrence 
of A. brassicae in wheat (USDA, 1960) the low rates of 
occurrence of the eight other species (Table 1) have not 
been reported previously for American small grain.

Of the 268 Alternaría isolates identified, 101 (repre
senting eight o f the nine species detected in this study) 
were analyzed for the production of TA, AOH, and AME. 
The num ber of isolates per species reflected, in general, the 
relative prevalence of each in small grains. Sixty-one isolates 
were from wheat, 30 from barley, and 10 from rye.

On an isolate-by-isolate basis (Table 2), 42 produced all 
three toxins, 21 produced only TA, 13 produced only AOH 
and AME, one produced only AME, and 24 produced none. 
A to ta l of 77 isolates (76.2%) produced at least one toxin. 
With the exception of the single isolate of A. tenuissima, 
which produced only AME, isolates which produced AME 
also produced AOH. In no case was only TA plus AOH or 
only TA plus AME detected. As analyzed by a high perfor
mance liquid chrom atographic m ethod which will be pub
lished elsewhere, the average yield from 18 cultures which 
produced TA was 2.2 mg TA per gram of rice. The average 
yields from 12 cultures which produced AOH and AME 
were 0.5 and 0.4 mg per gram of rice, respectively.

On the species-by-species basis, 46 of the 59 A. alternata 
isolates (77.9%) produced one or more of the toxins (Table
2), as did 14 of 16 (87.5%) of the A  longipes isolates, 7 of 
9 (77.8%) of the A. tenuissima isolates, and 5 of 7 (71.4%) 
of the A. brassicicola isolates. The other four species, P. 
infectoria, A. raphani, and A. cheiranthi, produced all three 
toxins while A. brassicae produced only TA.

The use o f brine shrimp as a bioassay m ethod for the 
detection of TA, AOH, and AME was of little value. Al
though 76 of the 101 isolate extracts were toxic (toxicity  
ranging from 10% to 100% m ortality), several of the toxic 
extracts contained none of the toxins, whereas extracts 
containing all three toxins had no toxic effect, nor were the 
TA, AOH, and AME reference standards toxic.

DISCUSSION

OUR FINDINGS INDICATE that the principal Alternaría 
species in small grains from the USA is, indeed, A. alternata 
(A. tenuis) but that additional Alternaría species are pres
ent in and on these foodstuffs, although at lower levels. 
However, since the grains were surface-disinfected before 
examination, it is possible tha t the additional species may 
occur in grains not disinfected at substantially higher rates.

The fact tha t seven of the eight additional Alternaría 
species have not been previously reported as American 
small grain contam inants may be partly due to  the difficul
ties often encountered in speciating isolates of the genus 
Alternaría.

The results of this study indicate that a potential myco- 
toxin problem may exist in American small grains due to

T a b l e  2 — P r o d u c t i o n  o f  T A ,  A O H ,  a n d  A M E  b y  e i g h t  A l t e r n a r í a  

s p e c i e s  i s o l a t e d  f r o m  s m a l l  g r a i n s

No. of times 
toxin(s) detected

Species
No. of 
isolates

No.
positive A ll 3 T A  only

A O H  & 
A M E  only

A .  a l t e r n a t a 59 46 20 16 10
A .  l o n g i p e s 16 14 13 1 0
A .  t e n u i s s i m a 9 7 4 1 1a
A .  b r a s s i c i c o l a 7 5 2 1 2
P .  i n f e c t o r i a ' 0 3 2 1 1 0
A .  r a p h a n i 3 1 1 0 0
A .  c h e i r a n t h i 3 1 1 0 0
A .  b r a s s i c a e 1 1 0 1 0

Total 101 77 42 21 13

a O ne  isolate o f A .  t e n u i s s i m a  p ro d uced  o n ly  A M E .  
° T h e  A l t e r n a r i a  state o f P l e o s p o r a  i n f e c t o r i a .

the presence of Alternaria species as shown by the follow
ing evidence: (a) The species were detected after surface 
disinfection, indicating penetration, growth, and possible 
toxin  production; and (b) 77 of the 101 isolates examined 
produced at least one of the three toxins sought. Thus, 
American small grains should be examined directly for the 
preform ed presence of TA, AOH, and AME. This is the first 
report of the production of TA, AOH, and AME by the 
species A. raphani, A. cheiranthi, and P. infectoria, and of 
TA by A. brassicae.

The fact that 76 of the 101 isolates were toxic to  brine 
shrimp, even though TA, AOH, and AME were nontoxic 
under the conditions used, suggests that additional known 
(altertoxins I and II, altenuene, altenisol, etc.) or unknown 
toxic Alternaria m etabolites were present. Ongoing new 
studies have been initiated to  assess the ability of isolates of 
various Alternaria species, from American small grains and 
from other American foods, to  elaborate additional known 
and unknown Alternaria toxins.
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A Research Note

F a c t o r s  A f f e c t i n g  S t o r a g e  o f  O r a n g e  C o n c e n t r a t e

J. E. MARCY, T. R. GRAUMLICH, P. G. CRANDALL, and M. R. MARSHALL

--------------------------------  ABSTRACT---------------------------------
Orange concentrate (OC) 66°Brix, was tested for effect of storage 
temperature and storage time on product quality. OC was stored at 
-12.2, -6 .6 , -1.1, and 4.4°C, and analyzed for °Brix, % acid, 
ascorbic acid, furfural, serum viscosity, apparent viscosity, brown
ing, Hunter color values, and taste panel scores at monthly intervals 
for 1 yr. Significant (p > 0.01) decreases were found in ascorbic 
acid content and HunteT color value (Y) due to storage time, and 
temperature. Nonenzymatic browning increased and taste panel 
scores significantly decreased with storage temperature and time. 
Taste panelists were able to detect significant differences in flavor 
after 5 and 9 months at 4.4 and -1.1°C, respectively.

INTRODUCTION

BULK TANK STORAGE of orange concentrate (OC) offers 
several advantages including increased operational efficien
cies and the ability tc stabilize product quality throughout 
the processing year by blending concentrate from several 
bulk storage tanks. Storage tem perature for bulk storage 
OC is very im portant to  product quality because even a few 
days at 37 C are detrim ental to  OC quality (Curl et al., 
1946; Curl, 1947; Kew, 1955).

The purpose of this experiment was to  determ ine the 
effect of storage tem perature, and storage time on OC 
quality.

MATERIALS & METHODS

Preparation of samples
Late season (June) ‘Valencia’ oranges (400 kg) were harvested 

and transported to the University of Florida Citrus Research & Edu
cation Center pilot plant (Lake Alfred, FI). The juice was extracted 
with an FMC In-Line extractor (Lakeland, FL) and finished with an 
FMC Model 35 finisher, tsing a 5 mm screen size. Orange juice was 
concentrated to 66°Brix on a 230 kg/hr thermally accelerated short 
time (TASTE) evaporator as described by Miller et al. (1980). OC 
was collected in a nitrogen filled, stainless steel container main
tained in a nitrogen atmosphere during handling and packaging. OC 
was filled into 177 mL metal cans lined with “C” enamel as de
scribed by Hendrix and Ghegan (1980). Cans were than stored at 
-17.7°, -12.2°, -6.6°, -1.1°, and 4.4°C.

Analysis methods
Duplicate samples from all treatments were used. Soluble solids 

and apparent viscosity were measured using concentrate, all other 
tests used concentrate that had been diluted with distilled water to 
11.8°Brix.

Soluble solids content was measured as Brix by refractometer. 
Percent acidity was measured by titration with sodium hydroxide. 
Ascorbic acid was measured by titration (AOAC, 1980). Furfural 
was measured using the method of Dinsmore and Nagy (1974). 
Apparent viscosity was measured using a Brookfield Viscometer 
Model LVT (Brookfield Engineering Lab., Stoughton, MA) with 
spindle No. 4 at 6 rpm at 27°C. Serum viscosity was measured with

T h e  a u t h o r s  a r e  a f f i l i a t e 7 w i t h  t h e  U n i t / ,  o f  F l o r i d a ,  i n s t i t u t e  o f  

F o o d  &  A g r i c u l t u r a l  S c i e n c e s ,  C i t r u s  R e s e a r c h  &  E d u c a t i o n  C e n t e r ,  

D e p t ,  o f  F o o d  S c i e n c e  &  H u m a n  N u t r i t i o n ,  7 0 0  E x p e r i m e n t  S t a t i o n  

R o a d ,  L a k e  A l f r e d ,  F L  3 3 S 5 0 .

a Brookfield Viscometer and a UL adapter at 60 rpm. Hunter color 
values were measured with a Hunter citrus colorimeter (Model 
D45D2 Hunter Citrus Colorimeter). Nonenzymatic browning was 
measured by absorbance at 420 nm according to the method of 
Meydav et al. (1977).

Taste panel
Samples were diluted to 11.8° Brix and served at 10°C to six 

trained panelists. A multiple comparison difference test and analysis 
was used (Larmond, 1967). Panelists were asked to score samples in 
comparison to a reference juice which has been stored at —17.7°C.

RESULTS & DISCUSSION

B rix , a c id , fu r fu ra l, v isc o s ity

Of the nine product quality parameters tested, °Brix, % 
acid, furfural content, serum viscosity, and apparent vis
cosity showed no significant change during the test period 
(Table 1). Furfural content was below the quantitative 
range in all samples testsed w ith an estimated value of <  30 
ppb.

A sc o r b ic  acid

There was a significant decrease in ascorbic acid content 
(Table 1). Destruction of ascorbic acid reduces the nu tri
tional value and provides reactive carbonyl groups which 
can be precursors to  nonenzym atic browning (Joslyn, 1957; 
Huelin, 1953; Clegg, 1964). During the 12 m onth storage, 
7 mg ascorbic acid/100 mL were lost at 4.4 C storage and 
at -1 2 .2 °C  the OC lost 3.5 m g/100 mL. Crandall et al.
(1983) reported after 1 yr the ascorbic acid content in 
72°Brix OC was reduced by 4.1% at —6.7°C and 12% at 
4.4°C.

C olor

There was no change in absorbance in OC stored at 
— 12.2 C but a slight change in the three other tem perature 
treatm ents was found. Crandall et al. (1983) reported no

T a b l e  1 — A n a l y s i s  o f  v a r i a n c e  o f  o r a n g e  c o n c e n t r a t e  s t o r e d  a t  f o u r  

t e m p e r a t u r e s  f o r  1 2  m o n t h s

Variable

Source

Storage
temp

Storage
time Replicates

° Brix — — —

% Acid — — —

Ascorb ic acid * * * * —

Furfural — — —

Serum viscosity - - -

Apparent viscosity - - —
Absorbance 420 nm * * * * —

Hunter co lo r Citrus red — * * —

Ye llow * * * * —

Number — * * —

Taste panel * * * * -

** = S ig n if ic a n t  effect (p >  0 .01 ). 
—  = N o  s ign ifican t effect.
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STORAGE TEMPERATURE °C

F i g .  1 — T i m e  b e f o r e  d e t e c t a b l e  ( p  >  0 . 0 1 )  f l a v o r  c h a n g e s  o c c u r  i n  

66“ B r i x  o r a n g e  c o n c e n t r a t e  s t o r e d  a t  v a r i o u s  t e m p e r a t u r e s .

color change in 72°Brix OC stored at 4.4°C. Citrus yellow 
(CY) is the H unter color value affected by storage tem pera
ture (Table 1). Robertson and Reeves (1981) reported a 
high correlation between the bowning index (absorbance at 
420 nm) and CIE tristim ulus color values, but not enough 
to  be useful for predictive purposes.

Taste panel
Fig. 1 shows the length of storage at each tem perature 

before the panelists were able to  distinguish (p >  0.05) 
storage treatm ents from the (—17.7 C) reference. Panelists 
were unable to  detect a significant difference in OC stored 
at —12.2° and —6.6°C during the 12 m onth test. For OC 
stored at —1.1 and 4.4 C taste panel scores were signifi
cantly different at 9 m onths and 5 m onths respectively. 
Kanner et al. (1982) reported no statistical difference be
tween 58 Brix OC stored at —18 C and concentrate stored 
at 5°, 12°, and 17°C for 17, 10, and 8 m onths, respective
ly. The large difference between these two estimates of

flavor stability could be attributable to  differences in ex
pected OC quality, fruit quality, taste panelist, or taste 
panel procedures.

OC was stored in inert gas atmospheres at tem peratures 
above those currently used in Florida w ith minimal changes 
in product quality. Of the quality parameters tested, the 
limiting factor is change in product flavor. The taste panel 
analysis used in this study was not designed to  predict 
changes in consumer acceptance and therefore the differ
ence in flavor may or may not affect product quality as 
perceived by the consumer.
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A  R e se a rc h  N o te

I n f l u e n c e  o f  W a t e r  A c t i v i t y  o n  t h e  N o n e n z y m a t i c  

B r o w n i n g  o f  A p p l e  J u i c e  C o n c e n t r a t e  d u r i n g  S t o r a g e

J. L. TORIBIO, R. V. NUNES, and J. E. LOZANO

---------------------------------ABSTRACT---------------------------------
Highly concentrated clarified apple juice was kept in storage at 37°C 
over a period of 100 days. The soluble solids content ranged from 
65-90.5°Brix. Color development was monitored as O.D. at 420 
nm. A maximum nonenzymatic browning rate (NEBr) was found to 
occur between water activities 0.53 and 0.55. It was assumed that 
(1) dilution of reactants was responsible for the browning rate 
reduction at high water contents while (2) viscosity inhibited the 
color formation at low water activities. Viscosity ranged from 48 
to 1.3 x 106 cp and increased sharply when the commercial levels 
of concentration (7 0-7 2° Brix) were exceeded.

INTRODUCTION
REACTIONS BETWEEN sugars and amino acids in food
stuff take place over a wide range of water activity (Eich- 
ner and Karel, 1972; Labuza et al., 1970; Singh et al., 
1983). A maximum browning reaction occurs in most foods 
at a certain value of aw depending on the type of food
stuff.

The above reaction and the growth of microorganisms 
are the major lim itaticns to  stability during the storage of 
apple juice concentrate. A t the standard levels of concen
tration, apple juices are stable against ferm entation bu t the 
nonenzym atic browning reaction rate increases consider
ably up to  at least 75°Brix (Toribio and Lozano, 1984).

Since some increase in storage life could be obtained by 
maintaining water activity level either above or below the 
point of maximum browning, it is desirable to  determine 
the range of water activity at which this maximum occurs.

The present study attem pts to  follow changes in color 
during the storage of apple juice at very high concentra
tions.

MATERIALS & METHODS
GRANNY SMITH APPLES were manufactured into a single strength 
clarified juice following the general procedure reported in a previous 
work (Toribio and Lozano, 1984). Afterwards the juice was concen
trated at 50°C under vacuum (35 mm Hg) in a Rotovapor Heidolph 
Mod. VVI. The samples were stored aseptically in glass vials at 37°C. 
The selected levels of soluble solids content were 65°, 70°, 75°, 
80°, 85°, and 90°Brix. AL concentrated samples were obtained by 
dilution of the 90°Brix sample.

A u th o rs  T orib io , N unes, an d  L o z a n o  are a ffiliated  w ith  P L A P IQ U I  
(U N S -C O N IC E T ) , 8 0 0 0  Bahia Bianca, Argentina.

Physical analysis

Percent soluble solids were measured with a bench refractometer 
at 20°C. Color development was monitored as O.D. at 420 nm in 
samples pre-diluted to 12.5° Brix with distilled water. The absor
bance was determined against water on a Perkin-Elmer Lambda 3 
spectrophotometer using 1 cm cells. Viscosity was measured with a 
Brookfield Synchro-electric (Model RVT, Brookfield Eng. Labora
tories Inc., Stoughton, MA) viscometer, with the guard in place, and 
a thermometer immersed in the juice. The beaker with the juice was 
placed in a thermostatically controlled water bath.

Accurate and high precision water activities were determined at 
37 ± 0.1°C with an improved oil manometer, according to the 
vapor pressure manometric technique (VPM) as described by Nunes 
et al. (1982; 1984). Turbidity was also monitored by measuring 
O.D. at 625 nm. No significant changes were observed. Samples not 
immediately analyzed were stored in a freezer at -30°C until the 
analysis could be performed.

Chemical analysis

Total amino acids (AA), pH, total acidity (TA), total sugars 
(TS) and reducing sugars (RS) were estimated according to AOAC 
methods (AOAC, 1980); total phenolics (TP) in apple juice were 
determined using the Folin-Ciocalteu reagent (Singleton and Rossi, 
1965).

RESULTS & DISCUSSION
THE EXPERIMENTAL DATA obtained by measuring the 
color development (Absorbance at 420 nm) were correlated 
as previously with a least square nonlinear param eter al
gorithm (Toribio and Lozano, 1984). Thus a pseudo-first 
order kinetic was found to  apply:

C = 1 -  b exp(—K t) (1)
where C is the color as O.D. at 420 nm; K is the reaction 
constant; a and b are fitting parameters assumed to  be 
dependent on the physical and chemical characteristics of 
the juice; and t the storage time.

The K, a and b values for the different soluble solids 
content and corresponding regression coefficients are listed 
in Table 1. Rates o f nonenzym atic browning (NEBr) ex
pressed as changes in O.D. at 420 nm per day of storage 
were obtained through the first derivative of Eq. (1).

NEBr = b K  exp(~K  t) (2)

Fig. 1 shows the NEBr as influenced by the water activ
ity  over 100 days reaction. The NEBr was further corre
lated with the water activity values (Table 1), yielding 
equations of the type:

Table 1—P hysical an d  chem ica l analysis results an d  param eters o f  Eq . (1)

Soluble  
solids 

(° Brix) aw

V iscosity
(centipoise)

Parameters Eq. (1)

Chem ical analysis3a b K r2

65 0.784 48 2.253 2.0533 4 .9 8 x1 0- 3 0.991 PH 3.51
70 0.746 120 2.2897 2.0897 5 .367x10— 3 0.975 T  A  (g/l ) 6
75 0.672 385 3.042 2.842 6 .264x10 " 3 0.964 R S  (g/l > 89
81 0.558 1064 3.198 2.998 7 .3 3 x 1 0 ~ 3 0.982 T S  (g/l ) 104,4
84.5 0.478 433 600 3.141 2.941 7 .06x10- 3 0.979 TP(ppm ) 659
90.5 0.212 1312000 3.813 3.613 4.51 x10 - 3 0.989 AA(m eq/l) 7.8

3 Ju ice  red i1luted to  12.5 ° E r ix  w ith  d istilled  water.
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F i g .  1 — N o n e n z y m a t i c  b r o w n i n g  r a t e  ( N E B r )  a s  a  f u n c t i o n  o f  w a t e r  

a c t i v i t y  ( a w )  a n d  t i m e  o f  s t o r a g e  ( t ) :  o 6 5 ° B r i x ;  &  7 0 ° B r i x ;  o 
7 5 ° B r i x ;  o 8 1 °  B r i x ;  *  8 4 . 5 ° B r i x ;  d  9 0 . 5 ° B r i x .  F u l l  l i n e s  r e p r e s e n t  

E q .  ( 3 ) .  S h a d e d  a r e a  r e p r e s e n t s  N E B r  m a x i m u m  r a n g e .

NEBr=A1(t)+A 2(t)aw+A3(t)aw+A4(t)aw+A5(t)aw (3) 

where the fitting coefficients, An , are functions of the 
storage time only.

Equating the first derivative of Eq. (3) to  zero at differ
ent times of reaction and solving the resulting cubic equa
tions, aw values at the maximum NEBr were obtained. At 
0, 20, 40, 60, 80, and 100 days of reaction, maximum 
browning rates were located at w ater activities 0.553, 
0.553, 0 .551 ,0 .544 , 0.535, and 0.531, respectively.

The juice has a slower browning reaction rate at low 
water activities increasing up to  the maximum point between 
aw 0.53 and 0.55, as shown in Fig. 1. A further increase in 
aw significantly reduces the color form ation. It is assumed, 
in this case, tha t the increase in aw tends to  dilute the con

centration of reactants, decreasing chemical reaction rate. 
Color inhibition by increasing the water content has beer 
reported by Wolfram et al. (1974); Labuza et al. (1970) 
Eichner (1975); and Eichner and Karel (1972). They alsc 
dem onstrated that in high viscid systems the influence of the 
viscosity is “predom inant over a wide range of water ac
tivities at low w ater contents.” Looking at Table 1 it is 
possible to  appreciate tha t clarified apple juice, which 
roughly increased 8 times its viscosity from 65° to  75°Brix 
became trem endously viscous at high solids content.

A nother im portant observation drawn from this study 
is th a t browning reaction in apple juice cannot be markedly 
reduced by decreasing the water content. The NEBr at any 
aw value downward of the maximum range (0.53-0.55) 
appears to  be faster than the NEBr values corresponding 
to the commercial concentration levels (70-72°Brix).

In conclusion, in order to  reduce the nonenzymatic 
browning reaction rate during the storage of clarified apple 
juice concentrate, water activity has to  be maintained far 
from  the maximum. This can be accomplished by following 
the concentration process either over or below 85°Brix. 
The former has no industrial interest because of the high 
viscosity and the low NEBr decrease. The latter is better 
due to  a high NEBr decrease. It, therefore, follows that 
apple juice must be maintained at low concentration w ith
out compromising the biological stability o f the product.
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A Research Note

W a t e r  H o l d i n g  C a p a c i t y  o f  H e m i c e l l u l o s e s  f r o m  F r u i t s ,  

V e g e t a b l e s  a n d  W h e a t  B r a n

W. D. HOLLOWAY and R. I. GREIG

--------------------------------  ABSTRACT---------------------------------
The water-holding capacities of freeze-dried bean, cabbage, lettuce, 
onion, peach, pear, pumpkin, tomato, wheat bran and their hemi
celluloses were determined by the centrifugation method. Cabbage 
had the greatest water-holding capacity at 35.8g of water per gram 
of dry food; bran the lowest at 5.2g water per gram. The water
holding capacity (WHC) of the hemicelluloses from fruits and 
vegetables varied considerably from 3.3 g/g in beans to 12.0 g/g 
from cabbage. Hemicelluloses extracted from wheat bran showed a 
marked increase in WHC from 5.2 g/g of water per gram of ‘whole’ 
bran to 22.8 g/g for hemicellulose. This decreased to 15.3g of water 
bound by hemicellulose ".hat had been extracted after chlorite 
delignification. WHC of hemicelluloses from wheat bran and cab
bage may account for their ability to increase stool weight.

INTRODUCTION
POPULATIONS w ith a low incidence of diverticular 
disease, appendicitis and benign and malignant tum ors of 
the colon and rectum  have large stool-weights and short 
intestinal transit times (Burkitt et al., 1974). A possible 
mechanism for this could be that a com ponent of the diet, 
such as plant fiber, influences stool consistency (McConnell 
et al., 1974). Previous investigators have suggested that the 
WHC of feces is related to  the pentose (hemicellulose) con
ten t of the diet (Cummings et al., 1978). This is in contrast 
to  the WHC of in tact fruits and vegetables which appear to  
be predom inantly influenced by their pectin content (Kel- 
say, 1978).

This study was designed to  determ ine the WHC of hem i
celluloses isolated from  some fruits, vegetables and wheat 
bran.

MATERIALS & METHODS
BEAN, CABBAGE, LETTUCE, onion, peach, pear, pumpkin, and 
tomato were freeze-dried. Samples of wheat bran and these freeze- 
dried foods were then subjected to sequential extraction to remove 
lipid, starch, water and oxalate soluble components. The hemicellu
loses were then isolated frcm the residue, without prior delignifica
tion, using sodium hydroxide (lOOg liter-1 ) under nitrogen. The 
sodium hydroxide soluble extracts were precipitated with 3 volumes 
ethanol, dialyzed, then freeze-dried. The dried material was ground 
using a laboratory grinder to a particle size between 150-250 mi
crons. The alkali insoluble residue of wheat bran was delignified 
using chlorite, then re-extracted with sodium hydroxide. The com
position of the alkali soluble extracts was determined by GLC and 
colorimetric analysis as has been previously described (Holloway, 
1983). The water-holding capacities of the freeze-dried foods, hemi
celluloses and microcrystaLine cellulose were determined in dupli
cate by centrifuging (McConnell et al., 1974). The foods and ex
tracts (O.lg) were put into tared 50 mL polypropylene centrifuge 
tubes to which 10 mL distilled-deionized water were then added. 
The tubes were capped before the contents were vigorously mixed. 
They were then held for 24 hr at 20° C before centrifuging at 
13,200 x g for 1 hr (Sorvall SS-3, in swinging bucket rotor HB-4),
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the excess water decanted and the tubes inverted for 1 hr at 20°C. 
The tubes were then weighed, freeze-dried and re-weighed.

The reproducibility of the method was investigated by deter
mining the water-holding capacity of ten samples of ‘whole’ freeze- 
dried pears and nondelignified, wheat bran hemicellulose.

RESULTS & DISCUSSION
THE COMPOSITION of the sodium hydroxide soluble 
polysaccharides is shown in Table 1. Their com position is 
variable; however, they are generally high in arabinose and 
xylose w ith varying am ounts of galactose, glucose, uronic 
acid and protein.

The terms noncellulosic polysaccharides and pentoses 
have been used to  describe the alkali soluble polysac
charides in foods tha t are often associated with cellulose. 
However, the term hemicellulose introduced by Schulze in 
1891 (Rogers and Perkins, 1968) to describe carbohydrates 
extracted by alkali from woody plant tissue also appears to  
be appropriate to  describe the polysaccharides extracted 
from plant foods.

The water-holding capacity (WHC) of the ‘whole’ foods 
and their hemicelluloses are shown in Table 2. The WHC of 
the foods ranged from 35.8g water bound per g dry cabbage 
to  5.2g water bound per g dry wheat bran. The results ob
tained in this study, using freeze-dried foods, are generally 
higher than that obtained for acetone-dried foods (McCon
nell et al., 1974). Possibly the greater re-hydration of 
freeze-dried foods is due to  the morphological structure of 
the plant tissue being altered less than acetone dried m ateri
al. The results for bran, 5.2g water per g dry solids, ob 
tained in this study are close to  tha t obtained for AACC 
Bran (Robertson and Eastwood, 1981a) at 5.8g water per 
g dry solids.

The WHC of the hemicelluloses varied considerably as 
shown in Table 2. The lowest hemicellulose WHC was 3.3g 
water/g dry solids in beans and tom ato; onion, peach, 
lettuce and pumpkin from 4.3-5,4g water/g dry solids, 
respectively; pear gave the highest of the fruits at 10.1 g 
water/g dry solids and the highest WHC of the vegetables 
was obtained from  cabbage at 12.0g water/g dry soLds. The 
greatest WHC of the hemicelluloses, 22 .2g water/g, was ob
tained from wheat bran. However, WHC was lower in hem i
cellulose that had been extracted after delignification. On 
the basis of this it could be said that lignin may contribute 
to  the WHC. A more likely mechanism for the decreased 
water-holding capacity may be due to  depolym erization 
and chemical alteration of the polysaccharide induced by 
the delignification procedure (Glaudemans and Timell,
1957).

The determ ination of the reproducibility of the m ethod 
used for ‘whole’ pears gave a mean value of 16.4g water per 
gram dry solids, a standard deviation of 0.8 and a coeffi
cient of variation of 5.2%. Wheat bran hemicellulose (not 
delignified) gave a mean value of 22 .2g water per gram dry 
solids, standard deviation of 1.4 and a coefficient o f varia
tion of 6.5%.

Different m ethods have been used to  determ ine the 
water-holding capacity of foods such as centrifugation, 
filtration and suction pressure, and they have given differ
ent results (McConnell et al., 1974; Robertson et al., 1980;
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Table 1—C om position  o f  the iso lated  hem icellu loses e xp ressed  as a percentage o f  the individual and total a n alyzed  co m p o n en ts  and correlation  
o f  w ater-holding cap a city  w ith com p osition

Monosaccharides

Rham nose Arabinose Xylo se Mannose Galactose Glucose acid M ethoxyl Acetyl Protein

Beans 1.0 2.1 21.9 4.1 12.3 15.7 14.4 1.0 3.3 24.2
Cabbage 1.8 14.3 18.0 7.5 31.4 22.9 16.9 1.3 3.9 11.6
Lettuce 1.6 19.7 23.3 8.2 0 0 24.9 1.9 1.9 18.4
Onion 0.7 9.9 12.4 1.8 24.4 36.5 8.0 1.1 0 5.3
Peach 1.8 9.4 18.3 4.2 11.9 19.6 9.5 1.3 2.5 21.4
Pear 1.6 17.2 19.8 3.8 13.4 27.7 8.3 0.7 1.7 5.8
Pum pkin 0 0 14.2 15.5 32.7 7.2 12.5 2.6 0.8 14.5
Tom ato 0 3.7 27.0 12.1 6.9 31.9 9.3 0.5 0.4 8.2
Wheat bran 0 31.9 60.1 0.3 12.2 4.0 0.7 0.1 0.1 0.1
Wheat bran 
(after chlorite)

0 29.4 61.8 0 0.8 5.7 1.2 0.1 0.5 0.5

Cellulose 0 0 0 0 0 100 0 0 0 0

Correlation of W H C -0 .2 7 8 0.847 0.802 -0 .5 2 3 - 0 .0 7 4 - 0 .0 3 9 - 0 . 5 8 3 - 0 .5 6 8 -0 .2 3 1 - 0 .7 0 2

Table 2 —W ater-holding cap a city  (W H C) g water/g d ry  m a tter o f  
w hole fo od s an d  their hem icellu loses

Water content 
of whole food

W H C  of 
whole 
food

%  yield of hemicel
lulose from the 

freeze-dried foods

W H C  of 
hemicel

lulose

Beans 93.5 20.8 3.7 3.3
Cabbage 90.1 35.8 4.1 12.0
Lettuce 97.0 25.3 3.7 4.7
Onion 90.2 21.7 2.0 4.3
Peach 87.3 11.5 3.9 4.3
Pear 84.1 16.4 2.2 10.1
Pum pkin 91.4 13.2 3.6 5.4
Tom ato 93.7 14.0 2.8 3.3
Wheat bran 14.0 5.2 7.9 22.2
Wheat bran 3.8 15.3
(after chlorite)
Cellulose 3.3 0 0

Robertson and Eastwood, 1981b; Chen et al., 1984). The 
centrifugation m ethod used in this study was found to  be 
reproducible and is probably a measure of both  bound and 
trapped water; bound water being a function of the chemi
cal com position, trapped water relating to the morphologi
cal structure of the plant tissues. The differences in the 
WHC of the isolated hemicelluloses that no longer have any 
morphological structure, are due to  differences in their 
chemical com position. Correlation of the water-holding 
capacity with the com position showed that there is a high 
positive correlation with the arabinose and xylose content 
(Table 1).

The laxative value of high fiber diets has been recognized 
for some tim e (Hippocrates 430 BC). However, it is not 
clear which com ponent of fiber is the major contributing 
factor in the prevention of constipation. Williams and Olm- 
stead (1936) showed that wheat bran, carrot and cabbage 
have a considerable influence on stool weight. The manner 
in which fiber controls the bulk of feces has not as yet been 
elucidated. However, colonic distension due to  the presence 
of large am ounts of nondigested material, enhanced by the 
water-holding capacity of biopolym ers, appears to  be in
volved (Monte, 1981).

While the pectin content of fruits and vegetables may 
well be the major cell wall constituent tha t influences the 
water-holding capacity of the in tact food (Kelsay, 1978) 
the digestion of pectin before it reaches the large bowel 
would prevent it from  acting as a laxative (Holloway et al., 
1983). If a high WHC is a determining factor in laxation, 
the low WHC of intact wheat bran would not correlate with 
its high laxative effect. However, the high WHC of its hemi-

cellulose which is relatively resistant to  digestion in the 
human digestive tract (Holloway et al., 1980) suggests that 
at least in bran, and possibly cabbage, the physiological 
effect of reduced transit times, may be due to  the physico
chemical properties of the hemicellulose.

The hypothesis that hemicellulose is the major plant cell 
wall constituent that influences intestinal transit tim e, is 
also supported by the observation that on an edible weight 
basis wheat bran, 86.0% dry m atter containing 34.2 g/lOOg 
of hemicellulose (Holloway et al., 1977), is an effective 
laxative whereas cabbage, which has 9.9% dry m atter and a 
hemicellulose content of 0.1%, is less effective.
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--------------------------------- ABSTRACT---------------------------------
The effect of intermittent tumbling (up to 18 hr) was compared to a 
nontumbled treatment at processing temperatures of 3°C and 23°C 
on tissue surface inoculated with Lactobacillus plantarum. The sur
face and subsurface number of L. plantarum and the residual nitrite 
in boneless cured pork shoulder were determined. The/,, plantarum 
levels were significantly increased (P < 0.05) by tumbling, increased 
by time (linear, P < 0.01) and by sample location with levels de
creasing from nontumbled exudate to surface samples to internal 
samples. Residual nitrite in cured pork shoulder tumbled intermit
tently for 18 hr at 23°C was significantly lower (P < 0.01) than in 
nontumbled tissue. Nitrite level interactions for tumbling time x 
temperature were highly significant (P < 0.01).

INTRODUCTION

TUMBLING OR MASSAGING of m eat is a relatively new 
process for improving the quality characteristics of cured 
meat (Mass, 1963; Rust and Olsen, 1973; Krause et al., 
1978b; Cassidy et al., 1978). Theno et al. (1977) and 
Ockerman (1980) described both  advantages and disadvan
tages of this new techno.ogy. Tumbling may involve contin
uous activity for short tim e periods (1-3 hr) or may involve 
an in term itten t cycle for quite long periods; i.e., 10-15 min 
of every hour for 18-24 hr (Ockerman et al., 1978).

Cassidy et al. (1978) reported tha t tum bling leads to 
increased cell membrane disruption, disorganization of cell 
nuclei and decreasing clarity of striation. Tumbling com
bined with the reported disruption o f the muscle sarcolemma 
has been found (Knipe et al., 1981) to  force microorgan
isms in to  the internal regions of the tum bled meat, thus 
increasing the subsurface microbial numbers while appar
ently reducing the surface exudate, bacterial counts. Re
duced microbial numbers in the exudate were observed 
after 15 and 18 hr of in term ittent tumbling by Knipe et 
al. (1981), but in this study no effort was made to  deter
mine if the microorganisms were migrating in to  the dis
rupted  tissue thus resultmg in reduced numbers in the exu
date. In an attem pt to  cure m eat quickly, a tem perature 
above refrigerated tem peratures would be expected to  in
crease the rate of cure migration but, perhaps, also decrease 
the shelf life (M oulton and Lewis, 1940). This may be of 
concern since hams used in tumbling and massaging are 
usually boneless and thus have been subjected to  significant 
contam ination during processing.

The objectives of this project were to  determ ine the 
effect o f tumbling at 3°C ar.d 23°C on: (1) the num ber of 
surface and subsurface Lactobacillus plantarum  after 
inoculation during tumbling and nontum bling cycles; and
(2) the residual nitrite at various stages of tumbling.

MATERIALS & METHODS
SIXTEEN, 1.0-1.2 kg pieces of fresh boneless pork shoulder, 
closely trimmed of external fat and visible connective tissue were
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prepared using sterile techniques to keep the microbial load as low 
as possible for this experiment. Each piece was stitch pumped to 
120% of green weight with curing solutions composed of the follow
ing ingredients by weight (w/w): 14.3% salt; 2.75% sugar; 0.29% 
sodium erythorbate; 0.0935% sodium nitrite; 2.75% sodium tri
polyphosphate and 79.80% water.

These 16 samples allowed 4 replications in each treatment cell 
of tumbled or nontumbled (control) at each of two temperatures 
(3°C and 23°C). These temperatures were chosen to represent room 
temperature and meat holding refrigerated temperature. Each 1.0-
1.2 kg piece of tissue was subdivided prior to analysis into 2 pieces 
which resulted in a total of 32 samples.

The pure culture of L. plantarum used in this study was obtained 
from The Dept, of Microbiology at The Ohio State Univ. The pure 
culture medium used for inocula preparation was ATP Broth 
(Difco) in which the pure culture L. plantarum was allowed to 
multiply for 48 hr at a temperature of 30°C. All samples were 
inoculated by placing 50 mL of the bacterial suspension on the sur
face of the meat pieces after they were stitch pumped with curing 
solution. The bacterial suspension contained approximately 5 x 108 
viable cells per mL. Immediately after contamination, one-half of 
the muscle pieces were randomly assigned to the tumbling treatments 
and the other half to the nontumbling treatment (control). Both 
tumbled and nontumbled samples were placed in a cooler at 3°C or 
at room temperature at 23°C for the 18 hr treatment period. The 
tumbling process involved an intermittent cycle of 15 min on and 
45 min off each hr for 18 hr.

Samples for investigation were taken at 6 stages: prior to brine 
injection (microbiological control) and at processing times of 0 
(after brine injection and inoculation), 12, 15, 18 hr and after 
cooking (in a glass vessel in boiling water bath for 12 ± 3 min) to 
an internal temperature of 68° C. At each sampling period approxi
mately a 0.5 cm slice was taken from the surface of the meat and 
another 0.5 cm slice from the subsurface area at the same location. 
A microbiological sample was taken at each sampling period from 
the exudate of the nontumbling treatment. The meat samples were 
homogenized with diluent (0.5% Bacto Peptone), dilutions made 
and the samples subsequently plated on ATP Agar and incubated 
four days at 25°C (Ockerman, 1982) for determination of L. plan
tarum.

The portion of the surface and subsurface samples remaining 
after the microbiological analysis was obtained was mixed in equal 
quantities for analysis of nitrite using the procedure described by 
Ockerman (1982).

Analysis of variance (Harvey, 1960) was used to determine the 
effect of tumbling, temperature, time (linear, quadratic, cubic) and 
their interaction on the log. of the microbial number and the nitrite 
level. An additional analysis of variance was used to compare values 
before and after cooking.

RESULTS & DISCUSSION
PORK TISSUE used in this study prior to  brine injection 
with the curing solution and prior to  inoculation w ith L. 
plantarum  had a natural m icroflora level, as determ ined on 
ATP Agar, o f Lactobacillus spp. on the surface of the m eat 
o f 4.41 ± 0.33 (log)/g and a subsurface level of 3.63 ± 
0.14 (log)/g. Since the level of natural contam ination by 
Lactobacillus spp. generally did not exceed 1% of the to tal 
contam ination by L. plantarum, it was assumed tha t such 
a low level of natural contam ination did not significantly 
influence the results.

Fig. 1 illustrates the log of L. plantarum  o f  cured pork 
shoulder tissue at 3°C (upper) and 23°C (lower) treatm ent 
tem peratures. The figure also shows the influence of tum-
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p l a n t a r u m  a t  3 °  C  ( u p p e r )  a n d  2 3 ° C  ( l o w e r ) .

bling and nontum bling as well as location such as surface, 
subsurface and nontum bling exudate on the microbial levels 
o f cured pork during 18 hr of processing.

The analysis o f variance indicated that tumbling was 
significant (P <  0.05) and tha t linear time and location 
were highly significant (P <  0.01) for microbial plate count 
for L. plantarum. Tem perature was not significant and all 
of the interactions proved also to  be nonsignificant at the 
5% level. The major differences for microbial numbers in 
Fig. 1 are attributed to  location, w ith numbers significantly 
decreasing from exudate to  surface to  internal samples in 
bo th  3°C and 23°C. Tumbling resulted in higher numbers 
of microorganisms in the internal tissue of product tum bled 
18 hr at 23°C. This is as would be postulated w ith disrup
tion of tissue as suggested by Cassidy et al. (1978) and with 
i more optim al growth tem perature for L. plantarum. 
’here is some nonsignificant suggestion that the 3 C turn

ed surface tissue absorbed microorganisms from the 
udate early in the tumbling cycle and tha t this level was 
luced in the later stages of tumbling probably due to

F i g .  2 — C o n t e n t s  o f  s o d i u m  n i t r i t e  d u r i n g  t u m b l i n g  a n d  n o n t u m b l i n g  

p r o c e s s  a t  3 ° C  a n d  2 3 ° C .

internal migration. This would agree with the observations 
o f Knipe et al. (1981). The level of L. plantarum  in the 
internal tum bled tissue at 3 C would also suggest greater 
microbial migration from the inoculum into the tissue at 
this tem perature. The tum bled surface tissue had essentially 
the same num ber of L. plantarum  microorganisms as the 
nontum bled surface tissue at 23 C suggesting tha t absorp
tion of the exudate microorganisms had possibly occurred 
prior to  the 12 hr sampling period and tha t migration to
ward the center of the sample had also occurred at a more 
rapid rate than at 3 C. The small increase observed on the 
surface tissues from 12 to 18 hr at 23 C probably was caused 
by the favorable growth tem perature. Cooking reduced the 
num ber of L. plantarum  to  a nondetectable level in both 
the surface and subsurface tissue for all treatm ents.

Fig. 2 illustrates the level of nitrite in m eat during tum 
bling and nontum bling processing at 3 C and 23 C. The 
analysis of variance indicated that tum bling tim e and tum 
bling tem perature interactions were highly significant. A fter 
12 hr of treatm ent, tum bling at 23 C resulted in lower 
nitrite levels than the other 3 treatm ents. This agrees with 
the reports of Mills et al. (1980), Ockerman and Organisciak 
(1978a, b) and Vartorella (1975), who stated tha t tumbling 
improved cure distributions, speeded cure migrations, and 
improved color development. The nontum bled tissue proc
essed at 23°C had significantly higher residual nitrite than 
the other 3 treatm ents after 15 and 18 hr o f processing and 
after processing and cooking. This can be explained par
tially by the nontum bling treatm ent and by the fact that 
increased tem perature would prom ote the form ation of 
nitrate from nitrite as described by Lee et al. (1978). This 
could explain the relatively lower nitrite levels during non
tumbling at 3°C and the relatively higher levels o f nitrite in 
nontum bled meat at a tem perature of 23 C. The suggestion 
tha t tumbling at 23°C reduced nitrite level in the uncooked 
m eat does not agree w ith the report of Krause et al. (1978a) 
that tumbling resulted in an increased residual nitrite. The 
cooking procedure resulted in a highly significant (P <  
0.01) reduction in residual nitrite.
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----------------------------------ABSTRACT---------------------------------
Six paired beef round and pork loin roasts were used to determine 
the effects of sodium tripolyphosphate (STPP) on fresh and reheated 
roasts. Roasts were pumped 10% of their weight with distilled water 
(control) or with distilled water containing 4.75% STPP. Roasts 
were cooked to internal temperatures of 70°C (beef) or 75° C (pork) 
and evaluated after 0, 1 or 3 days (roasts were reheated to cooked 
temperatures). This study mdicates that phosphate in pork and beef 
roasts allowed them to be reheated after 1 and 3 days of refrigera
tion with minimal losses of juiciness, tenderness or flavor intensity. 
Phosphate injection reduced warmed-over flavor in reheated pork 
roasts but was not successful in decreasing the incidence of warmed- 
over flavors in reheated beef roasts.

INTRODUCTION
THE ADDITION OF PHOSPHATE to meat cap improve 
many sensory traits. Savich and Jansen (1954) reported 
that the color of ground meat was stabilized for extended 
time periods when phosphate, propionate and ascorbic acid 
were utilized. Carpenter et al. (1961) found tha t beef 
color was improved w ith the addition of phosphate. O ther 
investigators reported polyphosphates increase tenderiza- 
tion of bo th  beef and pork (Kam stra and Saffle, 1959; 
Carpenter et al., 1961; Miller and Harrison, 1965). Hopkins 
and Zim ont (1957) reported tha t both  injecting phosphates 
and dipping in a phospliate solution resulted in tenderness 
improvements of beef steaks. Moisture retention and juici
ness are also improved w ith phosphate addition (Sherman, 
1961; H ellendoorn, 1962; Hamm, 1970;Shults et al., 1972). 
Mahon et al. (1970) reported moisture retention  was highest 
when using alkaline phosphates such as sodium tripolyphos
phate.

The effect of phosphate on flavor has been attributed  to  
retention  of proteins (Ellenger, 1972) and reduction of oxi- * 205
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dative rancidity (Ramsey and Watts, 1963; Haymon et al., 
1976; Keeton, 1983). A lthough the beneficial effects of 
phosphates have been realized in processed meats, previous 
USDA rulings prevented the use of phosphates in fresh in
tact muscle systems. A new ruling was in troduced in  1982 
(Federal Register Vol. 47, No. 49) which allows the use of 
some phosphates in precooked and frozen meats. This 
study was designed to  evaluate the effects o f phosphates on 
the palatability of fresh and reheated beef and pork roasts.

MATERIALS & METHODS
SIX PAIRED, BEEF inside round roasts (semimembranosus and 
adductor muscles) and six paired, boneless pork center loin roasts 
(longissimus muscle) were trimmed to 0.64 cm of external fat, 
frozen at -30°C, stored for approximately 4 wk and then thawed 
48 hr at 1°C. One roast of each pair was designated as control and 
pumped an additional 10% of its weight with distilled deionized 
water. The other roast of each pair was pumped 10% of its weight 
with distilled deionized water containing 4.75% LEMOFOS™ 
(Stauffer Chemical Co., Washington, PA), resulting in 0.475% phos
phate in the treated roasts. All roasts were allowed to equilibrate for 
48 hr at 4°C, and then cooked in a preheated (163°C) South Bend 
convection oven to an internal temperature of 75°C (pork) or 70°C 
(beef) monitored with a Campbell CR 5 recording thermometer and 
Teflon-coated copper-constantan thermocouples. Cooked roasts 
were cut perpendicular to the long axis of the roast into three equal 
sections and assigned to one of three treatments: (1) served at time 
of cooking (day 0); (2) reheated (70°C, beef; 75°C, pork) after stor
age at 4°C for 24 hr (day 1); and (3) reheated (70°C, beef; 75°C, 
pork) after storage at 4°C for 72 hr (day 3). Roasts were wrapped 
in aluminum foil for storage and were reheated in the same manner 
as the initial cooking.

Sensory panel evaluations of warm (55°C) samples were per
formed utilizing a six-member experienced taste panel. Panelists 
consisted of faculty and staff at the University of Illinois. Prior to 
testing, panelists were familiarized with the ballot for this study 
through the evaluation of samples representing various levels of the 
test characteristics. Juiciness, flavor intensity, off-flavor intensity, 
warmed-over flavor, tenderness and acceptability were scored on an 
unstructured scale ranging from 0-13, where 0 = extremely tough, 
dry, bland, unacceptable or extreme off- or warmed-over flavor 
(flavor related to the storage of cooked uncured meat -  Sato and 
Hegarty, 1971). Panelists were served six samples per session and

Tab le  1—E f fe c t  o f  p o lyp h o sp h a te  on the sensory an d  chem ica l cha racteris tics  o f  p o rk

0  Day Storage 1 Day Storage 3 D ays Storage

Control Phosphate Control Phosphate Control Phosphate

Juicinesse 5.68bc 9.47a 3.38c 5.65bc 4.35bc 6 .08b
Flavor intensity6 8.13a 6.85ab 6.90ab 7.22ab 6 .52b 7.52ab
Off-flavor intensity6 10.33a 8.63a 9.03a 10.35a 10.703 9.77a
Warmed-over flavore 12.02a 12.13a 8.70° 10.57ab 6.63d 9.27bc
Tendernesse 8 .47bc 11,63a 6.40c 9.42ab 6.97bc 9.52ab
Acceptability6 8 .22a 7.70ab 6.20bc 7.70ab 5.65° 7.30abc
Warner-Bratzler shear force (kg) 3 .10ab 1 ,52c 4.55a 2.76bc 3.22ab 1.78bc

pH
5.68b 6 ,19a 5.66b 6.04a 5.74b 5.96ab

Free water (% ) ' 9 .36b 8.53° 10.1 7a 9.80ab 9.82ab 9.38b
C ook ing  or reheating time (m in)9 51.83c 46 .50c 128.67ab 113.83b 1 3 1 ,67a 117.17ab

a.b.c.d M ean vaiues ¡n the seme row  bearing unlike superscripts differ significantly (P <  0.05).
f  Scored on a scale with a range of 0 -1 3  where 0 = extremely tough, dry, bland, unacceptable or extreme off- or warmed-over flavor.

Accord ing  to the method of W ierbicki and Deatherage (19581.
9 T im e  required to cook  fresh roasts or reheat stored roasts to 75°C.
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T a b le  2 —  E f f e c t  o f  p o l y p h o s p h a t e  o n  th e  s e n s o r y  a n d  c h e m ic a l  c h a ra c t e r is t ic s  o f  b e e f

0 Day  Storage 1 Day  Storage 3 Days Storage

Control Phosphate Control Phosphate Control Phosphate

Juicinesse 5.73ab 6.78a 4.92b 5.33ab 4.37b 4.88b
Flavor intensity® 8.95a 8.60ab 7.47b 7.72b 7.93ab 8.25ab
Off-flavor intensity® 10.80a 10.67® 9.2 5a 9.68a 10.88a 10.90a
Warmed-over f lavore 12.63a 12.43a 8.60e 9.82b 8 .68bc 8.50c
Tenderness® 6.70b 9.12a 6.98b 7.30ab 7.58ab 8.42ab
Accepta bil itye 7.15b 8.95a 6.38b 7.30b 6.47b 6.90b
Warner-Bratzler shear force (kg) 3 .46ab 3 .11ab 3.8 6a 3.47ab 3 .20ab 2.94b
pH 5.56d 5.93bc 5.46e1 5.97b 5.79e 6.22a
Free water (% )f 10.52ab 10.22ab 10.37ab 9 .94b 10.52ab 10.69a
Cook ing  or reheating time (m in)9 41 .50c 4 1 ,33e 83.33ab 76.83b 94.83a 91 .17ab

a,b,c,b M ean  values in the sam e row  bearing u n like  sup e rsc rip ts  d iffe r s ign ific an t ly  (P  <  0 .05 ).
® Sco re d  on  a scale w ith  a range o f 0 - 1 3  w here  0  =  e x tre m e ly  tou gh , d ry, b land, unacceptab le  o r  ex trem e o ff- o r  w arm ed -ove r flavor. 
'  A c c o rd in g  to the m e tho d  o f W le rb lck l and  Deatherage (1 9 5 8 ).
9 T im e  requ ired  to  c o o k  fresh roasts o r reheat sto red  roasts to  70°C .

were provided with water in a room with partitioned booths and 
normal lighting.

Water-holding capacity was determined on cooked samples by 
the method described by Wierbicki and Deatherage (1958) and 
reported, as % free water. Mean pH values were determined on dupli
cate homogenates (5g cooked meat and 25 mL distilled water). 
Warner-Bratzler shear force values were obtained using 1.27 cm 
cores which were removed from roasts after they were cooled to 
room temperature.

The data were analyzed using analysis of variance and mean 
separation (Duncan’s multiple-range test) procedures (SAS, 1982).

RESULTS & DISCUSSION
THE TIME REQUIRED to reheat roasts on day 1 was sig
nificantly longer than the initial cooking tim e for control 
and injected pork and beef (Tables 1 and 2). Day 1 and 3 
roasts were cooked from a lower initial tem perature than 
day 0 roasts which could account for part of the longer 
cooking times.

Sensory panelists (Table 1) determ ined that phosphate- 
injected fresh cooked pork roasts (day 0) were juicier (P <  
0.05) than control roasts, which agrees w ith the findings 
of Sherman (1961), Hellendoorn (1962), Hamm (1970) and 
Shults et al. (1972). Phosphate injected pork and beef 
roasts reheated on days 1 and 3 were not different in juici
ness from  the fresh cooked control roasts (Tables 1 and 2). 
Values for % free w ater supported the sensory panel evalu
ation of juiciness.

Flavor intensity of control beef roasts (Table 2) decreased 
significantly from day 0 to  day 1 but were not different on 
day 3. Flavor intensity scores for control pork roasts (Table 
1) were significantly lower on day 3 in com parison with 
day 0. This decrease was not observed for phosphate injected 
reheated beef o r pork roasts (P >  0.05). The effect o f phos
phate on flavor retention supports the findings of Ellenger
(1972). Off-flavor intensity scores for pork and beef roasts 
were no t different (P >  0.05) for any treatm ent; however, 
panelists reported a metallic or soapy flavor in some of the 
phosphate injected roasts.

Scores for warmed-over flavor showed control pork roasts 
were lower in desirability (P <  0.05) after each reheating. 
Phosphate injected pork roasts at day 3 had more warmed- 
over flavor than day 0 roasts (P <  0.05), but had signifi
cantly less warmed-over flavor than the control roasts 
reheated on day 3. Phosphate injection in beef had little 
effect in controlling the development of warmed-over flavors 
on day 3.

Sensory evaluation values showed tha t fresh cooked, 
phosphate injected beef and pork roasts were more tender 
than fresh cooked control roasts (P <  0.05). These findings 
are in agreement w ith Kamstra and Saffle (1959) for pork, 
and Carpenter et al. (1961), Hopkins and Zimont (1957)

and Miller and Harrison (1965) for beef. Tenderness values 
for pork roasts were improved (P <  0.05) w ith phosphate 
injection at day 1, and phosphate-injected roasts reheated 
on days 1 and 3 have similar scores for tenderness to  fresh 
cooked control roasts (P >  0.05). Reheated, phosphate 
injected beef roasts were as tender as fresh cooked control 
roasts. In general, Warner-Bratzler shear values support 
sensory panel findings for tenderness.

Acceptability of control pork roasts declined from  day 0 
to  day 3, while phosphate injected pork roasts did not 
differ significantly between days. Phosphate injected 
pork roasts at days 0, 1 and 3 were similar (P >  0.05) in 
overall acceptability to  day 0 control roasts. Phosphate 
injected beef roasts at day 0 were more acceptable than 
control roasts at day 0, and phosphate injected roasts 
reheated on days 1 and 3 did not differ significantly from 
the day 0 control roasts. The pH values of phosphate in
jected  roasts were higher on each day of evaluation than 
control roasts.

This study indicates tha t phosphate in pork and beef 
roasts allowed them  to be reheated after 1 and 3 days of 
refrigeration with minimal losses o f juiciness, tenderness or 
flavor intensity when com pared to  fresh cooked control 
roasts. In addition, phosphate injection reduced warmed- 
over flavors in pork roasts reheated on day 1 and day 3, but 
was no t successful in decreasing the incidence o f warmed- 
over flavors in reheated beef roasts.
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---------------------------------ABSTRACT----------------------------------
The lipid classes of the muscle of Skipjack tuna (Katsuwonus 
pelamis) were investigated over a period of 10 months by thin- 
layer chromatography. Triglycerides, diglycerides, monoglycerides 
and phospholipids content varied between 48.36 ± 1.22% and 62.49 
± 3.40%; 20.04 ± 5.59 and 28.53 ± 4.50; 0.98 ± 0.20% and 4.84 ± 
2.48% and 4.31 ± 0.96% and 9.26 ± 0.52%, respectively. Both tri
glycerides and diglycerides formed the major fractions (between 68 
and 91%) of Skipjack muscle lipid. There was a good concentration 
of phospholipids. Free fatty acid levels were fairly low and varied 
between 0.62 ± 0.10% and 3.94 ± 0.31%. No levels of hydrocarbons 
were detected in lipid samples from May to September but fairly 
high levels of (14.97 ± 2.89% and 12.74 ± 2.68, respectively) were 
detected in November and January samples.

INTRODUCTION
RECENTLY, a survey was initiated to  assess the availability 
and abundance of Skipjack tuna w ithin Nigeria’s Exclusive 
Economic Zone (EEZ) to  enable the form ulation of a 
rational policy on the exploitation and utilization of this 
resource. As a result, a num ber of utilization channels were 
therefore proposed. A part from direct hum an consum ption 
in the fresh form, other utilization possibilities were also 
proposed. Notable among these were: the utilization in the 
smoked or dried form, for canning and for mince produc
tion (to  be used in the growing fast food industrial chains). 
However, since the urilization in the minced form will 
involve the com m inution of the fish flesh which should be 
stored at low tem perature (to  prevent deterioration), it is 
pertinent to know the different lipid fractions of the flesh. 
It has been observed that stability and quality of frozen 
m eat and fish depend essentially on the com position of 
constituent lipids and especially on the degree of unsatura
tion (Talabi, 1982; Greene, 1969; Igene et al., 1976). 
Sulzbacher and Gaddis (1968), Bratzler et al. (1977) have 
also concluded that autoxidation of the triglycerides, prin
cipally in the adipose tissue is responsible for the develop
m ent of rancidity in new frozen meats. Others (Cadwell et 
al., 1960; Watts, 1962) believed that oxidative changes in 
tissue lipids during storage are primarily due to phospho
lipids. Whatever the contentions of the two schools of 
thought, it is clear that bo th  the triglycerides and phospho
lipid fractions of tissue play significant roles in the oxida
tive changes associated with frozen meat. This study was 
therefore carried out to characterize the muscle of Skip
jack tuna into its com ponent fractions so as to  determine 
the proportions of each of the triglycerides, phospholipids, 
and other lipids classes in the muscle lipid.

MATERIALS & METHODS
SKIPJACK TUNA SAMPTES used for this study were caught off 
the Nigerian Coastal waters by the “Pole and Line” methods. A
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Japanese boat (Fukuichi Maru No. 78) was used in the survey, 
which lasted for a period of about 10 months (between May, 1982, 
and January, 1983). At the end of each trip, samples were collected, 
washed and the muscles dissected after envisceration. The fish mus
cles were homogenized in a blender and used for the lipid class 
analysis.

Lipid content
The lipid content was determined by method of Bligh and Dyer

(1959) and the extracted lipid was used for the lipid class analysis.

Lipid class analysis
Class analysis of extracted lipid was determined by the method 

of Freeman and West (1966). The spots on thin-layer plates were 
scanned in a densitometer (supplied by the Helena Laboratories,
U.S.A.) and the peaks were identified into the various lipid fractions 
by comparing with those of known standards. Peak area for each 
fraction was determined by triangulation. The amount of each com
ponent was calculated by expressing the peak area of each fraction 
as a percentage of the total peak areas.

RESULTS & DISCUSSION
THE LIPID CLASSES of tuna lipid are presented in Table
1. Diglycerides, triglycerides, phospholipid, and mono- 
glycerides contents varied between 20.04 ± 5.59% and 
28.53 ± 4.50%, 48.36 ± 1.22% and 62.49 ± 3.40%, 4.31 ± 
0.90% and 9.26 ± 0.52% and 0.98 + 0.20% and 4.84 ± 
2.48%, respectively.

Free fatty  acids content varied between 0.62 ± 0.10% 
and 3.94 ± 0.31%. Looking at the lipid class com position, 
triglycerides and diglyceride comprised the major fractions 
in the lipid of tuna muscle, forming between 68.40% and 
91.02% of the total lipid fractions.

The triglyceride fraction of the tuna muscle lipid in
creased from  58.93 ± 3.15% in May to  62.49 ± 3.40% in 
August, and gradually decreased to  48.33 ± 1.22% in 
January. The diglyceride fraction showed little variation 
between May (25.48%) and Septem ber (26.91%). However, 
it decreased to 20.04% in November and 21.18% in January.

The variation observed in bo th  the triglyceride and di
glyceride fractions appeared to  be related to  the variations 
observed in lipid content. It was observed tha t the to ta l 
lipid content on tuna muscle dropped from  2.57% in Sep
tem ber to  1.88% and 1.90%, respectively, in November and 
January. This pattern of change was also observed in bo th  
diglyceride and the triglyceride fractions of the lipid.

The present result, which showed the triglyceride frac
tion to  be in highest concentration, agrees w ith the earlier 
reports of Hardy and Mackie (1968) and Talabi (1971) that 
the depot lipids of fish are notably composed of triglycer
ides. Fairly high levels of diglycerides in tuna muscle lipid 
may probably be related to  genetic factors as explained by 
Talabi (1982). The levels o f free fatty  acids may have 
resulted from the enzymatic hydrolysis of either triglycer
ides or phospholipid. As phospholipid levels were not 
constant throughout the period of survey, it is possible that 
the free fatty  acids were produced from  the enzym atic 
breakdown of phospholipids during low tem perature 
storage of the fish. The variation observed in the mono- 
glyceride content in tuna lipid may be related to  changes in
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T a b le  1— L i p i d  f r a c t io n s  o f  m u s c le  o f  s k ip j a c k  tu n a  ( % )

M onth
Lipid
(%)

Phospholipid
(%)

Monoglycerides
(%)

Free fatty 
acids (%)

Cholesterol
(%)

Triglycerides
<%)

Diglycerides
<%>

Cholesterol 
esters (%)

Hydrocarbons
(%)

May 1.59 4.80  ± 1.50 0.98 ± 0.20 T a 7.81 ± 2.04 58.93  ± 3.15 25.48 ± 4.86 0.00 0.00
June 1.68 4.31 ± 0.96 4.72 ± 1.01 0.62 ± 0.10 6.62 ± 1 .1 3 55.82  ± 3.60 28.53 ± 4.50 0.00 0.00
July 1.75 5.62 ± 1.36 2.33 ± 0.82 3.94 ± 0.31 T 57.68  ± 3.57 28.17 ± 4.83 1.76 ± 0.37 0.00
August 1.81 7.36 ± 2.77 2.74 ± 0.83 2.36 ± 0.52 T 62.49  ± 3.40 25.55 ± 2.50 0.00 0.00
September 2.57 8.95 ± 3.22 2.56 ± 1.33 3.51 ± 0.68 T 57.62  ± 0.28 26.91 ± 4.03 0.45 ± 0.07 0.00
November 1.88 9.26 ± 0.52 3.13 ± 1.06 1.95 ± 0.89 T 49 .74  ± 1.04 20.04 ± 5.59 0.30 ± 0.10 14.97 ± 2.89
January 1.90 8.98 ± 2.03 4.84  ± 2.48 3.19 ± 1.74 T 48.36  ± 1.22 21.18 ± 4.25 0.72 ± 0.41 12.74 ± 2.68

a T = O ccu rred  in trace a m o u n ts  and  the y  are not p icked  up  b y  the densitom eter.

the metabolic activity in Tuna fish as suggested for Trach- 
urus trachurus by Talabi (1982).

Perhaps, one thing w orthy of note about the lipid classes 
of tuna oil is the presence of fairly high levels of hydro
carbons in lipid samples for November and January. Hydro
carbons, such as squalene, have been reported to  be natural 
com ponents in some fish (Ackman, 1968). Pristane was 
also reported in sprat lipid by Hardy and Mackie (1968). 
However, Zsolray (1977) reported that pristane, like many 
other hydrocarbons, is not ‘natural’ in fish oils. As tuna is 
a migratory species, the hydrocarbons might have been 
formed from pollutants resulting from  industrial activities 
contacted during migration.

The result of this study showed that the triglycerides 
constitute the fraction in highest proportion in tuna lipid 
and will therefore play a very im portant role in autoxida- 
tive changes of the muscle during low tem perature storage. 
However, since stability and quality of frozen fish depend 
on the degree of unsaturation of the com ponent lipid (Tala
bi, 1982), future work should concentrate on the com po
nent fatty  acids of these various fractions.
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A Research Note

R o l e  o f  T r i m e t h y l a m i n e  O x i d e  i n  t h e  F r e e z e  D é n a t u r a t i o n  

o f  F i s h  M u s c l e — I s  I t  S i m p l y  a  P r e c u r s o r  o f  F o r m a l d e h y d e ?

G. RODGER and R. HASTINGS

---------------------------------A BSTRACTS--------------------------------
A possible alternative role for trimethylamine oxide (TMAO) in 
fish muscle “freeze denaturation” was tested. Since TMAO is known 
to stabilize proteins agair.st conformational change, its enzymatic 
removal during frozen storage could cause protein destabilization 
and aggregation. However, addition of TMAO to muscle tissue did 
not influence the rate or extent of “freeze denaturation” as assessed 
by protein solubility measurements.

INTRODUCTION

D IFFERENT MARINE SPECIES have different ways of 
controlling osmotic pressure. Of particular interest to  the 
physiologist are the elasmobranchs since they osmoregulate 
by maintaining a high concentration of urea in the blood (2 
-  2.5%). To a protein chemist this is unusual since such 
concentrations of urea would normally result in enzyme 
inactivation, and in fact this was the basis of the study 
conducted by Yancey and Somero (1979). They found that 
urea at this concentration inactivated various enzyme 
systems in vitro, bu t, m ore im portantly , that the presence 
of trim ethylam ine oxice (TMAO), also at the level found in 
elasmobranch blood, stabilized the enzyme structure 
against not only urea, t u t  also heat denaturation.

Because TMAO is also found in several commercially 
im portant fish species, especially cod (Gadus m orhua), and 
its decom position during frozen storage to  dim ethylam ine 
(DMA) and form aldehyde (FA) is considered the cause of 
texture toughening, this was an interesting finding. It led us 
to  query whether the production of FA or the depletion of 
TMAO in the muscle causes protein aggregation. The latter 
effect could decrease the stability of the system, render
ing it more susceptible to  a “ freeze denaturation” mech
anism not involving form aldehyde cross-linking.

In the short study described in this paper we added 
TMAO to fish mince and observed the effect of its addition 
on two properties o f the mince: (1) the solubility profile as 
a function of frozen storage tim e; and (2) the therm al 
transition properties o f the muscle proteins.

MATERIALS & METHODS

Sample preparation
Fresh, skinned fillets from 2 days-on-ice cod (Gadus morhua) 

were obtained from a local fish merchant. The fish was minced using 
a Hobart mixer (model A3 200) with a 9 mm diameter mesh size. 
The mince was subsequently soaked for 20 hr in 3.3% TMAO (Sig
ma Chemical Co.) solution (fish:solution 5:1 w/w) to allow concen
tration equilibration. Since in vivo TMAO levels in cod muscle are 
of the order 330 mg% (Love, 1970), soaking in a tenfold concen
tration at the stated fislusolution ratio should slightly magnify any 
effects. Two “controls” were used in the study: (1) untreated 
mince; (2) mince which was soaked in distilled water for the same 
time, at the same fish:solution ratio as the experimental sample.
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Freezing and storage
Aliquots of the treated and control mince were packed in poly

thene bags, blast frozen at -40°C, and stored at -10°C. Samples 
were measured at regular intervals for solubility.

Moisture analyses
Moisture contents were measured by difference, after drying the 

mince to constant weight at 180°C.

Solubility measurements
Five-gram samples of mince were homogenized in 195 mL 5% 

sodium chloride, 0.02M sodium bicarbonate pH 7.6, using a sealed 
unit, heavy duty Silverson homogenizer, set at full speed. After 
centrifugation of the homogenate at 10,000g for 30 min, the pro
tein concentration in the supernatant was determined by the Biuret 
method, using Bovine Serum Albumin (Sigma Chemical Co.) as a 
standard. The results were calculated as mg soluble protein/g dry 
weight of sample.

Differential scanning calorimetry (DSC)
Differential scanning calorimetry was performed on a Perkin 

Elmer DSC II. Samples were scanned at a heating rate of 10°K/min 
over the range 275 -  370° K at an instrument sensitivity of 0.2 
mcal/sec. Peak transition temperatures were recorded as peak maxi
ma (Tm) and the apparent transition heat, AHapp, was determined 
from the peak area and expressed in mcal/mg dry weight.

RESULTS & DISCUSSION
SOAKING COD MINCE in distilled water or TMAO solu
tion resulted in an increase in m oisture content, which 
necessitated a correction being made to  the soluble protein 
results when a comparison was made w ith the untreated 
control. Fig. 1 show's the results of the solubility study 
corrected for increased water content, and indicates tha t 
neither addition of TMAO (or indeed water washing) af
fected the rate or extent of solubility loss during the 
frozen storage of fish muscle by an significant am ount. This 
suggests tha t TMAO removal does not increase the suscep
tibility  o f muscle tissue to  freeze denaturation.

Fig. 2, however, shows an interesting finding. The addi
tion of TMAO to  cod muscle “ sharpens” the nature of the 
transitions, and also increases the transition tem peratures 
of the two main protein species by 2 -  3 K. The latter 
observation is indicative of a stabilizing effect o: TMAO 
against therm al denaturation; the “ sharpening” of the peaks 
is possibly evidence tha t the proteins after treatm ent w ith 
TMAO undergo more cooperative unfolding. An additional 
point w orth raising is whether this work gives any more 
insight into the mechanism of freeze denaturation. We have 
observed that TMAO stabilizes muscle proteins against 
heat, evidenced by the increases in transition tem peratures, 
but has no apparent effect on the freeze denaturation proc
ess as measured by solubility studies.

Since therm al denaturation is an unfolding process, it 
would be reasonable to  assume tha t TMAO stabilizes 
against conform ational change. Since there is no effect on 
freeze denaturation, it is possible that this phenom enon is 
simply a side-to-side aggregation of actom yosin molecules 
w ith no conform ational change, as argued by Connell
(1968).
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We would agree that the evidence presented contributes 
only slightly to  the ongoing search for a full understanding 
of the mechanism of freeze dénaturation but it is w orth 
emphasizing that TMAO can influence some aspects of 
muscle protein behavior other than by being the precursor 
o f formaldehyde.
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I n s t i t u t e  o f  F o o d  T e c h n o l o g i s t s

The institute of Food Technologists is an educational and scientific 
society of food professionals -  technologists, scientists, engineers, educators, 
and executives -  in the field of food technology. Food technologists apply 
science and engineering to the research, production, processing, packaging, 
distribution, preparation, evaluation, and utilization of foods. Individuals who 
are qualified by education, special training, or experience are extended an 
invitation to join in professional association with the select group of the food 
industry’s scientific and technological personnel who are IFT members. Mem
bership is worth many times its modest cost, reflecting positive benefits, 
stimulation, and opportunities for the individual in his/her business or profes
sion.

OBJECTIVES
IFT has several major aims: to stimulate investigations into technological 

food problems; to present, discuss, and publish the results of such investi
gation; to raise the educational standards of food technologists; and to promote 
recognition of the scientific approach to food and the basic role of the food 
technologist in industry. All of these activities have the ultimate objective to 
provide the best possible foods for mankind.

ORGANIZATION AND PROGRESS
Organized July 1, 1939, at Cambridge, Mass., with a membership of less 

than 100, the Institute has grown to more than 21,000. It is worldwide in 
scope with more than 3,000 of its membership overseas.

QUALIFICATIONS FOR MEMBERSHIP
Professional Members. Any person who meets the following minimum 

requirements: (1) Bachelor’s degree or higher from a college or university 
with a major in one or more of the sciences or branches of engineering 
associated with food technology; (2) Five years of professional experience in 
food technology, for which a master’s degree may be presented as the equiv
alent of one year’s experience; a doctor’s degree, the equivalent to three year’s 
experience.

Members. Any person active in any aspect of the food industry and who 
evidences interest in supporting the objectives of IFT. Recent graduates who 
are completing their experience requirement for Professional Member status.

Student Members. Any person who is registered as a full-time student 
in an educational institution and who is pursuing candidacy for an associate 
degree or higher in one or more of the sciences or branches of engineering 
associated with food technology shall be eligible for membership as a Student 
Member. After graduation, a student may convert automatically to Member 
without obligation for the higher Member dues until the following calendar 
year.

DUES
Professional Members and Members -  $45 a year; includes sub

scription to Food Technology and IFT World Directory & Buyers’ Guide', 
option to subscribe to the Journal of Food Science at members’ special rate 
of $15. Student Members -  $15 a year; includes subscription to one IFT 
journal, IFT World Directory & Buyers’ Guide, automatic membership in the 
Student Association, and option to subscribe to the other journal at $7.50. 
Emeritus Members -  no dues; includes IFT World Directory & Buyers' 
Guide, option to subscribe to either or both journals at $7.50 each.

PUBLICATIONS
The Institute publishes two journals. Food Technology, issued monthly, is 

the official journal of the Institute; Journal of Food Science, issued bimonthly, 
is devoted to basic and applied research papers on fundamental food com
ponents and processes. In addition, an IFT World Directory & Buyers’ Guide 
is published annually.
REGIONAL SECTIONS

Where 25 or more members live within commuting distance of a given 
geographic area, a regional section may be established. Presently, there are 
50 regional sections.

DIVISIONS
Where 50 or more members of the Institute have a common interest in a 

particular broad-based discipline of food technology, they may form a divi
sion. There are presently 12 divisions serving the areas of Biotechnology, 
Carbohydrates, Food Engineering, Food Packaging, Food Service, Microbi
ology, Muscle Foods, Nutrition, Quality Assurance, Refrigerated and Frozen 
Foods, Sensory Evaluation, and Toxicology and Safety Evaluation.

SPECIALIZED TECHNOLOGY GROUPS (STGs)
When 25 or more members have a common interest in a rather narrow, 

product-oriented or similar special area, they may form a technology group 
to serve the needs of this specialized area. There are currently five STGs -  
Citrus Products, Dairy Products, Extension, Fruit and Vegetable Products, 
and Seafood Products.
STUDENT ASSOCIATION

All Student Members of IFT are automatically members of the Student 
Association, which provides special services and activities for students. This 
Association, which is run by and for the students, also provides the organi
zational mechanism for giving students a voice in IFT affairs.
STUDENT CHAPTERS

An IFT Student Chapter certificate may be granted to a group of students 
enrolled in the food science and technology curriculum in a particular school 
who have organized to form a student club. There are 38 student chapters. 
AFFILIATE ORGANIZATIONS

Affiliate certificates may be granted to food technology organizations out
side the U.S.A. There are currently 15 chartered Affiliate Organizations. 
ANNUAL MEETINGS

An Annual Meeting of the Institute provides a specially-organized technical 
program, awards program, and an exposition (FOOD EXPO) of equipment, 
services, processes, and ingredients. The program is designed to emphasize 
current trends and technological developments.
AWARDS

The Institute presents the following awards, usually annually:
Nicholas Appert Award. Purpose of this award (medal furnished by the 

Chicago Section, and $5,000 by IFT) is to honor a person for pre-eminence 
in the contributions to the field of food technology.

Babcock-Hart Award. Purpose of this award ($3,000 furnished by the 
Nutrition Foundation and a plaque by IFT) is to honor a person for contri
butions to food technology that have improved public health through some 
aspects of nutrition or more nutritious food.

IFT International Award. Purpose of this award (plaque and $3,000 
furnished by IFT) is to recognize an IFT Member for promoting international 
exchange of ideas in food technology.

IFT Food Technology Industrial Achievement Award. Purpose of 
this award (plaque to company or companies involved) is to recognize and 
honor the developers of an outstanding new food process and/or product rep
resenting a significant advance in the application of food technology to food 
production, successfully applied in actual commercial operation.

Wm. V. Cruess Award for Excellence in Teaching. Purpose of this 
award (medal furnished by the Northern California Section and $3,000 by 
IFT) is to recognize excellence in university teaching in food science and 
technology.

Samuel Cate Prescott Award for Research. Purpose of this award 
($3,000 and a plaque furnished by IFT) is to recognize a research scientist 36 
years of age or younger who has demonstrated outstanding ability in food 
science or technology

Fellows Awards. Any Professional Member who has been active for at 
least 10 years and who has outstanding contributions to the field of food 
science and technology is eligible to be elected a Fellow of the Institute.

Carl R. Fellers Award. Recognizes individual members of IFT and Phi 
Tau Sigma who have served and brought honor and recognition to the profes
sion of food science and technology. Winner receives $1,000 from Phi Tau 
Sigma and a plaque from IFT.

Donald K. Tressler Award. Honors an IFT member for pre-eminence 
in food science and technology and the ability to communicate with both the 
scientific community and the public. Winner receives $3,000 from the Tressler 
Memorial Fund and an engraved plaque from IFT.
SCHOLARSHIP/FELLOWSHIP PROGRAM

To attract and encourage students in the field of food science and food 
technology, the Scholarhsip/Fellowship program is offered to worthy and de
serving students, primarily on the basis of scholastic ability.

IFT sponsors 20 $500 Freshman/Sophomore awards.
In addition, three frehsmen, two sophomores, and 37 Junior/Senior as well 

as 17 Graduate Fellowships, ranging in amount from $500 to $6,000 annually, 
are sponsored by various food companies and IFT and administered by IFT. 
Details are available in the booklet. IFT Administered Fellowship/Scholarship 
Program-1982-1983, available from IFT’s Scholarship Department.
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quality of 2 snap bean cultivars, 962 
effect of pre-processing storage conditions on comp, mi-

muscle lactate dehydrogenase activity and glycogen 
degradation, 593

effect of processing factors on some props of melon seed 
flour, 415

effect of sex and age on in broiler breast meat, 286 
effect of sorghum variety on baking props of US conven

tional bread, Egyptian pita “Balady” bread and 
cookies, 1070

effects of STPP on phys and sensory props of beef and 
pork roasts, 1636

effect of sweetener type and lecithin on hygroscopicity 
and mold growth in  dark chocolate, 1088 

electrical stimulation of mutton, 1011 
emulsifying capacity and stability of goat, water buffalo, 

sheep and cattle muscle proteins, 168 
emulsifying props: of bovine blood globin: comparison 

with some proteins and their improvement, 102; of 
N-terminal peptide obtained from peptic hydroly- 
zate of alpha sl-casein, 1117 

emulsion and storage stabilities of emulsions incorpo
rating mechanically deboned poultry meat and var
ious soy flours, 1358

emulsion stabilizing props of soy protein isolates mixed 
with Na caseinates, 212

enzymatic modification of fish frame protein isolate, 1305 
enzymic degumming of pineapple and pineapple m ill 

juices, 1327
(-)-epicatechin content in fermented and unfermented 

cocoa beans, 1090
evaluation of lye and steam peeling using 4 processing 

tomato cultivars, 1415
evaluation of rapid fat, moisture and protein detm in 

meats and meat products using an automatic meat 
analyzer, 1347

factors affecting props of precooked-frozen pork sausage 
patties made with various NaCl/phosphate combi
nations, 1372

factors affecting props of raw-frozen pork sausage patties 
made with various NaCl/phosphate combinations, 
1363

fermentation: and post-fermentation changes in Israeli 
wines, 251; enhancement by spices— ident of active 
comconent, 5; of com gluten meal with A. oryzae 
and R. oligosporus, 1200

finite element of nonlinear water diffusion during rice 
soaking, 246

flow props of low-pulp cone orange juice: effect of temp 
and cone, 882

for predicting freezing time of infinitely slab-shaped food, 
468

functional props: of acylated oat protein, 1128; of blood 
globin, 370; of edible rice bran in model systems, 
310; of enzymatically modified beef heart protein, 
1525; of protein products of mass cultivated blue- 
green alga S. platensis, 24

gossypol removal and functional props o f protein pro
duced by extraction of glanded cottonseed with dif
ferent solvents, 1057

hydrophobicity and solubility of meat proteins and their 
relationship to emulsifying props, 345 

H VFS  fruits: influence of can type on storage stability 
of vacuum packed peach and pear slices, 263 

identification of 3,5-diisobutyl-l,2,4-trithiolane and 2- 
isobutyl-3,5-diisopropylpyridine in fried chicken fla
vor, 1398

identification of key textural attributes of fluid and semi
solid foods by, 47

identification of volatile constituents from scuppernong 
berries, 64

impact m illing quality of grain legumes, 925 
influence: of freezing and thawing on egg vitelline mem

brane, 1149; of prerigor pressurization on postmor
tem beef muscle creatine phosphokinase activity and 
degradation of creatine phosphate and adenosine 
tripolyphosphate, 595; of soybean variety and the 
method of processing in tofu mfg: comparison of 
methods for measuring soluble solids in soymilk, 202; 
of temp of fermentation on nutritive value of lactic 
acid fermented commeal, 958 

interrelationship o f protein, fat and moisture content of 
broiler meat, 359

investigation into lipid classes of skipjack tuna, 1638 
isolation and characterization: of adzuki bean starch, 558« 

heat resistant peroxidase isoenzyme from cau li
flower, 1616

lemon juice color grading: sensory and instrumental 
studies, 1435

life cycle of canned tomato paste: correlation between 
sensory and instrumental testing methods, 1188
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method for measurement o f the transient response of 

mineral and vitam in contents of seeds and sprouts of 
newly available small-seeded soybeans and market 
samples of mungbeans, 656

modeling o f roasted peanut flavor for some Virginia-type 
peanuts from amino acid and sugar contents, 52 

nutrient comp: of lamb of 2 age groups, 1233« com and 
offlour tortillas, 1202

nutritional quality of vegetable pigeonpeas: dry matter 
accum ulation, carbohydrates and proteins, 799; 
mineral and trace elements, 645 

observations on reprocessing frozen A laska pollock, 323 
of amines in  seafood by ion-moderated partition 
H PLC , 603

of snapper and rockfish sp, 727 
of sterols and fatty acids o f winged bean, 964 
of Venezuelan white cheese, 1005 
optimization of nutrient retention during processing: as

corbic acid in potato dehydration, 1262 
partial characterization of crude enzyme extract from 

freshwater prawn, 1494
phys char of pectoralis superficialis from broiler car

casses chilled in  either water or NaC l soln under 
coml conditions, 849

physicochem model for extrusion of corn starch, 40 
phytic acid content of crude, degummed and retail soy

bean oils and its effect on stability, 1113 
polysaccharides o f winged beans, 70 
ppt behavior of extracted N, phytic acid and minerals in 

rapeseed flour modified by acylating agents, 765 
preparation and evaluation of trialkoxytricarballylate, 

trialkoxycitrate, trialkoxglycerylether, jojoba oil and 
sucrose polyester as low calorie replacements of edi
ble fats and oils, 419

props: of Kamaboko made from red hake fillets, mince 
or surim i, 192; of lip id and protein fraction from chia 
seed, 555

proximate components in selected variety breads coml 
produced in major US cities, 642 

proximate composition, cholesterol, and Ca content in 
mech separated fish flesh from 3 species o f gadidae 
family, 1182

quality and maturity indices for postharvest handling of 
Southern peas, 389

quality attributes and retention of B-vitamins o f canned 
faba bean as affected by soaking treatments, 1053 

quality of chunked and formed lamb roasts, 1376 
relationship between hard-to-cook phenomenon in red 

kidney beans and water absorption, puncture force, 
pectin, phytic acid, and minerals, 1577 

relationship of texture to pH and collagen content o f yel- 
lowtail flounder and cusk, 298 

role of fungi on o il quality of stored seeds of sesame, rape 
and linseed, 1394

role of phospholipids, triacylglycerols, and cholesterol 
esters on malonaldehyde formation in fat extracted 
from chicken meat, 704

RSM  approach to optiminzation of boneless ham yield, 
1386 semiautomated method for of PSP toxins in 
shellfish, 1506

shelf life of vacuum- or N-packed pastrami: effects o f pkg 
atm, temp and duration of storage on physicochem 
and sensory changes, 832

stability and gel strength of frankfurter batters made 
w ith reduced NaC l, 1350

strawberry fru it softening: potential roles of polyuron
ides and hemicelluloses, 1310 

structural stability of fresh and frozer-thawed ‘Valencia’ 
orange juice, 1489

studies on phys and chem props of kiw i fru it starch, 620 
thermal props of bentonite-water dispersions used 
for modeling foods, 28

true and apparent retention of nutrients in  hamburger 
patties made from beef or beef extended w ith 3 dif
ferent soy proteins, 1167

use of defatted com germ flour in pasta products, 482 
volatile components: of mushroom, 1208; of unflavored 

TSP, 1552
water holding capacity o f some African vegetables, fruits 

and tubers measured in vitro, 762 
anchovies (Engraulis anchoita)

shelf life of brine refrigerated for canning, 180 
animal assay

bioavailability of zinc and iron from mature winged bean 
seed flour, 1132

effects: of dietary fiber from shredded and puffed wheat 
breakfast cereals on intestinal function in rats, 507; 
of feeding 3 levels of riboflavin, niacin and B6 to 
male chickens on the nutrient comp of broiler meat,



590; of germination and dietary Ca on Zn bioavail
ability from peas, 637; o f hard red spring wheat bran 
on the bioavailability of lipid-sol vitamins and growth 
of rats fed for 56 days, 504

fermentation of corn gluten meal with A. oryzae and R. 
oligosporus, 1200

iron availability from soy, meat and soy/meat samples 
in  anemic rats w ith and without prevention of co- 
prophagy, 585

prepn and evaluation of trialkoxytricarballylate, tri- 
alkoxycitrate, trialkoxyglycerylether, jojoba oil and 
sucrose polyester as low calorie replacements of edi
ble fats and oils, 419

relative bioavailability of dietary iron from 3 processed 
soy products, 1558

thermal inactivation of the Kanagawa hemolysi of V. 
parahaemolyticus in  buffer and shrimp, 183 

animal science
effect: of cooking temp and animal age on shear props 

of beef and buffalo meat, 1163; of feeding 3 levels of 
riboflavin, niacin and Bg to male chickens on the 
nutrient comp of broiler breast meat, 590; of high 
temp conditioning on beef from grass or grain fed 
cattle, 157; of sex and age on proximate analysis, 
cholesterol and selected vitamins in  broiler breast 
meat, 286

iron availability from soy, meat and soy/meat samples 
in  anemic rats w ith and without prevention of co- 
prophagy, 585 

antibacterial(s)
effect of Ca and M g on activity of phenolic antioxidants 

against S. aureus A100, 282 
inhibition of S. aureus growth in  lab media of water 

activity adjusted w ith polyethylene glycols, 296 
recovery o f bacteria in  media containing 0.5% food grade 

poly- and pyrophosphates, 948 
antifungal

props of esters o f alkenoic and alkynoic acids, 281 
antimicrobials

stimulation by formate of activity o f L. bulgaricus in 
m ilk, 652 

antioxidants
antithiam in activity of polyphenolic, 489 effect of Ca and 

Mg on antibacterial activity of against S. aureus 
A100, 282

use of glandless cottonseed and sunflower seed products 
in batter/breading for fried beef patties, 1224 

anthocyanin
color stability of apple and pear juices blended w ith fru it 

juices containing, 411
apple

biomass and patulin production by B. nivea in  juice as 
affected by sorbate, benzoate, SO2 and temp, 402 

color stability of juice blended w ith fru it juices contain
ing anthocyanins, 411 

composition of red delicious, 952
computer simulation on storage stability in  intermediate 

moisture, 759
constitutive relationship for cortex under hydrostatic 

stress, 623
control studies in industrial juice evaporator, 1422 
detm of sensory components accounting for intervarietal 

variation in  sauce and slices using factor analysis, 
751

effect: of ascorbic acid on color o f jelly, 1212; of posthar
vest storage and ripening of on sensory quality of 
processed applesauce, 1323

influence of RO on retention of sugar in  juice cone, 304 
influence of aw on browning of juice cone during storage, 

1630
lab and field study of relationship between Ca sources 

and browning in  juice, 1419 
nonenzymatic browning in  juice cone during storage, 889 
pomace energy and solids recovery, 407 
relationship of objective measurements to sensory com

ponents of canned sauce and slices, 756 
sauce: improved sieve method for measurement of lyo- 

phoresis in, 1614
sensory evaluation of juice using RSM, 1595 

artichoke, Jerusalem (H. tuberosus L .)
sorption isotherms and drying rates of, 384 

asparagus
peroxidase fractions from of varying heat stabilities, 1618 

aspartame
detm of reactivity of w ith flavor aldehydes by GC, H PLC  

and GPC, 520
in  calorie-reduced frozen dairy dessert, 306 

Aspergillus fumigatus
role of on oil quality of stored seeds of sesame, rape and

linseed, 1394
A. nidulans

lipid and fatty acid composition of grown on whey me
dium, 950

A. niger
role of on oil quality of stored seeds of sesame, rape and 

linseed, 1394 
A. oryzae

fermentation o f corn gluten meal with, 1200
A. parasiticus

effects of sorbate and propionate on growth and aflatoxin 
production of sublethally injured, 86 

assay, fluorogenic
use of for enumeration of E. coli from seafood, 1186 

astaxanthin
color stability of pigmented rainbow trout under various 

pkg conditions, 1337 
atmosphere

shelf life of vacuum- or N-packed pastrami: effect of on 
microflora changes, 827; effects of pkg on physico- 
chem and sensory changes, 832 

autoxidation
assessment of in freeze-dried meats by flouroscene assay, 

1517
azomethine

automated method for boron detm in peanuts, 72

B

Bacillus cereus
growth of in sage-containing broth and foods, 737 
influence of heating and cooling rates on spore survival 

and growth in  a broth medium and in  rice, 34
B. coagulans

growth and corresponding elevation of tomato juice pH 
by, 647 

B. subtilis
comparison of techniques for recovering spores from in 

oculated meat substrates, 366
bacon

role of woodsmoke in  N-nitrosothizolidine formation, 658 
baking

effect of sorghum variety on props of US conventional 
bread, Egyptian pita “Balady” bread and cookies, 
1070

studies of bread suppl w ith full-fat sweet lupine flour, 
14

See also bread; cake; cookies; dough; pastry 
barley

detm of amino acid in  by N1R spectroscopy, 17 
taste panel preference correlated with lipid comp of DDG, 

787
bass

detm of inosine-5-monophosphate in  with an enzyme 
sensor, 114

batter
addn of phosphates, proteins and gums to reduced salt 

frankfurter, 1355
stability and gel strength of frankfurter made with re

duced NaCl, 1350
use of glandless cottonseed and sunflower seed products 

in for fried beef patties, 1224
bean

adzuki (Vigna angularis cv Takara): isolation and char
acterization of starch, 558

canned dry quality as influenced by HTST steam blanch
ing

cocoa: characterization and distribution o f bacteria from 
fermentations, in  Bahia, 205; (-)-epicatechin content 
in  fermented and unfermented, 1090 

effects of cooking in  soln of varying pH on dietary fiber 
components of, 900

faba: quality attributes and retention of B-vitamins of 
canned as affected by soaking treatments, 1053 

lima: distribution of P  and phytate in and some effects 
of processing, 199

mineral and phytic acid partitioning among air-classi
fied flour fractions, 569

navy (Phaseolus vulgaris): air classification and extru
sion of, 543; effect of suppl of short bread cookies 
w ith flour, 922; kinetics of trypsin inhibitory activ
ity  loss in  heated flour from, 124 

red kidney: relationship between hard-to-cook phenom
enon and water absorption, puncture force, pectin, 
phytic acid, and minerals, 1577 

snap effect of phosfon D  on amino acid content and pro
tein quality of, 962; effects of salts added after cook
ing on texture of canned, 910 

winged: bioavailability of Zn and Fe from seed flour,

1132; changes in  sugars, starch and tryspin inhib i
tor activity in during seed development, 314; effect 
of acetylation and succinylation on the functional 
props of flour, 547; effect of partial proteolysis on 
functional props of flour, 944; polysaccharides of, 70; 
total plant analysis o f sterols and fatty acids, 964 

beef aging of frozen parts of, 1174
characteristics of Zn components on in  vitro enzymatic 

digestion of, 1297
coagulation test for cooked meat temp: effect of variation 

in  filtration, 853
comp of effects of high and low voltage elec stimulation 

on quality-indicating char of, 863 
comp of H PLC  and GC for measuring lactic acid in ground, 

671
comp of techniques for recovering B. subtilis spores from 

inoculated meat substrates, 366 
consumer acceptance of prerigor pressurized vs conven

tionally processed u tility  grade, 1226 
detm of amount of trans-octadecenoate and trans-9, trans- 

12 octadecadienoate in  fresh, lean and fatty tissues, 
1521

distribution of cholesterol in  fractionated tallow, 1390 
DSC of muscle: influence of postmortem conditioning, 

1513; influence of sarcomere length, 1529 
effects: of cooking temp and animal age on shear props 

of, 1163; of elec stimulation and hot boning on func
tional char of muscle in  model system, 867; of elec 
stimulation and hot boning on muscle display color 
o f PV C  pkg steaks, 1021; of extended cook times on 
phys and chem char of prepared in a waterbath, 838; 
of fat level and cooking method on sensory and tex
tural props of ground patties, 870; of gamma radia
tion on C. jejuni, 665; o f phosphate type and cone, 
salt level and method of preparation on binding in 
restructured rolls, 687; of postmortem storage on cold- 
shortened muscle: anal by SDS-PAGE, 290; of post
mortem storage on muscle protein degradation: anal 
by SDS-PAGE, 292; of prerigor pressurization on ac
tiv ity  of Ca-activated factor, 680; of prerigor pres
su r iz a t io n  on postm ortem  m uscle  la cta te  
dehydrogenase activity and glycogen degradation, 
593; o f radiolytic products on bacteria in  a food sys
tem, 577; of STPP  on phys and sensory properties 
of, 1636

enzymatic lipid peroxidation in microsomal fractions from 
skeletal muscle, 675

emulsifying capacity and stability o f muscle proteins, 
168

emulsifying properties of blood globin: comparison with 
some proteins and their improvement, 102 

evaluation: of extra low voltage elec stimulation system 
for, 363; of food processor for making model emul
sions, 1222; of rapid fat, moisture and protein detm 
using automatic meat analyzer, 1347 

factors influencing the nonheme Fe content and its im
plication in  oxidation, 581

functional props: of blood globin, 370; of enzymatically 
modified heart protein, 1525 

hydrophobicity and solubility of meat proteins and their 
relationship to emulsifying props, 345 

influence: of extract of heart on stability of color and 
development of rancidity during storage of sliced bo
logna, 149; of prerigor pressurization on postmortem 
muscle creatine phosphokinase activity and degra
dation of creatine phosphate and adenosine triphos

phate, 595
iron availab ility from in  anemic rats w ith and without 

prevention of coprophagy, 585 
measurement: of convective heat transfer coefficients 

during freezing processes, 810; of oxidation-related 
changes in  proteins of freeze-dried, 1171 

modeling the thermal conductivity o f cooked meat, 152 
myosin cross-linking in  freeze-dried, 699 
optical characteristics of natural iridescence in, 685 
research broiler un it to study changes in  meat during 

cooking, 161
restructured steaks from hot-boned and cold-boned car

casses, 164
retention of nutrients in  hamburger patties made from, 

1167
SEC/HPLC  of heated water soluble muscle proteins, 598 
selected macro and micro minerals in  ground, 105 
use of glandless cottonseed and sunflower seed products 

in  batter/breading for fried patties, 1224 See also 

meat; muscle

beer
improved method for evaluating time-intensity data, 539 
Se and C r content of European detm by A  AS, 300
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beet
effect o f oxygen retained on powder on the stability of 

betanine and vulgaxanthine I, 99 
red: solubilization of cell wall betanin decolorizing en

zyme, 1075 

bentonite
thermal props of -water dispersions used for modeling 

foods, 28 

benzaldehyde
detm of reactivity of aspartame w ith by GC, H PLC  and 

GPC, 520 

benzoate, Na
biomass and patulin produced by B. nivea in apple juice 

as affected by, 402

berries, scuppemong (V. rotundifolia)
identification of volatile constituents, 64 

betalain
effect of H 2O2 and phenolic compds on horseradish per

oxidase-catalyzed decolorization of pigments, 536

betanin
effect of H 2O2 and phenolic compds on horseradish per

oxidase-catalyzed decolorization of, 536 
solubilization of red beet cell wall decolorizing enzyme, 

1075

betanine
effect of oxygen retained on beet powder on stability, 99 

betaxanthin
effect of H 2O2 and phenolic compds on horseradish per

oxidase-catalyzed decolorization of, 536 

beverages
application of N IR  spectroscopy for predicting sugar con

tent of fru it juices, 995
biomass and patulin production by B. nivea in apple juice 

as affected by sorbate, benzoate, SO2 and temp, 402 
changes in  Muscadine grape juice quality during cold 

stabilization and storage of bottled juice, 239 
char of Israeli citrus juice, 987
color stability of apple and pear juices blended w ith fruit 

juices containing anthocyanins, 411 
control studies in  industrial apple juice evaporator, 1422 
distribution of protein, lycopene and Ca, Mg, P  and N  

among various fractions o: tomato juice, 1214 
effects of T A  and carbonation level on preference of clar

ified pineapple juice, 1220 
enzymic degumming of pineapple m ill juices, 1327 
est of microbial populations in frozen cone orange juice 

using automated impedance measurements, 243 
factors affecting storage of orange cone, 1628 
fermentation and post-fermentatior. changes in  Israeli 

wines, 251
flavor description of white wine by expert and nonexpert 

wine consumers, 120
flow properties o f low-pulp cone orange juice: effect of 

temp and cone, 882; serum viscosity and effect of 
pulp content, 876

growth and corresponding elevation of tomato juice pH 
by B. coagulans, 647

importance of color, fruity flavor and sweetness in  over
a ll lik ing  of soft drinks, 1598 

improved method for evaluating time-intensity data in 
beer, 539

influence of RO on retention of sugar in  apple juice cone, 
304

influence o f water activity on nonenzymatic browning of 
apple juice cone during storage, 1630 

lab and field study of relationship between Ca sources 
and browning in apple juice, 1419 

mechanism which enables the cell wall to retain homo
geneous appearance of tomato juice, 628 

method for detm of limonin in  citrus juices by H PLC , 
1216

micro study of Sudanese date wines, 459 
nonenzymatic browning: in  apple juice cone during stor

age, 889; in  pear juice cone at elevated temp, 1335 
orange juice adulteration: detection and quality effects 

of dilution, added orange pulp wash, turmeric and 
sorbate, 1438

Se and chromium content of European beers as detm by 
AAS, 300

sensory analysis of carbonated apple juice using RSM, 
1595

structural stability of fresh and frozen-thawed ‘Valencia’ 
orange juice, 1489

studies on turpentine-like off-odor in cola, 485 See also 
beer; cocoa;

B H A

detm of in  chewing gums by bonded fused silica capill- 
lary column GLC, 1622

effect of Ca and M g on antibacterial activity of phenolic 
antioxidants against S. aureus A100, 282 

inhibitory effect of on protease secretion by A. hydro- 
phila, 1078

B H T
detm of in chewing gums by bonded fused silica capillary 

column GLC, 1622
binding

effect of phosphate type and cone, salt level and method 
of preparation on in  restructured beef rolls, 687 

of F E  by cellulose, lignin, Na phytate and beta-glucan 
under simulated GI pH  conditions, 531 

bioavailability
effect of hard red spring wheat bran on of lipid-sol v i

tamins of rats fed for 56 days, 504 
in  vitro evaluation of effects of ortho-, tripoly-, and hex- 

ametaphosphate on Zn, Fe and Ca, 1562 
of dietary iron from 3 processed soy products, 1558 
of Fe from soy, meat and soy/meat samples in anemic 

rats w ith and without prevention of coprophagy, 585 
of Zn and Fe from mature winged bean seed flour, 1132 
of Zn from peas: effect of germination and dietary Ca, 

637
biomass

production by B. nivea in  apple juice as affected by sor- 
bat e, benzoate, SO2 and temp, 402 

bitterness
nomilin, taste threshold and, 777 

blackberry
effect of ascorbic acid on color of jelly, 1212 

blanching
canned dry bean quality as influenced by H TST  steam, 

1318
bloating

of brined cucumbers, 999 
blood

emulsifying props of bovine globin: comp w ith some pro
teins, 102

boiling
kinetics of tannin deactivation during of sorghums, 1566 

bologna
influence of an extract of heart on stability of color and 

development of rancidity during storage, 149
boning

effects of functional characteristics of preblended beef 
muscle in model systems, 867 

effect on lamb longissimus tenderness, 1466 
Hot: effects on muscle display color of PVC  pkg beef steaks, 

1021; restructured beef steaks from carcasses, 164
boron

azomethine H  automated method for detm in  peanuts, 
72

bran
effect of wheat on the bioavailability of lipid-sol vitamins 

on growth of rats fed for 56 days, 504 
functional props of edible rice in model system, 310 
W HC of hemicellulose from wheat, 1632 

bread
antifungal props of esters of alkenoic and alkynoic acids, 

281
baking studies and nutritional value of suppl w ith full- 

fat sweet lupine flour, 14
effect of mineral gluconates on quality characteristics of, 

913
effect of sorghum variety on baking props of Egyptian 

pita “Balady,” and US conventional, 1070 
proximate components in  coml produced in major US 

cities, 642
breadfruit (Atocarpus altilis)

composition of flours from, 1396 
breading

use of glandless cottonseed and sunflower seed products 
in  for fried beef patties, 1224

brine
shelf life of anchovies refrigerated in, 180 

brining
malic acid degradation and cucumber bloating, 999 

broccoli
nondestructive color measurement of, 1612 

bromelain
prepn of fermented soybean curd using steam, 312 

browning
in apple juice cone during storage, 889 
in  pear juice cone at elevated temp, 1335 
influence of a.w on of apple juice cone during storage, 

1630

lab and field study of relationship between Ca sources 
and in apple juice, 1419 

Maillard: of amino acids and sugars, 1206

method for detm of in  dairy powders, 1609 

buffalo
effect of cooking temp and animal age on shear props of 

meat, 1163

buffer
effect o f capacity on a commonly used assay of protein 

digestibility, 498 

Byssochlamys nivea
biomass and patulin production by in  apple juice as af

fected by sorbate, benzoate, SO2 and temp, 402

c
cacao

influence of aeration on microbial sequence in  fermen
tation w ith emphasis on lactic acid bacteria, 1470 

cadaverine
rapid, automated analysis of in  seafood by ion-modified 

partition H PLC , 603

caffeine
levels in  cocoa and carob products, 302 

cakes
effects of various sucrose fatty acid ester emulsifiers on 

high-ratio white layer, 380 

calcium-activated factor (CAF)
effect of prerigor pressurization on activity of, 680 

calcium
automated methylthymol blue method for detm of in 

peanuts, 209
content in mechanically separated fish flesh from 3 sp 

of gadidae family, 1182
distribution of among fractions of tomato juice, 1214 
effects: on alpha-amylase activity, 516; on antibacterial 

activity of phenolic antioxidants against S. aureus 
A100, 282; on sensory characteristics of appearance 
and texture in cookies, 376; on Zn bioavailability 
from peas, 637

fortification of soy m ilk w ith lechthin liposome system, 
1111

in ground beef and longissimus muscle, 105 
in  vitro evaluation o f effects of ortho-, tripoly- and hex- 

ametaphosphate on bioavailability of, 1562 
lab and field study of relationship between sources and 

browning in  apple juice, 1419 
simultaneous curdling of soy/cow’s m ilk blends w ith ren

net and, 1046
softening of cucumber pickles by Cx-cellulase and its 

inhib ition by, 954 

calorimetry, differential scanning
of beef muscle: influence of postmortem conditioning, 1513; 

influence of sarcomere length, 1529 
Campylobacter jejuni

effect of gamma radiation on, 665 

Candida tropicalis ATCC  9968
use of to adjust pH of natural lactic acid fermentation of 

commeal, 1198

canning
determination of processes for pasteurization of crab- 

meat, 1003
H V FS  fruits: influence of can type on storage stability 

of vacuum packed peach and pear slices, 263 
shelf life of brine refrigerated anchovies, 180 

carbohydrates
effect of on amino acid comp and available lysine content 

of casein, 817 
of pigeonpeas, 799
sensory consideration in  replacement in  dark chocolate 

of sucrose by other sweeteners, 1024 

carbonation
effects of on preference of clarified pineapple juice, 1220 

carbon dioxide
control of 2 major pathogens on fresh poultry using as a 

pkg treatment, 142
effect of flushing on micro of pkg chicken, 1367 
supercritical fluid extraction of dry-milled com germ with, 

229

carcinogens
inhib ition of N-nitrosamine formation in  a cured ground 

pork belly model system, 341 
role of woodsmoke in  N-nitrosothiazolidine formation in 

bacon, 658 

cardamon
fermentation enhancement by, 5 

carob
caffeine and theobromine levels in  products, 302 
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predicting steady shear and dynamic viscoelastic props 
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carrot
effects of vacuum and atm freeze-drying on quality, 1457 
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emulsifying props of N-terminal peptide obtained from 

peptic hydrolyzate of, 1117
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effect of carbohydrates and heat on amino acid comp and 
available lysine content of, 817 

effect of succinylation on proteolysis of, 614 
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transglutaminase catalyzed cross-linking of myosin to 

soy, 573 
caseinate, Na
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factors affecting activity in  S. aureus MF-31, 1573 

catechin
starch digestibility as affected by, 1228 
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effects of on alpha-amylase activity. 516 

cauliflower
effects of cooking in  soln o f varying pH  on dietary fiber 

components of, 900
isolation and characterization of heat resistant peroxi
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celery seed

fermentation enhancement by, 5 
cellulase, Cx-

softening of cucumber pickles by and its inhibition by 
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cellulose
binding o f Fe by under simulated GI pH conditions, 531 
suppl of nutritionally complete, liquid formula diet: ef

fect on GI tract function of humans and fecal fiber 
recovery, 815 
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amino acid content of, 1624
effects of dietary fiber from shredded and puffed wheat 

on intestinal function in  rats, 507
cheese

comparison of 4 procedures of meltability evaluation, 1158 
interaction between N aC l and paracasein as detm by 

water sorption, 127
Neufchatel: char of thixotropic behavior of, 668 
Venezuelan white: mfg and quality of, 1005 
cheesemaking

char of thixotropic bahavior of soft cheeses, 668 
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anthocyanins of crowberry, 634
antifungal props of esters of alkenoic and alkynoic acids, 
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azomethine H  automated method for boron detm in  pea

nuts, 72
baking studies and nutritional value of bread suppl with 

full-fat sweet lupine flour, 14 
Ca fortification of soy m ilk w ith Ca-lecithin liposome 

system, 1111
char of thixotropic behavior o f soft cheeses, 668 
cholesterol oxides in  coml dry egg products: isolation and 

identification, 1245
coagulation test for cooked meat temp: effect of varia
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comparison between ovalbumin gels formed by heat and 
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comparison of H PLC  and GC methods for measuring lac

tic acid in  ground beef, 671
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some Southern New England marine sp, 110 
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correlation of the rheological behavior of egg albumen 

to temp, pH  and N aC l concentration, 137 
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degradation of wheat starch in  a single screw extruder: 

char of extruded starch polymers, 453 
detection of mold in  processed foods, 439 
detm of amino acid in  wheat and barley by N IR  spectros
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detm of organic acids in  potatoes by H PLC , 75 
detm of reactivity of aspartame w ith flavor aldehydes by 
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diffusion props of salt and acetic acid into herring and 
subsequent effect on the muscle tissue, 714 
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of legumes and some effects of processing, 199 
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tein fractions, 1289; of H 2O2 and phenolic compds on 
horseradish peroxidase-catalyzed decolorization of 
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shortened bovine muscle: anal by SDS-PAGE, 290; 
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on the activity of Ca-activated factor, 680; of succi
nylation on the proteolysis of food proteins, 614; of 
various sucrose fatty acid ester emulsifiers on high- 
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and phys structure of food on the kinetics of ribof
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emulsifying capacity and stability of goat, water buffalo, 
sheep and cattle muscle proteins, 168 

emulsifying props o f bovine blood globin: a comparison 
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enzyme diafiltration technique for in  vitro detm of pro
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enzyme lip id peroxidation in  microsomal fractions from 
beef skeletal muscle, 675

evaluation of water binding capacity of food fiber sources, 
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factors governing L A L  formation in  soy proteins, 1282 
factors influencing the nonheme Fe content of meat and 
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fate of C l during flour chlorination, 1136 
fermentation and post-fermentation changes in Israeli 

wines, 251
flow props of low-pulp cone orange juice: effect of temp 

and cone, 882; serum viscosity and effect of pulp con
tent, 876

forms of Fe in meats cured w ith nitrite and erythorbate, 
284

freezing time prediction: enthalpy-based approach, 1121 
functional properties: of blood globin, 370; of protein 

products of mass cultivated blue-green alga S. pla- 
tensis, 24

glucoamylase of A. rouxii, 1210
hydrophobic interaction in  gelation of high methoxyl 

pectins, 1093
hydrophobicity and solubility of meat proteins and their 
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identification of the volaltile constituents from scupper- 

nong berries, 64
Impact m illing quality of grain legumes, 925 
influence of soybean variety and the method of process

ing tofu mfg: comparison of methods for measuring 
soluble solids in soymilk, 202 

interaction between NaC l and paracasein as detm by 
water sorption, 127

involvement of acetaldehyde and ethanol accumulation 
during induced deastringency of persimmon fruits, 

896
isolation and characterization of adzuki bean starch, 558 
kinetics of trypsin inhibitory activity loss in heated flour 

from bean, 124
M ailla rd  browning of common amino acids and sugars, 
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manual method for predicting nutrient retention during 

thermal processing o f conduction-heating foods in 
rectangular containers, 478

measurement of oxidation-related changes in  proteins of 
freeze-dried meats, 1171

method for using measurements of shear modulus to est 
size and thermodynamic stability of junction zone3 
in noncovalently cross-linked gels, 1103 

modeling the thermal conductivity of cooked meat, 152 
modification of egg white proteins w ith oleic acid, 1240 
modified dry column procedure for extraction of lipids 
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myosin cross-linking in  freeze-dried meat, 699 
new, rapid, interactive image analytical method for detm 

phys dimensions o f m illed rice kernels, 648 
ninhydrin-reactive lysine in  food proteins, 10 
nonenzymatic browning in  pear juice cone at elevated 

temp, 1335
nonenzymatic oxidation of linoleic acid by extracts of 

tangerine rag, 308
of acylated low phytate rapeseed protein isolate, 1584 
of “dulce de leche”, 821
optimization of processing parameters for the prepn of 
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pectolytic enzymes in  sweet bell peppers, 1085 
physicochem model for extrusion of com starch, 40 
ppt behavior o f extracted N, phytic acid and minerals in 
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ble fats and oils, 419

preparation of rapeseed protein cone and isolates using 
ultrafiltration, 768

props of allergens in  2 grades o f lactose, 529 
props of blood globin prepared by a new method, 859 
props of k iw i fru it starch, 620
protein extraction from frozen, thawed turkey muscle 

w ith N a  nitrite, N aC l and selected N a  phosphate 
salts, 709

rapid, automated analysis of amines in  seafood by ion
moderated partition H PLC , 603 

SEC/HPLC  of heated water sol of bovine and porcine 
muscle proteins, 598

Se and chromium content of European beers as detm by 
AASD, 300

sensor contamination with organic volatiles during water 
activity measurements with an elec hygrometer, 514 

shelf life o f vacuum- or N-packed pastrami: effects of pkg 
atm, temp and duration of storage on physiocochem 
and sensory changes, 832

sorption isotherms and drying rates of Jerusalem arti
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stability of reconstituted whey protein cone to U H T  
processing, 32

storage of New Zealand jack mackerel in  ice, 1453 . 
study of forces involved in  incorporating L-methionine 
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study of influence of solute (n-alcohols and n-alkanes) 

chain length on their retention by purified olive oil, 
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supercritical flu id extraction of dry-milled com germ with 

C 0 2, 229
thermal diffusivity of papaya fruit, 1219 
thermally induced gelation of native and modified egg 

white-rheological changes during processing: final 
strengths and microstructures, 1249 

thermal props o f bentonite-water dispersions used for 
modeling foods, 28

thermodynamic and kinetic stability constants of se
lected carboxylic acids and iron, 500 

thin-layer drying of parboiled rice at elevated temp, 905 
transglutaminase catalyzed cross-linking of myosin to 

soya protein, casein and gluten, 573 
U H T  m ilk  processing effect on process energy require

ment, 977
ultransonic extraction of heat-labile 7S protein fraction 

from autoclaved, defatted soybean flakes, 551 
use of defatted com germ flour in  pasta products, 482 
varietal differences in  the topography of rice grain and 

its influence on m illing  quality, 393 
volatile components o f mushroom, 1208 
water holding capacity of some African vegetables, fruits, 

and tubers measured in  vitro, 762 
chia (Saliva hispanica L.)

props of the lip id and protein fraction from seed, 555 
chicken

See poultry 
ch illing

effects of on pork quality and palatability traits, 294 
in  water or N aC l soln under coml conditions: phys char 

of pectoralis superficialis from broiler carcasses, 849
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membranes for RO application, 91 

chlorination
fate of C l during, o f flour, 1136 

chlorine dioxide
inhib ition o f bacterial growth by in  model system, 931 
use of for controlling microorganisms during the hand

ling and storage of fresh cucumbers, 396
chlorine

fate of during flour chlorination, 1136 
inhib ition o f bacterial growth by in model system, 931 
lab and field study of relationship between Ca sources 

and browning in  apple juice, 1419 
chlortetracycline

effectiveness o f in  com bination w ith  K  sorbate or 
Na4E D T A  for preservation of vacuum-packed rock- 
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chocolate, dark
effect of sweetener type and lecithin on hygroscopicity 

and mold growth in, 1088
sensory considerations in replacement of sucrose by other 

carbohydrate sweeteners, 1024 
cholesterol

chem comp and protein quality of some Southern New 
England marine sp, 110

content in  mechanically separated fish flesh from 3 sp 
of gadidae family, 1182

distribution of in  fractionated beef tallow, 1390 
effect of sex and age on in broiler breast meat, 286 
oxides in coml dry egg products: isolation and identifi
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role of esters on malonaldehyde formation in fat ex

tracted from chicken meat, 704 
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ground beef, 671
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berries, 64

gas-pressure: detm of reactivity of aspartame with flavor 
aldehydes by, 520

H P L  (high pressure/performance liquid): caffeine and 
theobromine levels in cocoa and carob products, 302; 
detm of organic acids in  potatoes by, 75; detm of 
reactivity of aspartame w ith flavor aldehydes by, 
520; effect o f yogurt cultures on cone of orotic acid, 
uric acid and HM G-like  compound in m ilk after fer
mentation, 1194; (-)-epicatechin content in fer
mented and unfermented cocoa beans, 1090; for 
measuring lactic acid in ground meat, 671; method 
for detm of limonin in citrus juices by, 1216 

HPLC-ion-moderated partition: rapid, automated anal
ysis of amines in seafood by, 603 

Pyrolysis-GL: effect of various pyrolysis parameters on 
the fragmentation patterns of peanut oil, 662 

SEC/PHLC  of heated water sal of bovine and porcine 
muscle proteins, 598 

chromium
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GPC, 520 

cinnamon
fermentation enhancement by, 5 

citra l
detm of reactivity of aspartame w ith by GC, H PLC  and 

GPC, 520
citrus

method for detm of limonin in juices by HPLC , 1216 
recovery o f cloud from aqueous peel extract by m icrofil

tration, 991 
Clostridium botulinum

inhibition o f growth from spore inocula in  media con
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NaCl, 1588

C. sporogenes
effect of N aC l levels in frankfurters on the growth of, 
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clove

fermentation enhancement by: identification of active 
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coagulant
preparation of fermented soybean curd using stem bro
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coagulation

test for cooked meat temp: effect of variation in filtra-

tion, 853
cocoa

caffeine and theobromine levels in products, 302 
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effect o f methodology on TVB-N  detm as an index of 
quality of, 734

proximate comp, cholesterol, and Ca content in mechan
ically separated, 1182 
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chem comp and protein quality of, 110 
effect of delayed filleting on quality of, 979 
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tion w ith 100 Krad irradiation on iced shelf life of 
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rapid, automated analysis of amines in by ion-moderated 
partition HPLC , 603
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studies on turpentine-like off-odor in, 485 

coliforms
impedimetric estimation of in dairy products, 1449 
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relationship o f texture to content of yellowtail flounder 

and cusk, 298 
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chem detection of in processed foods, 439 
color

codes for paired preference and hedonic testing, 1115 
effect: of ascorbic acid on of jellies, 1212; of beef carcass 
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1021; of dielectric and steam heating treatments on 
pre- and storage characteristics of pecan kernels, 1532 

fluorescence and aflatoxin content of individual almond 
kernels naturally contaminated with aflatoxin, 493 

grading of lemon juice: sensory and instrumental stud
ies, 1435
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nonenzymatic browning in apple juice cone during stor
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containing anthocyanins, 411 
stability of astaxanthin pigmented rainbow trout under 

various pkg conditions, 1337 
computers

parametric analysis for predicting freezing time of in fi
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simulation of storage stability in intermediate moisture 
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sterilization of food in containers with an end flat against 
a retort bottom: numerical analysis and experimen
tal measurements, 461

temp histories in an U H T  indirect heat exchanger, 273 
conductivity, thermal

model of in cooked meat, 152 
confectionery

chem and micro studies on ‘dulce de leche,’ 821 
conjugase

comparison of treatment procedures in the microbiol as
say for food folacin, 94 

consumerism
acceptance of prerigor pressurized vs conventionally 

processed utility  grade beef, 1226 
optical characteristics of natural iridescence in meat, 685 

containers
manual method for predicting nutrient retention during 

thermal processing of conduction-heating foods in 
rectangular, 478

sterilization of food in with an end flat against a retort 
bottom: numerical analysis and experimental mea
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contamination
of sensor with organic volatiles during aw measurements 

with an electric hygrometer, 514
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effect of mineral gluconates on quality characteristics of, 
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effect of some insol m ilk proteins on sensory char o f ap
pearance and texture in, 376 

effects of sorghum variety on baking props of, 1070 
short bread: effect of suppl of w ith roasted whole navy 

bean flour and high protein flour, 922
cooking

component interactions in extrusion process: influence 
of process conditions on functional viscosity of wheat 
flour system, 1380

effects of in soln of varying pH on dietary fiber compo
nents of vegetables, 900

effects of method on sensory and textural props of ground 
beef patties, 870

effects of salts added after on texture o f canned snap 
beans, 910

effect on lamb longissimus tenderness, 1466 
effect on lipid oxidation in chicken meat, 838 
effect on phys and chem char of beef prepared in a wa- 

terbath,838
effect on shear props of beef and buffalo meat, 1163 
influence of in itial riboflavin content cn retention in pasta 

during, 984
microwave: internal end temp and survival of bacteria 

on meats with and w ithout a polyvinylidene chloride 
wrap during, 972; of pork roasts to attain 76.7°C 
throughout, 970; time for devitalization of trichinae 
in  pork roasts cooked in  ovens, 824 

research broiler un it to study changes in meat during, 
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cooling
influence on B. cereus spore survival and growth in a 

broth medium and in  rice, 34 
coprophagy

Fe availab ility from soy, meat and soy/meat samples in 
anemic rats w ith and without prevention of, 585

corn
effects o f cooking in soln of varying pH on dietary fiber 

components of, 900
effects of heat and fermentation on extractability of m in

erals from soybean and blends, 566 
effects of heat and natural fermentation on amino acid, 

flatus producing compds, lip id oxidation and trypsin 
inhib itor in blends of soybean and, 563 

fermentation o f gluten meal w ith A  oryzae and R. oli- 
gosporus, 1200

meal: B-vitamin content of natural lactic acid fermented, 
373; influence of temp of fermentation on nutritive 
value of lactic acid fermented, 958; use o f C. tropi- 
calis A TC C  9968 to adjust pH of lactic acid fermen
tation of, 1198

nutritional comp of tortillas, 1202 
physicochem model for extrusion o f starch, 40 
study on the effect of ethyl oleate dipping treatment on 

drying rate of grain, 236
supercritical fluid extraction of dry-milled germ with CO2, 

229
time/temp parameters of popping, 1412 
use o f defatted germ flour in past products, 482 

cottonseed
gossypol removal and functional props of protein pro

duced by extraction o f with different solvents, 1057 
process to produce light colored protein isolate from de

fatted glandless flour, 960 
use of in  batter/breading for fried beef patties, 1224 

cowpeas

distribution of P  and phytate in and some effects of 
processing, 199

effect of feed moisture and barrel temp on phys props of 
extruded meal, 916

crab
detm of processes for pasteurization of in  cans and flex

ible pouches, 1003
cream

impedimetric estimation o f coliforms in, 1449 
creatine phosphate

influence of prerigor pressurization on degradation of in 
postmorten beef muscle, 595 

creatine phosphokinase
influence of prerigor pressurization cn postmorten beef 

muscle activity, 595 
crowberry (Empetrum nigrum coll.)

anthocyanins of, 634 
cryoscopy

detm of lactose and sucrose in ice cream mix via, 1332 
cucumber

malic acid degradation and bloating, 999 
softening of pickles by Cx-cellulase and its inhibition by 

Ca, 954

use of CIO2 for controlling microorganisms during the 
handling and storage of, 396

curdling

of soy/cow’s m ilk blends w ith rennet and Ca or MgSO,}, 
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soy flour, 1046

curing

diffusion props of salt and acetic acid into herring and 
subsequent effect on the muscle tissue, 714 

inhibition of N-nitrosamine formation in  ground pork 
belly model systems, 341

with nitrite and erythorbate: forms of iron in meats, 284
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cusk
relationship of texture to pH  and collagen content of, 298 

cyanide

content of sorghum sprouts, 791 
cyanidin
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D
dairy
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deactivation
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degradation
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processing: ascorbic acid in  dehydration of potatoes, 
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effect of prerigor pressurization on of glycogen in  post
mortem bovine muscle, 593

effects of storage on muscle protein: anal by SDS-PAGE, 
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model for of wheat starch in a single-screw extruder, 
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of wheat starch in  a single-screw extruder: char of ex
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efficiency of in  grain legumes investigated w ith a new 
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dehydration
dynamic test for kinetic models o f chem changes during 
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delphinidin
of crowberry, 634 

denaturation
comparison between ovalbumin gels formed by heat and 

by GuHCl, 1099
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desiccation
model for in  frozen storage, 1275 

dessert
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diaflltration
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availab ility of amino acid of legumes, 794 

2,4-dichlorophenol
effect of on horseradish peroxidase-catalyzed decolori
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cereals on intestinal function in rats, 507 
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digestibility
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digestion
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processed protein foods characterized by in vitro rates 
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rates of food proteins, 1535 
dihydroquercetin

antithiam in activity of, 489 
dimethylamine

rapid, automated anal of in  seafood by ion-moderated 
partition H PLC , 603

dipping
effect of ethyl oleate treatment on drying rate of grain 

corn, 236 
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drying
effect of ethyl oleate dipping treatment on of grain corn, 
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thin-layer: of parboiled rice at elevated temp, 905 

dulce de leche
chem and microbiol studies on: a typical Argentine con

fectionery product, 821

E
ED TA , tetrasodium

effectiveness of in combination w ith chlortetracycline for 
preservation of vacuum packed rockfish fillets, 188 

egg
cholesterol oxides in  coml dry products: isolation and 

identification, 1245
correlation of the rheological behavior of albumen to temp, 
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effects of pH, formulation and additives on H 2S content 

of cooked mixtures, 1043 
flow behavior of during thermal treatments, 132 
influence of freezing and thawing on vitelline mem

brane, 1149
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release o f Fe from phosvitin by heat and food additives, 
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electrical stimulation
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of L. plantarum, P. putrefaciens and S. faecalis, 288 
effect on lamb longissimus tenderness, 1466 
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casses, 363 
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electronics
measurement of aw in  salt soln and foods by as compared 

to direct vapor pressure measurement, 1139

electrophoresis, SDS-polyacrylamide gel (PAGE)
effect of postmortem storage on cold-shortened bovine 

muscle: analysis by, 290
effects of postmortem storage on muscle protein degra

dation ¡analysis by, 292 
elements, trace

in  pigeonpeas, 645 
E L IS A

technique for detection of salmonellae in  meat and poul
try products, 1018 

emulsification
capacity o f goat, water buffalo, sheep and cattle muscle 

proteins, 168
hydrophobicity and solubility of meat proteins and their 

relationship to props, 345
increase in  activity of soy lecithin-soy protein complex 

by E tO H  and heat treatments, 1105 
props of N-term inal peptide obtained from peptic hydro- 

lyzate of alpha sl-casein, 1117 
emulsifiers

effects of various sucrose fatty acid esters on high-ratio 
white layer cakes, 380 

emulsion
effect of xanthan gum on rheological and stability of oil- 

water, 1271
effects on acceptability of smoked sausage, 966 
evaluation of food processor for making model meat, 1222 
oxidation of lip id  by peroxidizing microsomal fraction 

from herring muscle, 1392
stability of incorporating mechanically deboned poultry 

meat and various soy flours, 1358 
stabilizing props of soy protein isolates mixed w ith Na 

caseinates, 212
energy

kinetic calc for non-Newtonian fluids in  circular tubes, 
1295

of apple pomace and solids recovery, 407 
U H T  m ilk  processing effect on process requirements, 977 

enterococcus
incidence of thermonuclease in  m ilk  and m ilk products, 

1610
enzyme

char of Zn components on in  vitro digestion of foods, 1297 
comparison of conjugase treatment procedures in  the m i

crobiological assay for food folacin, 94 
damage of amino acid residues of proteins after reaction 

w ith oxidizing lipids: estimation by, 1082 
degumming of pineapple and pineapple m ill juices, 1327 
detm of inosine-5-monophosphate in  fish tissue with, 114 
detm of lactose and sucrose in  ice cream mix via, 1332 
diaflltration technique for in  vitro detm of protein di

gestibility and availab ility of amino acid of legumes, 
794

effect of alkaline protease activity on some props of com
minuted squid, 117

effect of partial proteolysis on functional props of winged 
bean flour, 944

effects of phytic acid, divalent cations, and their inter
action alpha-amylase activity, 516 

effect of prerigor pressurization on postmortem bovine 
muscle lactate dehydrogenase activity and glycogen 
degradation, 593

effect of rice hemicelluloses on pancreatic lipase activity 
in vitro, 956

emulsifying props of an N-terminal peptide obtained from 
peptic hydrolyzate o f alpha sl-casein, 1117 

factors affecting catalase activity in  S. aureus MF-31, 
1573

functional props o f modified beef heart protein, 1525 
glucoamylase of A. rouxii, 1210 
immunoassay for detection of Salmonella, 807 
immunoassay technique for detection of salmonellae in 

meat and poultry products, 1018 
incidence of enterococcal thermonuclease in  m ilk and 

m ilk products, 1610
influence of prerigor pressurization on postmortem beef 

muscle creatine phosphokinase activity and degra
dation of creatine phosphate and adenosine triphos
phate, 595

inhibitory effect of food preservatives on protease secre
tion by A. hydrophila, 1078 

in  sweet bell peppers, 1085
isolation and characterization of heat resistant peroxi

dase isoenzyme from cauliflower, 1616 
kinetics of hydrolyses of sorghum molasses with dilute 

m ineral acids and oxalic acid and melibiose with 
oxalic acid, 1428

lip id peroxidation in  microsomal fractions from beef 
skeletal muscle, 675
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modification of fish frame protein isolate, 1305 
partial characterization of crude extract from freshwater 

prawn, 1494
peroxidase fractions from asparagus of varying heat sta

bilities, 1618
preparation of fermented soybean curd using stem bro

melain, 312
screening of m ilk and m ilk products for thermonuclease, 

1196
softening of cucumber pickles by Cx-cellulase and its 

inhibition by Ca, 954
solubilization of red beet cell wall betanin decolorizing, 

1075
transglutaminase catalyzed cross-linking of myosin to 

soya protein, casein and gluten, 573 
tryptic digestion rates of food proteins, 1535 
use of a m ilk  assay to evaluate the effects of K  on coml 

yeast lactases, 534 
(-)-epicatechin

content in fermented and unfermenred cocoa beans, 1090 
erythorbate

forms of Fe in meats cured w:th, 284 
Escherichia coli

effect of radiolytic products on in  food systems, 577 
use of fluorogenic assays for enumeration of from sea

food, 1186
ethanol

increase in emulsification activity of soy lecithin-soy 
protein complex by, 1105

involvement of accumulation during deastringency of 
persimmon, 896 

evaporator
control studies in  industrial apple juice, 1422 

extractability
effect of acylation on of N, phytic acid and minerals in 

rapeseed flour protein cone, 771 
effects of heat and fermentation on of minerals from soy

bean and corn meal blends, 566 
extraction

gossypol removal and functional props of protein pro
duced by of glanded cottonseed with different sol
vents, 1057

of protein from frozen, thawed turkey muscle with NaNÛ2, 
NaC l and selected Na salts, 709 

ultrasonic: of heat-labile 7S protein fraction from auto
claved, defatted soybean flakes, 551 

extruders, single screw
degradation of wheat starch in: char of polymers, 453 
model for mech degradation c f wheat starch in, 1154 

extrusion
appln of small sample back test for measuring texture 

of cooked sorghum grain, 278 
component interactions in cooking process: influence of 

process conditions on functional viscosity of wheat 
flour system, 1380 

of navy bean fractions, 543 
physicochem model for of corn starch, 40 
utilization of DSG in  processed doughs, 1321

F
fat

baking studies and nutritional value of bread suppl with 
sweet lupine flour, 14 

content of broiler meat, 359
effect o f U H T  processing and storage conditions on sep

aration of aseptically pkg m ilk, 257 
effects on sensory and textural props of ground beef pat

ties, 870
evaluation of in  meat and meat products using auto

matic meat analyzer, 1347
preparation and evaluation cf trialkoxytricarballylate, 

trialkoxycitrate, trialkoxyglycerylether, jojoba oil and 
sucrose polyester as low calorie replacements of, 419 

relative role of phospholipids, triacylglycerols and cho
lesterol esters on malona.dehyde formation in from 
chicken meat, 704 

fermentation
B-vitamin content of commeal, 373 
changes in  Israeli wines, 251
characterization and distribution o f bacteria from cocoa 

beans in  Bahia, 205
effect o f bacteriophage on activity of lactic acid starter 

cultures used in  production of sausage, 650 
effect of yogurt cultures on cone of orotic acid, uric acid 

and HM G-like  compounds in m ilk  after, 1194 
effects on amino acid, flatus producing compds, lipid ox

idation and trypsin inhibitor in blends of soybean 
and commeal, 563

effects on extractability of minerals from soybean and 
com meal blends, 566 

effects on m ilk lipids, 748
enhancement by spices: identification of active compo

nent, 5
influence of aeration on microbial sequence in cacao with 

emphasis on lactic acid bacteria, 1470 
influence of temp on nutritive value of lactic acid fer

mented commeal, 958 
microbiol study of Sudanese date wines, 459 
of com gluten meal with A. oryzae and R. oligosporus, 

1200
prepn of soybean curd using stem bromelain, 312 
use of C. tropicalis ATCC  9968 to adjust pH of commeal, 

1198
fiber

binding of Fe by cellulose, lignin, Na phytate and beta- 
glucan under simulated GI pH conditions, 531 

cellulose suppl of nutritionally complete liquid formula 
diet: effect on GI function and recovery of in feces, 
815

effects of cooking in soln of varying pH on dietary com
ponents of vegetables, 900

effects of from shredded and puffed wheat breakfast cer
eals on intestinal function in rats, 507 

effect of hard red spring wheat bran on the bioavaila
bility of lipid-sol vitamins and growth of rats fed for 
56 days, 504

evaluation of water binding capacity of food sources, 59 
films

water vapor permeability of edible bilayer, 1478, 1482 
filtration

coagulation test for cooked meat temp: effect of variation 
in, 853

firm ing
effects of phosphates on rate of cooked rice, 660

fish
See individual species; seafoods 
flavonoids

antithiam in activity of polyphenolic antioxidants, 489 
flavor

description of white wine by expert and nonexpert wine 
consumers, 120

detm of reactivity of aspartame with aldehydes by GO, 
H PLC  and GPC, 520

effect of aw on the major volatiles produced in a model 
system approximating cooked meat, 607 

identification of 3, 5-diisobutyl-l,2,4-trithiolane and 2- 
isobutyl-3,5-diisopropylpyridine in fried chicken, 1398 

importance of in overall lik ing  of soft drinks, 1598 
modeling of for some Virginia-type peanuts from amino 

acid and sugar contents, 52
flounder

optimization of processing parameters for the prepn of 
frame protein product, 172

yellowtail: relationship of texture to pH and collagen 
content of, 298

flour
baking studies and nutritional value of bread suppl with 

full-fat sweet lupine, 14
bioavailability of Zn and Fe from winged bean seed, 1132 
component interactions in  extrusion cooking process: in

fluence of process conditions on functional viscosity 
of wheat system, 1380

composition of from Samoan breadfruit, 1396 
effect of acetylation and succinylation on the functional 

props of winge bean, 547
effect of acylation on extractability of N, phytic acid and 

minerals in rapeseed protein cone, 771 
effect of partial proteolysis on functional props o f winged 

bean, 944
effect of processing factors on props of melon seed, 415 
effect of suppl of short bread cookies w ith roasted whole 

navy bean, 922
emulsion and storage stability of emulsions incorporat

ing soy, 1358
fate of C l during chlorination, 1136 
functional props of protein products o f mass cultivated 

blue-green alga S. platensis, 24 
kinetics of trypsin inhibitory activity loss in from bean, 

124

mineral and phytic acid partitioning among air-classi
fied bean fraction, 569

ninhydrin-reactive lysine in food proteins, 10 
nutritional comp of tortillas, 1202 
polysaccharides of winged beans, 70 
ppt behavior of N, phytic acid and minerals in rapeseed 

modified by acylating agents, 765 
process to produce light colored protein isolate from de-

fatted glandless cottonseed, 960 
simultaneous curdling of soy/cow’s m ilk  blends w ith ren

net and Ca and MgSO,*, utiliz ing  soymilk prepared 
from full-fat soy, 1046

use of defatted corn germ in pasta products, 482
flow

props of low-pulp cone orange juice: effect o f temp and 
cone, 882; serum viscosity and effect of pulp content, 
876

fluorescence
assessment of autoxidation in freeze-dried meats by as

say, 1517
of individual almond kernels naturally contaminated with 

aflatoxin, 493
flushing

effect of CO2 on microbiol of pkg chicken, 1367 
fly ing fish

discrim inative char of different texture profiles of, 721 
folacin

comparison of conjugase treatment procedures in  the m i
crobiol assay for, 94 

formaldehyde
role of T M A O  in freeze denaturation of fish muscle; is it 

simply a precursor of? 1640 
food (general)

characteristics of Zn components on in vitro enzymatic 
digestion of, 1297

correlation between pH and comp of comprising mix
tures of tomatoes and low-acid ingredients, 233 

effect of radiolytic products on bacteria in system, 577 
effect of succinylation on proteolysis of proteins, 614 
effects of aw, light intensity and phys structure o f on the 

kinetics of riboflavin photodegradation, 525 
growth of enteropathogenic and spoilage bacteria in sage- 

containing, 737
manual method for predicting nutrient retention during 

thermal processing of conduction-heating in  rectan
gular containers, 478

measurement of aw activity in by electronic methods as 
compared to direct vapor pressure measurement, 1139 

method for measurement of transient response of semi
solid under steady shear, 741 

model for desiccation in  frozen storage, 1275 
new mapping super-simplex optimization for product and 

process development, 1143 
ninhydrin-reactive lysine in  proteins, 10 
parametric analysis for predicting freezing times of in 

finitely slab-shaped, 468
processed: chem detection of mold in, 439; protein char

acterized by in vitro digestion rates, 1543 
Se in  cereals, dairy products, fish and seafoods, fruits, 

meats, nuts and seeds, poultry products, sugars and 
sweets, vegetables, mise foods, 446 

semi-liquid: digitizer aided detm of yield stress in, 1620 
sterilization of in containers with an end flat against a 

retort bottom: numerical analysis and experimental 
measurements, 461

thermal props of bentonite-water dispersions for mod
eling, 28

triglyceride distribution in low moisture model system, 
934

tryptic digestion rates of proteins, 1535 
food development

functional props of edible rice bran in  model system, 310 
preparation o f yogurt-like product containing egg white, 

1444
food engineering

method for measurement of transient response of semi
solid foods under steady shear, 741 

parametric analysis for predicting freezing time of in fi
nitely slab-shaped food, 468 

varietal difference in  topography of rice grain and its 
influence on m illing  quality, 393 

food, ethnic
characteristics of Israeli citrus peel and citrus juice, 987 
chem and microbiol studies on ‘dulce de leche,’ an A r

gentine confectionary product, 821 
chem comp and nutritional quality of camel m ilk, 744 
chem comp and nutritional quality of date seeds. 617 
comp of flours from Samoan breadfruit, 1396 
effect of processing factors on some props of melon seed 

flour, 415
effect of sorghum variety on baking props of US conven

tional bread, Egyptian pita ‘Balady’ bread and cook
ies, 1070

influence of soybean variety and the method of process
ing in  tofu mfg: comparison of methods for measur
ing soluble solids in  soymilk, 202 

isolation and characterization o f adzuki bean starch, 558
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lab prepn of a new soy-based Kishk, 197 
M fg and quality of Venezuelan white cheese, 1005 
microbiol study of Sudanese date wines, 459 
nutritional comp of corn and flour tortillas, 1202 
phys and chem props o f k iw i fru it starch, 620 
props of Kamaboko made from red hake fillets, mince or 

surimi, 192
selected props of the lip id and protein fraction from chia 

seed, 555

water holding capacity of some African vegetables, fruits 
and tubers measured in vitro, 762 

foodservice
comparison between sensory quality of freshly prepared 

spaghetti w ith meat sauce before and after hot hold
ing on cafeteria counter, 1475 

fragmentation
effect of various pyrolysis parameters on patterns of pea

nut oil, 662 
frankfurters

addition of phosphates, proteins and gums to reduced 
salt batters, 1355

comparison of nonmeat proteins, STPP and processing 
temp effects on phys and sensory props of, 1462 

effect of NaC l levels in  on the growth of C. sporogenes 
and S. aureus, 351

stability and gel strength of batters made with reduced 
NaCl, 1350 

freeze-drying
assessment of autoxidation in meats by fluorescence as

say, 1517
effects of on quality of shrimp, turkey and carrot sam

ples, 1457
measurement o f oxidation-related changes in  protein of 

meats, 1171
myosin cross-linking in  meat, 699 

freeze-thaw
protein extraction from turkey muscle with NaN(>2, NaCl 

and selected N a  phosphate salts, 709
freezing

aging of parts of beef, 1174 
assessment of time prediction methods, 1034 
influence of on egg vitelline membrane, 1149 
measurement of convective heat transfer coefficients 

during, 810
parametric analysis for predicting time of in fin ite ly slab

shaped food, 468
time prediction: enthalpy-based approach, 1121 
time prediction for different final product temps, 1230 

fructose
detm of in  aqueous soln by NIR, 1601 
effect of beta-D- on hygroscopicity and mold growth in 

dark chocolate, 1088
fruit

application o f N IR  spectroscopy for predicting sugar con
tent of juices, 995

strawberry softening: potential roles of polyuronides and 
hemicelluloses, 1310 

water holding capacity of African, 762 
whc of hemicellulose from, 1632 

fungi
lip id and fatty acid comp of grown on whey medium, 950 
role of on oil quality of stored seeds of sesame, rape and 

linseed, 1394 
Fusarium  lycopersicum

lip id and fatty acid comp of grown on whey medium, 950
F. oxysporum

chem detection of in  processed foods, 439

G
galactose

time-intensity sensory char of and effect on sweetness of 
lactose, 780

gel(s)
correlation of the rheological behavior of egg albumen 

to temp, pH  and N aC l cone, 137
gelatin photoelasticity: new technique for measuring 

stress distributions in  during penetration testing, 
654

method for using measurements of shear modulus to es
timate size and thermodynamic stability of junction 
zones in  noncovalently cross-linked, 1103

ovalbumin: comparison between formed by heat and by 
G uHC l denaturation, 1099

strength of frankfurter batters made w ith reduced NaCl, 
1350

gelatin
photoelasticity: new technique for measuring stress dis

tribution in  gels during penetration testing, 654

gelation

hydrophobic interaction in of high methoxyl pectins, 1093 
of native and modified egg white-rheological changes 

during processing: final strengths and microstruc
ture, 1249

thermally induced of selected comminuted muscle sys
tems: rheological changes during processing, final 
strengths and microstructure, 1496 

Geotrichum candidum
chem detection of in  processed foods, 439 

germination
effect of environment on nutrient comp of alfalfa sprouts, 

21
effect on Zn bioavailability from peas, 637 

ginger
fermentation enhancement by, 5 

globin
chem and fu n c tion a l props o f prepared by a new 

method,859
emulsifying props of bovine blood: comparison with some 

proteins, 102
functional props of blood, 370 

globulin, soy
effect of succinylation on proteolysis of, 614 

glucan, beta
binding of Fe by under simulated GI pH conditions, 531 

glucoamylase
of A. rouxii, 1210 

gluconate
effect of mineral on quality characteristics of bread and 

cookies, 913
glucose

detm of in aqueous soln by NIR, 1601 
gluten
transglutaminase catalyzed cross-linking of myosin to soy, 

573
glycogen

effect of prerigor pressurization on degradation o f in 
postmortem bovine muscle, 593 

goat (caprine)
emulsifying capacity and stability of muscle proteins, 

168
gossypol

removal and functional props of protein produced by ex
traction of glanded cottonseed with different sol
vents, 1057

grain
appln of small sample back extrusion test for measuring 

texture of cooked sorghum, 278 
distillers’ spent: utilization of in  extrusion processed 

doughs, 1321
dried distillers’ (DDG): taste panel preference correlated 

with lip id comp of barley, 787 
factors affecting the efficiency o f abrasive-type dehulling 

of legumes investigated w ith a new intermediate
sized batch dehuller, 267

incidence of toxic A lternaria in  from the USA, 1626 
grape

changes in Muscadine juice quality during cold stabili
zation and storage of bottled juice, 239 

fermentation and post-fermentation changes in  Israeli 
wines, 251 

grapefruit
characteristics of Israeli peel and juice. 987 
storage stability of syrups, 1330 

greening
evaluation of methods for detecting production of by Lac

tobacilli, 981
grinding

effect of time on lip id oxidation of fresh ground pork, 
1510

grounding
in  retort pouches, 1061 

guaiacol
effect of on horseradish peroxidase-catalyzed decolori- 

zation of betalain pigments, 536 
guaidinium hydrochloride

comparison between ovalbumin gels formed by heat and 
by denaturation, 1099

guar
’comparison of steady shear and dynamic viscoelastic props 

of gums, 1
predicting steady shear and dynamic viscoelastic props 

of using Bird-Carreau model, 1569
gums

addition of to reduced salt frankfurter batters, 1355 
chewing: bonded fused silica capillary column GLC  detm 

of B H A  and B H T  in, 1622
comparison of steady shear and dynamic viscoelastic props

of guar and karaya, 1
effect of xanthan on rheological and stability of oil-water 

emulsions, 1271

H
hake

red (Urophcis chuss): props o f Kamaboko made from fil
lets, mince or surim i, 192; prox comp, cholesterol, 
and Ca content in  mechanically separated, 1182 

silver (Merluccius bilinearis): prox comp, cholesterol, and 
Ca content in  mechanically separated, 1182

ham(s)
effect of KC1 on props of, 146
effect of tumbling and tumbling time on quality and m i

croflora of dry-cured, 695
RSM  approach to optimization of boneless yield, 1386 

harvesting
effect of on microflora of southern peas, 1410 

heart
functional props of enzymatically modified beef protein, 

1525
influence of an extract of on stability of color and devel

opment of rancidity during storage of sliced bologna, 
149

heat
comparison between ovalbumin gels formed by GuHC l 

denaturation and, 1099
effect on amino acid comp and available lysine content 

of casein, 817
effects on amino acid, flatus producing compds, lip id ox

idation and trypsin inhib itor in  blends of soybean 
and commeal, 563

effects on extractability of m inerals from soybean meal 
and corn meal blends, 566

increase in  emulsification activity of soy lecithin-soy 
protein complex by, 1105

isolation and characterization of resistant peroxidase 
isoenzyme from cauliflower, 1616 

peroxidase fractions from asparagus of varying stabili
ties, 1618

surface transfer coefficients for steam/air mixtures in  2 
pilot scale retorts, 939 

heat exchanger
temp histories in  a U H T  indirect, 273 

heating, dielectric and steam
effects of on storage stability of pecan kernels, 893 
effect on pre- and storage color characteristics of pecan 

kernels, 1532
influence on B. cereus spore survival and growth in a 

broth medium and in  rice, 34 
release of Fe from phosvitin by, 78 

hemicellulose
effect of from rice on pancreatic lipase activity in  vitro, 

956
strawberry softening: potential roles of, 1310 
W HC of from fruits, vegetables and wheat bran, 1632 

hemoglobin
emulsifying props of bovine blood globin: comparison with, 

102
ninhydrin-reactive lysine in, 10 
hemolysin, Kanagawa
thermal inactivation of in  V. parahaemolyticus in  buffer 

and shrimp, 183 
herring (Clupea harengus)

diffusion props of salt and acetic acid into and subse
quent effect on muscle tissue, 714 

oxidation o f lip id emulsion by peroxidizing microsomal 
fraction from muscle, 1392 

H M P  (hexametaphosphate)
effect of Na- on binding in  restructured beef rolls, 687 
in vitro evaluation of effects of on Zn, Fe and Ca bioa

vailability, 1562
hexane

gossypol removal and functional props of protein pro
duced by extraction of glanded cottonseed with, 1057 

histamine
rapid, automated analysis of in  seafood by ion-moderated 

partition H PLC , 603
Hobart FM P-1 (Automatic Meat Analyzer)

evaluation of fat, moisture and protein detm using, 1347 
horseradish

effect o f H 2O2 and phenolic compds on peroxidase-cata
lyzed decolorization of betalain pigments, 536 

H P L C  (high pressure liquid chromatography)
See chromatography 

hydrogen peroxide
effect on horseradish peroxidase-catalyzed decolorization 

of betalain pigments, 536
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hydrogen sulfide
effects of pH, formulation and additives on content of 

cooked egg mixtures, 1043
evaluation of methods for detecting production of by lac- 

tobacilli,981 
hydrolysis

kinetics of sorghum molasses with dilute mineral acids 
and oxalic acid and melibiose with oxalic acid, 1428 

MetSO detm after o f amino acid mixtures, model protein 
systems, soy products and infant formulas, 1547 

hydrolyzate, peptic
emulsifying props of N-terminal peptide obtained from 

alpha sl-casein, 1117 
hydrophobicity

of meat protein: relationship to emulsifying props, 345 
hygrometer, electric

sensor contaminated w ith organic volatiles during aw 
measurements with, 514 

hygroscopicity
effect of sweetener type and lecithin on in dark choco

late, 1088

i
ice cream

detm of lactose and sucrose in m ix via enzymati c-cry os- 
copic methods, 1332

impedimetric estimation of coliforms in, 1449 
image analysis

for detm phys dimensions of m illed rice kernels, 648 
immunoassay

for detection of Salmonella, 807
technique for detection of Salmonellae in  meat and poul

try products, 1018 
immunoelectrophoresis

effects of heat and ionic strength on dissociation-asso
ciation of soybean protein fractions, 1289 

impedance
estimation of coliforms in dairy products, 1449 
estimation of microbial populations in  frozen cone juice 

using automated measurements, 243 
infant formula

MetSO detm after hydr&lysis of, 1547 
inosine-5-monophosphate

detm of in  fish tissue w ith an enzyme sensor, 114 
iridescence

optical characteristics in  meat, 685
iron

availab ility from soy, meat and soy/meat samples in  ane
mic rats with and without prevention of coprophagy, 
585

bioavailability from mature winged bean seed flour, 1132 
bioavailability from 3 processed soy products, 1558 
factors influencing the nonheme content of meat and its 

implication in oxidation, 581 
forms of in meats cured w ith n itrite and erythorbate, 

284
in ground beef and longissimus muscle, 105 
in vitro evaluation of effects of ortho-, tripoly- and hex- 

ametaphosphate on bioa^ailability of, 1562 
release o f from phosvitin by heat and food additives, 78 
thermodynamic and kinetic stability constants of, 500 

irradiation
effect o f gamma on C. jejuni, 665 
effect of potentially synergistic treatments in combina

tion w ith 100 Krad on iced shelf life of cod fillets, 
1341

effect of radiolytic products on bacteria in  a food system, 
577

isopropanol
gossypol removal and functional props of protein pro

duced by extraction of glanded cottonseed with, 1057 
isotherms, sorption

of Jerusalem artichoke, 384

J

je lly
effect of ascorbic acid on color, 1212 

jojoba
prepn and evaluation of o il as low calorie replacements 

o f edible fats and oils, 419
juice

apple: color stability of blended w ith fru it containing 
antbocyanins, 411; biomass and patulin production 
by B. nivea as affected by sorbate, benzoate, SO2 and 
temp, 402; control studies in  industrial evaporator, 
1422; influence of RO on retention of sugar in cone, 
304; influence of aw on nonenzymatic browning of

cone during storage, 1630; lab and field study of re
lationship between Ca sources and browning in, 1419; 
nonenzymatic browning in cone during storage, 889; 
sensory evaluation o f carbonated using RSM, 1595 

application of N IR  spectroscopy for predicting sugar con
tent of fruit, 995 

char of Israeli citrus, 987
lemon: color grading; sensory and instrumental studies, 

1435
method for detm of limonin in citrus by HPLC , 1216 
orange: adulteration: detection and quality effects of d i

lution, added pulpwash, termeric and sorbate, 1438; 
flow props of low-pulp cone: effect of temp and cone, 
882; serum viscosity and effect of pulp content, 876; 
structural stability of fresh and frozen-thawed ‘V a l
encia’, 1489

pear: nonenzymatic brown in cone at elevated temp, 1335 
pineapple: effects of T A  and carbonation level on pref

erence of clarified, 1220; enzymic degumming of, 1327 
tomato: distribution of protein, lycopene and Ca, Mg, P 

and N  among various fractions of, 1214; growth and 
corresponding elevation of pH by B. coagulans, 647; 
mechanism which enables the cell wall to retain ho
mogenous appearance of, 628

K

kahawai (Arrip ia trutta)
effects of brain destruction on post harvest muscle me

tabolism in, 177 
Kamboko

props of made from red hake fillets, mince or surimi, 192 
karaya

comparison of steady shear and dynamic viscoelastic props 
of gums, 1

kinetics
continuous flow procedures for data generation, 803 
dynamic test for models of chem changes during process

ing: ascorbic acid degradation in dehydration of po
tatoes, 1267

effect of aw, light intensity and phys structure of food on 
riboflavin photodegradation, 525 

energy calc for non-Newtoniar fluids in circular tubes, 
1295

manual method for predicting nutrient retention during 
thermal processing of conduction-heating foods in 
rectangular containers, 478 

of carboxylic acids and iron, 500
of hydrolyses of sorghum molasses with dilute mineral 

acids and oxalic acid and melibiose with oxalic 
acid. 1428

of tannin deactivation during anaerobic storage and 
boiling treatments of high tannin sorghums, 1566 

of trypsin inhibitory activity loss in heated flour from 
bear., 124

optimization of nutrient retention during processing: as
corbic acid in potato dehydration, 1262 

tryptic digestion rates of food proteins, 1535 
Kishk

lab preparation of soy-based, 197
kiwi

phys and chem props of starch, 620

L

lactalbumin
effect on sensory characteristics of appearance and tex

ture in cookies, 376 
ninhydrin-reactive lysine in, 10 

lactase

use of a m ilk assay to evaluate the effects of K  on yeast, 
435

lactate dehydrogenase

effect of prerigor pressurization on postmortem bovine 
muscle activity, 593 

lactobacillus
evaluation of methods for detecting production of H 2S, 

volatile sulfides, and greening by lactobacilli, 981 
Lactobacillus acidophilus 

effects on m ilk lipids, 748 
in cocoa bean fermentations, 205 

L . brevis
in cocoa bean fermentations, 205 

L. bulgaricus
effect of yogurt cultures on cone of orotic acid, uric acid 

and HM G-like  compd in m ilk after fermentation, 
1194

effect on m ilk lipids, 748
stimulation by formate of antimicrobial activity in milk, 

652

L . casei
in  cocoa bean fermentations, 205 

L. delbrueckii
in  cocoa bean fermentations, 205 

L . lactis
in cocoa bean fermentations, 205 

L . plantarum
ATCC  8014: effect of infection with in a starter culture 

during production of salami dry sausage, 337 
effect of bacteriophage on activity o f used in  the produc

tion o f fermented sausage, 650 
effect of elec stimulation of inoculated pork tissue on 

thermoresistance of, 288
effect of tumbling and tumbling temp on contamination 

of in  cured pork shoulder, 1634 
fermentation enhancement by spices: identification of 

active component, 5 
in cocoa bean fermentations, 205 

lactose
allergic skin reactivity and chem props of allergens in 2 

grades of, 529
detm of contents of ice cream mix via enzymatic-cryos- 

copic methodology, 1332
time-intensity sensory characterisitics of saccharin, xy- 

lito l and galactose and their effect on the sweetness 
of, 780

lamb
elec stimulation, hot boning and prerigor cookery effects 

on longissimus tenderness, 1466 
model for desiccation in  frozen storage, 1275 
nutrient comp of 2 age groups, 1233 
quality of chunked and formed roasts, 1376 

lecithin
Ca fortification of soy m ilk w ith Ca-liposome system, 

1111
effect of on hygroscopicity and mold growth in dark choc

olate, 1088
increase in emulsification activity of soy-protein com

plex by E tO H  and heat treatments, 1105
legumes

distribution o f P  and phytate in some N igerian varieties 
and some effects of processing, 199 

enzyme diafiltration technique for in vitro detm of pro
tein digestibility and availab ility of amino acid, 794 

factors affecting the efficiency of abrasive-type dehulling 
of investigated w ith a new intermediate-sized batch 
dehuller, 267

impact m illing quality of, 925 
lemon

juice color grading: sensory and instrumental studies, 
1435

Leuconostoc mesenteroides
in  cocoa bean fermentations, 205 

light
effects of intensity on kinetics of riboflavin photodegra

dation, 525
lignin

binding of Fe by under simulated GI pH conditions, 531 
limonin

method for detm of in citrus juices by H PLC , 1216 
linseed

role of fungi on o il quality of, 1394 
lipase

effect of rice hemicelluloses on pancreatic activity in v i
tro, 956

lipid

assessment of autoxidation in freeze-dried meats by flu
orescence assay, 1517 

comp of fungi grown of whey medium, 950 
damage of amino acid residues of proteins after reaction 

with, 1082
effects of frozen storage and cooking on oxidation in 

chicken meat, 838
effect of hard red spring wheat bran on the bioavaila

b ility  of -sol vitamins in rats fed for 56 days, 504 
effects of heat and natural fermentation on oxidation in 

blends of soybean and commeal, 563 
effects of lactic fermentation of m ilk on, 748 
effect of pH and time of grinding on oxidation of fresh 

ground pork, 1510

enzymic peroxidation in  microsomal fractions from beef 
skeletal muscle, 675

factors influencing the nonheme Fe content of meat and 
its implications in oxidation, 581 

investigation into classes of skipjack tuna, 1638 
measurement of oxidation-related changes in proteins of 

freeze-dried meats, 1171
modified dry column procedure for extraction of from 

cured meats, 107
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oxidation of emulsion by peroxidizing microsomal frac
tion from herring muscle, 1392 

props of from chia seed, 555
relative role of phospholipids, triacylglycerols, and cho

lesterol esters on malonaldehyde formation in  fat 
extracted from chicken meat, 704 

taste panel preference correlated w ith comp of barley 
DDG, 787 

lipoprotein
effect of consuming yogurt prepared with 3 culture strains 

on human serum, 1178 
liposome

Ca fortification of soy milk with Ca-lecithin system, 1111 
longissimus

elec stimulation, hot boning and prerigor cookery effects 
on lamb tenderness, 1466 

lupine (L. albus cv Multolupa)
baking studies and nutritional value of bread suppl with 

full-fat sweet flour, 14 
lycopene

distribution of among fractions of tomato juice, 1214 
lye

evaluation of peeling using 4 processing tomato culti- 
vars, 1415 

lyophoresis
improved sieve method for measurement of in apple

sauce, 1614
lysine

amino acid comp of spaghetti: effect of drying conditions 
on, 225

effect of carbohydrates and heat on content of casein, 817 
ninhydrin-reactive in  food proteins, 10 

lysinoalanine
factors governing formation in  soy proteins, 1282 

lysosomes
ultrastructural localization of in  coho salmon and steel- 

head trout muscle, 975 
lysozyme

ninhydrin-reactive lysine in, 10

M
macaroni

effects of aw, light intensity and phys structure on the 
kinetics of riboflavin photodegradation, 525 

mackerel
detm of inosine-r-monophosphate in  w ith an enzyme 

sensor, 114
discriminative char of different texture profiles of, 721 
New Zealand Jack (Trachurus novaezelandiae): storage 

of in ice: chem, microbiol and sensory assessment, 
1453

rapid, automated analysis of amines in  by ion-moderated 
partition H PLC , 603 

magnesium
distribution of among fractions of tomato juice, 1214 
effects on alpha-amylase activity, 516 
effect on antibacterial activity of phenolic antioxidants 

against S. aureus A 100, 282 
in ground beef and longissimus muscle, 105 

magnesium sulfate
simultaneous curdling of soy/cow’s m ilk  blends with ren

net and, 1046 
malonaldehyde

relative role of phospholipids, triacylglycerols, and cho
lesterol esters on formation in  fat extracted from 
chicken meat, 704 

maltose hydrate
effect on hygroscopicity and mold growth in  dark choc

olate, 1088 
malvidin

of crowberry, 634 
manganese

fermentation enhancement by spices: identification of 
active component, 5 

mapping
sugar-simplex optimization for food product and process 

development, 1143 
marinade

diffusion props of salt and acetic acid into herring and 
their subsequent effect on muscle tissue, 714 

mathematics
computer simulation of storage stability in  intermediate 

moisture apples, 759
detm of amino acids in  wheat and barley by N IR  spec

troscopy, 17
detm of sensory components accounting for intervarietal 

variation in  apple sauce and slices using factor anal

ysis, 751

finite analysis of nonlinear water diffusion during rice 
soaking, 2x6

flow behavior of liquid whole egg during thermal treat
ments, 132

freezing time prediction: enthalpy-based approach, 1121;
for different final product temps, 1230 

identification of key textural attributes of fluid and semi- 
solid foods using regression analysis, 47 

kinetic energy calc for non-Newtonian fluids in  circular 
tubes, 1295

manual method for prediction of nutrient retention dur
ing thermal processing of conduction-heating foods 
in  rectangular containers, 478 

method for using measurements of shear modulus to es
timate size and thermodynamic stability of junction 
zones in noncovalently cross-linked gels, 1103 

model for food desiccation in frozen storage, 1275 
modeling the thermal conductivity of cooked meat, 152 
parametric analysis for predicting freezing time of in fi

nitely slab-shaped food, 468
predicting steady shear and dynamic viscoelastic props 

of guar and carrageenan using Bird-Carreau con
stitutive model, 1569

relationship of objective measurements to sensory com
ponents of canned applesause and apple slices, 756 

sterilization of food in containers with an end flat against 
a retort bottom: numberical analysis and experi
mental measurements, 461 

See also statistics 
maturity

indices for postharvest handling of Southern peas, 389 
meat

assessment of autoxidation in freeze-dried by flouresc- 
ence assay, 1517

comp between sensory quality of freshly prepared spa
ghetti w ith sauce before and after hot holding on 
cafeteria counter, 1475

effect of aw on the major volatiles produced in  a model 
system approximating cooked, 607 

evaluation of fat, moisture and protein detm in  using 
automatic meat analyzer, 1347 

evaluation of food processor for making model emul
sions, 1222

forms of iron in  cured w ith n itrite and erythorbate, 284 
measurement of oxidation-related changes in protein of 

freeze-dried, 1171
modified dry column procedure for extraction of lipids 

from cured, 107 
See also individual species 

melibiose
kinetics of hydrolyses of sorghum molasses w ith and ox

alic acid, 1428
melon

effect of processing factors on props of seed flour, 415 
meltability

comparison of 4 procedures of cheese evaluation, 1158 
membranes

of chitosan for RO application, 91 
merchandising

damage to french-fried potatoes caused by simulated 
transport and handling tests at cryogenic temps, 217 

effects of beef carcass elec stimulation and hot boning on 
muscle display color of PV C  pkg steaks, 1021 

metabolism
effects of brain destruction on post harvest in the fish 

kahawai, 177 
methionine

study of forces involved in incorporation into soy protein 
by 1-step plastein-like process, 1316 

methionine sulfoxide
detm after alkaline hydrolysis of amino acid mixtures, 

model protein systems, soy products and infant for
mulas, 1547 

methodology
appln for N IR  spectroscopy for predicting sugar content 

of fru it juices, 995
appln of small sample back extrusion test for measuring 

texture of cooked sorghum grain, 278 
assessment of autoxidation in  freeze-dried meats by flu

orescence assay, 1517
assessment of freezing time prediction, 1034 
automated methylthymol blue for Ca detm in  peanuts,

209
azomethine N  automated for boron detm in peanuts, 72 
bonded fused silica capillary column G LC  detm of B H A  

and B H T  in chewing gums, 1622 
Ca fortification of soy m ilk with Ca-lecithin liposome 

system, 1111
characteristics of thixotropic behavior of soft cheeses, 668

Volume 49 (1984)

chitosan membranes for RO appln, 91 
color codes for paired preference and hedonic testing, 

1115

comparison of conjugase treatment procedures in  the m i
crobiol assay for food folacin, 94 

comparison of for recovering B. subtilis spores from in
oculated meat substrates, 366 

comparison of 4 procedures o f cheese meltability evalu
ation, 1158

comparison of H P LC  and GC for measuring lactic acid 
in ground beef, 671

constitutive relationship for apple cortex under hydro
static stress, 623

continuous flow procedure for reaction kinetic data gen
eration, 803

detm of amino acid in  wheat and barley by N IR  spec
troscopy, 17

detm of indiv idual simple sugars in  aqueous soln by NIR, 
1601

detm of inosine-5-monophosphate in  fish tissue w ith an 
enzyme sensor, 114

detm of lactose and sucrose in  ice cream m ix via enzymes 
and cryoscopy, 1332

detm of organic acids in potatoes by HPLC , 75 
detm of reactivity of aspartame w ith flavor aldehydes by 

GC, H PLC , and GPC, 520
detm of sensory components accounting for intervarietal 

variation in apple sauce and slices using factor anal
ysis, 751

digitizer aided detm of yield stress in semi-liquid foods, 
1620

dynamic test for kinetic models of chem changes during 
processing: ascorbic acid degradation in dehydration 
of potatoes, 1267

effects of brain destruction on post harvest muscle me
tabolism in  the fish kahawai, 177 

effect of buffering capacity on a commonly used assay of 
protein digestibility, 498

effects of cooking on sensory and textural props of ground 
beef patties, 870

effect of pkg on microbiol of pkg chicken, 1367 
effect of postmortem storage on cold-shortened bovine 

muscle: analysis by SDS-PAGE, 290 
effects o f postmortem storage on muscle protein degra

dation: analysis by SDS-PAGE, 292 
effect of preparation on binding in  restructured beef rolls, 

687
effect on TVB -N  detm as an idex of quality of fresh A t

lantic cod, 734
effect of various pyrolysis parameters on fragmentation 

patterns of peanut oil, 662
enzyme d iafiltration technique for in  vitro detm of pro

tein digestibility and availab ility of amino acid of 
legumes, 794

enzyme immunoassay for detection of Salmonella, 807 
enzyme immunoassay technique for detection of salmo- 

nellae in  meat and poultry products, 1018 
estimation of microbial populations in  frozen cone or

ange juice using automated impedance measure
ments, 243

evaluation o f food processor for making model meat 
emulsions, 1222

evaluation of low detecting production of H 2S, volatile 
sulfides, and greening by Lactobacilli, 981 

evaluation of rapid fat, moisture and protein detm in 
meats and meat products using an automatic meat 
analyzer, 1347

evaluation of water binding capacity of food fiber sources, 
59

factors affecting the efficiency of abrasive-type dehulling 
of grain legumes investigated w ith a new interme
diate-sized, batch dehuller, 267 

factors influencing the nonheme Fe content of meat and 
its implication in  oxidation, 581 

for analysis of PSP toxins in shellfish, 1506 
for detm of browning in  dairy powders, 1609 
for detm of limonin in  citrus juices by H PLC , 1216 
for evaluating time-intensity data, 539 
for measurement of transient response of semisolid foods 

under steady shear, 741
for p red ic t in g  n u tr ie n t re ten tion  d u rin g  therm al 

processing of conduction-heating foods in  rectangu
lar containers, 478

for prepn of blood globin: chem and functional props of, 
859

for sensory evaluation of red pepper heat, 1028 
for using measurements of shear modulus to estimate 

size and thermodynamic stability o f junction zones 
in  noncovalently cross-linked gels, 1103
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gelatin photoelasticity: new technique for measuring 
stress distributions in gels during penetration test

ing 654
gossypol removal and functional props o f protein pro

duced by extraction of glanded cottonseed w ith dif
ferent solvents, 1057

image analysis for determining phys dimensions of milled 
rice kernels, 648

impedimetric estimation of conforms in dairy products, 
1449

improved sieve for measurement o f lyophoresis in apple
sauce, 1614

influence of processing in  toft, mfg, and measuring sol
uble solids in soymilk, 202

influence of RO on sugar retention in apple juice cone, 
304 lab prepn of a new soy-based Kishk, 197 

life cycle of canned tomato paste: correlation between 
sensory and instrumental testing, 1188 

measurement of convective heat transfer coefficients 
during food freezing processes, 810 

measurement of oxidation-related changes in proteins in 
freeze-dried meats, 1171

measurement of aw in  salt soln and foods by electronics 
as compared to direct vapor pressure measurement, 
1139

mechanics which enable the cell wall to retain homog
enous appearance of tomato juice, 628 

modified dry column procedure for extraction of lipids 
from cured meats, 107

new mapping super-simplex optimization for food prod
uct and process development, 1143 

n in hydrin-reactive lysine in food proteins, 10 
nondestructive color measurement of fresh broccoli, 1612 
of postmortem chilling: effects on quality and palatabil- 

ity traits of pork, 294
optical char o f natural iridescence in  meat, 685 
prepn of rapeseed protein cone and isolates using ul

trafiltration, 768
process to produce light colored protein isolate from de

fatted glandless cottonseed flour, 960 
rapid, automated analysis o f amines in seafood by ion- 

moderated partition H PLC , 603 
recovery of citrus cloud from aqueous peel extract by 

microfiltration, 991
research broiler un it to study changes in meat during 

cooking, 161
RSM: approach to optimization of boneless ham yield, 

1386; sensory evaluation of carbonated apple juice, 
1595

SEC/HPLC  of heated water soluble bovine and porcine 
muscle proteins, 598

Se and C r content o f European beers as detm by AAS, 
300 sensor contamination w ith organic volatiles 
during water activity measurements with an elec 
hygrometer, 514

study of forces involved in  incorporating L-methionine 
into soy protein by 1-step plastein-like process, 1316 

study of influence of solute (r-alcohols and n-alkanes) 
chain length on their retention by purified olive oil, 
1301

supercritical fluid extraction of dry-milled com germ with 
C 0 2, 229

thermocouple grounding in retort pouches, 1061 
use of fluorogenic assays for enumeration of E. coli from 

seafoods, 1186
use of m ilk assay to evaluate the effects of K  on coml 

yeast lactases, 435
volatile components o f mushroom, 1208 
world survey of aw of selected saturated salt soln used 

as standards at 25°C, 510 
methylcellulose, hydroxypropyl

water permeability of edible bilayer film, 1482 
methylthymol blue

method for detm of Ca in  peannts, 209 
microbiology

antifungal props of esters of alkenoic and alkynoic acids, 
281

biomass and patulin production by B. nivea in apple juice 
as affected by sorbate, benzoate, S 02 and temp, 402 

char and distribution of lactic acid bacteria from tradi
tional cocoa bean fermentation in  Bahia, 205 

chem detection of mold in processed foods, 439 
comparison of conjugase treatment procedures in the as

say for food folacin, 94
comp of techniques for recovering B. subtilis spores from 

inoculated meat substrates, 366 
contamination of skinned and scalded pork carcasses,

f r e e z in g  t i m e  p r e d i c t i o n  f o r  d i f f e r e n t  f i n a l  p r o d u c t  t e m p s ,

1230
356

control of 2 major pathogens on fresh poultry using a 
combination K-sorbate C 0 2 pkg treatment, 142 

effect of bacteriophage on activity of lactic acid starter 
cultures used in  production of fermented sausage, 
650

effect of Ca and M g on antibacterial activity of phenolic 
antioxidants against S. aureus A100, 282 

effect of C 0 2 flushing and pkg method on pkg chicken, 
1367

effect of consuming yogurt prepared with 3 culture strains 
on human serum lipopriteins, 1178 

effect of elec stimulation of inoculated pork tissue on 
thermoresistance o f L. plantarum, P. putrefaciens 
and S. faecalis, 288

effects of essential oils from plants on growth of food 
spoilage yeasts, 429

effect of gamma radiation on C. jejuni, 665 
effect of harvesting, transportation, and cryogenic 

processing on southern peas, 1410 
effect of infection of a bacteriophage in a starter culture 

during production of salami dry sausage; a model 
study, 337

effects of iactic fermentation of m ilk on m ilk lipids, 748 
effect of radiolytic products on bacteria in a food system, 

577
effect o f selected yogurt cultures on cone of orotic acid, 

uric acid and HMG-like compd in m ilk after fer
mentation, 1194

effect of NaC l levels in frankfurters on growth of C. spo- 
rogenes and S. aureus, 351

effects of sorbate and propionate on growth and aflatoxin 
production of sublethally injured A. parasiticus, 86 

effect of sweetener type and lecithin on hygroscopicity 
and mold growth in  dark chocolate, 1088 

effect of tumbling and tumbling temp on surface and 
subsurface contamination of L. plantarum and re
sidua'. nitrite in cured pork shoulder, 1634 

effect of tumbling and tumbling time on flora of dry- 
cured hams, 695

enzyme innumoassay for detection of Salmonella, 807 
enzyme immunoassay technique for detection of Salmo

nellae in meat and poultry products, 1018 
estimation of populations in  frozen cone orange juice us

ing automated impedance measurements, 243 
evaluation of methods for detecting production of H 2S, 

volatile sulfides, and greening by Lactobacilli, 981 
factors affecting catalase activity in S. aureus, 1573 
fermentation enhancement by spices: identification of 

active component, 5
fermentation of com gluten meal w ith A. oryzae and R. 

oligosporus, 1200
fluorescence and aflatoxin content of individual almond 

kernels naturally contaminated with aflatoxin, 493 
glucoamylase of A. rouxii, 1210
growth and corresponding elevation of tomato juice pH 

by B. coagulans, 647
growth of enteropathogenic and spoilage bacteria in sage- 

containing broth and foods, 737 
impedimetric estimation of coliforms in dairy products, 

1449
incidence of enterococcal thermonuclease in  m ilk and 

m ilk products, 1610
incidence of toxic Alternaria sp in small grains from the 

USA, 1626
influence of aeration on cacao fermentation w ith em

phasis on lactic acid bacteria, 1470 
influence c f heating and cooling rates on B. cereus spore 

survival and growth in a broth medium and in rice, 
34

inhibition of bacterial growth by 2 Clostridia sources in 
model system, 931

inhibition of C. botulinum growth from spore inocula in 
media containing SAPP  and K  sorbate with or w ith
out added NaCl, 1588

inhibition of S. aureus growth in lab media of aw ad
justed with polyethylene glycols, 296 

inhibitory effect of food preservative on protease secre
tion by A. hydrophila, 1078

internal end temp and survival of bacteria on meats with 
and without a polyvinylidene chloride wrap during 
microwave cooking, 972

lipid and fatty acid comp of selected fungi grown on whey 
medium, 950

recovery of bacteria in  media containing 0.5% food grade 
poly- and pyrophosphates, 948 

role of fungi on oil quality of stored seeds of sesame, rape, 
and linseed, 1394

screening of m ilk and m ilk products for thermonuclease,
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1196
shelf life of vacuum- or N-pkg pastrami: effects of pkg 

atm, temp and duration of storage on microf.ora 
changes, 827

stimulation by formate of antim icrobial activity of L. 
bulgaricus in m ilk, 652

storage of New Zealand jack mackerel in  ice. 1453 
studies on “dulce de leche,” 821 
study of Sudanese date wines, 459 
thermal inactivation of the Kanagawa hemolysin of V.

parahaemolyticus in  buffer and shrimp, 183 
use of C. tropicalis A TC C  9968 to adjust pH  of natural 

lactic acid fermentation of commeal, 1198 
use of C102 for controlling microorganisms during the 

handling and storage of fresh cucumbers, 396 
use of fluorogenic assays for enumeration of E. coli from 

seafoods, 1186 
Micrococcus

effect of radiolytic products in  food systems, 577 
m icrofiltration

recovery of citrus cloud from aqueous peel extract, 991 
microsomes

enzymic lipid peroxidation in  from beef skeletal muscle, 
675

oxidation of lipid emulsion by peroxidizing fraction from 
herring muscle, 1392 

microstructure
effect of pre-processing storage conditions on sweet po

tato patties, 1258
thermally induced gelation of native and modified egg 

white— rheological changes during processing, 1249 
thermally induced gelation of selected comminuted mus

cle systems: rheological changes during processing, 
final strengths, 1496

ultrastructural localization of lysosomes in Coho salmon 
and steelhead trout muscle, 975 

microwave
comparison of 4 procedures of cheese meltability evalu

ation, 1158
effects of frozen storage and cooking on lipid oxidation 

in chicken meat, 838
internal end temp and survival of bacteria on meats with 

and without PV C  wrap during cooking, 972 
power and cooking time relationship for devitalization 

of trichinae in  pork roasts cooked in, 824 
recooking of pork roasts to attain 76.7°C throughout, 970 

milk
camel: comp and nutritional quality, 744 
dried: effects of aw, light intensity and phys structure on 

kinetics of riboflavin photodegradation, 525 
effects of lactic fermentation on lipids, 748 
effect of some insoluble proteins on sensory character

istics of appearance and texture in cookies, 376 
effect of U H T  processing and storage conditions on rates 

of sedimentation and fat separation of aseptically 
pkg, 257

effect o f yogurt cultures on cone of orotic acid, uric acid 
and HM G-like  compd in  after fermentation, 1194 

impedimetric estimation of coliforms in, 1449 
incidence of enterococcal thermonuclease in, 1610 
screening for thermonuclease, 1196 
simultaneous curdling of soy/cow’s blends with rennet 

and Ca or MgS04, utiliz ing  soymilk prepared from 
soybeans or full-fat soy flour, 1046 

soy: Ca fortification of w ith Ca-lecithin liposome system, 
1111

stimulation by formate of antim icrobial activity of L. 
bulgaricus in, 652

U H T  processing of: effect on process energy require
ments, 977

use of assay to evaluate the effects o f K  on coml yeast 
lactases, 435

m illing

influence of varietal difference in  topography of rice grain, 
393

quality of grain legumes, 925 
mineral

composition of some Southern New England marine sp, 
110

contents of seeds and sprouts o f newly available small- 
seeded soybeans and market samples o f mungbeans, 
656

effect of acylation on extractability of in rapeseed flour 
protein cone, 771

effect of gluconates on quality char of bread and cookies, 
913

effects of heat and fermentation on extractability of from 
soybean and commeal, 566 

in pigeonpeas, 645



micro/macro in ground beef and longissimus muscle, 105 
partitioning among air-classified bean flour fractions, 569 
ppt behavior of in rapeseed flour modified by acylating 

agents, 765
relationship between hard-to-cook phenomenon in red 

kidney beans and, 1577 
models/modeling

binding of Fe by cellulose, lignin, Na-phytate and be- 
taglucan, alone and in combination, under sim u
lated gastrointestinal pH condition, 531 

Bird-Carreau: predicting steady shear and dynamic vis
coelastic props of guar and carrageenan, 1569 

computer sim ulation of storage stability  in IM apples, 
759

computer: temp histories in a  UHT indirect heat ex
changer, 273

constitutive relationship for apple cortex under hydro
static stress, 623

damage to french-fried potatoes caused by simulated 
transport and handling tests a t cryogenic temps, 217 

dynam ic  te s t  for k in e tic s  of chem  changes  d u rin g  
processing: ascorbic acid degradation in dehydration 
of potatoes, 1267

effects of elec stim ulation and hot boning on functional 
char of beef muscle in system, 867 

effect of infection of a bacteriophage in a  s tarte r culture 
during production of salam i dry sausage, 337 

effect of aw on major volatiles produced in a system ap
proxim ating cooked m eat, 607 

evaluation of food processor for m aking m eat emulsions, 
1222

finite elem ent analysis of nonlinear w ater diffusion dur
ing rice soaking, 246 

for extrusion of corn starch, 40 
for food desiccation in frozen storage, 1275 
for mechanical degradation of w heat starch in a single

screw extruder, 1154
functional props of edible rice bran in systems, 310 
inhibition of bacterial growth by 2 Clostridia sources in 

system, 931
inhibition of N-nitrosamine formation in cured ground 

pork belly system, 341
interaction between NaCl and paracasein as detm by 

w ater sorption, 127
of roasted peanut flavor for some Virginia-type peanuts 

from amino acid and sugar contents, 52 
of therm al conductivity of cooked m eat, 152 
optimization of nu trien t retention during processing: as

corbic acid in  potato dehydration, 1262 
research broiler un it to study changes in m eat during 

cooking, 161
role of woodsmoke in N-nitrosothiazolidine formation in 

bacon, 658
therm al props of bentonite-w ater dispersions for foods, 

28
triglyceride distribution in low moisture food system, 934 

m oisture
evaluation of in  m eat and m eat products using auto

matic m eat analyzer, 1347
of feed: effect on phys props of extruded cowpea meal, 

916
triglyceride distribution in low- food model system, 934 

molasses
kinetics of hydrolyses of sorghum w ith dilute m ineral 

acids and oxalic acid and melibiose w ith oxalic acid, 
1428

mold
chem detection in processed foods, 439 
effect of sweetener type and lecithin on growth in  dark 

chocolate, 1088 
monkfish

chem comp and protein quality of, 110 
monosodium glutam ate

interactions w ith NaCl on saltiness and palatability  of 
clear soup, 82 

M oraxella-Acinetobacter
effect of radiolytic products in food system, 577 

m ullet
comparison of shelf life and quality  of stored a t  zero and 

subzero temp, 317 
mungbeans

m ineral and vitam in contents of seeds and sprouts of 
m arket samples, 656

muscle
diffusion props of salt and acetic acid into herring and 

subsequent effect on, 714
discrim inative char of different tex ture profiles of var

ious cooked fish, 721
DSC of beef: influence of postmortem conditioning, 1513 ;

influence of sarcomere length, 1529 
effect of alkaline protease activity on some props of com

minuted squid, 117
effects of beef carcass elec stim ulation and hot boning on 

display color of PVC pkg steaks, 1021 
effects of brain destruction on post harvest metabolism 

in fish kahaw ai, 177
effects of elec stim ulation and hot boning on functional 

characteristics of beef in model system, 867 
effect of postmortem storage on cold-shortened bovine: 

analysis by SDS-PAGE, 290 
effect of prerigor pressurization: on activity of Ca-acti- 

vated factor, 680; on postmortem bovine lactate de
hydrogenase activity and glycogen degradation, 593 

effects of storage on protein degradation: analysis by SDS- 
PAGE

electrical stim ulation, hot boning and prerigor cookery 
effects on lamb longissimus tenderness, 1466 

emulsifying capacity and stability  of goat, w ater buffalo, 
sheep and cattle proteins, 168 

enzymic lipid peroxidation in microsomal fractions from 
beef skeletal, 675

evaluation of extra low voltage elec stim ulation system 
for bovine carcasses, 363

influence of prerigor pressurization on postmortem beef 
creatine phosphokinase activity and degradation of 
creatine phosphate and adenosine triphosphate, 595 

longissimus: selected macro and micro m inerals in beef, 
105

myosin cross-linking in freeze-dried m eat, 699 
oxidation of lipid emulsion by peroxidizing microsomal 

fraction from herring, 1392
phys char of pectoralis superficialis from broiler car

casses chilled in either w ater or NaCl soin under 
commercial conditions, 849

relative viscosity of proteins extracted from frozen, thawed 
turkey with Na salts of n itrite, chloride and tripo
lyphosphate, 968

role of TMAO in freeze dénaturation of fish, 1640 
SEC/HPLC of heated w ater soluble bovine and porcine 

proteins, 598
therm ally induced gelation of selected comminuted sys

tem: rheological changes during processing, final 
strengths and m icrostructure, 1496 

u ltrastructural localization of lyxoxomes in coho salmon 
and steelhead trout, 975 

mushroom (Agaricus subrufecens) 
volatile components of, 1208 

myosin
cross-linking in freeze-dried m eat, 699 
transglutam inase catalyzed cross-linking of to soya pro

tein, casein and gluten, 573

N

niacin
effect of feeding to male chickens on the nu trien t com

position of broiler breast m eat, 590 
ninhydrin

reactive lysine in food proteins, 10 
nitrite

effect of tum bling and tum bling temp on in cured pork 
shoulder, 1634

forms of Fe in meats cured with, 284 
nitrogen

distribution among fractions of tomato juice, 1214 
effect of acylation on extractability in rapeseed flour pro

tein  cone, 771
ppt behavior in rapeseed flour modified by acylating 

agents, 765
shelf life of -packed pastram i: effect of pkg atm , temp 

and duration of storage on microflora changes, 827; 
effects of pkg atm , temp and duration of storage on 
physicochem and sensory changes, 832 

total volatile basic: effect of methodology on detm as an 
index of quality in fresh A tlantic cod, 734 

N-nitrosamine
inhibition of in cured ground pork belly model system, 

341
N-nitrosothiazolidine

role of woodsmoke in formation in bacon, 658 
nomilin

and relative bitterness, 777 
nutrition

amino acid comp of spaghetti: effect of drying conditions 
on lysine, 225

bioavailability of Zn and Fe from m ature winged bean 
seed flour, 1132

B-vitamin content of na tu ra l lactic acid fermented corn- 
meal, 373

Volume 49 (19i

cellulose suppl of complete liquid formula diet: effect on 
GI trac t function of hum ans and fecal fiber recovery, 
815

chem comp and protein quality  of some Southern New 
England m arine species, 110 

chem comp of date seeds, 617
comparison of conjugase trea tm en t procedures in the mi- 

crobiol assay for food folacin, 94 
comp of corn and flour tortillas, 1202 
comp of lamb of 2 age groups, 1233 
comp of red delicious apples, 952
effect of consuming yogurts prepared with 3 culture strains 

on hum an serum  lipoproteins, 1178 
effects of cooking in soln of varying pH on dietary fiber 

components of vegetables, 900 
effects of d ietary  fiber from shredded and puffed wheat 

breakfast cereals on in testinal function in rats, 507 
effect of feeding 3 levels of riboflavin, niacin and B6 to 

male chickens on comp of broiler breast m eat, 590 
effect of germ ination and dietary Ca on Zn bioavailabil

ity from peas, 637
effect of germ ination environm ent on comp of alfalfa 

sprouts, 21
effect of hard  red spring w heat b ran  on bioavailability 

of lipid-sol vitam ins and growth of ra ts  fed for 56 
days, 504

effects of heat and ferm entation on extractability of min
erals from soybean meal and corn m eal blends, 566 

effect of sex and age on proxim ate analysis, cholesterol 
and selected vitam ins in broiler breast m eat, 286 

effects of suppl of short bread cookies w ith roasted whole 
navy bean flour and high protein flour, 922 

evaluation of water binding capacity of food fiber sources, 
59

ferm entation of corn gluten m eal w ith A. oryzae and R. 
oligosporus, 1200

influence of temp of ferm entation on lactic acid fer
mented commeal, 958

interrelationship of protein, fat and m oisture content of 
broiler m eat, 359

iron availability from soy, m eat and soy/meat samples 
in anemic ra ts  w ith and without prevention of co- 
prophagy, 585

m anual method for predicting nu trien t retention during 
conduction-heating foods in  rectangular containers, 
478

m ineral and phytic acid partitioning among air-classi
fied bean flour fractions, 569 

m ineral and v itam in contents of seeds and sprouts of 
newly available small-seeded soybeans and m arket 
samples of m ungbeans, 656 

of bread suppl w ith full-fat sweet lupine flour, 14 
of camel milk, 744
optimization of retention during processing, ascorbic acid 

in potato dehydration, 1262
preparation and evaluation of trialkoxytricarballylate, 

trialkoxycitrate, trialkoxyglycerylether, jojoba oil and 
sucrose polyester as low calorie replacem ents of edi
ble fats and oils, 419

proxim ate components in selected variety  breads coml 
produced in major US cities, 642 

quality  a ttribu tes and retention of B-vitamins of canned 
faba bean as affected by soaking treatm ents, 1053 

quality of pigeonpeas: dry m atter accumulation, carbo
hydrates and proteins, 799

quality  of vegetable pigeonpeas: m ineral and trace ele
ments, 645

release of Fe from phosvitin by heating  and food addi
tives, 78

retention of nu trien ts  in ham burger patties made from 
beef or soy protein extended beef, 1167 

selected macro/micro m inerals in  ground beef and lon
gissimus muscle, 105

Se in foods purchased or produced in South Dakota, 446 
use of C. tropicalis ATCC 9968 to adjust pH of natural 

lactic acid ferm entation of commeal, 1198

o

oat
functional props of acylated protein, 1128 

octadecadienoate, trans-9, trans-12
detm of am ount in fresh lean and fatty  tissues of pork 

and beef, 1521 
octadecenoate, trans

detm of am ount in fresh lean and fa tty  tissues of pork 
and beef, 1521

odor
studies on turpentine-like in cola, 485 
See also sensory evaluation
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oil(s)
behavior of phospholipid in soybean on silicic acid, 1399 
effects of from plants on growth of food spoilage yeasts, 

429
effect of various pyrolysis param eters on the fragmen

tation patterns of peanut, 662 
effect of xanthan  gum on rheological and stability  of - 

w ater emulsions, 1271
olive: study of influence of solute (n-alcohols and n-al- 

kanes) chain length on the ir retention by, 1301 
prepn and evaluation of trialkoxytricarballylate, tri- 

alkoxycitrate, trialkoxyg yeerylether, jojoba oil and 
sucrose polyester as low calorie replacements of edi
ble fats and oils, 419

role of fungi on quality  of stored seeds of sesame, rape 
and linseed, 1394

soybean: phytic acid content of crude, degummed and 
reta il and its  effect on stability, 1113 

oleate: effect of dipping trea tm en t on drying rate  of grain 
com, 236

optics
characteristics of na tu ra l iridescence in meat, 685 

optim ization
new m apping super-simplex for food product and process 

development, 1143
of nu trien t retention during processing: ascorbic acid in 

potato dehydration, 1262 
RSM approach to of boneless nam yield, 1386 

orange
char of Israeli peel and juice, 987 
effect of ascorbic acid on color of jelly, 1212 
estim ation of microbial populations in frozen cone juice 

using autom ated impedance m easurem ents, 243 
factors affecting storage of cone, 1628 
flow props of low-pulp cone juice: effect of temp and cone, 

882; serum viscosity and effect of pulp content, 876 
juice adulteration: detection and quality  effects of dilu

tion, added pulpwash, turm eric and sorbate, 1438 
structural stability  of fresh and frozen-thawed ‘Valencia’ 

juice, 1489 
orthophosphate

in vitro evaluation of effects on Zn, Fe and Ca bio-avail
ability, 1562 

osmosis, reverse
chitosan membranes for, 91
influence of on sugar retention in apple juice cone, 304 

ovalbumin
comparison between gels formed by heat and by GuHCl 

denaturation, 1099
emulsifying props of bovine blood globin: comparison with, 

102
ovine

elec stim ulation of mutton, 1011 
oxidation

assessm ent of in freeze-dried m eats by fluorescence as
say, 1517

damage of amino acid residues of proteins after reaction 
w ith lipids: estim ation by protec lytic enzymes, 1082 

effects of frozen storage and cooking on in chicken meat, 
838

effects of heat and natura l ferm entation in blends of soy
bean and commeal, 563

effect of pH and tim e of grinding on lipid of fresh ground 
pork, 1510

factors influencing the nonheme Fe content of m eat and 
its implication in, 581

m easurem ent of -related chan ;ed in proteins of freeze- 
dried m eats, 1171

of linoleic acid by extracts of tangerine rag, 308 of lipid 
emulsion by peroxidizing microsomal fraction from 
herring muscle, 1392

relative role of phospholipids, triacylglycerols, and cho
lesterol esters on malonaldehyde formation in fat 
extracted from chicken meat, 704

oxygen
effect on beet powder on stability of betanine and vul- 

gaxanthine I, 99
oysters

extension of shelf-life of by pasteurization in flexible 
pouches, 331

packaging
color stability  of astaxanth in  pigmented rainbow trout 

under various conditions, 1337 
control of 2 major pathogens cn fresh poultry using a 

combination K sorbate-COi treatm ent, 142 
effects of beef carcass elec stim ulated and hot boned on

muscle display color of PVC steaks, 1021 
effect of potentially synergistic treatm ents in combina

tion with 100 Krad irradiation on iced shelf life of 
cod fillets, 1341

effect of UHT processing and storage conditions on rates 
sedim entation and fat sepn of milk, 257 

effect on microbiol of chicken, 1367 
effectiveness of chlortetracycline in combination with K 

sorbate or tetrasodium  EDTA for preservation of 
vacuum packed rockfish fillets, 188 

extension of shelf-like of oysters by pasteurization in 
flexible pouches, 331

manual method for predicting nu trien t retention during 
therm al processing of conduction-heating foods in 
rectangular containers, 478

shelf life of vacuum- or N-pkg pastram i: effects of atm, 
temp and duration of storage on microflora changes, 
827; effects of atm , temp and duration of storage on 
physicochem and sensory changes, 832 

sterilization of food in containers with an end flat against 
a re tort bottom: numerical analysis and experimen
tal m easurements, 461

thermocouple grounding in retort pouches, 1061 
vacuum of HVFS fruits: influence of can type on storage 

stability of vacuum-packed peach and pear slices, 
263

palatability
effects of time postmortem of elec stim ulation and post

mortem chilling method on pork, 294 
interactions of MSG and NaCl on clear soup, 82 
See also sensory evaluation 

papaya (Carica papaya L., var. Solo) 
therm al diffusivity of, 1219 

paraben
inhibitory effect of on protease secretion by A. hydro- 

phila, 1078 
paracasein

interaction with NaCl as detm by w ater sorption, 127 
parasitology

microwave recooking of pork roasts to a tta in  76.7°C 
throughout, 970

power and cooking tim e relationship for devitalization 
of Trichinae in pork roasts cooked in microwave 
ovens, 824

pasta
influence of initial riboflavin content on retention in 

during photodegradation and cooking, 984 
use of defatted com germ flour in, 482 

pasteurization
detm of equivalent processes for of crabm eat in cans and 

flexible pouches, 1003
extension of shelf-life of oysters by in flexible pouches, 

331
pastram i

shelf life of vacuum or N-packed—effects of pkg atm, 
temp and duration of storage on: microflora changes, 
827; physicochem and sensory changes, 832

pastry
storage stability of puff dough w ith reduced aw, 1405 

patulin
production by B. nivea in apple juice as affected by sor

bate, benzoate, SO2 and temp, 402
peas

effects of cooking in soln of varying pH on dietary fiber 
components of, 900

effect of germination and dietary Ca on Zn bioavailabil
ity from, 637

Purple Hull Pinkeye: effect of ammonium n itra te  and 
low-level foliar treatments of simazine on some chem 
components and protein quality of seeds, 221; qual
ity and m aturity  indices for postharvest handling 
of, 389

southern (Vigna unguiculata L., Walp) effect of ha r
vesting, transportation, and cryogenic processing on 
microflora of, 1410

peach
HVFS fruits: influence of can type on storage stability 

of vacuum packed, 263
peanuts

automated methylthymol blue method for detm of Ca in, 
209

azomethine H automated method for boron detm in, 72 
effect of various pyrolysis param eters on the fragmen

tation patterns of oil, 662
modeling of roasted flavor from amino acid and sugar 

contents, 52
pear

color stability of juice blended w ith fru it juices contain
ing anthocyanins, 411

HVFS fruits: influence of can type on storage stability 
of vacuum packed, 263

nonenzymatic browning in juice cone a t  elevated temp, 
1335

pecan
effect of dielectric and steam  heating treatm ents: on pre- 

and storage color characteristics of kernels, 1532; on 
storage stability  of kernels, 893

pectin
flow profiles of aqueous dispersed, 67 
high methoxyl: hydrophobic interaction in gelation of, 

1093
relationship between hard-to-cook phenomenon in red 

kidney beans and, 1577 
pectinesterase

in sweet bell peppers, 1085 
Pediococcus acidilactici

ferm entation enhancem ent by spices: identification of 
active component, 5 

in cocoa bean ferm entations, 205 
P . cerevisiae

effect of radiolytic products on food systems, 577 
in cocoa bean ferm entations, 205 

peeling
evaluation of lye and steam  using 4 tomato cultivars, 

1451 
penetrometry

gelatin photoelasticity: new technique for measuring 
stress distributions in gels during penetration test
ing, 654

Penicillium  frequentans
lipid and fatty  acid comp of grown on whey medium, 950 

pepper, red
new method for sensory evaluation of heat, 1028 

peptide, N-terminal
emulsifying props of obtained from peptic hydrolyzate of 

alpha sl-casein, 1117 
permeability

of w ater vapor of edible bilayer films, 1478, 1482 
peroxidase

effect of H2O2 and phenolic compds on horsradish -cat
alyzed decolorization of betalain pigments, 536 

fractions from asparagus of varying heat stabilities, 1618 
isolation and characterization of heat resistan t from cau

liflower, 1616 
peroxidation

of lipid in microsomal fractions from beef skeletal mus
cle, 675 

persimmon
involvement of acetaldehyde and EtOH accumulation 

during induced deastringency of 896 
pH

binding of Fe by cellulose, lignin, Na phytate and be- 
taglucan under sim ulated GI conditions, 531 

correlation of rheological behavior of egg album en to , 
137

correlation of w ith comp of foods comprising m ixtures of 
tomatoes and low-acid ingredients, 233 

effects of cooking in soln of varying on dietary  fiber com
ponents of vegetables, 900 

effects on H2S content of cooked egg mixtures, 1043 
effect on lipid oxidation of fresh ground pork, 1510 
growth and corresponding elevation of in tomato juice 

by B. coagulans, 647
relationship of tex ture of yellow ta il flounder and cusk, 

298
use of C. tropicalis ATCC 9968 to adjust of na tu ra l lactic 

acid ferm entation of commeal, 1198 
phosfon D

effect of on amino acid content and protein quality  of 2 
snap bean cultivars, 962 

phosphate
addition to reduced sa lt frankfurter batters, 1355 
effect of type and cone on binding in restructured beef 

rolls, 687
effect on firm ing ra te  of cooked rice, 660 
factors affecting props of precooked-frozen pork sausage 

patties made with various /NaCl combinations, 1363, 
1372 

phospholipid
behavior in soybean oil on silicic acid 1399 
role of on malonaldehyde formation in fat extracted from 

chicken m eat, 704 
phosphorus

d istr in some N igerian varieties of legumes and some 
effects of processing, 199 

d istr of among fractions of tomato juice, 1214 
in ground beef and longissimus muscle, 105
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phosvitin
release of Fe from by heat and food additives, 78 

photodegradation
influence of initial riboflavin content on retention in pasta 

during, 984
of riboflavin: effects of aw, light intensity  and phys struc

tu re  of food on kinetics of, 525 
photoelasticity

of gelatin: new technique for m easuring stress distri
bution in gels during penetration testing, 654 

physiology
binding of Fe by cellulose, lignin, Na phytate and be- 

taglucan under sim ulated GI pH conditions, 531 
cellulose suppl of nutritionally  complete, liquid formula 

diet: effect on GI trac t function of hum ans and fecal 
fiber recovery, 815

effects of dietary fiber from shredded and puffed wheat 
breakfast cereals on in testinal function in rats, 507

phytate
chem comp and functional props of rapeseed protein iso

late, 1584
distr in some Nigerian varieties of legumes and some 

effects of processing, 199
Na binding of Fe under sim ulated GI pH conditions, 531 

pickles
softening by Cx-cellulase and its  inhibition by Ca, 954 

pigeonpeas (Cajaanus cajan L., Millsp)
nutritional quality of: dry m atter accumulation, carbo

hydrates and proteins, 799; m ineral and trace ele
ments, 645

pigment
anthocyanins of crowberry, 634
color stability  of apple and pear juices blended with fruit 

juices containing anthocyanins, 411 
color stability of astaxanth in  in rainbow trou t under 

various pkg conditions, 1337 
effect of H2O2 and phenolic compds on horseradish per

oxidase-catalyzed decolorization of, 536 
influence of an extract of heart on stability  of color and 

development of rancidity during storage of sliced bo
logna, 149

solubilization of red beet cell wall betanin decolorizing 
enzyme, 1075 

pineapple
effects of TA and carbonation level on preference of juice, 

1220
enzymic degumming of fru it and mill juices, 1327 

plaice
discriminative char of different tex ture profiles, 721 

plastein
exzymatic modification of fish frame protein isolate, 1305 
study of forces involved in incorporation of L-methionine 

into soy protein by -like process, 1316 
pollock, Alaska (Theragra chalcogramma) 

observations on reprocessing frozen, 323 
polydextrose

in calorie-reduced frozen dairy dessert, 306 
polyethylene glycol

inhibition of growth of S. aureus in lab media of aw adusted 
with, 296 

polygalacturonase
in sweet bell peppers, 1085 

polyphenol
starch digestibility as affected by, 1228 

polyphosphate
recovery of bacteria in media containing 0.5% food grade, 

948
polysaccharide

of winged beans, 70 
polyuronides

strawberry softening: potential roles of, 1310 
polyvinylchloride (PVC)

effects of beef carcass elec stim ulation and hot boning on 
muscle display color of pkg steaks, 1021 

polyvinylidene chloride
internal end temp and survival of bacteria on m cafr with 

and w ithout a wrap during microwave cooking, 972
pomace

of apple and solids recovery, 407 
popcorn

time and temp param eters of, 1412 
pork

chem and functional props of blood glovin prepared by a 
new method, 859

coagulation test for cooked m eat temp: effect of variation 
in filtration, 853

detm of amount of trans-octadecenoate and trans-9, traxis- 
12 octadecadienoate in fresh, lean and fatty  tissues, 
1521

effect of elec stim ulation of inoculated tissue of ther
moresistance of L. plantarum , P. putrefaciens and 
S. faecalis, 288

effect of pH and tim e of grinding on lipid oxidation of 
fresh ground, 1510

effects of STPP on phys and sensory props, 1636 
effects of time postmortem of elec stimulation and post

mortem chilling method on quality  and palatability  
traits, 294

effect of tum bling and tum bling temp on contamination 
of L. p lantarum  and residual n itrite  in, 1634 

enzyme immunoassay technique for detection of salmo- 
nellae in, 1018

evaluation of food processor for m aking model emul
sions, 1222

evaluation of rapid fat, moisture and protein detm in 
using autom atic m eat analyzer, 1347 

factors affecting props of precooked-frozen sausage pat
ties made with various NaCl/phosphate combina
tions, 1363, 1372

inhibition of N-nitrosamine formation in cured ground 
belly model system, 341

in ternal end temp and survival of bacteria on with and 
without a PVC wrap during microwave cooking, 972 

microbiol contamination and primal cut yields of skinned 
and scalded carcasses, 356

microwave recooking of roasts to 76.7°C throughout, 970 
power and cooking tim e relationship for devitalization 

of trichinae in roasts cooked in microwave ovens, 
824

SEC/HPLC of heated w ater soluble muscle proteins, 598 
potassium

chloride: effect on props of country-style hams, 146 
in ground beef and longissimus muscle, 105 
use of a m ilk assay to evaluate the effects on coml yeast 

lactases, 534
potatoes

damage to french-fries caused by sim ulated transport 
and handling tests a t cryogenic temps, 217 

detm of organic acids in by HPLC, 75 
dynamic test for kinetic models of chem changes during 

processing: ascorbic acid degradation in dehydration 
of, 1267

effects of cooking in soln of varying pH on dietary fiber 
components of, 900

optimization of nu trien t retention during processing: as
corbic acid in dehydration, 1262 

sweet: effect of pre-processing storage conditions on comp, 
m icrostructure and acceptance of patties, 1258

pouches
extension of shelf-life of oysters by pasteurization, 331 
flexible: detm of processes for pasteurization of crabm eat 

in ,1003
thermocouple ground in retort, 1061 

poultry
chicken: control of 2 major pathogens on using a com

bination K-sorbate CO2 pkg treatm ent, 142; effect 
of CO2 flushing and pkg methods on micro of pkg, 
1367; effect of feeding 3 levels of riboflavin, niacin 
and vitam in Bg to males on nu trien t comp of breast 
meat, 590; effects of frozen storage and cooking on 
lipid oxidation in, 838; effect of sex and age on prox
im ate analysis, cholesterol and selected vitam ins in 
broiler breast meat, 286; ident of 3,5-diisobutyl-l,2,3- 
trithiolane and 2-isobutyl-3,5diisopropylpyridine in 
fried flavor, 1398; internal end temp and survival of 
bacteria on with and without a PVC wrap during 
microwave cooking, 972; interrelationship of pro
tein, fat and m oisture content of broiler m eat, 359; 
iron availability from in anemic ra ts  with and with
out prevention of coprophagy, 585; phys char of pec- 
toralis superficialis from broiler carcasses chilled in 
either w ater or NaCl soln under coml conditions, 
849; relative role of phospholipids, triacylglycerols, 
and cholesterol esters on malonaldehyde formation 
in fat extracted from, 704

emulsion and storage stability of emulsions incorporat
ing mechanically deboned meat, 1358 

enzyme immunoassay technique for detection of salmo- 
nellae in, 1018

turkey: effect of gamma radiation on C. jejuni, 665; ef
fects of vacuum and atmospheric freeze-drying on 
quality, 1457; protein extraction from muscle with 
NaN02- NaCl and selected Na phosphate salts, 709; 
relative viscosity of proteins extracted from frozen, 
thawed muscle with Na salts of n itrite , chloride and 
tripolyphosphate, 968

powder
effect of oxygen retained on beet on the stability  of be-

tanine and vulgaxanthine I, 99 
method for detm of browning in dairy, 1609 

P P  (tetrasodium  pyrophosphate)
effect on binding in restructured beef rolls, 687 

prawn (M acrobrachium  rosenbergii)
partia l characterization of crude enzyme extract, 1494 

precipitation
behavior of extracted N. phytic acid and m inerals in 

rapeseed flour modified by acylating agents, 765 
preservatives

biomass and patulin production by B. nivea in apple juice 
as affected by sorbate, benzoate, SO2 and temp, 402 

effectiveness of chlortetracycline in comb with K sorbate 
or Na4EDTA of vacuum pkg rockfish fillets, 188 

inhibitory effect on protease secretion by A. hydrophila, 
1078

pressure
m easurem ent of aw in sa lt soln and food by electronic 

methods as compared to direct vapor measurement, 
1139

pressurization
effect of prerigor on activity of Ca-activated factor, 680 
effect on postmortem bovine lactate dehydrogenase ac

tiv ity  and glycogen degradation, 593 
influence on postmortem beef muscle creatine phosphok- 

inase activity and degradation of creatine phosphate 
and adenosine triphosphate, 595 

processing
air classification and extrusion of navy bean fraction, 

543
apple pomace energy and solids recovery, 407 
characterization and distribution of lactic acid bacteria 

from traditional cocoa bean ferm entations in Bahia, 
205

comp of techniques for recovering B. subtilis spores from 
inoculated m eat substrates, 366 

component interactions in extrusion cooking: influence 
of conditions on functional viscosity of w heat flour 
system, 1380

consumer acceptance of prerigor pressurized vs conven
tionally processed utility  grade beef, 1226 

control studies in industrial apple juice evaporator, 1422 
cryogenic: effect on microflora of southern peas, 1410 
degradation of wheat starch  in a  single-screw extruder: 

char of extruded starch  polymers, 453 
detm for pasteurization of crabm eat in cans and flexible 

pouches, 1003
d istr of P  and phytate  in some N igerian varieties of leg

umes and some effects of, 199 
dynamic te s t for kinetic models of chem changes during: 

ascorbic acid degradation in dehydration of potatoes, 
1267

effects of dielectric and steam  heating treatm ents on pre
storage and storage color char of pecan kernels, 1532 

effect of high temp conditioning on beef from grass or 
grain fed cattle, 157

effect of infection of a bacteriophage in a  s tarte r culture 
during production of salami dry sausage: model study, 
337

effect of postharvest storage and ripening of apples on 
sensory quality  of applesauce, 1323 

effect of pre-storage conditions on comp, microstructure, 
and acceptance of sweet potato patties, 1258 

effect of some insol m ilk proteins on sensory char of ap
pearance and tex ture  in  cookies, 376 

effect of temp on phys and sensory props of franks, 1462 
effect of tum bling and tum bling tim e on quality  and mi

croflora of dry-cured ham s, 695 
effect on props of melon seed flour, 415 
evaluation of lye and steam  peeling using 4 tomato cul- 

tivars, 1415
factors affecting efficiency of abrasive-type dehulling of 

grain  legumes investigated with a new interm edi
ate-sized batch dehuller, 267 

influence of method in tofu mfg, 202 
infl of RO on sugar retention in  apple juice cone, 304 
m easurem ent of convective heat transfer coefficients 

during freezing, 810
mechanics which enable cell wall to re ta in  homogenous 

appearance of tomato juice, 628 
micro contam ination and prim al cut yields of skinned 

and scalded pork carcasses, 356 
model for mechanical degradation of w heat starch in a 

single-screw extruder, 1154
new mapping super-simplex optimization for develop

m ent, 1143
observations on frozen A laska pollock, 323
of Venezuelan w hite cheese, 1005
optim ization: of nu trien t retention during: ascorbic acid
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in potato dehydration, 1262; of param eters for prepn 
of flounder fram e protein product, 172 

protein foods characterized by in  vitro digestion rates, 
1543

research broiler un it to study changes in m eat during 
cooking, 161

restructured beef steaks from hot-boned and cold-boned 
carcasses, 164

RSM approach to optimization of boneless ham yield, 
1386

therm al: continuous flow procedures for reaction kinetic 
data generation, 803; correlation of rheological be
havior of egg album en to temp, pH and NaCl cone, 
137; flow behavior of liquid whole egg during, 132; 
effects of dielectric and steam  heating treatm ents 
on storage stability  of pecan kernels, 893; gelation 
of n a tiv e  and  m odified  egg w h ite—rheo log ica l 
changes during, 1249; induced gelation of selected 
comminuted muscle systems: rheological changes 
during, 1496; m anual method for predicting nu
trien t retention during ccnduction heating foods in 
rectangular containers, 478; surface heat transfer 
coefficients for steam /air m ixtures in 2 pilot scale 
retorts, 939; sterilization of food in containers with 
an end fla t against a re to rt bottom; numerical anal
ysis and experim ental m easurem ents, 461; ther
mocouple grounding in re to rt pouches, 1061 

time/temp param eters of corn popping, 1412 
transglutam inase catalyzed cross-linking of myosin to 

soya protein, casein and gluten, 573 
UHT: effect on rates of sedim entation and fat separation 

of aseptically pkg milk, 257; of milk: effect on process 
energy requirem ents, 977; stability  of reconstituted 
whey protein in cone, 32; temp histories in an in
direct heat exchanger, 273

use of CIO2 for controlling microorganisms during the 
handling and storage of fresh cucumbers, 396 

utilization of DSG in extruded doughs, 1321 
processor, food

evaluation for m aking model m eat emulsions, 1222 
propionate

effects on growth and aflatoxin production of sublethally 
injured A. parasiticus, 86

protease
effect of activity on some props of comminuted squid, 117 
inhibitory effect of food preservatives on secretion by A. 

hydrophila, 1078
protein

addn to reduced sa lt frankfurter batters, 1355 
chem comp and functional props of low phytate rapeseed 

isolate, 1584
content of broiler m eat, 359
damage of amino acid residues of after reaction with 

oxidizing lipids: estim ation by proteolytic enzymes, 
1082

d istr of among various fractions of tomato juice, 1214 
effect of acylation on ex trac tatility  of N, phytic acid and 

m inerals in rapeseed flour cone, 771 
effect of ammonium n itra te  and low-level foliar tre a t

m ents of simazine on in Pinkeye Purple Hull pea 
seeds, 221

effect of buffering capacity on a commonly used assay of 
digestibility, 498

effects of heat and ionic strength  on dissociation-asso
ciation of soybean, 1289

effect of phosfon D on quality  of 2 snap bean cultivars, 
962

effects of storage on muscle degradation: analysis by SDS- 
PAGE, 292

effect of succinylation on proteolysis of food, 614 
effect of suppl of short bread cookies w ith flour, 922 
effect on phys and sensory props of frankfurters, 1462 
effect on sensory char of appearance and tex ture in cook

ies, 376
emulsifying capacity and stability  of goat, w ater buffalo, 

sheep and cattle muscle, 168 
emulsifying props of bovine blood globin: comp with, 102 
emulsion stabilizing props of soy isolates mixed with Na 

caseinates, 212
enzymatic modification of fish fram e isolate, 1305 
enzyme diafiltration technique for in vitro detm of di

gestibility and availability of amino acids of leg
umes, 794

evaluation in m eat and m eat products using automatic 
m eat analyzer, 1347

ex trac tio n  from frozen, thaw ed tu rk e y  m uscle w ith 
NaN(>2, NaCl and selected Na salts, 709 

factors governing LAL formation in  soy, 1282 
functional props: of acylated oat, 1128; of blood globin,

370; of enzymatically modified beef heart, 1525; pro
duced by extraction of glanded cottonseed w ith dif
ferent solvents, 1057; of products of mass cultivated 
blue-green S. platensis, 24

hydrophobicity and solubility of: relationship to emul
sifying props, 345

increase in emulsification activity of soy-lecithin com
plex by EtOH and heat treatm ents, 1105 

iron availability from soy, m eat and soy/meat samples 
in anemic rats, 585

m easurem ent of oxidation-related changes in of freeze- 
dried meats, 1171

MetSO detm after hydrolysis of, 1547 
modification of egg white with oleic acid, 1240 
ninhydrin-reactive lysine in food, 10 
of pigeonpeas, 799
optimization of processing param eters for prepn of floun

der frame product, 172
prepn of rapeseed cone and isolates using ultrafiltration, 

768
process to produce light colored isolate from defatted 

glandless cottonseed flour, 960 
processed foods char by in vitro digestion rates, 1543 
props of from chia seed, 555
quality of some Southern New England m arine species, 

110
relative viscosity of extracted from frozen, thawed tu r

key muscle with Na salts of n itrite, chloride, and 
tripolyphosphate, 968

retention of nutrien ts  in ham burger patties made from 
beef or soy extended beef, 1167 

SEC/HPLC of heated w ater soluble bovine and porcine, 
598

sensory char of thuringer sausage extended w ith tex
tured soy, 334

stability of reconstituted whey in cone to UHT process
ing, 32

study of forces involved in incorporating L-methionine 
into soy by 1-step plastein-like process, 1316 

textured soy: volatile components of unflavored, 1552 
transglutam inase catalyzed cross-linking of myosin to 

soy, 573
tryptic digestion rates of food, 1535 
ultrasonic extraction of heat-labile 7S fraction from au

toclaved, defatted soybean flakes, 551 
proteolysis

effect of succinylation on food proteins, 614 
effect on functional props of winged bean flour, 944 

Pseudomonas
growth of in sage-containing broth and foods, 737 

P. putrefaciens
effect of elec stim ulation of inoculated pork tissue on 

thermoresistance of, 288 
PSP (paralytic shellfish poisoning)

8emiautomated method for analysis in shellfish, 1506 
public health

allergic skin reactivity and chem props of allergens in 
two grades of lactose, 529

biomass and patu lin  produced by B. nivea in apple juice 
as affected by sorbate, benzoate, SO2 and temp, 402 

caffeine and theobromine levels in cocoa and carob prod
ucts, 302

cellulose suppl of nutritionally complete, liquid formula 
diet: effect on GI trac t function of hum ans and fecal 
fiber recovery, 815

comp of techniques for recovering B. subtilis spores from 
inoculated m eat substrates, 366 

control of 2 major pathogens on fresh poultry using a 
combination K sorbate-C02 pkg treatm ent, 142 

cyanide content of sorghum sprouts, 791 
effects: of gamma radiation on C. jejuni, 665; of NaCl 

levels in frankfurters on growth of C. sporogenes 
and S. aureus, 351; of sorbate and propionate on 
growth and aflatoxin production of sublethally in 
jured A. parasiticus, 86

enzyme immunoassay: for detection of Salmonella, 807; 
for detection of salmonellae in m eat and poultry, 
1018

fluorescence and aflatoxin content of individual almond 
kernels na turally  contaminated with aflatoxin, 493 

growth of enteropathogenic and spoilage bacteria in sage- 
containing broth and foods, 737 

impedimetric estim ation of soliforms in dairy products, 
1449

incidence of enterococcal thermonuclease in milk and 
milk products, 1610

incidence of toxic A ltem aria  sp in small grains from the 
USA, 1626

influence of heating and cooling rates on B. cereus spore
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survival and growth in a  broth medium and in rice, 
34

inhibition of N-nitrosam ine formation in  a cured ground 
pork belly model system, 341

microwave recooking of pork roasts to a tta in  76.7°C 
throughout, 970

power and cooking tim e relationship for devitalization 
of Trichinae in pork roasts cooked in  microwave 
ovens, 824

recovery of selected bacteria in media containing 0.5% 
food grade poly- and pyrophosphates, 948

role of woodsmoke in N-nitrosothiazolidine formation in 
bacon, 658

screening of m ilk and m ilk products for thermonuclease, 
1196

therm al inactivation of the K anagaw a hemolysin of V. 
parahaem olyticus in buffer and shrimp, 183 

pulpwash
orange juice adulteration: detection of, 1438 

putrescine
rapid, autom ated analysis of in seafood by ion-moderated 

partition  HPLC, 603 pyridine, 2-isobutyl-3, 5-diiso
propyl identification of in fried chicken flavor, 1398 

pyrolysis
effect of various param eters on fragm entation patterns 

of peanut oil, 662 
pyrophosphate

recoverey of bacteria in media containing 0.5% food grade, 
948

changes in M uscadine grape juice during cold stabili
zation and storage of bottled juice, 239 

comparison between sensory evaluation of freshly prepd 
spaghetti w ith m eat sauce before and after hot hold
ing on cafeteria counter, 1475 

comp of effects of high and low voltage elec stim ulation 
on char of beef carcasses, 863 

effect of ammonium n itra te  and low-level foliar trea t
m ents of simazine on protein in pea seeds, 221 

effect of delayed filleting on cod flesh, 979 
effect of methodology on TVB-N detm as an  index of in 

fresh A tlantic cod, 734
effect of m ineral gluconates on char of bread and cookies, 

913
effect of phosfon D on protein of 2 snap bean cultivars, 

962
effect of postharvest storage and ripening of apples on 

processed applesauce, 1323
effects of tim e postmortem of elec stim ulation and post

mortem chilling method of pork, 294 
effect of tum bling and tum bling tim e on dry-cured ham, 

695
effects of vacuum and a tm  freeze-drying on shrimp, tu r

key and carrot samples, 1457 
impact m illing of grain  legumes, 925 
indices for postharvest handling of southern peas, 389 
influence of SO2 generators on red raspberry during post

harvest storage, 1067 
of camel milk, 744
of canned dry bean as influenced by HTST steam  blanch

ing, 1318
of canned faba bean as affected by soaking, 1053 
of chunked and formed lamb roasts, 1374 
of date seeds, 617
of m ullet stored a t zero and subzero temp, 317 
of pigeonpeas: dry m atter accumulation, carbohydrates 

and proteins, 799
of protein in some Southern New England m arine sp, 

110
of vegetable pigeonpeas: mineral and trace elements, 645 
of Venezuelan white cheese, 1005 
orange juice adulteration: effects of dilution, added pulp- 

wash, turm eric and sorbate, 1438 
role of fungi on oil of stored seeds of sesame, rape and 

linseed, 1394
varietal difference in topography of rice grain and its 

influence on m illing, 393 
quercetin

antith iam in  activity of, 489

R
rancidity

influence of an extract of h eart on development of during 
storage of sliced bologna, 149



rapeseed
chem comp and functional props of low phytate protein 

isolate, 1584
effect of acylation on extractability of N, phytic acid and 

m inerals in flour protein cone, 771 
ppt behavior of N, phytic acid and m inerals in flour mod

ified by acylating agents, 765 
preparation of protein cone and isolates using ultrafil- 

tration, 768
role of fungi on oil quality of, 1394 

raspberry, red
influence of SO2 generation on quality  during posthar

vest storage, 1067 
refrigeration

shelf life of anchovies for canning, 180 
rennet

simultaneous curdling of soy/cow’s m ilk blends with Ca, 
M gS04 and, 1046 

research broiler un it (RSB)
to study changes in m eat during cooking, 161 

resorcinol
effect on horseradish peroxidase-catalyzed decolonization 

of betalain pigment, 536
retort

sterilization of food in containers with an end flat against 
bottom of: num erical analysis and experimental 
measurements, 461

surface heat transfer coefficients for steam /air m ixtures 
in 2 pilot scale, 939

thermocouple grounding in pouches, 1061 
rheogoniometer

for m easurem ent of transien t response of semisolid foods 
under steady shear, 741 

rheology
char of thixotropic behavior of soft cheeses, 668 
comparison of steady shear and dynamic viscoelastic props 

of guar and karaya  gums, 1 
constitutive relationship for apple cortex under hydro

static stress, 623
continuous flow procedure for reaction kinetic data gen

eration, 803
correlation of egg albumen to temp, pH and NaCl cone, 

137
digitizer aided detm of yield stress in semi-liquid foods, 

1620
effect of alkaline protease activity on some props of com

minuted squid, 117
effect of xanthan  gum on oil-water emulsions, 1271 
flow behavior of liquid whole egg during therm al trea t

ments, 132
flow properties: of aqueous dispersed pectins, 67; of low 

pulp cone orange juice, 876, 882; 
kinetic energy calc for non-Newtonian fluids in  circular 

tubes, 1295
mechanics which enable cell wall to re ta in  homogenous 

appearance of tomato juice, 628 
method for m easurem ent of transien t response of semi

solid foods under steady shear, 741 
model for mechanical degradation of w heat starch in a 

single-screw extruder, 1154
therm ally induced gelation: of native and modified egg 

white: changes during processing, 1249; of selected 
com m inu ted  m uscle  sy stem s: changes  d u rin g  
processing, final strengths and microstructures, 1496 

Rhizopus oligosporus
ferm entation of com gluten meal with, 1200 

R. stolonifer
chem detection of in processed foods, 439 

riboflavin
effect of feeding to male chickens on nu trien t comp of 

broiler m eat, 590
effects of aw, light intensity  and phys structure of food 

on kinetics of photodegradation of, 525 
influence of content on retention in pasta  during photo

degradation and cooking, 984
rice

amylose content and puffed volume of gelatinized, 1204 
char of Zn components on in vitro enzymatic digestion 

of, 1297
effect of hemicelluloses on pancreatic lipase activity in 

vitro, 956
effects of phosphates on firming ra te  of cooked, 660 
finite elem ent analysis of nonlinear w ater diffusion dur

ing soaking, 246
functional props of edible bran  in  model system, 310 
image analysis for detm phys dimensions of m illed ker

nels, 648
influence of heating and cooling ra tes on spore survival 

and growth in, 34

varietal differences in topography and its influence on 
milling quality, 393

ripening
effect on sensory quality of processed applesauce, 1323 

rockfish
discriminative char of different texture profiles, 721 
effectiveness of chlortetracycline in combination with K 

sorbate or Na4EDTA for preservation of vacuum 
packed fillets, 188

sensory and instrum ental evaluation of, 727

s
saccharin

tim e-intensity sensory char of and effect on sweetness of 
lactose, 780

sage
growth of enteropathogenic and spoilage bacteria in broth 

and foods containing, 737
salami

effect of infection of a  bacteriophage in a s tarte r culture 
during production of, 337

salinity
effect on free amino acid comp and cone in Penaeid shrimp, 

327
salmon, coho

ultrastructu ra l localization of lysosomes in, 975 
Salmonella enteriditis

control of on fresh poultry using a combination K-sor- 
bate-CC>2 pkg treatm ent, 142 

Salmonella
enzyme immunoassay for detection of, 807 
enzyme immunoassay technique for detection of in m eat 

and poultry products, 1018 
S. typhim urium

growth of in sage-containing broth and foods, 737
salt

addn of phosphates, proteins, and gums to frankfurter 
batters low in, 1355

diffusion props of into herring and subsequent effect on 
muscle tissue, 714

effect of added after cooking on tex ture of canned snap 
beans, 910

effect on binding in restructured beef rolls, 687 
m easurem ent of aw in  soln and foods by electronic m eth

ods as compared to direct vapor pressure m easure
ment, 1139

world survey of selected saturated solns used as stan
dards a t  25°C, 510

saltiness
interactions of MSG and NaCl on clear soup, 82 

sarcomere
DSC of beef muscle: influence of length, 1529 

sodium acid pyrophosphate (SAPP)
inhibition of C. botulinum growth from spore inocula in 

media containing w ith or w ithout NaCl, 1588
saurel

detm of inosine-5-monophosphate in w ith an enzyme 
sensor, 114

sausage
effect of bacteriophage on activity of lactic acid starter 

cultures used in production of, 650 
effect of infection of a  bacteriophage in a starter culture 

during production of salami, 337 
evaluation of rapid fat, m oisture and protein detm using 

autom atic m eat analyzer, 1347 
factors affecting props of precooked-frozen pork patties 

made w ith various NaCl/phosphate combinations, 
1372

factors affecting props of raw-frozen pork patties made 
w ith various NaCl/phosphate combinations, 1363 

ferm entation enhancem ent by spices: identification of 
active component, 5

forms of Fe in m eats cured with n itrite  and erythorbate, 
284

smokes: effects of emulsions, particle size and levels of 
added w ater on acceptability of, 966 

thuringer: sensory characteristics of extended with TSP, 
334

scup
chem comp and protein quality  of, 110 

seafood
chem comp and protein quality  of some Southern New 

England m arine sp, 110
color stability  of astaxanth in  pigmented rainbow trout 

under various pkg conditions, 1337 
comparison of shelf life and quality of m ullet stored at 

zero and subzero temp, 317
detm of equivalent processes for pasteurization of crab-

m eat in cans and flexible pouches, 1003 
detm of inoxine-5-monophosphate in fish tissue w ith an 

enzyme sensor, 114
diffusion props of salt and acetic acid into herring and 

subsequent effect on muscle tissue, 714 
discrim inative char of different tex ture  profiles of var

ious cooked fish muscle, 721 
effect: of alkaline protease activity on some props of 

comminuted squid, 117; of brain destruction on post 
harvest muscle metabolism in fish kahaw ai, 177; of 
delayed filleting on quality  of cod flesh, 979; of en
vironm ental salinity  on free amino acid composition 
and cone in Penaeid shrimp, 327; of methodology on 
TVB-N detm  as an index of quality  of fresh Atlantic 
cod, 734; of potentially synergistic treatm ents in 
combination w ith 100 K rad irradiation on iced shelf 
life of cod fillets, 1341; of vacuum and atm  freeze
drying on quality  of shrimp, 1457 

effectiveness of chlortetracycline in combination w ith K 
sorbate or tetrasodium  EDTA for preservation of 
vacuum  packed rockfish fillets, 188 

enzymatic modification of fish frame protein isolate, 1305 
extension of shelf life of oysters by pasteurization in flex

ible pouches, 331
investigation into lipid classes of skipjack tuna, 1638 
observations on reprocessing frozen A laska pollock, 323 
optimization of processing param eters for prepn of floun

der fram e protein product, 172 
oxidation of lipid emulsion by peroxidizing microsomal 

fractions from herring  muscle, 1392 
partia l characterization of crude enzyme extract from 

freshw ater prawn, 1494
props of Kamaboko made from red hake fillets, mince or 

surim i, 192
proxim ate comp, cholesterol, and Ca content in mechan

ically separated fish flesh from 3 sp of gadidae, 1182 
rapid, autom ated analysis of amines in by ion-moderated 

partition  HPLC, 603
relationship of tex ture  to pH and collagen content of yel- 

lowtail flounder and cusk, 298 
role of TMAO in freeze denaturation of fish muscle, 1640 
semiautomated method for analysis of PSP toxins in 

shellfish, 1506
sensory and instrum ental evaluation of snapper and 

rockfish sp, 727
storage of New Zealand jack mackerel in ice: chem, mi- 

crobiol and sensory assessment, 1453 
therm al inactivation of the K anagaw a hemolysin of V.

parahaem olyticus in buffer and shrimp, 183 
u ltrastructu ra l localization of lysosomes in coho salmon 

and steelhead trou t muscle, 975 
use of fluorogenic assays for enum eration of E. coli, 1186 

See also individual species 
sedim entation

effect of UHT processing and storage conditions on rates 
of in  aseptically pkg milk, 257 

selenium
content of European beers as detm by AAS, 300 
in foods purchased or produced in South Dakota, 446 

semolina
use of defatted corn germ  flour in pasts products, 482 

sensory evaluation
accounting for intervarienta l variation in apple sauce 

and slices using factor analysis, 751 
aging of frozen parts  of beef, 1174 
appln of small sample back extrusion test for measuring 

tex ture of cooked sorghum grain, 278 
aspartam e and polydextrose in a  calorie-reduced frozen 

dairy dessert, 306
changes in M uscadine grape juice quality  during cold 

stabilization and storage of bottled juice, 239 
char of thuringer sausage extended w ith TSP, 334 
color: codes for paired preference and hedonic testing, 

1115; stab ility  of apple and pear juices blended with 
fru it juices containing anthocyanins, 411; stability 
of astaxan th in  pigm ented rainbow trou t under var
ious pkg conditions, 1337

comparison: of effects of high and low voltage elec stim 
ulation on quality-indicating char of beef carcasses, 
863; of nonm eat proteins, STPP and processing temp 
effects on frankfurters, 1462; of shelf life and quality 
of m ullet stored a t zero and subzero temps, 317 

considerations in replacem ent in  dark  chocolate of su
crose by other carbohydrate sweeteners, 1024 

consumer acceptance of prerigor pressurized vs conven
tionally processed u tiity  grade beef, 1226 

damage to french-fried potatoes caused by simulated 
transport and handling tests a t cryogenic temps, 217 

descrim inative char of different tex ture profiles of var-
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ious cooked fish muscle, 721 
effect: of alkaline protease activity on some props of 

comminuted squid, 117; of ascorbic acid on color of 
jellies, 1212; of beef carcass elec stim ulation and hot 
boning on muscle display color of PVC pkg steaks, 
1021; of delayed filleting on quality  of cod flesh, 979; 
of dielectric and steam  heating treatm ents on stor
age stability  of pecan kernels, 893; of emulsions, 
particle size and levels of added w ater on accepta
bility of smoked sausage, 966; of extended cook times 
on certain phys and chem char of beef prepared in 
a water-bath, 838; of fat level and cooking method 
on ground beef patties, 870; of high temp condition
ing on beef from grass or grain fed cattle, 157; of 
methodology on total volatile basic nitrogen (TVB- 
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734; of m ineral gluconates on quality characteristics 
of bread and cookies, 913; cf postharvest storage and 
ripening of apples on quality  of processed apple
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146; of pre-processing storage conditions on comp, 
m icrostructure and acceptance of sweet potato pa t
ties, 1258; of salts added after cooking on texture of 
canned snap beans, 910; of some insol milk proteins 
on cookies, 376; of sorghum variety on baking props 
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bread and cookies, 1070; cf STPP on beef and pork 
roasts, 1636; of suppl of short bread cookies with 
roasted whole navy bean flour and high protein flour, 
922; of TA and carbonation level on preference of 
clarified pineapple juice, 1220; of tim e postmortem 
of elec stim ulation and postmortem chilling method 
on pork quality and palat&bility tra its , 294; of tum 
bling and tum bling tim e on quality and microflora 
of dry-cured ham, 695; of various sucrose fatty  acid 
ester emulsifiers on high-ratio white layer cakes, 
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effectiveness of chlortetracycline in combination with K 
sorbate or tetrasodium  EDTA for preservation of 
vacuum pkg rockfish fillets, 188 

electrical stim ulation: hot boning and prerigor cookery 
effects'on lamb longissimus tenderness, 1466; of 
mutton, 1011

emulsion and storage stability  of emulsions incorporat
ing mechanically deponed poultry m eat and various 
soy flours, 1358

evaluation of ex tra  low voltage elec stim  system for bo
vine carcasses, 363

factors affecting props of precooked-frozen pork sausage 
patties made with various NaCl/phosphate combi
nations, 1363, 1372

factors affecting storage of orange cone, 1628 
flavor description of white wine by expert and nonexpert 

wine consumers, 120
HVFS fruits: influence of can type on storage stability 

of vacuum packed peach and pear slices, 263 
identification of 3, 5-diisobutyl-l,2,4-trithiolane and 2- 

isobutyl-3,5-diisopropylpyridine in fried chicken fla
vor, 1398

identification of key textural attributes of fluid and semi
solid foods using regression analysis, 47 
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all liking of soft drinks, 1598 

improved method for evaluating tim e-intensity data, 539 
influence of SO2 generation on red raspberry quality 

during postharvest storage, 1067 
interactions of MSG and NaCl on saltiness and palata- 

bility of a clear soup, 82 
lemon juice color grading, 1435
life cycle of canned tomato paste: correlation between 

and instrum ental testing methods, 1188 
mechanics which enable the cell wall to retain  homog

enous appearance of tomato juice, 628 
modeling of roasted peanut flavor for some Virginia-type 

peanuts from amino acid and sugar contents, 52 
new method for of red pepper heat, 1028 
nomilin, taste  threshold and relative bitterness, 777 
nonenzymatic browning in apple juice cone during stor

age, 889
observations on reprocessing frozen A laska pollock, 323 
of canned applesauce and slices, 756 
of carbonated apple juice using RSM, 1595 
of freshly prepared spaghetti w_th m eat sauce before and 

after hot holding on cafeteria counter, 1475 
of lye and steam  peeling using 4 processing tomato cul- 

tivars, 1415
of snapper and rockfish, 727
orange juice adulteration: detection and quality effects 

of dilution, added pulpwash, turm eric and sorbate,

1438
prepn of fermented soybean curd using stem  bromelain, 

312
quality  a ttributes and retention of B-vitamins of canned 

faba bean as affected by soaking treatm ents, 1053 
quality of chunked and formed lamb roasts, 1376 
relationship of texture to pH and collagen content of yel- 

lowtail flounder and cusk, 298 
research broiler un it to study changes in m eat during 

cooking, 161
restructured beef steaks from hot-boned and cold-boned 

carcasses, 164
shelf life: of brine refrigerated anchovies for canning, 

180; of vacuum- or N-packed pastram i: effects of pkg 
atm , temp and duration of, 832 

storage of New Zealand jack mackerel in ice, 1453 
studies on turpentine-like off-odor in cola, 485 
supercritical fluid extraction of dry-mi lied com germ with 

C 0 2, 229
taste panel preference correlated w ith lipid comp of bar

ley DDG, 787
tim e-intensity char of saccharin, xylitol and galactose 

and the ir effect on sweetness of lactose, 780 
use of defatted com germ flour in pasta  products, 482 
utilization of DSG in extrusion processed doughs, 1321 

sesame
role of fungi on oil quality of stored seeds, 1394 

shear
effect of cooking temp and animal age on props of beef 

and buffalo meat, 1163
method for using m easurem ents to estim ate size and 

thermodynamic stability of junction zones in  non- 
covalently cross-linked gels, 1103 

sheep (ovine)
emulsifying capacity and stability of muscle proteins, 

168 See also ovine
shellfish

semiautomated method for analysis of PSP toxins, 1506 
shipping

damage to french-fried potatoes caused by simulated 
transport and handling tests a t cryogenic temps, 217 

shrim p (Penaeid)
effects of vacuum and atm  freeze-drying on quality, 1457 
effect of environmental salinity on free amino acid comp 

and cone in, 327
therm al inactivation of the Kanagawa hemolysis of V. 

parahaemolyticus in, 183 
simazine

effect of low-level foliar treatm ents on some chem com
ponents and protein quality of pea seeds, 221 

skinning
microbiol contamination and primal cut yields of skinned 

and scalded pork carcasses, 356
snapper

sensory and instrum ental evaluation of, 727 
soaking

quality a ttributes and retention of B-vitamins of canned 
faba bean as affected by, 1053

sodium
in ground beef and longissimus muscle, 105 
relative viscosity of proteins extracted from frozen, thawed 

turkey muscle with salts of n itrite, chloride and tr i
polyphosphate, 968 

sodium chloride
correlation of rheological behavior of egg albumen, 137 
effect in frankfurters on growth of C. sporogenes and S. 

aureus, 351
factors affecting props of precooked-frozen pork sausage 

patties made with various/phosphate combinations, 
1372

factors affecting props of raw-frozen pork sausage patties 
made with various/phosphate combinations, 1363 

inhibition of C. botulinum growth from spore inocula in 
media containing, 1588

interactions: with MSG on saltiness and palatability of 
clear soup, 82; with paracasein as detm by water 
sorption, 127

phys char of pectoralis superficialis from broiler car
casses chilled in, 849

protein extraction from frozen, thawed turkey, 709 
relative viscosity of proteins extracted from frozen, thawed 

turkey muscle with, 968
stability  and gel strength of frankfurter batters made 

with reduced, 1350
unsat soln of as reference sources of aw a t various temps, 

1486
sodium formate

stim ulation by of antimicrobial activity of L. bulgaricus 
in milk, 652
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sodium nitrite
protein extraction from frozen, thawed turkey, 709, 968 

sodium phosphate
protein extraction from frozen, thaw ed turkey, 709 

soft drinks
importance of color, fruity flavor and sweetness in over

all liking of, 1598 
See also beverages; juices 

softening
of cucumber pickles by Cx-cellulase, 954 
of strawberry: potential roles of polyuronides and hem- 

icelluloses, 1310 
solubility

of m eat proteins: relation to em ulsifying props, 345 
solubilization

of red beet cell wall betanin decolorizing enzyme, 1075 
solute

study of influence of chain length on the ir retention by 
olive oil, 1301

solvents
gossypol removal and functional props of protein pro

duced by extraction of glanded cottonseed with, 1057
sorbate

effects on growth and aflatoxin production of sublethally 
injured A. parasiticus, 86

orange juice adulteration: detection and quality effect of 
added, 1438

potassium: biomass and pa tu lin  production by B. nivea 
in apple juice as affected by, 402; control of 2 m^jor 
pathogens on fresh poultry using as a pkg trea t
ment, 142; effectiveness of in combination with 
chlortetracycline for preservation of vacuum packed 
rockfish fillets, 188; inhibition of C. botulinum growth 
from spore inocula in media containing w ith or 
w ithout added NaCl, 1588

sorbitol
effect on hygroscopicity and mold growth in dark choc

olate, 1088 
sorbose, L-

effect on hygroscopicity and mold growth in dark choc
olate, 1088 

sorghum
appln of small sample back extrusion test for measuring 

tex ture of cooked, 278 
cyanide content of sprouts, 791
effect of variety on baking props of US conventional bread, 

Egyptian p ita  “Balady” bread and cookies, 1070 
kinetics of hydrolyses of molasses with dilute mineral 

acids and oxalic acid and melibiose with oxalic acid, 
1428

soup
interactions of MSG and NaCl on saltiness and palata

bility of, 82 
soy/soybean

behavior of phospholipid in oil on silicic acid, 1399 
bioavailability of Fe from processed products, 1558 
Ca fortification of m ilk w ith Ca-lecithin liposome, 1111 
d istr of P  and phytate  in and effects of processing, 199 
effects: of heat and ferm entation on extractability  of 

minerals from com and blends, 566; of heat and ionic 
strength  on dissociation-association of protein frac
tions, 1289; of heat and na tu ra l ferm entation on 
amino acid, flatus producing compds, lipid oxidation 
and trypsin inhibitor in blends, 563; of xanthan  gum 
on rheological and stability  of oil-water emulsions, 
1271

emulsion: and storage stability of emulsions incorporat
ing various flours, 1358; stabilizing props of protein 
isolates mixed with Na caseinates, 212 

factors governing LAL formation in proteins, 1282 
increase in emulsification activity of lecithin-protein 

complex by EtOH and heat treatm ents, 1105 
influence of variety  in tofu mfg: comparison of methods 

for m easuring soluble solids in soymilk, 202 
lab prepn of Kishk, 197
MetSO detm after hydrolysis of products, 1547 
m ineral and v itam in contents of seeds and sprouts of 

newly available small-seeded, 656 
ninhydrin-reactive lysine in, 10
phytic acid content of crude, degummed and retail oils 

and its  effect on stability, 1113 
prepn of fermented curd using stem  bromelain, 312 
retention of nutrien ts  in ham burger patties made from 

extended beef, 1167
sensory characters of thuringer sausage extended with 

textured protein, 334
sim ultaneous curdling of -cow’s m ilk blends with rennet 

and Ca or MgSO,*, 1046
study of forces involved in incorporating L-methionine



into protein by 1-step plastein-like process, 1316 
transglutam inase catalyzed cross-linking of myosin to 

protein, casein and gluten, 573 
ultrasonic extraction of heat-labile 7S protein fraction 

from autoclaved, defatted flakes, 551 
volatile components of unflavored textured protein, 1552 

spaghetti
amino acid comp of: effect of drying conditions on total 

and available lysine, 225
comp between sensory quality  of freshly prepared with 

m eat sauce before and after hot holding on cafeteria 
counter, 1475

spices
effects of essential oils from plants on growth of food 

spoilage yeasts, 429
fermentation enhancem ent by: identification of active 

component, 5
growth of enteropathogenic and spoilage bacteria in sage- 

containing broth and foods, 737
spinach

comp of conjugase trea tm en t procedures in the micro
biological assay for folacin, 94 

Spirulina platensis
functional props of protein products of mass cultivated 

blue-green alga, 24
spoilage

effects of essential oils from plants on growth of food 
yeasts, 429

growth of bacteria in sage-containing broth/foods, 737 
spectrometry

atomic absorption: Se and Cr content of European beers 
as detm by, 300

mass: identification of volatile constituents from scup- 
pem ong berries, 64 

spectrophotometry
automated methylthymol blue method for Ca detm in 

peanuts, 209
near infrared: detm of individual simple sugars in aqueous 

soln by, 1601; appln for predicting sugar content of 
fruit juices, 995; detm of amino acid in w heat and 
barley by, 17

squid
chem comp and protein quality  of, 110 
effect of alkaline protease activity on some props, 117 

stability
computer sim ulation on storage in  IM apples, 759 
effects: of dielectric and steam  heating treatm ents on 

stQrage of pecan kernels, 893; of oxygen retained on 
beet powder on betanine and vulgaxanthine I, 99; of 
xanthan  gum on oil-water emulsions, 1271 

HVFS fruits: influence of can type on storage of vacuum 
packed peach and pear slices, 263 

influence of an extract of heart on color and development 
of rancidity  during storage of sliced bologna, 149 

in storage of grapefruit syrups, 1330 
method for using m easurem ents of shear modulus to es

timate of junction zones in noncovalently cross-linked 
gels, 1103

of color: in apple and pear juices blended with fruit juices 
containing anthocyanins, 411; of astaxanth in  pig
mented rainbow trou t under various pkg cond, 1337 

of emulsions incorporating mechanically deboned poul
try  m eat and various soy flours, 1358 

of frankfurter batters made with reduced NaCl, 1350 
of fresh and frozen-thawed Valencia orange juice, 1489 
of goat, w ater buffalo, sheep and cattle muscle proteins, 

168
of puff pastry  dough w ith reduced w ater activity, 1405 
of reconstituted whey protein in cone to UHT process, 32 

peroxidase fractions from asparagus of varying heat, 
1618

phytic acid content of crude, degummed and retail soy
bean oils and its  effect on, 1113 

thermodynamic and kinetic constants of carboxylic acids 
and iron, 500 

stabilization
changes in Muscadine grape juice quality during, 239 
emulsion props of soy protein isolates mixed with Na 

caseinates, 212 
standardization

world survey of aw of selected saturated  salt soln used 
as standards a t 25°C, 510 

Staphylococcus aureus A100
A100: /effect of Ca and Mg on antibacterial activity of 

phenolic antioxidants against, 282 
control on fresh poultry using a combination K sorbate- 

CO2 pkg treatm ent, 142
effect of NaCl levels in frankfurters on growth of, 351 
growth in  sage-containing broth and foods, 737

inhibition of growth in lab media of aw adjusted with 
polyethylene glycols, 296 

MF-31: factors affecting catalase activity, 1573 
starch

changes in winged bean during seed development, 314 
degradation of w heat in a single screw extruder: char of 

extruded polymers, 453
digestibility as affected by polyphenols and phytic acid, 

1228
interaction of sucrose w ith during dehydration as shown 

by w ater sorption, 1604 
isolation and char of adzuki bean, 558 
model for mechanical degradation of w heat in single

screw extruder, 1154 
phys and chem props of kiwi fruit, 620 
physicochem model for extrusion from corn, 40 

statistics
detm of sensory components accounting for intervarietal 

variation in apple sauce and slices using factor anal
ysis, 751

identification of key textural attributes of fluid and semi
solid foods using regression analysis, 47 

param etric analysis for predicting freezing time of infi
nitely slab-shaped food, 468

relationship of objective m easurem ents to sensory com
ponents of canned applesauce and apple slices, 756 
See also mathematics

steam
canned dry bean quality as influenced by HTST blanch

ing, 1318
effect of heating treatm ents on pre-storage and storage 

color characteristics of pecan kernels, 1532 
evaluation of peeling using 4 processing tomato culti- 

vars, 1415
surface heat transfer coefficients for -air m ixtures in two 

pilot scale retorts, 939 
sterilization

high vacuum flame: influence of can type on storage sta
bility of vacuum packed peach and pear slices, 263 

of food in containers w ith an end flat against a retort 
bottom: numerical analysis and experimental m ea
surements, 461 

See also processing, therm al 
sterols

total p lant analysis of in winged bean, 964 
storage

aging of frozen parts  of beef, 1174 
changes in Muscadine grape juice quality during of bot

tled juice, 239
comp of shelf life and quality  of m ullet stored a t zero 

and subzero temps, 317
computer simulation of stability in IM apples, 759 
DSC of beef muscle: influence of postmortem condition

ing, 1513
effect: of ascorbic acid on color of jellies, 1212; of CO2 

flushing and pkg methods on microbiol of pkg chicken, 
1367; of conditions on rates of sedim entation and fat 
separation of aseptically pkg milk, 257; of delayed 
filleting on quality  of cod flesh, 979; of dielectric and 
steam  heating treatm ents on color char and stability 
of pecan kernels, 893, 1532; of phosphates on firm
ing ra te  of cooked rice, 660; of potentially synergistic 
treatm ents in combination with 100 Krad irradia
tion on iced shelf life of cod fillets, 1341; of pre
processing conditions on comp, m icrostructure and 
acceptance of sweet potato patties, 1258; of sweet
ener type and lecithin on hygroscopicity and mold 
growth in  dark chocolate, 1088; on cold-shortened 
bovine muscle: analysis by SDS-PAGE, 290; on lipid 
oxidation in chicken m eat, 838; on muscle protein 
degradation: analysis by SDS-PAGE, 292; on sen
sory quality of processed applesauce, 1323 

effectiveness of chlortetracycline in combination with K 
sorbate or tetrasodium  EDTA for preservation of 
vacuum packed rockfish fillets, 188 

enzymic lipid peroxidation in microsomal fractions from 
beef skeletal muscle, 675

extension of shelf-life of oysters by pasteurization in 
flexible pouches, 331 

factors affecting orange cone, 1628 
HVFS fruits: influence of can type on stability  of vacuum 

packed peach and pear slices, 263 
influence: of extract of heart on stability of color and 

development of rancidity during of sliced bologna, 
149; of initial riboflavin content on retention in pasta 
during photodegradation and cooking, 984; of SO2 
generators on red raspberry quality  during, 1067; of 
aw on nonenzymatic browning of apple juice cone in, 
1630

kinetics of tann in  deactivation during of sorghums, 1566 
life cycle of canned tomato paste: correlation between 

sensory and instrum ental testing methods, 1188 
model for food desiccation in, 1275 
nonenzymatic browning in apple juice cone during, 889 
of New Zealand jack mackerel in ice: chem, microbiol 

and sensory assessment, 1453 
props of Kamaboko made from red hake fillets, mince or 

surim i, 192
quality  and m atu rity  indices for postharvest handling of 

Southern peas, 389
shelf life: of brine refrigerated anchovies for canning, 

180; of vacuum- or N-packed pastram i: effect of du
ra tio n  on physicochem , sensory and m icroflora 
changes, 827, 832

softening of cucumber pickles by Cx-cellulase and its 
inhibition by Ca, 954

stability: of emulsions incorporating mechanically de
boned poultry m eat and various soy flours, 1358; of 
grapefruit syrups, 1330; of puff pastry  dough with 
reduced aw, 1405

studies on turpentine-like off-odor in cola, 485 
supercritical fluid extraction of dry-milled corn germ with 

C 0 2, 229
use of CIO2 for controlling microorganisms during of fresh 

cucumbers, 396 
STPP (Na tripolyphosphate)

effects on physical and sensory props: of beef and pork 
roasts, 1636; of frankfurters, 1462 

strawberry
effect of ascorbic acid on color of jelly, 1212 
softening: potential roles of polyuronides and hemicel- 

luloses, 1310 
Streptococcus faecalis

effect of electrical stim ulation of inoculated pork tissue 
on therm oresistance of, 288

S. lactis
in cocoa bean ferm entations, 205 

S. therm ophilus
effect of yogurt cultures on cone of orotic acid, uric acid 

and HMG-like compd in milk after fermentation, 
1194

effects on m ilk lipids, 748 
stress

gelatin  photoelasticity: new technique for measuring 
distributions in gels during penetration testing, 654 

style guide
IFT, for research papers, 1401 

succinylation
effect on functional props of winged bean flour, 547 
effect on proteolysis of food proteins, 614 

sucrose
detm of contents of ice cream  mix via enzymatic-cryos- 

copic methodology, 1332 
detm in aqueous soln by NIR, 1601 
effects of various fatty  acid ester emulsifiers on high- 

ratio white layer cakes, 380; on hygroscopicity and 
mold growth in dark  chocolate, 1088 

interaction of w ith starch  during dehydration as shown 
by w ater sorption, 1604

prepn and evaluation of polyesters as low calorie re
placements of edible fats and oils, 419 

sensory consideration in replacem ent in dark chocolate 
by other carbohydrate sweeteners, 1024

sugar
appln of NIR spectroscopy for predicting content of fruit 

juices, 995
changes in winged bean during seed development, 314 
detm of individual in aqueous soln by NIR, 1601 
influence of RO on retention in apple juice cone, 304 
M aillard browning of, 1206
modeling of roasted peanut flavor for some Virginia-type 

peanuts from, 52
sulfide

evaluation of methods for detecting production of by lac- 
tobacilli, 981 

sulfur dioxide
biomass and patulin production by B. nivea in apple juice 

as affected by, 402
influence of generators on red raspberry quality during 

postharvest storage, 1067 
sunflower

use of in batter/breading for fried beef patties, 1224 
surimi

props of Kamaboko made from red hake, 192 
sweeteners

aspartam e and polydextrose in a calorie-reduced frozen 
dairy dessert, 306

detm of reactivity  of aspartam e with flavor aldehydes by
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GC, HPLC and GPC, 520
effect of type on hygroscopicity and mold growth in dark 

chocolate, 1088
sensory consideration in replacement in dark chocolate 

of sucrose by other carbohydrate, 1024 
tim e-intensity sensory characteristics of saccharin, xy- 

litol and galactose and their effect on sweetness of 
lactose, 780 

sweetness
importance of in overall liking of soft drinks, 1598 

syrup
storage stability  of grapefruit, 1330

T
tallow

distribution of cholesterol in fractionated beef, 1390 
tangerine

nonenzymatic oxidation of linoleic acid by extracts, 308 
tannin

kinetics of deactivation during anaerobic storage and 
boiling treatm ents of sorghums, 1566

taste
threshold for bitterness, 777 
See also sensory evaluation 

TBHQ
effect of Ca and Mg on antibacterial activity of phenolic 

antioxidants against S. aureus A100, 282 
tem perature

biomass and patulin production by B. nivea in apple juice 
a3 affected by, 402

canned dry bean quality  as influenced by HTST steam 
blanching, 1318

comp of shelf life and quality  of m ullet stored a t zero 
and subzero, 317

correlation of the rheological behavior of egg albumen 
to, 137

damage to french-fried potatoes caused by simulated 
transport and handling tests a t  cryogenic, 217 

effect of conditioning on beef from grass or grain fed 
cattle, 157; of cooking on shear props of beef and 
buffalo m eat, 1163; of processing on phys and sen
sory props of frankfurters, 1462; of tum bling on con
tam ination of L. p lantarum  and residual n itrite  in 
cured pork shoulder, 1634

flow props of low-pulp cone orange juice: effect of, 882 
freezing tim e prediction for different final product, 1230 
histories in a UHT indirect hoat exchanger, 273 
influence on nutritive value of lactic acid fermented 

commeal, 958
internal end and survival or bacteria on m eats with and 

w ithout a polyvinylidene chloride wrap during mi
crowave cooking, 972

nonenzymatic browning in pear juice cone a t elevated, 
1335

of barrel: effect on phys props of extruded cowpea meal, 
916

param eters of corn popping, 1412 
shelf life of vacuum- or N-packed pastram i: effect on mi

croflora, physicochem and sensory changes, 827, 832 
therm al inactivation of the K anagawa hemolysin of V.

parahaemolyticus in buffer and shrimp, 183 
thin-layer drying of parboiled rice a t elevated, 905 
unsat soln of NaCl as reference sources of aw a t various, 

1486
tenderness

DSC of beef muscle: influence of sarcomere length, 1529 
elec stim ulation, hot boning and prerigor cookery effects 

on lamb longissimus, 1466
texture

appln of small sample back extrusion test for measuring 
of cooked sorghum grain, 278 

discriminative char of profiles of various cooked fish 
muscle, 721

effects: of fat level and cooking method on ground beef 
patties, 870; of salts added after cooking on canned 
snap beans, 910; of some insol m ilk proteins on cook
ies, 376

identification of in fluid and semi-solid foods using 
regression analysis, 47

relationship to pH and collagen content of yellowtail 
flounder and cusk, 298 

See also sensory evaluation 
thawing

influence on egg vitelline membrane, 1149 
theobromine

levels in cocoa and carob products, 302 
thermocouple

grounding in re to rt pouches, 1061

thermodynamics
method for using m easurem ents of shear modulus to es

tim ate stability  of junction zones in noncovalently 
cross-linked gels, 1103

stability  constants of carboxylic acids and Fe, 500 
thermonuclease, enterococcal

incidence of in m ilk products, 1610 
screening of milk and milk products for, 1196 

therm oresistance
effect of elec stim ulation of inoculated pork tissue on L. 

plantarum , P. putrefaciens and S. faecalis, 288
thiam in

anti-activity of polyphenolic antioxidants, 489 
tim e-intensity method (Tl)

improved method for evaluating, 539 
TMAO (tri methyl amine oxide)

role in freeze denaturation of fish muscle, 1640 
TPP (Na tripolyphosphate)

effect on binding in restructured beef rolls, 687 
inhibitory effect on protease secretion by A. hydrophila, 

1078
in vitro evaluation of effects of on Zn, Fe and Ca bio

availability, 1562
relative viscosity of proteins extracted from frozen, thawed 

turkey muscle with, 968
tofu

influence of soybean variety and method of processing 
in mfg of, 202 

toluidine, o-
effect on horseradish peroxidase-catalyzed decolorization 

of betalain pigments, 536
tomato

chem detection of mold in puree, 439 
correlation between pH and comp of foods comprising 

m ixtures of and low-acid ingredients, 233 
distr of protein, lycopene and Ca, Mg, P and N among 

various fractions of juice, 1214 
evaluation of lye and steam  peeling using four cultivars, 

1415
growth and corresponding elevation of juice pH by B. 

coagulans, 647
life cycle of canned paste: correlation between sensory 

and instrum ental testing methods, 1188 
mechanics which enable cell wall to retain  homogenous 

appearance of juice, 628 
topography

varietal differences in rice grain and influence on m ill
ing quality, 393

tortillas
nutritional comp of corn and flour, 1202 

toxicology
aflatoxin content of almond kernels, 493 
cyanide content of sorghum sprouts, 791 
effect of sorbate and proprionate on growth and aflatoxin 

production of sublethally injured A. parasiticus, 86 
incidence of A ltem aria  sp in small grains from the USA, 

1626
inhibition of N-nitrosamine formation in a cured ground 

pork belly model system, 341 
8emiautomated method for analysis of PSP toxins in 

shelfish, 1506 
See also public health 

transglutam inase
catalyzed cross-linking of myosin to soya protein, casein 

and gluten, 573 
triacylglycerols

role of on malonaldehyde formation in fat extracted from 
chicken meat, 704 

trialkoxycitrate
prepn and evaluation of as low calorie replacement of 

edible fats and oils, 419 
trialkoxyglycerylether

prepn and evaluation of as low calorie replacement of 
edible fats and oils, 419 

trialkoxytricarballylate
prepn and evaluation of as low calorie replacement of 

edible fats and oils, 419 
Trichinella spiralis

microwave recooking of pork roasts to 76.7° throughout, 
970

power and cooking tim e relationship for devitalization 
of in pork roasts cooked in microwave ovens, 824 

triglyceride
distribution in low moisture food model system, 934 

trim ethylam ine
rapid, automated analysis of in seafood by ion-moderated 

partition HPLC, 603 
tri polyphosphate 

See TPP

trithiolane, 3, 5-diisobutyl-l, 2, 4
identification in fried chicken flavor, 1398 

trou t
rainbow: color stability  of astaxanth in  pigmented under 

various pkg conditions, 1337 
steelhead: u ltrastructu ra l localization of lysosomes in, 

975
trypsin

changes in inhibitor activity in winged bean during seed 
development, 314

digestion ra tes of food proteins, 1535 
effects of heat and na tu ra l ferm entation on inhibitor in 

blends of soybean and commeal, 563 
kinetics of inhibitory activity loss in heated flour from 

bean, 124
ninhydrin-reactive lysine in, 10 

TTPP (Na tetrapolyphosphate)
effect on binding in restructured beef rolls, 687 

tum bling
effect of temp on contam ination of L. p lantarum  and re

sidual n itr ite  in cured pork shoulder, 1634 
effect on quality  and microflora of dry-cured ham, 695 

tuna, skipjack (Katsuwonus pelamis)
discrim inative char of different tex ture profiles, 721 
investigation into lipid classes of, 1638 

turkey
See poultry 

turm eric
ferm entation enhancem ent by, 5
orange juice adulteration: detection and quality effect of 

added, 1438 
turpentine

studies of off-odor in cola, 485 
TVB-N (total volatile basic nitrogen)

effect of methodology on detm as an index of quality in 
fresh A tlantic cod, 734

u

u ltrafiltration
prepn of rapeseed protein cone and isolates using, 768 
process to produce light colored protein isolate from de

fatted glandless cottonseed flour, 960 
study of forces involved in incorporating L-methionine 

into soy protein by l-step plastein-like process, 1316 
ultrasonics

extraction of a  heat-labile 7S protein fraction from au
toclaved defatted soybean flakes, 551

V

vacuum
effect on quality  of shrim p, turkey  and carrot, 1457 
effectiveness of chlortetracycline in combination with K 

sorbate or Na4EDTA for preservation of packaged 
rockfish fillets, 188

shelf life of -packed pastram i: effect of pkg atm , temp 
and storage on microflora, physicochem and sensory 
changes, 827, 832

vanillin
detm of reactivity  of aspartam e with by GC, HPLC and 

GPC, 520
vapor

w ater perm eability of edible bilayer films, 1478, 1482 
vegetables

water holding capacity of African, 762 
w ater holding capacity of hemicellulose from, 1632 
See also individual species 

Vibrio parahaem olyticus
therm al inactivation of the K anagaw a hemolysin of in 

buffer and shrim p, 183 
viscoelasticity

predicting of guar and carrageenan using Bird-Carreau 
model, 1569

props of guar and karaya gums, 1 
viscosity

component interactions in extrusion cooking process: in
fluence of process conditions on wheat flour, 1380 

flow profiles of aqueous dispersed pectins. 67 
flow props of low-pulp cone orange juice, 876 
of proteins extracted from frozen, thawed turkey muscle 

w ith Na salts of n itrite , chloride, and tripolyphos
phate, 968

vitamins
antith iam in  activity of polyphenolic antioxidants, 489 
B: content of na tu ra l lactic acid fermented commeal, 

373; retention in canned bafa bean as affected by 
soaking treatm ents, 1053

Be: effects of feeding to male chickens on nutrien t comp
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of broiler breast m eat, 590
comparison of conjugase trea tm en t procedures in the mi

crobiological assay for food folacin, 94 
composition of red delicious apples, 952 
contents of seeds and sprouts of newly available small- 

seeded soybeans and m arket samples of mungbeans, 
656

effect: of hard red spring w heat bran  on bioavailability 
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