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Variably Protease-Sensitive
Prionopathy, a Unique
Prion Variant with Inefficient
Transmission Properties

Abigail B. Diack,! Diane L. Ritchie,* Alexander H. Peden, Deborah Brown, Aileen Boyle,
Laura Morabito, David Maclennan, Paul Burgoyne, Casper Jansen, Richard S. Knight,
Pedro Piccardo, James W. Ironside,! and Jean C. Manson*

Variably protease-sensitive prionopathy (VPSPr) can
occur in persons of all codon 129 genotypes in the human
prion protein gene (PRNP) and is characterized by a unique
biochemical profile when compared with other human prion
diseases. We investigated transmission properties of VPSPr
by inoculating transgenic mice expressing human PRNP
with brain tissue from 2 persons with the valine-homozygous
(VV) and 1 with the heterozygous methionine/valine codon
129 genotype. No clinical signs or vacuolar pathology were
observed in any inoculated mice. Small deposits of prion
protein accumulated in the brains of inoculated mice after
challenge with brain material from VV VPSPr patients. Some
of these deposits resembled microplaques that occur in the
brains of VPSPr patients. Comparison of these transmission
properties with those of sporadic Creutzfeldt-Jakob disease
in the same lines of mice indicated that VPSPr has distinct
biological properties. Moreover, we established that VPSPr
has limited potential for human-to-human transmission.

uman prion diseases, also called transmissible spongi-

form encephalopathies, are a group of rare and inevi-
tably fatal neurodegenerative diseases. Prion diseases are
unique in that they occur as idiopathic (sporadic), familial,
and acquired disorders. The sporadic form of Creutzfeldt-
Jakob disease (sCJD) accounts for >80% of all human
prion diseases. Six subtypes of sCJD have been classified

Author affiliations: The Roslin Institute, University of Edinburgh,
Easter Bush, Scotland, UK (A.B. Diack, D. Brown, A, Boyle,
L. Morabito, D. Maclennan, P. Burgoyne, J.C. Manson); School of
Clinical Sciences, University of Edinburgh, Edinburgh, Scotland,
UK (D.L. Ritchie, A.H. Peden, R.S. Knight, J.W. Ironside); Food
and Drug Administration, Rockville, Maryland, USA (P. Piccardo);
and University Medical Centre Utrecht, Utrecht, the Netherlands
(C. Jansen)
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according to the prion protein (PrP) genotype at codon 129
(methionine [M]/M, M/valine [V], VV) and the biochemi-
cal profile of the protease-resistant core of the abnormal
disease-specific PrP (PrP™) (PrP™ type 1 or PrP"™ type 2A
or 2B) (1,2). Experimental transmission of brain tissue from
patients of these 6 different SCJD subtypes into 3 transgenic
mouse lines expressing different human prion protein gene
PRNP sequences (coding for 129MM, MV, and VV) has
identified 4 distinct strains of the CJD agent (3).

In 2008, a novel prion disease, initially referred to as
protease-sensitive prionopathy, was reported in 11 patients
who had been referred to the National Prion Disease Pa-
thology Surveillance Center (Cleveland, OH, USA) during
May 2002-January 2006. All 11 patients were of the PRNP
codon 129VV genotype, and postmortem examination of
brain tissues showed that the patients had a spongiform en-
cephalopathy (4). As with patients with sSCJD, these patients
had no mutations in the PRNP coding region, and no risk
factors for the development of iatrogenic CJD were identi-
fied among the patients. The defining feature of this group
of patients was the unusual biochemical properties of the
abnormal PrP in the brain. Compared with the biochemical
properties of PrP™ in sCJD, the PrP"™ in VPSPr was found
to be much less resistant to protease digestion. VPSPr Prpres
shows a faint ladder-like appearance of protease-resistant
fragments on Western blot and a prominent low-molecular
weight fragment of =8 kDa. The neuropathologic features
in this group were also unusual, in particular, the accumula-
tion of microplaques within the cerebellum and thalamus,
which stained intensely for PrP.

Since the original description of those 11 cases, 19 ad-
ditional cases have been reported, including some in pa-
tients of the PRNP codon 129MM and 129MV genotypes
(5-7). Although case numbers remain low, the prevalence

1These authors contributed equally to this article.
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of this novel prion disease appears to vary according to the
codon 129 genotype of affected persons: 62% of reported
cases have been detected in persons of the PRNP codon
129VV genotype. In comparison, 17% of sCJD cases and
only 12% of the general white population are of the PRNP
codon 129VV genotype (8,9). Subsequent studies showed
differences between the 3 codon 129 genotypes in protease
digestion sensitivity of the abnormal PrP in the brain. This
difference in protease sensitivity has resulted in the condi-
tion being renamed variably protease-sensitive prionopathy
(VPSPr) (10).

The presence of PrP™ in VPSPr suggests that PrP
plays a central role in the disease process. However, the re-
lationship between different forms of PrP and prion disease
has not been established. It is possible that the protease-
sensitive and the truncated forms of the abnormal PrP may
contribute to the unique neuropathology of VPSPr and may
also influence the potential for transmission of disease to
other persons.

Human-to-human transmission of prion diseases is of
great concern for public health reasons (11-13). The use
of gene-targeted transgenic mice expressing human PrP
enables the direct comparison of transmission properties
by using well-defined strains of sCJD and variant CJD
(vCJD). Moreover, this system enables the prediction of
disease transmission between persons and has been used
extensively to predict the potential for human-to-human
spread of sCJD and vCJD (3,14-16). In this study, we chal-
lenged human PrP—expressing transgenic mice with brain
tissue from 3 persons with VPSPr and directly compared
the data with those from previous sCJD transmission exper-
iments in these mouse lines. Thus, we determined whether
any biological similarities exist between these apparently
different prion diseases. Furthermore, these transmissions
enabled an assessment of the potential for human-to-human
transmission of VPSPr.

Methods

Human Tissues

Frozen brain tissues from 3 patients with VPSPr were
investigated in this transmission series. Tissues analyzed
were obtained from 2 patients who originated from the
United Kingdom: 1 patient had the PRNP codon 129VV
genotype (patient UK-VV), and the other had the 129MV
genotype (patient UK-MV). The third patient originated
from the Netherlands and had the PRNP codon 129VV
genotype (patient NL-VV). The clinical, neuropathologic
and PrP biochemical features of these cases have been de-
scribed in detail elsewhere (5,6,17). Patient details for the
3 cases, including age, sex, neuropathologic features, and
PrP"s type, are summarized in Table 1. As reference stan-
dards in Western blot experiments, we used frozen brain

1970

tissues in which the 8-kDa and the 2A PrP™ types were
readily detectable; the tissues were from patients with
typical UK cases of sCJD (subtypes MM1, MM2, VV1,
and VV2) and from another UK patient (codon 129VV)
with VPSPr.

Consent and ethical approval for the retention and use
of these materials for research was obtained by the Lo-
thian NHS Board Research Ethics Committee (Reference:
LREC/2000/4/157). Material was sourced through The Ed-
inburgh Brain Bank (Scotland, UK).

Gray matter—enriched frontal cortex tissue samples
(=250 mg) had been obtained at autopsy from each of the
3 persons in our study. The samples were homogenized at
a 10% (wt/vol) concentration in sterile physiologic saline
and stored at —20°C until use. Before being inoculated into
mice, the homogenates were further diluted to a 1% (wt/
vol) concentration in sterile physiologic saline.

Experimental Animals

Mice from 3 lines of transgenic mice expressing hu-
man PrP (desighated HUMM, HuMV, and HuVV, accord-
ing to the PRNP codon 129 genotype) were challenged
in this transmission series (15). Mice were anesthetized
and inoculated intracerebrally with 20 pL of a 1% brain
homogenate. Beginning on postinoculation day 100, the
mice were scored on a weekly basis for clinical signs of
neurologic disease, as described by Fraser and Dickinson
(18). Mice were humanely killed at the clinical endpoint
for prion disease or at the end of the animal’s full life span.
Incubation periods were calculated as the number of days
between brain-tissue inoculation and the clinical endpoint,
when mice showed unequivocal neurologic disease. In
the absence of an incubation period, the survival time (in
days) was calculated. Brains were removed from the mice
postmortem and sagittally sectioned; half of the brain was
snap-frozen for biochemical analysis, and the other half
was fixed in 10% formal saline for histologic analysis.
These animal experiments were approved by The Roslin
Institute’s (University of Edinburgh) Animal Welfare and
Ethical Review Committee and conducted according to the
regulations of the UK Home Office Animals (Scientific
Procedures) Act 1986.

Scoring of Vacuolation

Mouse brains for histologic analysis were fixed in for-
mal saline for a minimum of 48 h before being immersed
in 96% formic acid for 1.5 h to reduce the titer of the infec-
tious agent. Brains were trimmed coronally into 5 standard
rostrocaudal levels, resulting in 5 brain slices. Tissues were
then embedded in paraffin wax and cut into serial 5-um sec-
tions. A single section from all inoculated mice was stained
with hematoxylin and eosin to determine the presence and
severity of disease-specific vacuolation in 9 standard gray

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014



Variably Protease-Sensitive Prionopathy

Table 1. Characteristics of patients with variably protease-sensitive prionopathy whose brain samples were selected for transmission

studies*
Disease
Patient, Age at duration, Clinical signs and
sex death, y mo symptoms Neuropathologic features PrP™ type
NL-VV, 57 20 Progressive dementia, Mild to moderate spongiform change in basal Faint ladder-like
Mt spastic paraplegia, ganglia, and cerebral and cerebellar cortices. appearance of protease-
sensorimotor Coarse granular deposits of PrP in cerebral resistant fragments with a
polyneuropathy cortex, basal ganglia, and thalamus. PrP prominent low—molecular
microplaques present within molecular layer of weight fragment
cerebellar cortex
UK-VV, 59 42 Progressive dementia, Mild to moderate spongiform change in basal Faint, ladder-like
Fi emotional and ganglia, thalamus, and cerebral and cerebellar appearance of protease-
obsessive behavior cortices. Widespread granular accumulations of  resistant fragments with a
(early), very occasional PrP in all brain regions. PrP microplaques present prominent low—molecular
myoclonus (late) within molecular layer of cerebellar cortex weight fragment
UK-MV, 76 12 Forgetfulness, Spongiform change most prominent in the frontal Faint ladder-like
M8 visuospatial perceptual  cortex. PrP microplaques, synaptic and granular  appearance of protease-

problems, difficulties
walking, action tremor,
akinetic mutism

accumulations of PrP restricted to cerebral cortex,
basal ganglia, and thalamus. Diffuse Lewy body
and tau pathology observed, with
amyloid-p plaques and a widespread amyloid

resistant fragments
including a low—
molecular weight
fragment
angiopathy

Tes

*PrP, prion protein; PrP

, protease-resistant isoform of the disease-specific PrP.

TNL-VV, patient from the Netherlands who was homozygous for valine at codon 129 of the PrP gene (PRNP). Case report, Jansen et al. (6).
FUK-VV, patient from the United Kingdom who was homozygous for valine at PRNP codon 129. Case report, Head et al. (5).
§UK-MV, patient from the United Kingdom who was heterozygous for methionine/valine at PRNP codon 129. Case report, Head et al. (17).

matter regions and 3 white matter regions, a protocol re-
ferred to as lesion profiling (18).

Immunohistochemistry

Immunohistochemical analysis for PrP was performed
by using 4 PrP monoclonal antibodies that recognize differ-
ent residues of the PrP: 1) 3F4/epitope: aa 109-112 (Cam-
bridge Bioscience, Cambridge, UK); 2) 12F10/epitope:
aa 142-160 (Bioquote Ltd, York, UK); 3) 6H4/epitope:
aa 144-152 (Prionics AG, Schlieren, Switzerland); and
4) monoclonal antibody KG9/aal40-180 (TSE Resource
Centre, The Roslin Institute). In brief, 5-pm paraffin-em-
bedded tissue sections were autoclaved at 121°C in dis-
tilled water for 10 min and then immersed in 96% formic
acid for 10 min. Sections were immersed in proteinase K
solution (5 pg/mL) for 10 min and then blocked for 20 min
in normal rabbit serum, after which they were incubated
overnight at room temperature with the primary antibodies
(3F4, 5 pg/mL; 6H4, 500 ng/mL; 12F10, 30 ng/mL; and
KG9, 40 ng/mL). After overnight incubation, sections were
incubated for 1 h in an anti-mouse biotinylated antibody
(Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA), and then immunolabeling was completed by us-
ing a VECTASTAIN Elite ABC Kit (Vector Laboratories,
Burlingame, CA, USA). Staining was then visualized by
using 3,3'-diaminobenzidine chromogen.

Thepresence of gliosiswasassessed by incubating tissue
sections with Polyclonal Rabbit Anti-Cow Glial Fibrillary
Acidic Protein (Dako, Ely, UK) for 1 h at room temperature.
Sections were then incubated for 1 h at room tempera-
ture with an anti-rabbit biotinylated antibody (Jackson

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014

ImmunoResearch Laboratories, Inc.) before the immuno-
labeling was completed by using a VECTASTAIN Elite
ABC Kit. Staining was then visualized by using 3,3'-di-
aminobenzidine chromogen.

Thioflavin-S Visualization

Paraffin-embedded tissue sections were immersed in
hematoxylin solution for 1 min and rinsed in running wa-
ter before being immersed in Scott’s tap water for 30 s.
Sections were then immersed in 1% Thioflavin-S (Sigma,
Gillingham, UK) for 5 min, followed by 3 dips in 70%
alcohol. Tissue sections were then rinsed well in water
and mounted.

Biochemical Studies of Brain Samples

The method we used for studying brain tissues was
based on our previous Western blotting technique (19).
For analysis, 10% (wt/vol) brain tissue homogenates were
prepared by homogenization of brain material in 9 vol-
umes (wt/vol) of Tris-buffered saline, pH 7.6, containing
0.5% Nonidet P40 and 0.5% sodium deoxycholate. Ali-
quots of the cleared 10% brain homogenates were subject-
ed to limited proteolysis by digestion with proteinase K
(50 pg/mL) for 1 h at 37°C. The reaction was terminated
by the addition of Pefabloc SC (Roche, Burgess Hill, UK)
to a final concentration of 1 mM/L. Proteinase K—treated
and non—proteinase K—treated samples (5 puL) were ana-
lyzed by Western blot. Polyacrylamide gel electrophoresis
and Western blotting were performed by using NUPAGE
Novex 10% Bis-Tris Protein Gels, 1.0 mm, (Life Technol-
ogies, Paisley, UK) as previously described (19). The gel

1971
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electrophoresis time was abbreviated to retain low-mo-
lecular mass proteins (5,6). The proteins were transferred
onto Hybond-P PVDF membrane (GE Healthcare Life
Sciences, Amersham, UK). Immunodetection of PrP was
carried out by using monoclonal antibody 3F4 (Millipore,
Watford, UK) at a final concentration of 75 ng/mL for 1 h.
For comparison, immunodetection of PrP on proteinase
K-treated extracts was carried out by using monoclonal
antibody 1E4 (provided by J. Langeveld) at a final con-
centration of 1 pg/mL (6). The secondary antibody was
ECL Anti-mouse IgG, peroxidase-linked species-specific
F(ab")2 fragment (from sheep) (GE Healthcare Life Sci-
ences), used at a concentration of 1/25,000 for 1 h. Am-
ersham ECL Prime Western Blotting Detection Reagent
(GE Healthcare Life Sciences) was used for detection of
proteins. The blots were exposed to ECL Hyperfilm (GE
Healthcare Life Sciences) for various amounts of time or
were analyzed by using the ChemiDoc XRS+ System with
Image Lab Software (Bio-Rad, Hemel Hempstead, UK).

Results

Biochemical Analysis of Brain Tissue
from VPSPr Patients

We performed Western blot analysis on extracts of ho-
mogenates prepared from brain samples from all 3 VPSPr
patients. For comparison, we ran these extracts alongside
extracts of homogenates prepared from brain samples from
4 sCJD patients (sCJD subtypes MM1, MM2, VV1, and
VV2) representing each of the 4 distinct strains of sCJD
agent, as identified by transmission to transgenic mice (3).
Western blotting was performed with and without protein-
ase K digestion by using the PrP antibody 3F4 (Figure 1).
In the absence of proteinase K digestion, extracts from the 3
VPSPr patients showed a similar relative load of PrP when
compared with extracts from sCJD patients (Figure 1, panel
B). After the sCJD and VVPSPr extracts were digested with
proteinase K, their biochemical profiles and PrP™ loads
differed (Figure 1, panel A). The biochemical profile of the
extracts prepared from brain tissue from patients UK-VV
and NL-VV VPSPr showed a single low—molecular weight
fragment (<10 kDa), characteristic of VPSPr. In the extract
from the UK-MV case, this low—molecular weight frag-
ment was detected in addition to a faint ladder-like pattern
of PrP™ fragment.

Increased sensitivity in the detection of PrP fragments
by Western blotting using the monoclonal antibody 1E4
has been reported in cases of VPSPr (4,10). In this study, a
direct comparison of the detection sensitivity of 2 PrP an-
tibodies (monoclonal antibodies 1E4 and 3F4) was carried
out by Western blot by using brain homogenate from all 3
VPSPr patients in the transmission series. Consistent with
our previous findings (5,6), we found no increase in the
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PrP detection sensitivity by using 1 antibody or the other
(Figure 2).

Absence of Clinical Disease and Vacuolar Pathology
No evidence of clinical disease with vacuolar pathol-

ogy was observed in any of the 133 mice inoculated in this

transmission series (Table 2). Furthermore, no vacuolar

Figure 1. Western blot analysis of protease-resistant isoforms of PrP
(PrPres) in extracts of frontal cortex tissue prepared from postmortem
samples from 4 persons with sCJD and from 3 persons with VPSPr
whose brain samples were used for experimental transmission
studies in transgenic mice. Results are shown for extracts treated
(A) and not treated (B) with proteinase K. All lanes were loaded with
5.0 uL of 10% (wt/vol) brain homogenate, except lanes 9 and 10 in
(A), which were loaded with 1.5 puL and 20.0 ulL, respectively. Blots
were probed with Anti-Prion Protein Antibody monoclonal antibody
3F4 (Millipore, Watford, UK). Lane 1, molecular weight marker
(sizes indicated at left in kDa); lane 2, sCJD subtype MM1; lane
3, sCJD subtype MM2; lane 4, sCJD subtype VV1; lane 5, sCJD
subtype VV2; lane 6, VPSPr UK-VV; lane 7, VPSPr UK-MV; lane 8,
VPSPr NL-VV; lane 9, diagnostic reference sample (sCJD subtype
VV2); lane 10, diagnostic reference sample (VPSPr VV). MM,
homozygous for methionine; MV, heterozygous for methionine/
valine; NL-VV, patient from the Netherlands who had VPSPr and
the codon 129VV genotype; sCJD, sporadic Creutzfeldt-Jakob
disease; UK-VV and UK-MV, patients from the United Kingdom
who had VPSPr and the codon 129VV and 129MV genotypes,
respectively; VPSPr, variably protease-sensitive prionopathy; VV,
homozygous for valine.
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pathology was observed in any of the asymptomatic mice
in the study. Clinical neurologic signs were observed
on a few occasions without pathologic confirmation of
prion disease, suggesting a nontransmissible spongiform

Figure 2. Western blot analysis of PrP's in extracts of frontal cortex

tissue prepared from postmortem samples from 2 persons with sCJD
(subtypes MM1 and VV2) and the 3 persons with VPSPr whose
brain samples were used for experimental transmission studies in
transgenic mice (patients NL-VV, UK-VV, and UK-MV). Extracts
from another patient who had VPSPr of UK origin (codon 129VV
genotype) was also included on the blot (lane 6). Duplicate blots were
probed with the following monoclonal antibodies: Anti-Prion Protein
Antibody monoclonal antibody 3F4 (Millipore, Watford, UK) (A) and
1E4 (provided by J. Langeveld) (B). The 2 antibodies detected PrPres
equally well in extracts from persons with sCJD or with VPSPr. All
lanes were loaded with 5 pL of a 10% (wt/vol) brain homogenate.
Brain homogenates were analyzed after digestion with Proteinase K.
Lane 1, molecular weight marker (sizes indicated at left in kDa); lane
2, sCJD MM1; lane 3, VPSPr UK-VV; lane 4, VPSPr UK-MV; lane 5,
VPSPr NL-VV; lane 6, additional VPSPr of UK origin; lane 7, sCJD
VV2. MM, homozygous for methionine; PrP's, protease-resistant
isoform of the disease-specific prion protein; NL-VV, patient from the
Netherlands who had VPSPr and the codon 129VV genotype; sCJD,
sporadic Creutzfeldt-Jakob disease; UK-VV and UK-MV, patients
from the United Kingdom who had VPSPr and the codon 129VV and
129MV genotypes, respectively; VPSPr, variably protease-sensitive
prionopathy; VV, homozygous for valine.
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encephalopathy condition related to the age of the mice
in the study.

Minimal PrP Deposition in Restricted Brain Regions

Immunohistochemical analysis for PrP in mice chal-
lenged with brain homogenate prepared from VVPSPr patient
UK-MV showed no evidence of PrP accumulation within
the brain of inoculated mice. Immunohistochemical analy-
sis for PrP in mice challenged with homogenate prepared
from the brain of patient NL-VV showed PrP accumulation
in 7 of 14 HuVV and 3 of 15 HuMV transgenic mice, but
no PrP deposition was found in the HuUMM mice (Table 2).
PrP deposits were detected most frequently with the PrP
antibodies 6H4 and 3F4 and less frequently with antibodies
KG9 and 12F10. This differential labeling is similar to that
reported in human cases of VPSPr and may be related to
the conformation of VVPSPr-associated PrP and the avail-
ability of the epitopes that the antibodies detect (5,17,20).
The pattern of PrP accumulation was limited to small, of-
ten numerous, focal plaque-like deposits located within the
corpus callosum and the stratum oriens and stratum lacu-
nosum moleculare of the hippocampus and parallel to the
lateral ventricle (Figure 3, panels A-C). Sections treated
with Thioflavin-S confirmed that these plaque-like deposits
in the corpus callosum and its vicinity were composed of
amyloid (Figure 3, panel D).

In mice challenged with a homogenate prepared from
the brain of patient UK-VV, 5 of 14 HuVV, 2 of 14 HUMV,
and 1 of 15 HuMM mice showed evidence of PrP deposits
(Table 2). HuVV and HUMV mice showed PrP deposits
similar to those found in the mice challenged with extract
prepared from the brain of patient NL-VV, with 1 excep-
tion: a single HuVV mouse showed plaque-like accumula-
tions and a pattern of intensely stained, small, round gran-
ules surrounded by fine target-like punctate staining within
the CA3 region of the hippocampus and hippocampal fis-
sure (Figure 4, panels A—C). The larger granular deposits
resembled the microplague accumulations found within
the molecular layer of the cerebellum (Figure 4, panel D),
hippocampal formation, basal ganglia, and thalamus in hu-
mans with VVPSPr (5). The PrP-positive granules within the
hippocampus stained most intensely with antibodies 3F4
and 12F10 and less intensely with antibodies KG9 and
6H4; this finding was similar to that observed in brains of
patients with VPSPr (5,6,17) (Figure 4).

No PrPres Detected by Biochemical Analysis

Western blot analysis was performed on frozen brain
tissue from 6 HuVV mice challenged with brain homoge-
nate from VPSPr patient UK-VV. Immunohistochemistry
results showed that 4 of the 6 mice had small, plaque-like
deposits within the corpus callosum, and 1 of the 4 mice
also had microplaque-like deposits in the hippocampus.
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Table 2. Results of intracerebral inoculation of brain tissue homogenates from 3 patients with variably protease-sensitive prionopathy

into 3 lines of human transgenic mice*

Brain inoculum source,

No. mice positive/no. total

Mean no. PrP plaque-like

mouse linet Clinical signs of prion diseaset Vacuolar degenerationf  PrP deposition§ deposits (range)f
UK-VV
HuMM 0/15 0/15 1/15 O#
HuMV 4/15 0/15 2/14 5 (2-8)
HuvVv 0/14 0/14 5/14 10 (1-17)
UK-MV
HuMM 115 0/15 0/15 0
HuMV 115 0/15 0/15 0
Huvv 0/15 0/15 0/15 0
NL-VV
HuMM 0/15 0/15 0/15 0
HuMV 0/15 0/15 3/15 8 (1-15)
Huvv 0/14 0/14 7114 3(24)

*HuMM, HuMV, and HuVV, transgenic mice expressing the different forms of the human PrP gene (i.e., those homozygous for methionine [MM] or valine

[VV] or heterozygous for methionine and valine [MV]); PrP, prion protein.

tBrain inoculum was prepared from postmortem samples from persons with variably protease-sensitive prionopathy. NL-VV, patient from the Netherlands
who had the PrP codon 129VV genotype; UK-MV, patient from the United Kingdom who had the PrP codon 129MV genotype; UK-VV, patient from the

United Kingdom who had the PrP codon 129VV genotype.

FIn mice with a positive score for clinical signs of a prion disease and a negative score for vacuolar pathology, the neuropathologic assessment was

considered definitive.

§A positive score for PrP pathology was given to mice showing PrP deposition in the brain with at least 1 of the 4 PrP antibodies used in the

immunohistochemical analysis.

The number of plaque-like deposits was counted per mouse, and results are given as mean (range) for each genotype.

#Mouse showed evidence of PrP deposition in a tumor.

Neuropathologic examination of the remaining 2 mice
showed no evidence of transmission. Four noninoculat-
ed HuVV mice were included as negative controls. No
disease-specific banding was observed in any of the mice
(data not shown); this finding is consistent with the ex-
tremely low levels of PrP deposition detected by immu-
nohistochemistry.

Astrocytic Reactivity Associated with
a Single Transmission

HuVV mice were examined for evidence of astrocytic
gliosis. In mice showing only plaque-like deposits of PrP,
there was no association between astrocytosis and PrP

deposition and no evidence of reactive astrocytosis (Figure
5). In contrast, in the HuVV mice inoculated with brain
homogenate from patient UK-VV, a single mouse showed
reactive astrocytosis in the vicinity of the microplaque-like
deposits (Figure 5). This HuVV mouse is the same mouse
that showed evidence of plaque-like and microplaque-like
deposits similar to those found in humans with VPSPr.

Discussion

The inoculation of homogenates prepared from the
brains of 3 patients with VPSPr (UK-MV, UK-VV and
NL-VV) into transgenic mice expressing the differ-
ent forms of the human PrP gene has resulted in very

Table 3. Results of intracerebral inoculation of brain tissue homogenates from 4 patients with different subtypes of the sporadic form of

Creutzfeldt-Jakob disease into 3 lines of human transgenic mice*

Brain inoculum source,

No. mice positive/no. total

mouse linet Clinical signs of prion disease Vacuolar degeneration PrP deposition
MM1
HuMM 10/13 13/13 13/13
HuMVv 9/14 14/14 14/14
HuvVv 8/16 13/16 14/16
MM2
HuMM 0/16 0/16 0/15
HuMVv 0/18 0/18 2/18
HuVvVv 017 017 317
AVAVA
HuMM 0/16 0/16 2/16
HuMV 2/14 9/14 114
HuvVv 2/14 714 714
V2
HuMM 4/18 6/18 15/17
HuMVv 1/15 5/15 12/14
HuvVv 13/16 16/16 15/15

*Data adapted from Bishop et al. (3). HuMM, HuMV, and HuVV, transgenic mice expressing the different forms of the human PrP gene (i.e., those
homozygous for methionine [MM] or valine [VV] or heterozygous for methionine and valine [MV]). PrP, prion protein.
tBrain inoculum was prepared from postmortem samples from persons who had the MM1, MM2, VV1, or VV2 subtype of sporadic Creutzfeldt-Jakob

disease.
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Figure 3. Neuropathology in transgenic mice following inoculation with brain homogenate prepared from a postmortem sample from a
person with VPSPr. Numerous PrP-labeled plaque-like deposits within the corpus callosum of HuVV (A) and HuMV (B) mice inoculated
with brain homogenate from patient UK-VV. C) A single small PrP-labeled plaque in the stratum oriens of the hippocampus following
experimental challenge with brain homogenate from patient NL-VV. D) PrP-labeled plaque-like-deposits in the corpus callosum of a HuVV
mouse inoculated with brain homogenate from patient UK-VV; inset: Thioflavin-S (Sigma, Gillingham, UK) staining of amyloid, viewed under
ultraviolet light in a HuVV mouse challenged with brain homogenate from patient UK-VV. HuVV and HuMV, transgenic mice expressing
human PrP gene sequence coding for the valine-homozygous and methionine/valine-heterozygous codon 129 genotypes, respectively;
NL-VV and UK-VV, patients from the Netherlands and United Kingdom, respectively, who had VPSPr and the valine-homozygous codon
129 genotype; PrP, prion protein; VPSPr, variably protease-sensitive prionopathy. Scale bars indicate 25 um.

different transmission properties when compared with
those of previously characterized sCJD strains (3). No
clinical disease or vacuolar pathology was observed in
any of the mice. The only evidence for transmission of
disease was the neuropathologic finding of abnormal PrP
accumulation in the form of microplaque-like and granu-
lar deposits in the hippocampus and subventricular areas
of the brain. These results contrast considerably with
those observed with sCJD in the same HUMM/HUMV/
HuVV mouse lines (3). Sporadic CJD transmits to all
these mouse lines, as indicated by evidence of clinical
signs and vacuolar pathology and/or PrP deposition, and
the combination of these transmission properties has re-
sulted in the identification of 4 strains of sCJD (3). Of the

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014

4 sCJD strains, subtype VV2 showed the greatest frequen-
cy of clinical (13/16), vacuolar (16/16), and pathologic
(15/15) signs of prion disease following inoculation into
HuVV mice (Table 3) (3). In contrast, the MM2 subtype
of sCJD showed the least transmission to the mice: no
mice had clinical signs or vacuolar pathology, and only
3 of 17 HuVV and 2 of 18 HUMV mice had evidence of
PrP deposition in the form of small punctate deposits in
the thalamus (Table 3) (3). Although this transmission
of the MM2 subtype might be considered similar to that
of VVPSPr, the PrP deposition differed in form and brain
area compared with the deposition observed in the VPSPr
studies. Unlike sCJD, which shows transmission from pa-
tients with all 3 codon 129 genotypes, only VPSPr from
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Figure 4. Neuropathology in transgenic mice following inoculation with brain homogenate prepared from a postmortem sample from a person
with VPSPr. A—C) Immunohistochemistry for the PrP, showing small granular and microplaque-like deposits within the CA3 region of the
hippocampus of a HuVV mouse challenged with VPSPr inoculum prepared from patient UK-VV. Differential staining was observed in this
mouse by using the following PrP antibodies: Purified (3F4) (Cambridge Bioscience, Cambridge, UK) (A); Prion Protein Monoclonal Antibody
(12F10) (Bioquote Ltd, York, UK) (B); and mAb 6H4 (Prionics AG, Schlieren, Switzerland) (C). D) Molecular layer of the cerebellum of a
person with VPSP, showing microplaque deposits stained with monoclonal antibody 3F4. HuVV, transgenic mouse expressing human PrP
gene sequence coding for the valine-homozygous codon 129 genotype; PrP, prion protein; UK-VV, patient from the United Kingdom who had
VPSPr and the valine-homozygous codon 129 genotype; VPSPr, variably protease-sensitive prionopathy. Scale bars indicate 25 um.

the 2 patients with codon 129VV provided evidence of
transmission. This low rate of transmission may be due to
low levels of PrP™s in the brain homogenates that were in-
oculated, or it could be that the PrP genotype plays a role
in transmission of disease.

Prion disease propagation involves the aggregation of
abnormal PrP that acts as a template for further aggrega-
tion within the brain, a process termed seeding (21,22).
The spread of PrP within the brain appears to occur in
cell-to-cell fashion in well-defined neuroanatomic path-
ways (23), the mechanisms of which are yet to be elu-
cidated despite extensive studies. Prion diseases have
the potential to be transmissible between persons, a fact
that raises public health concerns, particularly regarding
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vCJD. Assessing the risk for transmission is a challenge
because of the varied nature of prion diseases and con-
flicting evidence over the mechanisms of transmission.
Risk assessment is made even more complicated by the
existence of prion disease models in which negligible
amounts of PrP™ are associated with high infectivity ti-
ters in vivo (24) and also of models in which PrP™ in the
form of amyloid plagues develops in the absence of clini-
cal disease or spongiform changes (25).

It could be argued that the observation of small
plaque-like amyloid deposits in the brains of mice with no
neurologic signs of disease after the inoculation of brain
homogenates prepared from patients with VPSPr does not
indicate disease transmission. Instead, the deposits could

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014
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Figure 5. Gliosis in transgenic mice following inoculation with brain homogenate prepared from a postmortem sample from a person with variably
protease-sensitive prionopathy. A) Immunohistochemical staining for GFAP in the hippocampus of a HuVV mouse showing microplaque-like
deposits. Arrows indicate areas of reactive astrocytosis. B) A serial section from the same HuVV mouse immunolabeled for PrP by using
monoclonal antibody (Purified [3F4], Cambridge Bioscience, Cambridge, UK). C) Immunohistochemical staining for GFAP in the hippocampus
of a HuVV mouse showing plaque-like deposits. No reactive astrocytosis is seen in the vicinity of plaques. D) A serial section from the same
HuVV mouse immunolabeled for PrP by using monoclonal antibody 3F4. GFAP, glial fibrillary acid protein; HuVV, transgenic mouse expressing
human PrP gene sequence coding for the valine-homozygous codon 129 genotype; PrP, prion protein. Scale bars indicate 50 pm.

indicate an amyloid seeding phenomenon akin to that ob-
served following the experimental inoculation of primates
with brain tissue from patients with Alzheimer disease
(26). In those experiments, amyloid B seeding occurred
in the primate brain in the absence of any clinical signs.
Precedence of this phenomenon in prion disease has been
set by Piccardo et al. (27), who showed similar results
in @ mouse model system of prion disease transmission.
However, in our study, the brain of 1 mouse exhibited
intensely stained, small, round granules within the hippo-
campus in addition to the plaque-like deposits (Figure 4).
These small granules are reminiscent of the microplaques
found in brain tissue of humans with VPSPr (4,5). Fur-
thermore, with 4 PrP antibodies, the microplaque deposits
in the mouse brain showed the same pattern of differential
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immunoreactivity as that in the brain of patients with VP-
SPr (5,6,17). Moreover astrocytosis in the vicinity of the
microplaques was also observed in this mouse (Figure
5). This type of astrocytic response is observed in all our
model systems of transmissible prion disease, but is ab-
sent from the nontransmissible forms of PrP (i.e., amyloid
plaques in absence of clinical disease), suggesting that
this single mouse may represent a transmission of infec-
tion rather than a consequence of seeding of inoculum
(25,28). Second passage in the same mouse line will be
required to prove this interpretation, but such a study will
take an additional 3 years to complete.

Although understanding the mechanisms of transmis-
sion is an interesting facet of this study, our primary finding
is that VPSPr is capable of transmission to transgenic mice
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expressing PrP, albeit at extremely low levels compared with
those of other transmissible prion diseases (e.g., SCJD and
vCJD). We demonstrate that VPSPr is a disease with biologi-
cal properties distinct from those of sCJD and with a limited,
but not negligible, potential for infectivity. These results
demonstrate the importance of continuing surveillance to
fully uncover the growing spectrum of human prion diseases.
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Geographic Divergence of Bovine
and Human Shiga Toxin-Producing
Escherichia coli O157:H7
Genotypes, New Zealand?

Patricia Jaros, Adrian L. Cookson, Donald M. Campbell, Gail E. Duncan,
Deborah Prattley, Philip Carter, Thomas E. Besser, Smriti Shringi, Steve Hathaway,
Jonathan C. Marshall, and Nigel P. French

Shiga toxin-producing Escherichia coli (STEC)
0157:H7 is a zoonotic pathogen of public health con-
cern worldwide. To compare the local and large-scale
geographic distributions of genotypes of STEC O157:H7
isolates obtained from various bovine and human sources
during 2008-2011, we used pulsed-field gel electropho-
resis and Shiga toxin—encoding bacteriophage insertion
(SBI) typing. Using multivariate methods, we compared
isolates from the North and South Islands of New Zealand
with isolates from Australia and the United States. The
STEC 0157:H7 population structure differed substantially
between the 2 islands and showed evidence of finer scale
spatial structuring, which is consistent with highly local-
ized transmission rather than disseminated foodborne
outbreaks. The distribution of SBI types differed mark-
edly among isolates from New Zealand, Australia, and the
United States. Our findings also provide evidence for the
historic introduction into New Zealand of a subset of glob-
ally circulating STEC O157:H7 strains that have contin-
ued to evolve and be transmitted locally between cattle
and humans.

higa toxin—producing Escherichia coli (STEC)
O157:H7 and related non-O157 STEC strains are zoo-
notic pathogens that can cause severe gastrointestinal illness
in humans; clinical signs and symptoms of disease range
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from diarrhea and hemorrhagic colitis to life-threatening
hemolytic uremic syndrome (1,2). Ruminants, asymptom-
atic carriers of STEC, shed the pathogen in their feces, and
are considered a primary source of foodborne and environ-
mental outbreaks of STEC infection in humans (3).

The incidence of STEC infections in New Zealand has
been among the highest in the world. In 2012, a total of
147 clinical STEC cases (3.3 cases/100,000 population)
were notified, of which 142 were confirmed (4). Consis-
tent with observations in previous years, the predominant
serotype among the confirmed cases was O157:H7 (83.8%;
119/142). STEC became a notifiable disease in New Zea-
land in 1997, and since then, the annual number of noti-
fications has increased steadily (4). Although the spatial
distribution of STEC cases in New Zealand suggests an
association with farming and other rural activities, limited
epidemiologic data are available on the transmission path-
ways of STEC from cattle to humans.

The objectives of this research were to 1) compare the
population structure and geographic distribution of dif-
ferent genotypes of STEC O157:H7 isolates from bovine
and human sources in New Zealand; 2) assess evidence for
localized transmission of STEC from cattle to humans in
New Zealand; and 3) compare the genotype distribution
of isolates from New Zealand with those from Australia,
the predominant historic source of imported New Zealand
cattle (5), and the United States. To investigate the mo-
lecular divergence of isolates, we used 2 molecular typing
methods: Shiga toxin—encoding bacteriophage insertion
(SBI) typing and pulsed-field gel electrophoresis (PFGE)
profiling. Although PFGE can provide an indication of ge-
nomic similarities, it cannot provide a reliable measure of

Preliminary results from this study were presented at the New
Zealand Veterinary Association Conference; June 16-20, 2014,
Hamilton, New Zealand.
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genetic relatedness of isolates, and the visual assessment of
bands on an agarose gel to create PFGE profiles can result
in misclassification bias (6). By using 2 methods and by
examining the concordance between them, we could use
the combined genotyping datasets to assess structuring and
patterns of diversity among STEC O157:H7 isolates of bo-
vine and human origin in New Zealand.

Methods

Human Isolates and Data

For the study, we obtained a total of 363 human-de-
rived STEC O157:H7 isolates from the national Enteric
Reference Laboratory (Institute of Environmental Science
and Research Ltd, Upper Hutt, New Zealand) along with
the associated PFGE profiles (restriction enzyme Xbal)
and geographic data (North or South Island, New Zea-
land, and region on each island). Of the 363 isolates, 278
(76.6%) originated from the North Island. The isolates
were from patients with clinical STEC infections that oc-
curred in New Zealand during 2008-2011 and represent
71.3% (363/509) of the STEC O157 cases notified and
confirmed during 2008-2011 (7). The cases were reported
as sporadic cases or household clusters (i.e., 2 STEC in-
fections in the same home) and were not associated with
confirmed foodborne outbreaks.

Bovine Fecal Isolates and Data

Fecal STEC O157:H7 isolates (n = 40) used in the
study had been collected from cattle in previous studies
conducted at beef slaughter plants in New Zealand dur-
ing 2008 (8) and 2009-2011 (9). Data regarding the origin
(North or South Island, region, farm location) of the cattle
and the virulence profiles of the isolates (virulence genes
ehxA, eae, stx1, stx2, and subtype stx2c) were available.
The isolates were retrieved from feces samples collected
from 26 calves and 14 adult cattle, most (80.0%, 32/40) of
which were from the North Island; the animals originated
from 35 farms.

Bovine Meat Isolates and Data

Bovine meat isolates (n = 235) used in the study were
from test samples used in routine mandatory testing at beef-
processing plants across New Zealand during 2008-2011.
Only PFGE profiles (Xbal) of STEC O157:H7 isolates were
available for this study; the profiles were obtained from the
national Enteric Reference Laboratory. Geographic data
associated with meat-sample location (regions in North
and South Islands) were obtained from the Ministry for Pri-
mary Industries (Wellington, New Zealand). Most isolates
(85.5%, 201/235) originated from beef-slaughtering plants
in the North Island. Virulence profiles of the isolates were
not available.
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PCRs for Detection of Virulence Genes

All human isolates were regrown on Columbia Horse
Blood Agar (Fort Richard Laboratories, Auckland, New
Zealand). Bacterial DNA was extracted from 5 colonies by
using 2% Chelex beads solution (Chelex 100 Resin; Bio-
Rad, Richmond, CA, USA) and analyzed in 2 PCR assays
by using an automated real-time thermocycler (Rotor Gene
6200HRM; Corbett Research, Mortlake, NSW, Australia).

A multiplex PCR assay was performed using previ-
ously published primer sequences to detect the presence of
virulence genes encoding for enterchemolysin (ehxA) (10),
intimin (eae) (10), and Shiga toxins (stx1 and stx2) (11).
Primers for detection of genes stx1 and stx2 did not differ-
entiate between subtypes of toxins. The final 25-mL PCR
reaction volume contained 2x PCR buffer (Express gPCR
SuperMix; Invitrogen, Carlsbad, CA, USA), 2 umol/L of
each primer, 2.0 uL of DNA, and 2.5 pL of sterile water.
The amplification program included an initial enzyme-
activation step of 5 min at 94°C, which was followed by
40 cycles of, 20 s at 94°C, 20 s at 64°C, and 20 s at 72°C,
followed in turn by a final extension of 5 min at 72°C. The
PCR products were detected by electrophoresis using a
2% (wt/vol) agarose gel (Agarose low EEO; AppliChem,
Darmstadt, Germany) and then stained with ethidium bro-
mide and visualized under ultraviolet illumination.

stx2-positive isolates were further tested to determine
whether the stx2 gene that was present was the genetic sub-
type stx2c. The stx2c gene was detected by using previously
published primer sequences (12,13). The final 20-uL. PCR
reaction volume contained 2x PCR buffer (Express gPCR
SuperMix; Invitrogen), 2 umol/L of each primer, 2.0 puL of
DNA, and 6.0 mL of sterile water. The PCR included an initial
enzyme-activation step of 5 min at 94°C, followed by 35 cy-
cles 0of 20 s at 94°C and 20 s at 55°C; no extensions were used.
The amplified PCR product was detected as described above.

Molecular Typing Methods

All human and bovine fecal isolates were genotyped
by using SBI typing (12,13); SBI typing is a multiplex
PCR method for screening specific stx-associated bacterio-
phage insertion sites and stx genes (stx1 and genetic sub-
types stx2a and stx2c of stx2). The characters A, W, Y, S
and 1, 2a, 2c represent bacteriophage insertion sites argW,
wrbA, yehV, sbcB, and Shiga toxin genes stx1, stx2a, stx2c
(2 subtypes of stx2), respectively (12,14). All bovine fecal
isolates were subtyped by using PFGE (Xbal) according to
the standardized laboratory protocol published by PulseNet
International (15). The SBI typing was completed at Wash-
ington State University, Pullman, Washington, USA.

Location of Work and Ethical Approval

This work was completed at the Molecular Epidemi-
ology and Public Health Laboratory, Infectious Disease
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Research Centre, Hopkirk Research Institute, Massey Uni-
versity, Palmerston North, New Zealand. The use of STEC
isolates from clinical case-patients in New Zealand was
approved by the Multi-region Ethics Committee, Welling-
ton, New Zealand, on March 19, 2012; reference number
MEC/11/04/043.

Data Management and Statistical Analysis

For initial analysis, SBI types were grouped into 4 cat-
egories of 3 predominant SBI types (AY2a, WY 12a, and
ASY2c¢/SY2c) and other, less common, SBI types (AS12c,
AS2c, ASWY2¢c, ASY12¢, ASY2a2c, AWY12a, AWY2a,
SWY2c, and Y2c). SBI types SY2c and ASY2c were
grouped together because both were relatively common
and shared the same virulence gene profile.

Although bovine meat isolates were not SBI-typed, a
close correlation between PFGE profile and SBI type was
observed for the human samples (online Technical Appen-
dix Figure 1, http://wwwnc.cdc.gov/EID/article/20/14/14-
0281-Techappl.pdf) and the bovine fecal samples (online
Technical Appendix Figure 2). On the basis of the PFGE/
SBI clusters, the most likely SBI type was inferred from the
PFGE profiles for the meat isolates by taking the following
approach. First, BioNumerics software version 6.6 (Ap-
plied Maths, Sint-Martens-Latem, Belgium) was used to
compare PFGE profiles of human and bovine fecal isolates
by conducting an UPGMA (unweighted pair group method
with arithmetic mean) cluster analysis using the Dice simi-
larity coefficient, with a band matching tolerance of 1%.
Second, the UPGMA cluster analysis was applied on PFGE
profiles of bovine meat isolates. The dominant SBI types in
human and bovine fecal isolates were used to assign SBI-
like types (AY2a, WY 12a, and ASY2c/SY2c¢) to clusters
with similar PFGE band patterns in bovine meat isolates.

y%and Fisher exact test for count data were used to
evaluate associations between island and SBI type (AY2a,
WY 12a, ASY2¢/SY2c, and other SBI types) for bovine fe-
cal, bovine meat, and human isolates; R software (http://
www.r-project.org/) was used for statistical computing. p
values for associations between SBI types and region and
between SBI types and year for human and bovine meat
isolates were computed by simulating 108 tables from the
null hypothesis (independence) and comparing the results
with the test statistic from the observed data.

Population differentiation among human and bovine
meat isolates was assessed by using analysis of molecu-
lar variance (AMOVA) applied to haplotypes of isolates’
PFGE profiles (generated in BioNumerics) using Arlequin
software version 3.5.1.2 (http://cmpg.unibe.ch/software/ar-
lequin3/). A multilevel hierarchy was used for the AMOVA
model to assess population differentiation between island,
between regions within island, and within regions. Re-
gions with <5 isolates were excluded from the analysis. A
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matrix of pairwise F . values was computed by compar-
ing the PFGE haplotype frequency distributions for each
pair of regions (using Arlequin, version 3.5.1.2). F is an
index of population differentiation, measuring the vari-
ance between subpopulations relative to the total variance,
and ranges from 0 (no divergence) to 1 (complete diver-
gence). The computed pairwise F_. matrix, representing ge-
netic distances between the regional populations of STEC
O157:H7, was illustrated graphically as a NeighborNet tree
by using SplitsTree software version 4.12.6 (16).

To illustrate the molecular relatedness and genotypic
clustering of isolates, we used Primer 6 software (http://
www.primer-e.com/primer.htm) to link distance matrices
of PFGE profiles of human and bovine meat isolates (gen-
erated in BioNumerics) with explanatory variables (SBI
type and region) to create multidimensional scaling plots.
Regions with <5 isolates were excluded from the analysis.

To assess the population structure of New Zealand
isolates, we compared published frequency distributions
of SBI types in 205 cattle and 79 human STEC O157:H7
isolates sourced from Australia and in 143 cattle and 179
human STEC O157:H7 isolates sourced from the United
States (17) with frequency distributions of SBI types among
bovine and human STEC O157:H7 isolates from New Zea-
land. To evaluate genetic similarities of human and bovine
fecal isolates, we computed proportional similarity indices
(PSI) based on the frequency distributions of SBI types in
humans and cattle from all 3 countries. PSI is a similar-
ity measure that estimates the area of congruence between
2 frequency distributions (18); measurements range from
0 (distributions with no common SBI types) to 1 (highest
possible similarity between distributions). Bootstrapped
95% confidence intervals for PSI values were calculated
according to the percentile method described by Efron and
Tibshirani (19), using 2,000 iterations. No grouping of SBI
types was applied for PSI calculations. To illustrate the in-
ternational geographic divergence of isolates, we used dif-
ferences in PSI values (1 — PSI) to construct a NeighborNet
tree with SplitsTree software version 4.12.6.

Results

Genotype Diversity

All 403 human and bovine fecal isolates were posi-
tive for ehxA, eae, and stx2 (except 1 ehxA-negative
human isolate); of these, 61 (15.1%) were also posi-
tive for stx1. The different virulence profiles of isolates,
each represented by a dominant SBI type, are shown in
Table 1. The predominant SBI types AY2a, WY12a,
and ASY2c¢/SY2c accounted for 55.0% (22/40), 15.0%
(6/40), and 22.5% (9/40) of the studied bovine fecal
isolates, respectively. Similarly, in human isolates, SBI
types AY2a, WY 12a, and ASY2¢c/SY2c were detected in
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Table 1. Virulence profiles and SBI types of Shiga toxin—producing Escherichia coli O157:H7 isolates obtained from humans and fecal

samples from slaughterhouse cattle, New Zealand, 2008—-2011*

Species, Virulence genest SBI type
no. isolates NI Sl  ehxA eae stx2 stx2c  stxl Dominant (no., %) Other (no., %)
Bovine

6 6 0 + + + - + WY12a (6, 100.0) -

10 2 8 + + + + - ASY2c (7, 70.0), SY2c (2, 20.0) AS2c (1, 10.0)

24 24 0 + + + — - AY2a (22,91.7) AWY2a (2, 8.3)
Human

51 43 9 + + + - + WY12a (49, 96.2) AWY12a (2, 3.8)

1 0 1 + + + - + WY12a (1, 100.0) -

94 54 40 + + + + - ASY2c (69, 73.4), SY2c (15, SWY2c (3, 3.2), ASWY2c (2, 2.1),

16.0) AS2c (2,2.1), Y2c (2, 2.1),
ASY2a2c (1, 1.1)
214 179 35 + + + - - AY2a (210, 98.1) AWY2a (4, 1.9)
3 2 1 + + + + + ASY12c (2, 66.7) AS12c (1, 33.3)

*NI, North Island of New Zealand; SBI, Shiga toxin—encoding bacteriophage insertion; Sl, South Island of New Zealand; +, gene present; —, gene absent.
tehxA gene encodes for enterohemolysin; eae gene encodes for intimin; stx2, primers for detection of this gene did not differentiate between subtypes of
Shiga toxin type 2; stx2c gene encodes for Shiga toxin subtype 2c; stx1, primers for detection of this gene did not differentiate between subtypes of Shiga

toxin type 1.

57.9% (210/363), 13.8% (50/363), and 23.1% (84/363)
of the isolates, respectively. The distributions of AY2a,
WY 12a, ASY2c/SY2c, and other SBI types varied by year
(p = 0.037) (Figure 1). On the basis of the genotype cali-
bration of PFGE profiles of bovine meat isolates, SBI-like
types AY2a, WY 12a, and ASY2¢/SY2c were prevalent in
64.7% (152/235), 23.4% (55/235), and 11.9% (28/235) of
the isolates, respectively. Association between SBI-like
type and year was marginally nonsignificant (p = 0.052).

Between-Island Comparisons

The distribution of SBI types observed differed be-
tween North and South Islands in bovine fecal and human
isolates; SBI types AY2a and WY 12a were more common
in the North Island, and ASY2¢/SY2¢c was more common
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in the South Island (Table 2). Similarly, a significant dif-
ference in the prevalence of SBI-like types between islands
was observed in bovine meat isolates (Table 2).

Within-Island Comparisons

By using a 3-level hierarchy of island, region within
island, and within region for the AMOVA model, we found
that most of the molecular variation (>98%) resided be-
tween isolates within regions (on the basis of PFGE haplo-
types). However, for the human isolates, a small but highly
significant proportion of the molecular variation was esti-
mated to be between regions within islands (1.03% varia-
tion, p<0.001); this finding provided evidence for highly
localized geographic structuring. After we allowed for be-
tween region variation in the model, island was no longer

Figure 1. Proportional distributions,
stratified by year, of Shiga toxin—
encoding bacteriophage insertion
(SBIl) types AY2a, WY12a, and
ASY2c/SY2c of 363 human Shiga
toxin—producing Escherichia coli
0157:H7 isolates from clinical case-
patients in New Zealand, 2008-
2011. Error bars indicate 95% Cls.
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Table 2. Frequency distribution of predominant SBI genotypes of Shiga toxin—producing Escherichia coli O157:H7 isolates obtained
from humans, bovine fecal samples, and bovine meat samples, New Zealand, 2008—2011*

No. with SBI type/no. total (%)

Isolate type, SBI type North Island South Island p valuet
Human
AY2a 175/278 (62.9) 35/85 (41.2) <0.001
WY12a 41/278 (14.7) 9/85 (10.6)
ASY2c/SY2¢c 49/278 (17.6) 35/85 (41.2)
Other 13/278 (4.7) 6/85 (7.1)
Bovine fecal
AY2a 22/32 (68.8) 0/8 <0.001
WY12a 6/32 (18.8) 0/8
ASY2c/SY2¢c 1/32 (3.1) 8/8 (100.0)
Bovine meat
AY2a-like 137/201 (68.2) 15/34 (44.1) <0.001
WY12a-like 49/201 (24.4) 6/34 (17.6)

ASY2c¢/SY2c-like 15/201 (7.5)

13/34 (38.2)

*SBI, Shiga toxin—encoding bacteriophage insertion.

TValues refer to differences between frequency distributions of SBI types and North and South Islands (Xz and Fisher exact test).

a significant source of variation for the human isolates (p =
0.212). In contrast, a very small but significant amount of
molecular variation was apparent between islands among
the bovine meat isolates (0.38% variation, p = 0.017), but
the proportion of variation between regions within islands
was nonsignificant (0.34% variation, p = 0.121).

The population differentiation and geographic cluster-
ing of genotypes of STEC O157:H7 isolates from human
cases and bovine meat samples from regions of both is-
lands of New Zealand are illustrated in Figure 2. Consistent
with the AMOVA results, we found evidence of within-is-
land clustering of human isolates. Two main clusters were
observed representing North and South Island regions, with
the exception of Canterbury, which clustered with North

Island regions, and Wellington, Taranaki, and Gisborne,
which were North Island outliers. Among human cases, the
highest population differentiation of genotypes of STEC
0157:H7 isolates was observed between the regions of Wel-
lington (15 isolates) and Gisborne (12 isolates) on the North
Island (pairwise F, value of 0.071), followed by Wellington
and Otago (10 isolates) (F,, = 0.060); the isolates from Gis-
borne included 2 household clusters (2 human cases each).
For bovine meat isolates, no obvious structuring was appar-
ent; however, Auckland region (5 isolates) appeared as a
strong North Island outlier. Consequently, the most distinct
difference in genotypes was observed between the regions of
Auckland and Otago (9 isolates) (F., = 0.060), followed by
Auckland and Northland (26 isolates) (F.. = 0.057).

Figure 2. NeighborNet (16) trees showing population differentiation of Shiga toxin—producing Escherichia coli O157:H7 isolates from
humans and cattle from different regions in the North Island (red) and the South Island (blue), New Zealand. A) Isolates from human
case-patients (n = 355, 8 isolates excluded). B) Isolates from bovine meat samples (n = 233, 2 isolates excluded). C) Map of New
Zealand showing different regions from which samples were collected. The distances indicate population differentiation measured as

pairwise F values.
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The molecular relatedness between PFGE profiles of
human isolates, considering SBI type and region of origin as
explanatory variables, is shown in Figure 3. PFGE profiles
showed genotypic clustering that was strongly associated
with SBI types AY2a, WY 12a, and ASY2¢/SY2c, even after
stratifying by island of origin (Figure 3, panels A, B). Clusters
containing SBI type AY2a and ASY2c/SY2c were the pre-
dominant genotypes in the Taranaki and Gishorne regions,
respectively, on the North Island (Figure 3, panel C); the as-
sociation between SBI type and region of origin was statisti-
cally significant (p<0.001). A similar genotypic clustering of
regions was observed in bovine meat isolates from the North
and South Islands (online Technical Appendix Figure 3).

International Comparison
Within each country, similar frequencies of SBI types
were observed in cattle and human cases, but there were

Divergence of STEC O157:H7 Genotypes, New Zealand

distinct differences in the population structure of SBI types
between countries (Figure 4). Bovine and human geno-
types in New Zealand shared the highest similarity (PSI
value 0.92, 95% CI 0.74-0.93), followed by those in Aus-
tralia (PSI 0.69, 95% CI 0.57-0.79) and the United States
(PS10.61, 95% CI 0.51-0.69) (online Technical Appendix
Figure 4). The observed differences in proportional simi-
larities of SBI types among isolates from cattle and humans
in all 3 countries are shown in Figure 5.

Discussion

We assessed the molecular epidemiologic evidence for
transmission of STEC from cattle to humans in New Zea-
land and the relationship between population structure and
geography at multiple spatial scales. The molecular analy-
sis of bovine and human STEC O157:H7 isolates showed a
concordant geographic variation of genotypes (SBI types)

Figure 3. Multidimensional scaling plots showing the genotypic clustering of human Shiga toxin—producing Escherichia coli O157:H7
isolates originating from the North Island (n = 274, 4 isolates excluded) and the South Island (n = 81, 4 isolates excluded), New Zealand.
The plots were determined on the basis of the isolates’ pulsed-field gel electrophoresis profiles. Clusters associated with Shiga toxin—
encoding bacteriophage insertion (SBI) types (A) and regions (C) for isolates from the North Island. Clusters associated with SBI types (B)

and regions (D) for isolates from the South Island. 2D, 2 dimensional.
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Figure 4. Proportional distri-
butions of Shiga toxin—
encoding bacteriophage
insertion types of Shiga
toxin—producing Escherichia
coli O157:H7 isolates sourced
from cattle and humans in
New Zealand (NZ), Australia
(AU), and the United States
(US).

in both populations. In addition, there were marked dif-
ferences between isolates from New Zealand’s North and
South Islands, a finding that is consistent with localized
transmission of STEC between cattle and humans.

The evidence of localized transmission of STEC be-
tween cattle and humans in New Zealand has advanced
our understanding of the epidemiology of sporadic STEC
infections in the country and is consistent with environ-
mental- or animal-associated sources of infection rather
than more disseminated foodborne outbreaks (20). Mea-
sures to prevent direct contact with animal fecal mate-
rial in the environment include the wearing of protective
clothing, increased hand washing, and targeted education
of the population at risk regarding possible sources of
STEC infection.

The North and South Islands of New Zealand are
separated by the Cook Strait, a geographic barrier of >20
km. This barrier might contribute to the island-associated
differences in distribution of genotypes observed in this
study, by restricting the movement of carrier animals
between islands. Cattle populations on each island are
large: ~6.6 million on the North Island and =3.5 million
on the South Island (21). Despite the islands’ large cattle
populations, the number of livestock moved between the
islands (i.e., from farm to farm or farm to slaughter) is
relatively low: =42,400 cattle from North to South Island,
and =64,600 cattle from South to North Island per year
(22). Thus, the movement of cattle probably has a limited
influence on the distinct distribution of genotypes across
both islands.

Although none of the bovine meat isolates were SBI
typed, the PFGE data showed a strong island-associated
distribution of bovine STEC O157:H7 genotypes, which
was equivalent to the patterns observed in fecal isolates
from cattle and humans. Bovine meat isolates were re-
trieved from carcass swab samples and bulk meat samples
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collected at beef-processing plants, so it could be hypoth-
esized that fresh beef meat might be an exposure path-
way for humans. However, although various food sources
(including beef) were considered as potential risk factors
during a nationwide prospective case-control study on
sporadic STEC infections in humans, food was not identi-
fied as a major exposure pathway of infections in New
Zealand (20).

Significant genetic variation was observed among hu-
man isolates at the regional level, indicating a more local-
ized spatial clustering of STEC O157:H7 genotypes. Strong
regional variation in the prevalence of zoonotic diseases
has been observed previously in New Zealand. For exam-
ple, there is marked regional variation in the distribution
of serotypes in human cases of salmonellosis: Salmonella
enterica ser. Brandenburg was associated with sheep and
human infections in the southern regions of the South Is-
land (23), whereas the wild bird—associated S. enterica ser.
Typhimurium DT160 was distributed more evenly across
the whole country (24). S. enterica ser. Brandenburg has
not been found to be endemic in any other regions in New
Zealand, and it is likely that the spatial pattern of disease is
influenced by environmental factors, such as the presence
and density of local maintenance hosts.

Cattle are considered the most likely maintenance host
of STEC O157:H7, and the association between human
cases and cattle density suggests that spillover from cattle
to humans is the main pathway (20); however, overseas, the
pathogen has frequently been isolated from sheep (25-27)
and deer (28,29). Cookson et al. (30,31) identified STEC
serotypes of public health concern in sheep from the low-
er North Island of New Zealand but did not isolate STEC
O157:H7. No nationwide studies of sheep or deer have
been undertaken in New Zealand, hence sheep cannot be
ruled out as potential maintenance hosts for region-specific
populations of STEC O157:H7.
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Figure 5. NeighborNet (16) tree
showing geographic divergence
of bovine and human Shiga
toxin—producing Escherichia coli
0157:H7 isolates sourced from
New Zealand (40 cattle, 363
human), Australia (205 cattle,
79 human), and the United
States (US) (143 cattle, 179
human). The distance indicates
the difference in proportional
similarity of Shiga toxin—encoding
bacteriophage insertion types
among the isolates.

The observed regional clustering of genotypes among
human STEC O157:H7 isolates leads to another hypoth-
esis: other, yet unidentified, hosts could be reservoir/main-
tenance hosts in the epidemiology of STEC, and cattle are
possibly only serving as “bridging hosts” at the human-
animal interface (32), transmitting STEC to humans. For
example, starlings have been implicated as biologic vectors
in the dissemination of STEC among dairy farms in Ohio,
United States (33,34), indicating that wildlife might play a
key role in the epidemiology and ecology of STEC.

A relatively high prevalence of SBI types AY2a and
ASY2c was observed in human and bovine fecal isolates
from New Zealand. These findings are in contrast to those
from the Australian study by Mellor et al. (17), in which
SBI type AY?2a was not identified (0/284 isolates; p<0.001)
and accounted for only 8.1% (26/322) of the isolates from
the United States (human and cattle combined); SBI type
ASY2c was prevalent in <1.0% of combined isolates in
both countries. These differences in frequency distributions
of SBI types indicate marked differences in the population
structure of SBI types between countries. Australia and
New Zealand are neighboring countries but separated by
the Tasman Sea, a distance of ~1,250 km. On the basis of
historic data, Australia has been the predominant source of
imported New Zealand cattle, mainly in the 19th century
(5). Hence, the distinct geographic divergence of STEC
O157:H7 genotypes between the 2 countries is somewhat
puzzling and would suggest a limited historic introduction
of STEC O157:H7 from Australia or elsewhere into New
Zealand and a subsequent evolution in the New Zealand
host population. Alternatively, the observed divergence of
genotypes between Australia and New Zealand could be the
result of genetic drift and/or selection driven by different
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environmental factors, such as climate, types of feed, hus-
bandry systems, or animal genetics.

In this study, the highest PSI was observed between
cattle and human isolates from New Zealand, followed by
that between isolates from Australia and the United States.
These findings provide evidence for a close association
between populations of isolates from cattle and humans,
which is consistent with the transmission of STEC from
cattle to humans. This finding is in agreement with the na-
tional case—control study on clinical STEC cases in New
Zealand, which identified variables related to beef and
dairy cattle as major risk factors (20).

The molecular analysis of STEC O157:H7 isolates
from cattle and persons with STEC infection revealed that
prevalences of bovine and human isolates in the North Is-
land were distinctly different from those of the South Is-
land, suggesting localized transmission of STEC between
cattle and humans. Furthermore, a distribution of STEC
O157:H7 genotypes different from that observed overseas
suggests a historic introduction of a subset of the globally
circulating STEC O157:H7 strains into New Zealand.
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Hidradenitis suppurativa (HS) is a frequent skin disease
characterized by recurrent nodules or abscesses and chronic
suppurating lesions. In the absence of clear pathophysiol-
ogy, HS is considered to be an inflammatory disease and
has no satisfactory medical treatment. Recently, prolonged
antimicrobial treatments were shown to improve or resolve
HS lesions. We prospectively studied the microbiology of
102 HS lesions sampled from 82 patients by using prolonged
bacterial cultures and bacterial metagenomics on 6 samples.
Staphylococcus lugdunensis was cultured as a unique or
predominant isolate from 58% of HS nodules and abscess-
es, and a polymicrobial anaerobic microflora comprising strict
anaerobes, milleri group streptococci, and actinomycetes
was found in 24% of abscesses or nodules and in 87% of
chronic suppurating lesions. These data show that bacteria
known to cause soft tissue and skin infections are associated
with HS lesions. Whether these pathogens are the cause of
the lesions or are secondary infectious agents, these findings
support targeted antimicrobial treatment of HS.

H idradenitis suppurativa (HS), also known as acne in-
versa and Verneuil disease, is a chronic disease of the
apocrine gland-bearing areas of the skin (1). The preva-
lence of HS is estimated to be as high as 1% to 2% in the
general population, and the disease has a serious effect on
quality of life, placing it among the most distressing condi-
tions observed in dermatology (2). It is therefore of major
public health concern.

HS usually begins after puberty; the clinical severity of
the disease varies among patients. Most patients have a mild
form of the disease, manifested as painful large and deep-
seated nodules. These lesions can resolve spontaneously,
persist as “silent” nodules, or lead to abscess formation.
In contrast, patients with severe HS have chronic, painful,
suppurating lesions that persist for years. Chronic lesions
usually involve multiple areas connected by inflamed and
suppurating sinus tracts surrounded by hypertrophic scars.

The pathophysiology of HS is mostly unknown and
probably multifactorial, including genetic, infectious, hor-
monal, and immunologic factors (3). Approximately one
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third of HS patients have a familial history of HS. Familial
HS is transmitted with a dominant autosomal inheritance
pattern, and mutations in the gamma secretase genes have
been associated with a subset of familial cases (4,5). The
current hypothesis is that the HS primary event is a hyper-
keratinization of the follicular infundibulum, followed by
follicular occlusion, dilatation and rupture; the spread of
bacterial and cellular remnants would trigger the local in-
flammatory response (3). Previous microbiological studies
found a wide range of bacteria sporadically associated with
HS lesions: Staphylococcus aureus, Streptococcus agalac-
tiae, coagulase-negative staphylococci, milleri group strep-
tococci, anaerobes, and corynebacteria (6-8). Because of
these confusing microbiological observations and the rapid
relapse of HS lesions after standard antimicrobial drug
treatments, bacteria were considered to be contaminants of
primarily inflammatory lesions.

Recently, the rifampin-clindamycin drug combina-
tion was reported to substantively improve HS lesions
(9,10), and our research team showed that complete heal-
ing of HS lesions can be obtained by using the rifampin-
moxifloxacin-metronidazole drug combination (11).
These findings suggest that suppurative lesions associated
with HS may be of infectious origin. In this study, we per-
formed an extensive microbiological study of HS lesions
and identified 2 main profiles of opportunistic bacterial
pathogens associated with HS lesions. These pathogens
are commonly isolated from skin and soft tissue infec-
tions and are known to be sensitive to antimicrobial drug
treatments used to obtain improvement or remission of
HS lesions.

Materials and Methods

Patients and Lesions

In the Centre Médical de I’Institut Pasteur, a referral
center for HS patients in France, microbiological samples
are routinely obtained before initiation of antimicrobial
treatment of HS patients. In this study, we performed a
microbiological analysis of all HS lesions sampled from
patients who consulted for the first time in our center for
active HS during June 2007-February 2011 (Table 1). We
excluded patients who received systemic or topical antibi-
otic drugs during the month before sampling. The clinical
severity of lesions was assessed and designated by the same
physician using the clinical severity staging of Hurley (12).
Briefly, according to Hurley, stage 1 lesions correspond
to nodules or abscesses, single or multiple, without sinus
tracts or hypertrophic scars. Stage 2 lesions are single or
multiple but nonconfluent lesions with sinus tracts and for-
mation of scarring. Stage 3 lesions correspond to diffuse
or nearly diffuse involvement of multiple interconnected
sinus tracts or abscesses across an entire area.
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Table 1. Characteristics of patients with hidradenitis suppurativa,
France, June 2007—February 2011

Characteristics Value

No. patients 82

Sex ratio (no. M/F) 0.33 (27/55)

Age, median y, + SD 34+95
Age, median y, = SD at onset of disease 29+9.9
Duration of Hurley stage,* y (range) 5.8 (0.5-21)
No. lesions 102
Clinical severity of lesions*
Hurley stage 1 38
Hurley stage 2 45
Hurley stage 3 19
Location of lesions, no. (%)
Inguinal fold and perineal area 32 (31)
Buttocks and thigh 19 (19)
Gluteal fold 13 (13)
Axilla 28 (27)
Breast 6 (6)
Trunk and neck 4 (4)
Microbiological samples, no. 183
Lesional samplest 125
Aspirates 11
Biopsy material 49
Lesional swabs 65
Perilesional control swabs 58

*Hurley staging: Hurley, stage 1 lesions correspond to nodules or
abscesses, single or multiple, without sinus tracts or hypertrophic scars.
Stage 2 lesions are single or multiple but nonconfluent lesions with sinus
tracts and formation of scarring. Stage 3 lesions correspond to diffuse or
nearly diffuse involvement of multiple interconnected sinus tracts or
abscesses across the entire area.

tEach lesion was sampled 1 or 2 times. Open lesions with purulent
drainage were sampled by swabbing of the purulent drainage. On consent
of the patient, closed, nonsuppurative lesions were sampled only by
biopsy or needle aspiration.

Lesion Samples

We collected 2 types of lesion samples: 1) transcu-
taneous samples (from punch biopsies, ultrasonography
guided biopsies, and needle aspirations) performed under
strict asepsis using 5% povidone-iodine solution, and 2)
swab specimens of superficial purulent drainage collect-
ed by using the Portagerm system (bioMérieux, Marcy
I’Etoile, France) without aseptic preparation. Transcutane-
ous samples were collected only from patients who gave
informed consent. Such samples were obtained from all
closed abscesses or nodules and were also recommend-
ed for suppurative lesions. For suppurative lesions, we
also suggested collecting purulent drainage by swab and
collecting an additional control specimen at a 5-cm dis-
tance from the lesion, considering that biopsy may fail to
reach the infectious site. No transport medium was used for
punch biopsy specimens and purulent drainage collected
by puncture. Samples were sent to the laboratory within 1
hour after sampling.

Bacterial Cultures and Identification Methods

To grow anaerobic bacteria, we homogenized bi-
opsy samples using a sterile porcelain mortar in 0.5 mL
of Schaedler broth (bioMérieux, Marcy I’Etoile, France).
Purulent drainage and swab specimens were directly
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discharged in 0.5 mL of Schaedler broth; 50 uL of the suspen-
sion was seeded on agar plates, including an Uriselect4 agar
plate (Bio-Rad, Marnes-la-Coquette, France), a colistin-nali-
dixic acid (CNA) blood agar plate, and a Columbia blood agar
plate (bioMérieux). Uriselect4 and CNA agar plates were in-
cubated at 37°C under 5% CO, for the isolation of aerobic and
microaerophilic bacteria. Columbia agar plates were incubated
anaerobically for 2 weeks. Cultures were analyzed at days 2, 7,
and 15 by the same physician throughout the study. Anaerobic
cultures were considered positive when the abundance or di-
versity of the bacterial culture was increased under anaerobic
conditions. Plates were streaked by using the 4-phase pattern for
isolation of predominant colonies. When the number of bac-
terial colonies was <200, colonies were counted; when >200
colonies, we assigned a colony count of 500 or 1,000 to bac-
terial colonies that reached the third or fourth quarter of the
plate, respectively.

A maximum of 10 colonies per sample was identified
by matrix-assisted laser desorption—time-of-flight mass
spectrometry by using the Andromas system (13). When
no identification was obtained, the 16S ribosom al RNA
gene was sequenced. Altogether, 417 bacterial isolates
were identified from the 162 culture-positive samples.
Bacterial species were grouped in 12 categories (online
Technical Appendix Figures 1-5, wwwnc.cde.gov/EID/
article/20/12/14-0064-Techapp1.pdf).

Bacterial Metagenomics

To investigate more precisely the anaerobic microflo-
ra and to decipher whether nonculturable species could be
associated with HS lesions, we performed a metagenomic
study on 6 consecutive samples including 1 Hurley stage 1
abscess and 5 chronic suppurating lesions. We used sterile
dry swabs to collect samples that were immediately frozen at
—80°C. We extracted DNA by using the MagNa Pure tech-
nology (Roche Pharma, Boulogne-Billancourt, France). We
amplified each sample by using the eubacterial universal 16S
primer set 27F/338R described by Fierer et al. that targets the
V1 and V2 hypervariable regions of the small subunit of the
ribosomal RNA gene (14). We used Platinium PCR Super-
Mix (Invitrogen, Carlsbad, CA, USA) to elicit amplification
reactions. PCR products were purified and concentrated by
using the UltraClean PCR Clean-up Kit (MoBio, Carlshad,
CA, USA). Samples were sent to GATC Biotech AG (Kon-
stanz, Germany) to be pyrosequenced by using 454 Life Sci-
ences sequencing (454 Life Sciences, a Roche Company,
Branford, Connecticut, USA).

An average of 4,407 quality sequences (range 2,564—
7,008 sequences) were obtained from each sample. We ana-
lyzed data using the QIIME software (15). Similar sequences
were clustered into operational taxonomic units by using
Uclust (16), with a minimum identity of 0.97. We assigned
taxonomy using the RDP Classifier (17).
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Table 2. Microbiological profiles of 102 hidradenitis suppurativa lesions according to patient sex, clinical severity, and topography,

France
Characteristics Profile A Profile B No profile Negative culture p value*
Sex 0.2
M, n =35 5 24 3 3
F, n=67 19 41 1 6
Clinical severity of lesionst 2x 107
Hurley stage 1, n = 38 22 9 2 5
Hurley stage 2, n = 45 2 40 0 3
Hurley stage 3, n =19 0 16 2 1
Topography of lesions 0.01
Inguinal fold, n = 32 5 24 1 2
Buttock and thigh, n = 19 8 6 1 4
Gluteal fold, n = 13 2 10 0 1
Trunk,n =4 1 2 1 0
Breast, n =6 4 2 0 0
Axilla, n = 28 4 21 1 2

*By Fisher exact test comparing the repartitions of profiles A and B.

THurley staging: Hurley, stage 1 lesions correspond to nodules or abscesses, single or multiple, without sinus tracts or hypertrophic scars. Stage 2
lesions are single or multiple but nonconfluent lesions with sinus tracts and formation of scarring. Stage 3 lesions correspond to diffuse or nearly diffuse
involvement of multiple interconnected sinus tracts or abscesses across the entire area.

Biostatistics

Statistical analyses were performed with R software
version 3.01 (http://www.r-project.org). Hierarchical as-
cending classifications were performed to characterize
sample profiles according to their bacterial composition.
We computed the Euclidean distances between samples
or species according to the bacterial abundance and then
built dendrograms using the Ward aggregation criterion
(18). Clustering results were figured in a heatmap chart
(pheatmap R package, http://cran.r-project.org/web/pack-
ages/pheatmap/index.html) where samples and species are
reordered according to the dendrograms.

We used the Fisher exact test to compare =categorical
variables. All tests were 2-sided; p values <5% were con-
sidered to be significant. We performed statistical analyses
in R software.

Results

We analyzed the microbiological test results of 102 typ-
ical HS lesions excised from 82 patients, comprising 38 nod-
ules and abscesses (Hurley stage 1 lesions) and 64 chronic
suppurating lesions (45 Hurley stage 2 and 19 Hurley stage
3 lesions) (Table 1). Altogether, we collected 125 lesional
samples, including 11 needle aspirations, 49 biopsies per-
formed under strict asepsis, and 65 swab samples of open
suppurating lesions (Table 1). Twenty-three open suppurat-
ing lesions were sampled both by biopsy and swabbing. We
obtained 58 perilesional control samples by swabbing nor-
mal perilesional skin 5 cm away from the lesion, bringing the
total number of samples to 183.

Identification of Microbiological Profiles Associated
with HS Lesions

Culture results of the 183 samples are presented in
online Technical Appendix Figure 1. Of the 125 lesional
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samples, 106 yielded a positive culture. To identify single
or multiple bacterial species specifically associated with
HS lesions, hierarchical clustering was performed on these
samples (online Technical Appendix Figure 2). This strat-
egy identified 2 microbiological profiles (online Technical
Appendix Figures 3-5).

The profile A group identified Staphylococcus lugdu-
nensis as a unique or predominant isolate (online Technical
Appendix Figure 3). This group of samples comprised 24
lesion samples: 22/38 lesions were at Hurley stage 1 and
2/45 were at Hurley stage 2.

The profile B group was characterized by a mixed an-
aerobic flora composed of strict anaerobes and/or anaero-
bic actinomycetes and/or streptococci of the milleri group
(online Technical Appendix Figure 4). Various other bac-
teria, such as S. aureus, coagulase-negative staphylococci,
corynebacteria, Enterobacteriaceae, Propionibacterium
spp., and Enterococcus spp., were inconstantly and in
smaller amounts associated with the mixed anaerobic flora,
especially when lesions were sampled by swabbing. Profile
B organisms were found in 77 samples corresponding to
65 lesions.

Five samples from lesions did not correspond to the
2 identified microbiological profiles (online Technical Ap-
pendix Figure 5). These samples were 2 Hurley stage 1
samples yielding pure culture of Propionibacterium acnes
and 2 samples yielding corynebacteria, Enterobacteriace-
ae, and coagulase negative staphylococci. A pure culture
of Streptococcus pyogenes was recovered from the fifth
sample. A review of the medical file of the patient revealed
that he was admitted for an acute infectious syndrome that
is unusual in HS patients and probably corresponded to an
acute superinfection.

Considering the polymicrobial nature of profile B, in-
cluding bacterial species known to be nonpathogenic skin
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commensals, we aimed at determining the relevance of
these bacteria in the pathogenic process. To achieve this
goal, we first analyzed the culture results of 45 purulent
drainage on swabs for which a perilesional control sample
was obtained (online Technical Appendix Figure 6). S.
aureus, coagulase-negative staphylococci, micrococca-
ceae, corynebacteria, Propionibacterium spp., Entero-
bacteriaceae, and Enterococcus spp. were isolated from
both purulent drainage and perilesional controls. How-
ever, these organisms were isolated less frequently and in
lower quantity from purulent drainage than from controls.
Conversely, strict anaerobes, actinomycetes, and strepto-
cocci of the milleri group were recovered from almost all
purulent drainage samples (42/45) and rarely from con-
trols (6/45).

We next compared the culture results of 23 open suppu-
rating lesions that were sampled by biopsy, needle aspiration
under strict asepsis, or swabbing, for each of which a control
perilesional swab was obtained (online Technical Appendix
Figure 7). Anaerobes, actinomycetes, and streptococci of the
milleri group were isolated from purulent drainage, biopsies,
and aspirations, but not from perilesional swabs. By contrast,
S. aureus, non-lugdunensis coagulase-negative staphylococ-
ci, corynebacteria, Enterobacteriaceae, and Propionibacte-
rium spp. were commonly isolated from purulent drainage
and swabs but very rarely from biopsies.

These data demonstrate that anaerobes, actinomycetes,
and streptococci of the milleri group are specifically associ-
ated with HS lesions. Other species isolated from purulent
drainage samples were part of the normal skin flora and
were likely to be present as contaminants.

Correlation of Culture Results with Disease Severity
and Lesion Topography

Our next task was to analyze the association of mi-
crobiological profiles with clinical severity, topography of
the lesions, and gender (Table 2). Profile A was almost ex-
clusively associated with Hurley stage 1 lesions, whereas
profile B was predominantly associated with Hurley stage
2 and stage 3 lesions. Additionally, profile A tended to be
associated with lesions of the breasts and buttocks.

Twelve patients had 2 or more lesions that had positive
culture results (Table 3). Microbiological profiles were the
same in 2 lesions of the same patient in 8 cases and differ-
ent in 4 cases, indicating that microbiological profiles are
not specific to a given individual.

Composition of Polymicrobial Anaerobic Flora
as Assessed by Culture

The predominant anaerobic flora (17 different bacterial
colonies per lesion) was studied in 36/62 profile B lesions

Table 3. Microbiological profiles of 12 patients who had multiple hidradenitis suppurativa lesions, France*

Case-patient no. Sample no. Sampling method Lesion site Hurley staget Profilef
30 172 Biopsy L axilla 1 B
30 173 Swabbing R axilla 2 B
36 180 Swabbing Abdomen 2 B
36 181 Swabbing Axilla 2 B
37 46 Swabbing Breast 1 A
37 71 Biopsy Buttock 1 A
39 7 Swabbing Thigh 1 A
39 8 Swabbing Inguinal fold 1 A
41 2 Biopsy Thigh 1 A
41 110 Biopsy, swabbing Inguinal fold 2 B
58 155 Swabbing Axilla 3 B
58 156 Swabbing Inguinal fold 3 B
60 85 Biopsy Buttock 2 B
60 87 Swabbing Inguinal fold 2 B
61 134 Needle aspiration Buttock 1 A
61 137 Biopsy, swabbing Inguinal fold 1 B
65 14 Swabbing Pubis 1 B
65 16 Biopsy Scrotum 1 B
76 177 Swabbing L axilla 1 B
76 178 Swabbing R axilla 2 B
76 179 Needle aspiration Breast 1 A
78 89 Swabbing L axilla 2 B
78 90 Biopsy R axilla 2 B
82 96 Needle aspiration Axilla 1 A
82 97 Swabbing Inguinal fold 2 B

*For 12 case-patients, >1 lesion was analyzed. For 8 case-patients, samples yielded microbiological characteristics within the same profile, but in samples
from lesions in case-patients 41, 61, 76, and 82, differing microbiological profiles were found; R, right; L, left.

tHurley staging: Hurley, stage 1 lesions correspond to nodules or abscesses, single or multiple, without sinus tracts or hypertrophic scars. Stage 2 lesions
are single or multiple but nonconfluent lesions with sinus tracts and formation of scarring. Stage 3 lesions correspond to diffuse or nearly diffuse
involvement of multiple interconnected sinus tracts or abscesses across the entire area.

FProfile A: S. lugdunensis as unique or predominant pathogen; profile B: anaerobic microflora.
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Table 4. Identification of strictly anaerobic bacteria cultured from
36 hidradenitis suppurativa lesions that had predominant
anaerobic microflora, France

Gram type, genus, species No. isolates
Gram-positive cocci 51
Anaerococcus 17
A. vaginalis 11
A. prevotii
A. octavius

A. lactolyticus
Peptoniphilus
P. asaccharolyticus
P. harei
P. gorbachii
P. ivorii
P. lacrymalis
Unidentified Peptoniphilus sp.
Other genera
Finegoldia magna
Peptostreptococcus anaerobius
Parvimonas micra
Pediococcus acidilactici
Facklamia hominis
Gram-negative rods
Prevotella
. bivia
. disiens
. intermedia
. melaninogenica
. salivae
Unidentified Prevotella sp.
Porphyromonas
P. asaccharolytica
P. somerae
Bacteroides
B. coagulans
B. ureolyticus
B. thetaiotaomicron
B. fragilis
Other genera
Fusobacterium
F. nucleatum
F. gonidiaformans
Dialister
D. pneumosintes
D. micraerophilus
Jonquetella
J. anthropi
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(Table 4). A total of 95 anaerobic isolates were identified,
including gram-positive cocci (predominantly Anaerococ-
cus spp., Peptoniphilus spp., and Finegoldia spp.) and gram-
negative rods (predominantly Prevotella spp., Porphyromo-
nas spp., Bacteroides spp., and Fusobacterium spp.).

Predominant Actinomyces species were A. turicensis
(30% of isolates), A. radingae (23% of isolates), A. neuii
(14% of isolates), and Actinobaculum schaali (21% of iso-
lates). Less frequently recovered species were A. massiliae
(3 isolates), A. europaeus (2 isolates), A. funkei (1 isolate),
and A. urogenitalis (1 isolate). In 14 lesions, >1 Actinomy-
ces species (2 to 4) was identified.

Among streptococci of the milleri group, Streptococcus
anginosus and Streptococcus constellatus, were recovered
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from 18 and 12 lesions, respectively. Both species were
identified in the same samples in 2 cases.

Composition of the Anaerobic Flora as Assessed
by Metagenomics

We investigated the microbial diversity of 6 HS lesions
by high-throughput sequencing. These lesions comprised 5
chronic suppurating lesions sampled by swabbing and 1 S.
lugdunensis abscess sampled by needle aspiration (Figure).
High-throughput sequencing confirmed that Staphylococ-
cus was the far predominant taxon (99%) within the Hurley
stage 1 abscess. In chronic suppurating lesions, anaero-
bic species (Prevotella, Porphyromonas, Anaerococcus,
and Mobiluncus spp.) were the predominant taxa. Three
bacterial orders were present in all samples: Bacteroida-
les (mainly Prevotella and Porphyromonas); Clostridiales
(mainly Peptoniphilus, Anaerococcus, Parvimonas, Diali-
ster, and Finegoldia); and Actinomycetales (Actinomyces,
Actinobaculum, and Mobiluncus).

Thus, metagenomic data were consistent with culture
results, facilitating a more exhaustive description of the
anaerobic flora. It should be pointed out that metagenom-
ics did not identify noncultivable bacteria associated with
HS lesions.

Altogether, we identified 2 microbiological profiles spe-
cifically associated with HS lesions. Profile A was character-
ized by pure or predominant culture of S. lugdunensis that was
mostly associated with Hurley stage 1 lesions. Profile B was
represented by a mixed flora composed of gram-negative
and Gram-positive strict anaerobes, anaerobic actinomy-
cetes, and streptococci of the milleri group. This profile was
mainly associated with open suppurating lesions observed in
Hurley stages 2 and 3, but also with 24% of Hurley stage 1
lesions. No microbiological differences could be identified
between Hurley stage 2 and 3 lesions by culture methods.

Discussion

Identification of organisms and appropriate treatment
are urgently needed to improve the quality of life of HS
patients. An infectious process related to HS has been sus-
pected for a long time (19). However, considering the poly-
microbial nature of the cultures obtained from HS lesions
and bacteria usually isolated from the skin microflora, it
remained unclear whether bacterial factors were involved
in the pathophysiology of HS.

We conducted a large prospective study of the micro-
biology of HS lesions among a cohort of 82 patients. Al-
together, we studied 102 HS lesions using optimized sam-
pling and culture methods. We used matrix-assisted laser
desorption—time-of-flight mass spectrometry to identify
the predominant microflora of lesions and of normal skin
samples. The main advantage of this technique is that iden-
tification can be obtained to the species level within a few
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Figure. Microbial diversity of hidradenitis supportava (HS) lesions as assessed by high-throughput 454 sequencing. The bacterial diversity
of 6 consecutive and representative HS lesions was assessed by high-throughput sequencing. Sample 1 corresponded to an acute
Staphylococcus lugdunensis abscess sampled by needle aspiration. Samples 2—-3 (swabs) corresponded to Hurley stage 2 lesions of the
axilla and inguinal folds, respectively. Samples 4—6 (swabs) corresponded to Hurley stage 3 lesions of the inguinal, axilla and gluteal fold,
respectively. Staphylococcus spp. represented >99% of sequences of sample 1, whereas Prevotella spp. represented the most abundant

taxon in 4/5 of these chronic suppurative lesions.

minutes for a very wide range of bacteria, including species
of the normal microflora, anaerobes, and bacteria that are
usually identified by molecular techniques.

This study demonstrates that 2 specific microbiologi-
cal profiles, neither corresponding to the normal skin mi-
croflora, nor to usual skin pathogens (S. aureus and S. pyo-
genes) are associated with HS lesions. Two new bacterial
pathogens species associated with HS lesions were identi-
fied: S. lugdunensis and anaerobic actinomycetes.

S. lugdunensis was mostly cultured from HS nod-
ules and abscesses. S. lugdunensis is a skin commensal
that primarily colonizes the lower extremities and ingui-
no-perineal area, the latter including typical sites for HS
lesions (20). S. lugdunensis seems to be an infrequent
pathogen (21), but skin abscesses caused by this organism
are similar to those caused by S. aureus, demonstrating a
particular virulence compared with other coagulase nega-
tive staphylococci. This organism was initially described
as a cause of post-surgical wound infections (22), sug-
gesting that local predisposing factors are required for
its pathogenicity.

1996

Conversely, the majority of chronic suppurating le-
sions and a restricted number of mild HS lesions were
associated with a predominant polymicrobial anaerobic
microflora, including strict anaerobes, milleri group strep-
tococci, and anaerobic actinomycetes. These bacteria are
common inhabitants of the mouth and gastrointestinal
tract (23-25). Strict anaerobes are usual colonizers but can
cause secondary infections in patients who have local or
systemic predispositions. They have been previously as-
sociated with HS lesions, and in various secondary skin
infections including epidermal cysts (26-28). Strict an-
aerobes have been shown to grow synergistically and to
cause severe infections especially when associated with
other bacterial species, including milleri group strepto-
cocci, which were identified as a potential treatment target
in HS in the 1980s (19,29-31), although they appeared to
be unusual pathogens in other studies (32). Milleri group
streptococci can be aggressive pathogens, leading to ab-
scess formation at various sites of the body including the
skin, thorax, and brain (30). They have been recently asso-
ciated with chronic infectious conditions such as digestive
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fistula in patients who had vascular grafts or cystic fibrosis
pulmonary infections (33,34).

Cultures of the vast majority of severe suppurating
lesions produced anaerobic actinomycetes. Anaerobic ac-
tinomycetes are fastidious and aerotolerant species that
grow slowly on rich media and provide pinpoint colo-
nies after a 1-week culture period; they are also difficult
to identify by using phenotypic methods. These factors
probably show why they have not been cultured from HS
lesions previously. Anaerobic actinomycetes have been
associated with difficult-to-treat and relapsing skin and
soft tissue infections. They can also cause severe infec-
tions such as endophthalmitis, bacteremia, and endocar-
ditis (35-38). The closely related species A. schaalii is
considered to be a uropathogen among persons >65 years
of age and in patients with predisposing neurologic or lo-
cal factors. A. schaalii has been recently associated with
cellulitis and bacteremia (39).

Altogether, our study demonstrates that HS lesions
are associated with bacterial species that can cause ab-
scesses and severe infections. Compared with S. aureus
or S. pyogenes, the low pathogenicity of these bacteria
could account for the chronicity of suppuration of HS
lesions that can last for years. In addition, the particular
propensity of HS patients to develop recurrent or chronic
skin infections highly suggests that HS is not primarily
an infectious disease but a predisposing condition that al-
lows these low pathogenic species to cause soft tissue and
skin infections.

Histopathologic studies of noninflammatory areas of
the skin of HS patients have shown the presence of dilated
and distorted hair follicles. These anatomic abnormalities
are thought to be caused by the hyperkeratinization of the
follicular infundibulum, which can lead to dilatation and
rupture and release of bacteria within the dermis (40). This
event may predispose S. lugdunensis and anaerobic bac-
teria to cause nodules and abscesses in HS. Conversely,
chronic suppurating HS lesions are deep abscesses drained
by interconnected epithelialized sinus tracts. Colonization
of these deep-seated lesions by anaerobic bacteria, strepto-
cocci of the Milleri group, and actinomycetes may account
for chronic inflammation.

A limitation of our study is that HS patients who
come to our center usually seek treatment for severe
forms of the disease. Thus, the study population may not
be representative of the HS patient population.

In summary, this study demonstrates that bacterial
pathogens known to cause soft tissue and skin infections
are found in HS lesions. The unexpected efficacy of wide-
spectrum antimicrobial treatments for HS (9,11,41) highly
suggests that these bacteria are partly causative agents for
suppurative hidradenitis and should be considered to be
treatment targets. These data open an avenue for future
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research on the pathophysiology of this disease, and pro-
vide a rational basis for clinical trials of treatment of HS.
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Replication and Shedding
of MERS-CoV In Upper
Respiratory Tract of Inoculated
Dromedary Camels

Danielle R. Adney, Neeltje van Doremalen, Vienna R. Brown, Trenton Bushmaker, Dana Scott,
Emmie de Wit, Richard A. Bowen,* and Vincent J. Munster?!

In 2012, a novel coronavirus associated with severe
respiratory disease in humans emerged in the Middle East.
Epidemiologic investigations identified dromedary camels
as the likely source of zoonotic transmission of Middle
East respiratory syndrome coronavirus (MERS-CoV).
Here we provide experimental support for camels as a res-
ervoir for MERS-CoV. We inoculated 3 adult camels with
a human isolate of MERS-CoV and a transient, primarily
upper respiratory tract infection developed in each of the
3 animals. Clinical signs of the MERS-CoV infection were
benign, but each of the camels shed large quantities of
virus from the upper respiratory tract. We detected infec-
tious virus in nasal secretions through 7 days postinocula-
tion, and viral RNA up to 35 days postinoculation. The pat-
tern of shedding and propensity for the upper respiratory
tract infection in dromedary camels may help explain the
lack of systemic illness among naturally infected camels
and the means of efficient camel-to-camel and camel-to-
human transmission.

he Middle East respiratory syndrome coronavirus

(MERS-CoV) was first recognized in 2012 related
to a fatal human case of pneumonia in Saudi Arabia (1).
Currently, >800 cases of MERS have been identified,
and the estimated case-fatality rate is =35% (2). Most
cases have been identified on the Arabian Peninsula,
but several travel-associated cases have been reported
(2-4). Human-to-human transmission has been reported,
predominantly among persons in health care facilities
and households; the rate of human infection by zoonotic
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transmission from a reservoir source is currently not
known (4-6).

The close phylogenetic relationship of human MERS-
CoV isolates with those obtained from bats initially suggest-
ed a direct link between the emergence of MERS-CoV and
a putative natural reservoir (7-9). Anecdotal reports men-
tioned contact of MERS-CoV—infected patients with camels
and goats, suggesting that livestock might be the intermedi-
ate reservoir host for MERS-CoV (4,10-12). Serologic stud-
ies revealed widespread prevalence of MERS-CoV—specific
antibodies in dromedary camels from several countries that
reported MERS cases (4,13-19). Further, MERS-CoV RNA
was detected in nasal swab samples obtained from 3 camels
on a farm linked to 2 human MERS-CoV cases, and the virus
was isolated from nasal swab samples from dromedary cam-
els in Qatar (14). MERS-CoV isolation and subsequent full
genome sequencing directly linked a dromedary camel and
a fatal MERS-CoV case in a person in Saudi Arabia (20,21).
Despite these associations, the role of camels as a primary
reservoir for MERS-CoV is still debated (22,23). Here we
report on the experimental inoculation of 3 camels with a
human isolate of MERS-CoV.

Materials and Methods

Virus and Cells

MERS-CoV (strain HCoV-EMC/2012) was provided
by the Department of Viroscience, Erasmus Medical Cen-
ter, Rotterdam, The Netherlands. The virus was propagated
in Vero E6 cells cultured in Dulbecco modified Eagle me-
dium (Invitrogen, Carlsbad, CA, USA) supplemented with
2% fetal bovine serum, 2 mmol/L glutamine, 50 U/mL
penicillin, and 50 pg/mL streptomycin.

1These senior authors contributed equally to this article.
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Animal Study

Three native-born adult male dromedary camels
(Camelus dromedarius) were obtained through private
sale; the animals tested negative by neutralization assay
for MERS-CoV and for bovine coronavirus by ELISA.
Camels 1, 2, and 3 were 2, 3, and 5 years old, respec-
tively. Camels 1 and 2 were intact males, and camel 3 had
been castrated. Animals were housed in an Animal Bio-
safety Level 3 facility for the duration of the experiment
and fed ad libitum. Camels were acclimated to the facil-
ity for 2 weeks before virus inoculation. We sedated the
camels with xylazine, then inoculated them with a total
dose of 107 50% tissue culture infective dose (TCID_) of
MERS-CoV (strain HCoV-EMC/2012) in a total volume
of 15 mL, by way of intratracheal (8 mL using transcu-
taneous catheter), intranasal (3.3 mL in each nostril by
expulsion from a syringe), and conjunctival (0.2 mL in
each conjunctival sac) routes. The routes of inoculation
and infectious dose were chosen to reflect a combination
of most likely routes of exposure and to increase the po-
tential of infection. The animals were observed at least
1x daily for the duration of the experiment for behavior,
food consumption, activity level, and nasal discharge.
Rectal temperature was taken daily from 2 to 7 days post-
inoculation, then 3x weekly until the animals were eu-
thanized. Nasal and oral swab samples and fecal samples
were collected into virus transport medium or virus lysis
buffer daily from 0 to 7 days postinoculation (dpi), then
3x weekly until the animal was euthanized. Blood was
collected into evacuated EDTA and serum-separating
tubes daily at 0-7 dpi and 3x weekly thereafter. Urine
was collected by convenience and at necropsy. To evalu-
ate whether virus is exhaled from infected camels, a fun-
nel was placed over the muzzle of each camel and con-
nected to a vacuum pump to capture exhaled air in tissue
culture media (10 mL Dulbecco modified Eagle medium,
1% fetal bovine serum, 0.013% SE-15 (anti-foam) with an
All Glass Impinger (Ace Glass Inc., Vineland, NJ, USA).
Exhaled breath was collected for ~2 minutes and analyzed
by quantitative real-time PCR (qPCR) and virus titration.
On days 5, 28, and 42, camels 1, 2, and 3, respectively,
were euthanized, and samples were collected from nasal
turbinates, lungs, trachea, larynx, pharynx, liver, spleen,
kidney, bladder, urine, duodenum, jejunum, colon, rec-
tum, abomasum, forestomachs, prescapular lymph node,
retropharyngeal lymph node, tracheobronchial lymph
node, mediastinal lymph node, mesenteric lymph node,
medulla, and olfactory cortex.

RNA Extraction and Quantitative PCR

We extracted RNA from swab samples, fecal samples,
and serum samples using the QIAamp Viral RNA kit (QIA-
GEN, Valencia, CA, USA) according to the manufacturer’s

2000

instructions. For detection of viral RNA, we used 5 mL of
RNA in a one-step real-time reverse transcription PCR upE
assay (24) using the Rotor-GeneTM probe kit (QIAGEN)
according to manufacturer’s instructions. Standard dilu-
tions of a titered virus stock were run in parallel, to calcu-
late TCID,, equivalents in the samples (25).

Virus Titration and Plaque Reduction Neutralization Test

We titrated swab samples in viral transport medium,
whole blood, and homogenized tissues (=10% wt/vol) for
MERS-CoV virus by plaque assay. Briefly, 10-fold serial
dilutions of samples were prepared in BA-1 medium (MEM,
1% bovine serum albumin, 350 mg/L sodium bicarbonate,
50 mM Tris, pH 7.6, 5 mg/L phenol red) containing 100 mg
gentamicin, 200,000 U penicillin G, 100 mg streptomycin,
and 5 mg amphotericin/L; plaque assay was conducted as

Figure 1. Clinical signs in dromedary camels inoculated with Middle
East respiratory syndrome coronavirus (MERS-CoV). A) Nasal
discharge observed in camel 3; each of 3 inoculated camels had
nasal discharge during the first 2 weeks of the experiment. B) Rectal
temperatures are indicated for each camel by lines with geometric
shapes. Horizontal lines indicate the normal temperature range
observed among these dromedary camels as calculated by mean +
3x, the SD before inoculation.
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Figure 2. Virus shedding from the upper respiratory tract in dromedary camels inoculated with Middle East respiratory syndrome coronavirus
MERS-CoV (MERS-CoV). Shedding was determined by A) infectious titers by plaque assay and B) viral load by quantitative real-time
PCR. We extrapolated 50% tissue culture infective dose (TCID, ) equivalents from standard curves generated by 10-fold dilutions of a
MERS-CoV stock (HCoV-EMC/2012) with known virus titer in parallel to each quantitative real-time PCR run.

described for West Nile virus (26). Plagues were counted on
days 1 and 3 after the second overlay and virus titers were
expressed as PFUs per mL or gram. We determined neutral-
izing antibody titers by plaque reduction neutralization test
as described (26), using a 90% neutralization cutoff.

Histopathologic Examination and
Immunohistochemical Testing

Tissues were fixed for >7 days in 10% neutral-buffered
formalin and embedded in paraffin. Tissue sections were
stained with hematoxylin and eosin. To detect MERS-CoV
antigen, we completed immunohistochemical testing using
a rabbit polyclonal antiserum against HCoV-EMC/2012
(1:1,000) as a primary antibody.

Results

Clinical Signs in Dromedary Camels Inoculated
with MERS-CoV

Each camel showed minor clinical signs of disease,
consisting of rhinorrhea (Figure 1, panel A) and a mild el-
evation in body temperature at 2 dpi and 5-6 dpi (Figure
1, panel B); no other clinical signs were observed. Rhinor-
rhea developed in all 3 camels beginning at 2 (camels 1 and
3) and 5 (camel 2) dpi, and persisted <2 weeks. The nasal
discharge drained from both nares and varied in character
from serous to purulent; minor hemorrhage was observed
on some occasions, but may have been caused by trauma
that occurred during collection of samples.

Figure 3. Virus shedding determined by oral swabs obtained from dromedary camels inoculated with Middle East respiratory syndrome
coronavirus MERS-CoV (MERS-CoV. Shedding was determined by A) determining infectious titers and B) viral RNA. Virus titers were
determined by plaque assay and viral load by gqRT-PCR. TCID,, equivalents were extrapolated from standard curves generated by 10-fold
dilutions of a MERS-CoV stock (HCoV-EMC/2012) with known virus titer in parallel to each run.
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Figure 4. Virus titers in tissues collected from dromedary camel 1
inoculated with Middle East respiratory syndrome coronavirus.
Tissues were collected at 5 days postinoculation (dpi) for camel 1,
28 dpi for vamel 2 and 42 dpi for camel 3. Detectable infectious virus
in the collected tissues was found only in camel 1. Nasal turbinates
were sampled in 3 different sections: anterior, medial, and posterior.
Infectious titers were determined by plaque assay. LN, lymph node.

MERS-CoV Shedding

MERS-CoV shedding started during 1-2 dpi, as de-
tected by the presence of infectious virus and viral RNA
by qPCR in nasal swab samples. Infectious virus shed-
ding was detected <7 dpi, and shedding of viral RNA
was detected <35 dpi in nasal swab samples (Figure 2).
Low concentrations of infectious virus and viral RNA
were detected in oral samples, likely originating in
drainage from the nasal cavity (Figure 3). No viral RNA
was detected in fecal samples or in urine samples col-
lected by convenience or at necropsy at 0, 1, 5, 14, 21,
28, and 42 dpi from the 3 camels. No infectious virus or
viral RNA was detected in any of the serum or whole
blood samples. Small quantities of MERS-CoV RNA
were detected in exhaled breath by gPCR (102 and 10'#
TCID,, equivalent/mL) at 3 and 5 dpi, but infectious vi-
rus was not detected.

2002

MERS-CoV Tropism and Pathology

Infectious virus was detected in tissues from camel
1, which was euthanized on 5 dpi, but not in tissues ob-
tained from camels 2 and 3, which were euthanized at28
and 42 dpi, respectively. Infectious virus was detected
in tissues of the upper respiratory tract (URT), including
nasal turbinates, olfactory epithelium, pharynx, and lar-
ynx. In the lower respiratory tract, infectious virus was
detected in the trachea and in 1 of 4 lung lobes tested.
Infectious virus was also detected in the retropharyngeal,
mediastinal, mesenteric, and tracheobronchial lymph
nodes (Figure 4). On necropsy of camel 1 at 5 dpi, histo-
logic lesions were found in the pseudostratified epithelial
cells in the URT and the lower respiratory tract (trachea,
bronchi, and bronchioles) but not in the alveoli (Figure
5). The lesions were characterized as mild to moderate
acute intraepithelial and submucosal inflammation with
multifocal necrosis and loss of pseudostratified epithelial
cells, comparable to the common cold among humans.
Multifocal loss of epithelial polarity and cilia with squa-
mous metaplasia were observed. The epithelium was
infiltrated by small-to-moderate numbers of neutrophils
with fewer macrophages; similar inflammatory cells also
permeated the submucosa. The submucosal glands of the
trachea were multifocally necrotic and infiltrated by small
numbers of neutrophils. Viral antigen was detected within
the epithelial cells of the nasal turbinates, larynx, trachea,
bronchi, and bronchioles, but not the alveoli. In addition,
viral antigen was present at the follicular mantle zone of
the tonsils and mediastinal and retropharyncheal lymph
nodes (Figure 5). The nasal turbinates, larynx, and trachea
of camel 2 (necropsied at 28 dpi) had similar but milder
lesions when compared with those of camel 1. The nasal
turbinate, larynx, and bronchus showed small numbers of
infiltrating neutrophils; however, in contrast with the con-
dition of camel 1, the cilia and goblet cells were intact.
The remainder of the respiratory tract of camel 2 was un-
affected. Immunohistochemical testing revealed the pres-
ence of limited viral antigen in the nasal turbinate but not
in any of the other tissues at that time. No lesions or viral
antigens were detected in camel 3 at 42 dpi.

Humoral Response to MERS-CoV

Serum samples were collected weekly from the camels
to monitor the generation of neutralizing antibodies spe-
cific to MERS CoV. Each of the 3 camels was seronegative
before inoculation. Robust MERS-CoV specific antibody
responses developed in camels 2 and 3 (euthanized on 28
and 42 dpi, respectively), detected first on 14 dpi with a
plaque-reduction neutralization test titer from 20 to 40 that
increased to 640 at 35 dpi (Table). Camel 1 was euthanized
at 5 dpi and was not tested for development of antibodies
against the virus.

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014
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Figure 5. Histopathologic changes at 5 days postinoculation in camel 1 inoculated with Middle East respiratory syndrome coronavirus.
Tissues were collected and stained with hematoxylin and eosin (top row). Anti—MERS-CoV immunohistochemical results (bottom row) are
visible as a red-brown stain. Degeneration of the pseudostratified epithelium lining the nasal turbinate, trachea, and bronchus is indicated
by the absence of goblet cells, cilia and nuclear regimentation with infiltration of neutrophils (arrows). The arrowheads indicate areas

where the cilia remained intact. Original magnification x400.

Discussion

Epidemiologic and surveillance data on the emer-
gence of MERS-CoV strongly point toward a role for
dromedary camels as a reservoir for zoonotic trans-
mission (13-21,27,28). To understand the ecology of
MERS-CoV in the most likely reservoir host, we experi-
mentally inoculated 3 young adult dromedary camels
with MERS CoV. The disease observed was clinically
benign, in agreement with the absence of overt illness
reported from field surveillance studies (14,17,19,21). A
large quantity of MERS-CoV and viral RNA was detect-
ed in nasal swab specimens from each of the 3 camels.
Infectious virus was detected through 7 dpi, and RNA
was detected through 35 dpi in camel 3, which was eu-
thanized on day 42. This route of shedding is consistent
with data on naturally infected camels (14,18,21,28,29),
and the pattern of shedding suggests that the infectious
period of camels may be short. MERS-CoV was not de-
tected in either urine or feces, again consistent with field
observations (21,28).

The large quantities of MERS-CoV shed in nasal se-
cretions by each of the 3 camels suggest that camel-to-
camel and camel-to-human transmission may occur readily
through direct contact and large droplet, or possibly fomite
transmission. Histopathologic examination revealed that
the URT, specifically the respiratory epithelium in the nasal
turbinates, is the predominant site of MERS-CoV replica-
tion in camels.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014

Neutralizing antibodies were detected from 14 dpi
onward, reaching a maximum neutralizing titer of 640
after 35 days. Serologic studies in camels in the field
have reported MERS-CoV neutralizing titers as high as
5,120 (14,16), potentially indicative of repeated exposure
and re-infection.

The study reported here was done on the basis of inoc-
ulation of 3 male animals with a human isolate of MERS-
CoV, and the study design we used imposed several limi-
tations on how these data inform what occurs in natural
infections. The camels we inoculated were exposed to a
high dose of virus by 3 simultaneous routes of inoculation.
In retrospect, the inoculation dose does not seem excessive,
based on the large quantity of virus shed nasally in all 3
animals (Figure 2). The total dose inoculated was relatively
equivalent to the amount of virus present in a single nasal
swab sample taken during the first days postinoculation,
and it seems probable that a camel shedding this quantity
of virus would readily infect other camels or humans with
which it had direct contact. The fact that we inoculated the
camels with the virus by 3 routes precludes drawing con-
clusions regarding efficiency of transmission by a particu-
lar route, which is a topic that should be addressed in future
studies. The influence of camel age on susceptibility and
dynamics of virus shedding is another notable parameter
that requires further study. It seems likely that productive
infection and shedding of virus in natural settings occurs
predominantly in juvenile camels (28). This could be the
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Table. Antibody titers against MERS-CoV in dromedary camels
inoculated with the virus as determined by 90% plaque reduction
assay*

Day Camel 1 Camel 2 Camel 3
0 <10 <10 <10
7 NAT <10 <10
14 NA 40 20
21 NA 80 20
28 NA 40 160
35 NA NA 640
42 NA NA 320

*MERS-CoV, Middle East respiratory syndrome coronavirus.
TNA, serum samples were not available.

result of an intrinsic difference in age-related susceptibility,
but is more likely related to the immunologically naive sta-
tus of the animals in the context of a high force of infection
after decay of passively acquired antibodies. The animals
we infected were young adults, but were seronegative and
therefore probably as susceptible as juveniles from MERS-
CoV-endemic regions. Another aspect of pathogenesis not
addressed here is whether virus is present in milk or meat
from infected camels and thereby poses another potential
route of exposure to humans who consume such products.
Despite these limitations, the magnitude and pattern of
virus shedding was essentially identical in all 3 animals
and supports the available epidemiologic data indicating
that camels are likely a major reservoir host for MERS-
CoV. Additional experimental and field studies are clearly
required to address the duration of shedding of infectious
MERS-CoV from infected camels, to determine whether
infection results in protective immunity, and to clarify the
burden of illness among humans resulting from transmis-
sion from camels.
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Transmission Characteristics
of Variably Protease-Sensitive
Prionopathy

Silvio Notari,! Xiangzhu Xiao,* Juan Carlos Espinosa, Yvonne Cohen, Liuting Qing,
Patricia Aguilar-Calvo, Diane Kofskey, Ignazio Cali, Laura Cracco, Qingzhong Kong,
Juan Maria Torres, Wenquan Zou, and Pierluigi Gambetti

Variably protease-sensitive prionopathy (VPSPr), a re-
cently identified and seemingly sporadic human prion dis-
ease, is distinct from Creutzfeldt-Jakob disease (CJD) but
shares features of Gerstmann-Straussler-Scheinker disease
(GSS). However, contrary to exclusively inherited GSS, no
prion protein (PrP) gene variations have been detected in
VPSP, suggesting that VPSPr might be the long-sought spo-
radic form of GSS. The VPSPr atypical features raised the is-
sue of transmissibility, a prototypical property of prion diseas-
es. We inoculated VPSPr brain homogenate into transgenic
mice expressing various levels of human PrP (PrP¢). On first
passage, 54% of challenged mice showed histopathologic le-
sions, and 34% harbored abnormal PrP similar to that of VP-
SPr. Surprisingly, no prion disease was detected on second
passage. We concluded that VPSPr is transmissible; thus,
it is an authentic prion disease. However, we speculate that
normal human PrP¢ is not an efficient conversion substrate
(or mouse brain not a favorable environment) and therefore
cannot sustain replication beyond the first passage.

rion diseases include a variety of animal and hu-

man conditions that might be sporadic, inherited, or
acquired by infection. Despite this diversity, most pri-
on diseases are thought to share the same pathogenetic
mechanism whereby the cellular prion protein (PrP°) is
templated into an abnormal and pathogenic conformer,
commonly identified as scrapie PrP (PrP*) (1). Therefore,
conversion by templating is the basic mechanism that
causes disease and sustains disease transmission among
humans (2). However, data have shown that propagation,
disease manifestation, and transmissibility might occur
separately in various ways (3,4).
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The phenotype of human prion diseases is highly
heterogeneous. This characteristic is largely due to the
variable genotype at codon 129, the site of a methionine/
valine (MV) polymorphism in the human PrP gene, and
the molecular characteristics of the associated PrPs¢ (5).
A further major distinction that has been applied to hu-
man prion diseases for years is based on the experimental
transmissibility of these diseases to hosts thought to be
permissive for exogenous human PrPs¢ (6). Based on this
principle, the sporadic form of Creutzfeldt-Jakob disease
(sCJD) belongs to the transmissible disease group, where-
as most of the Gerstmann-Straussler-Scheinker diseases
(GSS), a group comprising exclusively inherited forms,
were considered difficult to transmit or not transmissible
(7-10). However, an increasing number of findings have
challenged this distinction. Replication of infectious PrPs
occurs in the absence of clinical signs in the host, or even
in the absence of detectable disease, by histologic and
Western blot (WB) examinations. Yet, infectivity can be
demonstrated in subsequent passages to more susceptible
hosts (9,11,12). Finally, disease transmissibility has re-
cently been demonstrated for a subtype of GSS previously
thought to be nontransmissible (8,10,13).

In 2008 and 2010, we introduced a novel human
prion disease, presumably sporadic, that we named vari-
ably protease-sensitive prionopathy (VPSPr) (14-16).
VPSPr differs from sCJD in several aspects. The clini-
cal presentation and the frequent slow progression evoke
the features of atypical dementias, such as frontotemporal
dementia, diffuse Lewy body disease, or normal pressure
hydrocephalus (17). The flocculent PrP immunostaining
pattern, which includes the frequent presence of PrP pecu-
liar amyloid plaques, differs from those of other sporadic
prion diseases. However, the most distinctive VPSPr fea-
ture rests on the characteristics of the associated PrPsc,
especially the electrophoretic profile and resistance to

1These authors contributed equally to this article.
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the commonly used protease, such as proteinase K (PK)
(14,15,17). VPSPr-associated, PK-resistant PrPs¢ (resPrP-
) forms a distinctive 5-band electrophoretic profile, com-
prising various fragments truncated at the N terminal and
at least 1 fragment truncated at both N and C terminals,
which consequently lacks the GPI (glycosylphosphati-
dylinositol) anchor (14). Furthermore, the N-truncated
fragments do not include the diglycosylated PrPs¢ iso-
forms but only 1 of 2 monoglycosylated and the unglyco-
sylated isoforms (18), and upon cleavage of the glycans,
these fragments form 3 PK-resistant WB bands in VP-
SPr preparations. In contrast, the electrophoretic profile
of sCJD resPrP% is characterized by 3 bands, including
diglycosylated, 2 monoglycosylated, and unglycosylated
isoform, all of which harbor the GPI anchor and form only
1 band after glycan removal (19). However, VPSPr also
occasionally displays small amounts of typical 3 electro-
phoretic band-forming resPrP¢ on WB of basal ganglia
and other deep cerebral structures (14). On the whole, the
VPSPr 5-band ladder profile is more akin to the electro-
phoretic profile of PrP¢ in most GSS subtypes, although
contrary to GSS, no mutation in the PrP gene open reading
frame has been observed in VPSPr (14-16). Given this
similarity, Zou et al. hypothesized that VPSPr is the spo-
radic form of GSS (15). Like sCJD, VVPSPr affects persons
harboring each of 3 PrP¢ 129 genotypes: methionine and
valine homozygosity (MM, VV) and MV heterozygosity.
The 3 genotypic subtypes of VVPSPr differ slightly in clini-
cal presentation, duration, histopathologic features, and
PK resistance of the PrPsc (15).

The similarity in the PrPs¢ electrophoretic profiles with
GSS, which was regarded as not transmissible, called into
question the transmissibility of VPSPr and prompted use of
the term prionopathy rather than prion disease. The present
study addresses this issue. Transgenic (Tg) mice express-
ing various levels of human PrP¢ harboring methionine (M)
or valine (V) at position 129 underwent intracranial inocu-
lation with brain homogenates (BH) from several human
case-patients with VPSPr associated with each of the three
129 genotypes (15). Surprisingly, VPSPr was transmitted
as an asymptomatic disease characterized by focal accumu-
lation of VPSPr-like PrP* in the first passage, but no prion
disease could be demonstrated in the second passage.

Materials and Methods

VPSPr Case-Patients and Controls

We conducted this study during 2007-2013. Twelve
case-patients with VPSPr (6 with VPSPr-129VV, 4 with
VPSPr-129MV, and 2 with VPSPr-129MM) provided
the inocula used in the first passage. The second passage
inocula were obtained from Tg mice challenged at first pas-
sage with BH from frontal cortex and putamen of 1 case-
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patient with VPSPr-129vV and 1 with VPSPr-129MM.
Two sets of experiments were conducted to generate
negative controls by using Tg mice from the same lines:
1) age-matched Tg mice that were not inoculated and 2)
age-matched Tg mice challenged with noninfectious BH
from mice of the same genetic background. Positive con-
trols were obtained from the same 129M and 129V Tg
mice lines inoculated with BH from 5 subtypes of sCJD,
sCJIDMM1, sCIDMM2, sCIDVV1, sCIDVV2, and sCJD-
MV2, maintaining the host/donor homology of codon 129.
Finally, six 129V Tg mice were euthanized 35 days post-
inoculation (dpi) with VPSPr-129VvV, and the presence
of the inoculum was searched by immunohistochemistry
and immunoblotting.

Tg Mice

Four mouse lines with different PrP¢ expression lev-
els were used. The first line was a Tg362 mouse line ex-
pressing human PrP®-129V on a mouse PrP¢ null back-
ground at ~8-fold normal human brain levels, hereafter
identified as Tg(HuPrP129V)x8. This line was generated
following previously described methods (20). For the
next 2 lines, Tg40 and Tg21 were generated by replacing
the mouse PrP open reading frame in the murine half-
genomic PrP clone in plasmid pHGPRP (21) with that of
human PrP-129M or human PrP-129V as reported (22).
The generated Tg mice harbored a wild-type FVVB back-
ground and bred with FVB/PrP null mice (23) to obtain Tg
mice in mouse PrP null FVB background. For the fourth
line, the generated Tg40 mouse line expressing human
PrP¢-129M at =1-fold normal mouse brain level, identi-
fied as Tg(HuPrP129M)x1, was then self-bred to obtain
the Tg40h mouse line. The generated Tg40h expressing
human PrP¢-129M at =2-fold normal mouse brain levels,
was identified as Tg(HuPrP129M)x2. The Tg21 mouse
line expressing human PrP¢-129V at ~3-fold normal
mouse brain levels was identified as Tg(HuPrP129V)x3.

Intracerebral Inoculations

Ten percent or 1% BH in 5% glucose or phosphate-
buffered saline were generated from the frontal cortex, oc-
cipital cortex, or putamen. It was inoculated intracerebrally
according to procedures previously described (20,22).

Ethical Considerations

We conducted animal experiments in strict accordance
with the recommendations in the guidelines of the Code
for Methods and Welfare Considerations in Behavioral Re-
search with Animals (directive 86/609EC). All efforts were
made to minimize suffering. Experiments were approved
by the Committee on the Ethics of Animal Experiments of
the Spanish National Instutute for the Agricultural and Food
Research and Technology; permit no. CEEA 2011/046.
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Histology and Immunohistochemistry

Standard histologic and immunohistochemical ex-
aminations were conducted at 4 brain levels. These were
basal ganglia (bregma + ~0.14 mm), thalamus (bregma
— =1.46 mm), posterior hippocampus (bregma — ~2.92
mm), and anterior cerebellum (bregma — ~6.00 mm), on
paraffin sections stained with hematoxylin and eosin or
probed with the 3F4 antibody to the prion protein (PrP)
(1:1,000-1,400) (24).

Immunochemistry

Conventional immunoblotting was conducted on fro-
zen brain tissues homogenized in glucose solution to make
10% BH. To detect PK-resistant PrPs¢, we mixed the 10%
BH with an equal volume of 2x lysis buffer. BH was treat-
ed with different amounts of PK (Sigma Chemical Co., St.
Louis, MO, USA) ranging from 0 pg/mL to 50 pug/mL. The
samples untreated or treated with PK, equivalent to 0.5-2
mg of wet tissues, were loaded onto 15% Tris-HCI Cri-
terion precast gels (Bio-Rad Laboratories, Hercules, CA,
USA) for SDS-PAGE (sodium dodecyl sulfate polyacryl-
amide gel electrophoresis) and immunoblotted with the
widely used PrP antibody 3F4 against human PrP106-112
(15) or 1E4 against human PrP97-105 (25) (Cell Sciences,
Inc., Canton, MA, USA). When required, PrP was degly-
cosylated with PNGase F (New England Biolabs, Beverly,
MA, USA) before immunoblotting following the manufac-
turer’s instructions.

Results
First Passage

Histologic and Immunohistochemical Analyses

We found that 54% of the Tg mice belonging to 3 lines
expressing 129V or 129M human PrP showed histologic
abnormalities after inoculation of BH from 6 persons with
symptomatic VPSPr (inoculum from 1 presymptomatic but

histopathologically and immunochemically confirmed per-
son with VPSPr did not transmit) (Table 1). All 30 posi-
tive Tg mice were asymptomatic until they were culled,
after incubation periods of up to 800 days. Although the
low number of mice inoculated with VPSPr-129MM made
the comparison difficult, no major differences in the rate of
transmission were detected between Tg(HuPrP129V) mice
challenged with VPSPr-129VV and Tg(HuPrP129M) mice
challenged with VPSPr-129MM. Similarly, we detected
no significant difference in plaque prevalence between Tg
mice expressing PrP¢ at levels x8 and x3 normal (Table
1). Affected Tg mice were observed only when the 129
genotype of the VPSPr inoculum matched that of the host
(Table 2); that is, neither positive Tg(HuPrP129M) nor
Tg(HuPrP129V) mice were observed after inoculation with
VPSPr-129MV and VPSPr-129VV or VPSPr-129MV BH,
respectively. However, VPSPr-129MM transmission to
Tg(HuPrP129V) was not tested, and Tg(HuPrP129M)x1,
but not Tg(HUPrP129M)x2, was used for transmission of
VPSPr-129VvV.

The histologic lesions included 2 types. The most
common lesion consisted of individual or aggregates of
prion plaques often in a row preferentially located imme-
diately below the corpus callosum at the border with the
alveus of the hippocampus, which might represent the sub-
ependymal region of the lateral ventricles. We occasionally
saw individual plaques in other periventricular regions but
rarely in the parenchyma (Figures 1, 2). The lesion of the
second type consisted of focal spongiform degeneration
involving the layer lacunosum moleculare of the hippo-
campus (Figure 1). This lesion was seen almost exclusively
in Tg(HuPrP129V)x8 and predominantly after inocula-
tion of VPSPr BH from the basal ganglia. PrP immunos-
taining intensely enhanced the plaques and demonstrated
PrP granular deposits in the focal areas of spongiform
degeneration. Although plaques appeared very compact
in Tg(HUPrP129V) mice inoculated with VPSPr-129VV,
plaques in Tg(HuPrP129M) mice after VPSPr-129MM

Table 1. First passage VPSPr inoculations to Tg(HuPrP) harboring the same PrP 129 genotype as the inoculum*

Histology, immunohistochemistry

PrP>° Western blot

No. with clinical No. Dpi No. Dpi
Inoculum Tg(HuPrP) signs/total positive/total positive/totalt positive/total positive/total
VPSPr-129VvV 1stf (129V)x8§ 0/11 3/9 741 +76/741 £ 55 4/11 768 + 74/733 £ 71
VPSPr-129vV 2nd 0/17 10/12 711 £ 65/722 + 59 6/17 635 + 204/682 + 131
VPSPr-129vV 3rd 0/11 3/8 669 + 92/651 + 89 3/10 642 + 157/604 + 140
VPSPr-129VV 4th (129V)x3 0/9 719 655 + 67/642 + 104 NA NA
VPSPr-129VvV 5th 0/6 3/6 541 + 96/642 + 76 NA NA
VPSPr-129MM 1st (129M)x2 0/6 4/6 678 + 90/590 + 154 NA NA
VPSPr-129MM 2nd 0/6 0/6 0/746 + 59 NA NA

(presymptomatic)

Dpi, days postinoculation; M, methionine; V, valine; NA, not available; VPSPr, variably protease-sensitive prionopathy associated with homozygous V or

M at codon 129 of the PrP gene (VPSPr-129VV or VPSPr-129MM).

tDpi of positive mice compared with dpi of all mice (including positive mice). Each value represents the mean + SD.
fldentifies the VPSPr case-patients providing the inoculum, i.e., inocula were obtained from 5 case-patients with VPSPr-129VV and 2 with VPSPr-

129MM.

§Refers to the presence of V or M at PrP residue 129 and expression level indicated as x normal.
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Table 2. First passage VPSPr inoculations to Tg(HuPrP) mice harboring different PrP 129 genotypes from those of the inocula*

Histology, immunohistochemistry

PrP°¢ Western blot

No. with clinical No. Dpi No. Dpi
Inoculum Tg(HuPrP) signs/total positive/total positive/totalt positive/total  positive/total
VPSPr-129VvV 6tht (129M)x18 0/5 0/5 0/643 £ 71 NA NA
VPSPr-129VV 4th 0/4 0/4 0/659 + 55 NA NA
VPSPr-129VvV 5th 0/5 0/5 0/757 + 57 NA NA
VPSPr-129MV 1st (129M)x2 0/9 0/9 0/745+ 70 NA NA
VPSPr-129MV 2nd 0/6 0/6 0/582 + 101 NA NA
VPSPr-129MV 3rd 0/4 0/4 0/694 + 153 NA NA
VPSPr-129MV 4st (129V)x8 0/6 0/6 0/586 + 68 NA NA
VPSPr-129MV 3rd 0/7 0/7 0/681 + 102 NA NA

Dpi, days postinoculation; M, methionine; V, valine; NA, not available; VPSPr, variably protease-sensitive prionopathy associated with homozygosity V or

M at codon 129 of the PrP gene (VPSPr-129VV or VPSPr-129MM).

TDpi of positive mice compared with dpi of all mice (including positive mice). Each value represents the mean + SD.
Fldentifies the VPSPr case-patients providing the inoculum, i.e., inocula were obtained from 5 case-patients with VPSPr-129VV and 2 with VPSPr-

129MM.

§Refers to the presence of V or M at PrP residue 129 and expression level indicated as x normal.

inoculation were less well formed and were often replaced
by loose aggregates of irregular granules (Figure 1). The
topographic distribution of the plaque deposits and focal
spongiform change are shown in Figure 2.

Neither prion-related lesions nor PrPs¢ were observed
in 23 age-matched Tg(HUPrP129)Vx8 mice that had not
been inoculated or had undergone inoculations with nonin-
fectious BH (Table 3). As expected, the 3 Tg(HuPrP) mouse
lines used for VPSPr transmission easily transmitted sCJD
subtypes that were 129 genotypically compatible with the
host PrP, indicating that the Tg mice used for VPSPr trans-
mission are competent to propagate classical human prion
diseases (Table 3). No PrP immunostaining was detected in
the 6 Tg(HuPrP129V)=8 35 dpi with VPSPr-129VV BH.

WB Analysis

Thirteen (34%) of the 38 VPSPr-inoculated Tg
(HuPrP129V)=x8 mice examined showed a definitively
positive WB, despite the mouse BH treatment with a wide
range of PK to maximize the recovery of PrP*, including
PrPs¢ species with low resistance to PK. The 34% preva-
lence of positive cases harboring detectable PrPsc was
nearly half that of PrPSc-positive Tg mice detected at his-
topathologic examination (Table 1). Tg mouse resPrPs¢ im-
munoreacted much more readily with the monoclonal anti-
body 1E4 than with 3F4, as previously reported for VPSPr
PrPsc (14). Probed with 1E4, Tg mouse resPrP* exhibited
a 5-band electrophoretic profile, similar to that of VPSPr
(Figure 3). Deglycosylation by PNGase resulted in 3 re-
sPrPs¢ bands that co-migrated with the analogous VPSPr
bands at ~20 kDa, ~17 kDa, and ~7 kDa (Figure 3) (15). No
definitely positive WB conducted with standard methods
was observed in VPSPr-inoculated Tg(HuPrP129V)x3 and
Tg(HuPrP129M)x2 mice (Table 1).

All negative controls, including noninoculated Tg
mice and Tg mice inoculated with noninfectious BH, had
negative WB. In contrast, WB were positive, with the
classical 3-band profile, in all mice from the 3 Tg(HuPrP)
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lines challenged with BH from different sCJD subtypes
used as positive controls (Table 3). WB examination of
brains from 3 Tg(HuPrP129V)x8 mice challenged with
VPSPr-129VV BH showed no evidence of PrPs 35 dpi,
indicating that the inoculum was too diluted to be detect-
ed or no longer present.

Second Passage

The second passage yielded a surprising finding. None
of the 13 mice belonging to the Tg(HuPrP129V)x8 and
Tg(HUPrP129M)x2 lines showed prion-related histologic
lesions or had a definitely positive WB upon secondary
transmission, even up to nearly 800 dpi (Table 4).

Discussion

The experiments reported here, which probed trans-
missibility of VPSPr to Tg mice expressing human PrP¢,
yielded puzzling results. On first passage, all hosts re-
mained asymptomatic, but 54% showed focal deposition of
PrPs¢ in the form of prion plaques by immunohistochemical
analysis. In 34% of animals, small amounts of resPrP*¢ were
demonstrated by WB (Figures 1, 3). The PrPs recovered
from affected mice recapitulated the electrophoretic profile
and immunoreactivity features of the VPSPr-129VV Prpsc,
even after removal of the sugar moiety. However, mouse
PrPsc was apparently more PK-resistant than the PrPS® from
VPSPr-129VV case-patients (Figure 3) (15). In contrast, on
second passage, all Tg mice were negative at clinical and
histopathologic examinations and harbored no PrPs¢ that
could be definitely identified by WB, even up to 800 dpi.

These findings pose several challenging questions.
The first question concerns whether the PrP% recovered
on first passage represents the residual inoculum rather
than de novo PrPsc generated by conversion of the host’s
PrPc. We believe this possibility is made unlikely by
our experiment showing that the PrP* in the VPSPr
inoculum was no longer detectable by immunohistochemi-
cal and WB analyses in Tg(HuPrP-129VV) mice 35 dpi.

2009



RESEARCH

Figure 1. Histologic and immunohistochemical findings from a study of the transmission characteristics of VPSPr. A—E) Two types
of lesions typically observed in Tg(HuPrP129V)x8 mice. A-C) Plaques are most often located at the border between the alveus of
the hippocampus and the corpus callosum, often forming aggregates distributed in a row. They can be tightly aggregated or partially
fused generating multicore plaques. PrP immunostaining (A, B) shows well-formed plaques surrounded by PrP deposits that appear in
various stages of aggregation at HE. (C), Where plaque cores appear smooth, lacking the spiny appearance of typical kuru plaques.
D—F) The lesion of the second type consists of PrP granular deposits (D and E) co-localized with spongiform degeneration in the
layer lacunosum moleculare of the hippocampus (F). G-J) Plaques in Tg(HuPrP129V)x3 mice were fewer but similar in location and
appearance to those of Tg(HuPrP129V)x8. In contrast, PrP aggregates generally appeared to be loose and formed fewer real plaques
in Tg(HuPrP129M)x2—positive mice (I and J). PrP monoclonal antibody 3F4. . The boxes in panels A, D, G, and | mark the exact areas
that are shown at higher magpnification in panels B, E, H, and J, respectively. PrP, prion protein; VPSPr, variably protease-sensitive
prionopathy; Tg, transgenic. Scale bars in A and E = 250 um. Scale bars in B, C, H, and J = 25 um. Scale bar in D = 500 um. Scale

barsin F, G, and | = 100 um.

Furthermore, histopathologic changes and PrPS detection,
indicating VPSPr transmission, were observed only when
the host and the inoculum were syngenic at PrP codon 129.
This genotypic selectivity is not compatible with the notion
that the PrP*¢ detected in the hosts was from the residual in-
oculum. Finally, several other studies have shown that PrPs
associated with the inoculum is rapidly cleared (12,26-30).
These observations support the conclusion that histopatho-
logic changes and the PrPS¢ recovered in the positive VVPSPr-
challenged mice result from de novo mouse PrPS generated
by templated conversion, although at a very low level. The
lack of clinical signs in the affected mice can be easily ex-
plained by the characteristics and localization of the plaques
and of the spongiform degeneration, both of which affected
limited regions depopulated of neuronal cells and processes.

Prion plaques similar in type and topography to
those we observed have been reported alone or associated

2010

with spongiform degeneration in mice challenged with
prions of various origins (9,11,29-32). In 3 studies,
plague deposits seem to be especially similar to those
observed by us. In the first, the plaques were detected on
the second passage of vCJD in Tg mice expressing hu-
man PrPc-129V (Tgl152) (11,29). The second and third
studies used Tg mice expressing mouse PrP harboring
the P101L variation (L01LL mice), which is the equiva-
lent of the P102L human mutation linked to a GSS sub-
type (9,30). In the last 2 experiments, Tg101LL mice
were challenged with “atypical” P102L GSS (i.e., GSS
associated only with 7-kDa PrP%¢ PK-resistant fragment
rather than with the “typical” P102L GSS that is also as-
sociated with the classical 3-band resPrPs°) or with BH
from TgGSS-22, a Tg mouse model of GSS in which
prion disease spontaneously develops (9,30). All affect-
ed mice of these 3 studies remained asymptomatic like
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those of our study, further supporting the notion that fo-
cal prion plaque deposition in periventricular regions is
not sufficient to produce major clinical signs. Despite the
common histopathologic features, these mice were as-
sociated with electrophoretically distinct PrPs¢ species.
In the experiment of vCJD transmission, PrPs¢ harvested
from challenged Tg152 mice showed the classical 3 PK-
resistant bands as in vCJD, but they displayed a higher
molecular mass than in vCJD (11). Minimal quantity of
resPrPs¢ recovered at ~30 kDa was detected only in 1 of
5 plaque-harboring 101LL mice challenged with atypi-
cal P102L GSS (9), whereas 101LL mice inoculated
with TgGSS-22 BH showed no detectable PrPs by WB
(30). Although to some extent the variability of the Prps
electrophoretic profiles between the experiments with
Tg101LL and our experiments might be due to variations
in WB methods, the PrPsc diversity in these 3 studies and
in our study suggests that focal plaque formation at the
border between the hippocampus and corpus callosum is
not strictly PrPs¢ strain specific. However, this brief re-
view indicates that peri-hippocampal plaque deposition
is preferentially detected in hosts challenged with PrPsc
species that form plaques in the natural disease, such as
vCJD, GSS, and VPSPr.

The lack of histologic lesions and PrPs on second
passage in both Tg(HuPrP129V) and Tg(HuPrP129M)
mice challenged with BH from the most severely affected
first-passage mice is unusual. However, comparable find-
ings have been reported in at least 2 previous studies. In
the first, 101LL mice challenged with affected TgGSS-22
BH (a Tg mouse in which a GSS-like disease spontane-
ously develops) harbored fewer plaques on second pas-
sage than on first, suggesting decreased replication of the
seed on second passage (9,30). In the second study, first
passage of BH from cattle affected by bovine spongiform
encephalopathy to Tgl152 mice (expressing human PrP¢-
129V) resulted in clinical disease associated with diffuse
brain deposition of PrP as demonstrated by immunostain-
ing (11), even though no resPrPs could be demonstrated
by WB. On second passage in the same Tgl152 mice, no
evidence of prion disease could be demonstrated either by
PrP immunostaining or WB, as in our study (11). How-
ever, BH from these negative Tg152 produced a full prion
disease after inoculation into wild-type FVB mice. This
remarkable finding indicates that prion transmissibil-
ity (or infectivity) can be sustained in hosts with no de-
monstrable prion diseases (according to commonly used
methods), and that it can be rescued through passage to an
appropriate host (11).

Interpreting our findings also in the light of the above
data, we propose that normal human PrP¢ is not a suitable
substrate (or mouse brain is not a favorable environment) to
sustain conversion to VPSPr PrPs¢, Thus, long incubations
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Figure 2. Representation of lesion topography in brain of positive
Tg(HUPrP129V)x8 mice inoculated with VPSPr-129VV brain
homogenate. alv, alveus of hippocampus; cc, corpus callosum; D3V,
dorsal third ventricle; hf, hippocampal fissure; L mol, lacunosum
molecular layer; LV, lateral ventricle; Mol, molecular layer dentate
gyrus; Py, pyramidal cell layer of hippocampus.

are required to induce modest and asymptomatic PrPsc
deposition. Nevertheless, the PrPsc generated in the host on
first passage seems to match the conformation of the PrP*
from the inoculum, based on the finding that PK-resistant
PrPs¢ fragments of similar size are recovered from host and
donor preparations. This also indicates that little or no PrPse
adaptation has occurred during the first passage (32). The
apparent failure of the second passage to transmit detect-
able disease might be due to the inadequate amplification
of VPSPr PrP¢ during primary transmission, which would
result in a second passage PrPs inoculum more diluted
than the VPSPr brain extract used in the primary trans-
mission. This line of reasoning raises the possibility that
if VPSPr PrPsc were exposed to a favorable PrP substrate
(or brain environment), it might replicate efficiently. This
conjecture is reinforced by 2 recent findings. First, pre-
liminary findings show that VPSPr can be transmitted to
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Table 3. Control studies of VPSPr inoculations to Tg(HuPrP)*

Histology, immunohistochemistry

PrP* Western blot

No. with clinical No. Dpi No. Dpi

Inoculum Tg(HuPrP) signs/total positive/total positive/totalt positive/total positive/total
Negative controls

None (129V)x8% 0/15 0/9 0/721 £ 43 0/4 0/704 + 43

Noninfectious 0/17 0/8 0/744 £ 15 0/5 0/749 + 112
Positive controls

sCJDVV2§ (129V)x8 6/6 3/3 223 +13/223 £ 13 6/6 223 +11/223 £ 11

sCJDVV1 77 77 353 £12/353 £ 12 77 353 £12/353 £ 12

sCJDMM1 (129M)x2 3/3 3/3 183 + 22/183 + 22 3/3 183 + 22/183 + 22

sCJDMM2 3/3 3/3 609 £ 139/609 + 139 3/3 609 + 139/609 + 139

sCJDMV2 (129V)x3 6/6 6/6 312+4/312+4 NA NA

Dpi, days postinoculation; M, methionine; V, valine; NA, not available; VPSPr, variably protease-sensitive prionopathy; sCJD sporadic Creutzfeldt-Jakob

disease.

TDpi of positive mice compared with dpi of all mice (including positive mice). Each value represents the mean + SD.
FRefers to the presence of V or M at PrP residue 129 and expression level indicated as x normal.

§ldentifies the sCJD case-patients providing the inoculum.

bank voles more easily than to the Tg(HuPrP) used in the
present experiments (33). Second, transmissibility of GSS
linked to the A117V mutation has been recently demon-
strated (10). GSS-A117V is commonly viewed as a “clas-
sic” GSS subtype, given the distinct features of its pheno-
type that is characterized by prominent prion plaques with
limited spongiform degeneration and a PrPs¢ WB profile
dominated by a highly PK-resistant fragment of 7-8 kDa
(34). Early failures to transmit GSS-A117V and the evi-
dence that the presence of the A117V mutation altered the
topology of PrP led to the conclusions that 1) GSS-A117V
was not transmissible and 2) its underlying pathogenetic
mechanism was not based on a PrP®-to-PrPS conversion
process (8).

After inoculation with BH from GSS-A117V-affected
patients, Tg mice expressing human PrP, harboring the
A117V mutation, developed a prion disease associated with

a histologic phenotype and PrPs¢ that roughly recapitulated
those of the human disease. However, only one fourth of
the inoculated mice were symptomatic with incubation pe-
riods >600 days, whereas more than half harbored plaques,
PrPs¢, or both (10). No second passage was reported. This
study shows that an allegedly nontransmissible prion dis-
ease can be transmitted (at least at first passage) if a suit-
able host is selected.

In conclusion, we propose that VPSPr is transmissible
and, therefore, is an authentic prion disease. However, trans-
missibility cannot be sustained through serial passages pre-
sumably because human PrPC (or the mouse brain environ-
ment) cannot efficiently convert and propagate the VPSPr
PrPsc species. If this is the case, uncovering the properties
of human PrP that are required to replicate more efficiently
the prion strains associated with VPSPr may help clarify the
PrPsc mode of formation in this intriguing disease.

Figure 3. Western blot characteristics of PrPSc recovered from brain of VPSPr-inoculated Tg mice and controls. A) BH treated with
increasing amounts of PK show PK-resistant PrPSc fragments with a ladder-like electrophoretic profile in positive VPSPr-inoculated mice,
VPSPr (+), even at high concentrations of PK (50 ug/mL). In contrast, nonspecific bands are seen in negative VPSPr-inoculated mice,
VPSPr (). The banding pattern in VPSPr (+) roughly recapitulates that of the PK-treated PrPsc from the VPSPr inoculum (VPSPr Inoc). B)
Positive Tg mice BH treated with PK (25 ug/mL) and PNGase F show 3 PrPs¢ bands migrating at <20 kDa, =17 kDa, and ~7 kDa (Mo +),
replicating those of similarly treated VPSPr inoculum (Hu). No bands can be detected in the negative Tg mice (Mo —). (All 3 preparations
were run on the same gel, but unnecessary lanes were removed). C) Tg mice inoculated with sCJDVV2 BH (from sCJD homozygous
valine harboring PrPS¢ type 2) or inoculated with noninfectious BH used as positive and negative controls exhibit typical PK-resistant PrPsc.
Tg(HuPrP129V)x8 BH and monoclonal antibody 1E4 were used in all Western blot tests. Approximate molecular masses are in kDa. BH,
brain homogenate; PK, proteinase K; PrPs¢, scrapie prion protein; sCJD, sporadic Creutzfeldt-Jakob disease; VPSPr, variably protease-

sensitive prionopathy; Tg, transgenic.

2012

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014



Variably Protease-Sensitive Prionopathy

Table 4. VPSPr inoculations to Tg(HuPrP): second passage*

Histology, immunohistochemistry PrP>° Western blot
No. with clinical No. Dpi No. Dpi
Inoculum Tg(HuUPrP) signs/total positive/total positive/totalt positive/total positive/total
Tg(HuPrP129V) inoculated with (129V)x8§ 0/10 0/10 0/616 + 135 0/10 0/616 + 135
VPSPr-129VvV 2ndt
Tg(HuPrP129M) inoculated with (129M)x2 0/3 0/3 0/694 + 51 NA NA

VPSPr-129MM 1st

Dpi, days postinoculation; M, methionine; V, valine; NA, not available; VPSPr, variably protease-sensitive prionopathy associated with homozygosity V or
M at codon 129 of the PrP gene (VPSPr-129VV or VPSPr-129MM);

TDpi of positive mice compared with dpi of total mice (including the positive mice). Each value represents the mean * SD.

Fldentifies the Transgenic mice, inoculated with VPSP in the first passage, providing the inoculum.

§Refers to the presence of V or M at PrP residue 129 and expression level indicated as x normal.
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Military personnel are at high risk of contracting vec-
tor-borne and zoonotic infections, particularly during over-
seas deployments, when they may be exposed to endemic
or emerging infections not prevalent in their native coun-
tries. We conducted seroprevalence testing of 467 UK mil-
itary personnel deployed to Helmand Province, Afghani-
stan, during 2008-2011 and found that up to 3.1% showed
seroconversion for infection with Rickettsia spp., Coxiella
burnetii, sandfly fever virus, or hantavirus; none showed
seroconversion for infection with Crimean-Congo hemor-
rhagic fever virus. Most seroconversions occurred in per-
sonnel who did not report iliness, except for those with
hantavirus (70% symptomatic). These results indicate
that many exposures to infectious pathogens, and poten-
tially infections resulting from those exposures, may go
unreported. Our findings reinforce the need for contin-
ued surveillance of military personnel and for education
of health care providers to help recognize and prevent ill-
nesses and transmission of pathogens during and after
overseas deployments.

M ilitary personnel represent a population that travel to
and work in environments where they are exposed
to endemic or emerging infections that are not prevalent
in their native country. Groups of military personnel on in-
ternational deployments thus form a useful naive sentinel
group for infectious diseases; these groups may serve as
indicators of the infectious disease agents to which the lo-
cal populations are exposed and of the diseases that may
be encountered by other visitors traveling to the area (e.g.,
tourists, as well as staff of nongovernmental organizations,
aid organizations, and other government agencies). Study
of infectious disease exposures and illnesses among mili-
tary personnel may provide insight into the epidemiology
of emerging and reemerging infections and highlight what
pathogens could be imported back to the home nations of
visitors to these areas.

The recognition that military personnel may act as dis-
ease sentinels is not a new concept. Infectious diseases have
beleaguered international military operations for centuries,
with historic campaigns facing substantial loss of life after
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soldiers succumbed to infections endemic to the areas in
which they were operating at the time (1). Examples from
British military history include many diseases that may be
categorized as “undifferentiated febrile illnesses” (2). The
causative agents for these fevers, often unidentified at the
time they occurred, were predominantly infectious patho-
gens established in the geographic area in which troops
were operating. For example, in the late 19th century, the
zoonotic disease brucellosis and the vector-borne parasitic
diseases leishmaniasis and malaria were common in Brit-
ish colonial troops deployed to the tropics and subtropics.
In India, 24% of troops were admitted to the hospital for
malaria in 1908 alone (3). During World War 1, cases of
leptospirosis (4) and trench nephritis (in retrospect thought
to be caused by hantavirus, which resulted in >35,000 ill-
nesses) (5) were also documented.

More recently, since World War 11, UK military opera-
tions in Korea, Malaya, Borneo, Sierra Leone, Liberia, East
Timor, and Haiti have resulted in illnesses among military
personnel caused by vector-borne pathogens; these illness-
es have included Japanese encephalitis, malaria, and den-
gue (2,6). This incidence of infectious disease is not limited
to the tropics; campaigns in the Balkans and the Arabian
Gulf during the past 25 years resulted in reports of cases of
a range of vector-borne and zoonotic infections (7-9).

Although information about endemic infectious dis-
ease in Afghanistan is limited, previous historical reports
indicate that several endemic vector-borne and zoonotic
diseases, including rickettsial diseases, Crimean-Congo
hemorrhagic fever (CCHF), and pappataci fever (now
known as sandfly fever) (10). Given the country’s geo-
graphic location, other pathogens endemic to the central
Asian region could also be expected to be of concern to
military personnel; these pathogens include Sindbis, chi-
kungunya, and West Nile fever viruses (11). Although in-
fections with many of these pathogens can be prevented
by drugs (chemoprophylaxis) or vaccination, and the risk
for exposure can often be reduced by physical measures,
the ongoing UK military campaign in Afghanistan has still
resulted in infectious diseases occurring in deployed per-
sonnel. Severe cases have required restrictions of duties or
even hospitalization or evacuation to the United Kingdom,
and high illness rates can affect the operational capability
of the military force (12).

In 2011, Bailey et al. documented numerous cases of
“undifferentiated febrile illness” in British military per-
sonnel serving in Helmand Province, Afghanistan, during
the summer of 2008 (13). These cases, for which no organ
focus could be determined on clinical and radiologic as-
sessment and no positive results were obtained from micro-
biological investigations (e.g., blood cultures and malaria
antigen tests), have been given the colloquial term “Hel-
mand fever.”

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014



For this study, we conducted surveillance among UK
military personnel to determine the prevalence of sev-
eral vector-borne or zoonotic infectious agents that were
suspected to be the causative agents of some of these
cases of undifferentiated fever: Rickettsia spp., Coxiella
burnetii, sandfly fever virus, hantavirus, and CCHF vi-
rus (CCHFV). We conducted serosurveillance testing of
467 military service members who were deployed to Hel-
mand Province during March 2008-October 2011. In this
article, we describe the pathogens for which study par-
ticipants showed seroconversion before and after a tour
of duty and the incidence of those seroconversions within
the military population.

Methods

Recruitment and Sampling

Study volunteers were recruited from either British
Army regiments or Royal Marines units before deployment
to Helmand Province, Afghanistan. For each deployment, a
research nurse visited the unit and gave study information
to the troops. Volunteers were required to give informed
consent and to have 1 predeployment blood sample taken.
After return from the 6-month tour of duty, volunteers were
visited and asked to give a second postdeployment blood
sample. At the postdeployment visit, volunteers were also
asked to complete a short questionnaire detailing any “flu-
like” illness or symptoms they experienced while deployed
and any contact they had with livestock, wildlife, or insect
vectors. The primary location of each company (i.e., group
of =100 personnel in which the volunteer was posted) while
deployed was also noted. Ethical approval for this survey
was provided by the UK National Health Service National
Research Ethics Service and Ministry of Defence Research
Ethics Committee.

Blood samples were taken by venipuncture using
BD SSTII Advance 10-mL vacutainers (Becton Dickin-
son, Oxford, UK). After a minimum 30-min incubation at
room temperature, samples were centrifuged at 3,500
rpm for 15 min to separate the serum. This serum fraction
was then separated and stored at -80°C for subsequent se-
rologic testing.

During the study period, March 2008-October
2011, a total of 467 volunteers gave paired serum sam-
ples (i.e., predeployment and postdeployment samples).
In all cases, samples were kept anonymous (by unique
identification numbers), and questionnaire data/confi-
dential information were kept in a secure database with
restricted access.

Serologic Testing
Postdeployment samples were tested first for antibod-
ies to all pathogens of interest. If results were positive, the
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corresponding predeployment sample was then tested to
ascertain whether the volunteer seroconverted during the
tour of duty for which they were recruited to the study or
if they were already seropositive (i.e., exposed/seroconver-
ted to that pathogen) before being recruited for the study.
A volunteer whose sample was negative before deploy-
ment but positive after deployment was deemed to have
seroconverted during that particular tour of duty. For each
pathogen of interest, diagnostic tests were used in line with
Public Health England’s diagnostic laboratory procedures.
All assays used have been validated locally for diagnostic
use, are approved by UK regulatory authorities, and have
been awarded Communauté Européenne marking by the
European Union.

C. burnetii ELISA

Antibodies against C. burnetii, the causative agent
of Q fever, were detected by using a commercial ELISA
to detect phase 2 1gG and IgM human antibodies (Serion/
Virion, Wirzburg, Germany). ELISAs were conducted by
using the DS2 Automated ELISA workstation (DYNEX
Magellan Biosciences, Chantilly, VA, USA) according to
the manufacturer’s instructions. All serum samples were
tested at an initial dilution of 1:100, as recommended by
the manufacturer’s product insert for diagnostic samples.
If results were calculated as positive (above the automated
threshold on DS2 software) for either 1gG or IgM, the test
was repeated in duplicate for confirmation. Because of the
nonacute nature of the survey, all samples showing at least
Phase 2 1gG positivity were deemed positive.

Hantavirus Immunofluorescence Assay (IFA)

Antibodies against the hantavirus group of pathogens
were detected by using a commercial Hantavirus IIFT Mo-
saic 119G IFA (Euroimmun, Libeck, Germany). All serum
samples were tested at an initial dilution of 1:100, as rec-
ommended by the manufacturer’s product insert for diag-
nostic samples. If results were calculated as positive (for
any species/subspecies of hantavirus), the test was repeated
and confirmed by using the Recomline Bunyavirus IgG/
IgM Line Assay (Mikrogen, Neuried, Germany). All IFA
slides were set up by using the AP16 IF Plus automated
slide processor (Euroimmun) and viewed by using a con-
ventional fluorescent light microscope.

Rickettsia IFA

Antibodies against Rickettsia spp. were detected by us-
ing a commercial Rickettsia IgG and IgM IFA (Focus Diag-
nostics, Cypress, CA, USA). This assay is specific for rick-
ettsial infection; that is, antibodies against Coxiella spp. do
not cross-react in this test (Public Health England, unpub.
data). All serum samples were tested at an initial dilution of
1:64, as recommended by the manufacturer’s product insert
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for diagnostic samples. If results were calculated as posi-
tive, the test were repeated and confirmed by titrating down
a 2-fold dilution series to 1:512 (data not shown) to ensure
that fluorescence diminished with antibody dilution (as rec-
ommended in the product insert). Because samples were
not obtained during an acute illness phase, any sample that
showed a consistent signal at 1:64 dilution was considered
to be positive, even if this diminished by the 1:128 dilution.
All IFA slides were prepared in accordance with the manu-
facturer’s instructions and viewed by using a conventional
fluorescent light microscope

Sandfly Fever Virus IFA

Antibodies against sandfly fever viruses (genus Phlebo-
virus) were detected in serum by using a commercial sandfly
fever assay (IIFT Mosaic 1 IgG immunofluorescence assay;
Euroimmun). All serum samples were tested at a dilution
of 1:100, as recommended by the manufacturer’s product
insert for diagnostic samples. Given the nonacute nature of
the samples, a positive result was defined as any sample that
showed a consistent signal (for any of the 4 species/strains
of sandfly fever virus) at 1:100 dilution. All IFA slides were
set up by using the AP16 IF Plus automated slide processor
(Euroimmun) and viewed by using a conventional fluores-
cent light microscope.

Crimean-Congo Hemorrhagic Fever ELISA

Antibodies against CCHFV nucleoprotein were detect-
ed by using an in-house CCHF recombinant ELISA (14).
ELISAs were carried out by using the DS2 Automated
ELISA workstation (DYNEX Magellan Biosciences). All
serum samples were tested at an initial dilution of 1:100,
and any tests that gave any signal above background were
repeated in duplicate.

Results

The Table shows the results of the respective serol-
ogy assays performed. For each pathogen (with the ex-
ception of CCHFV, for which no seroprevalence was
reported), 2 categories of a seropositive volunteer were
identified: those who showed detectable levels of anti-
body before and after deployment; and those who only
showed positivity on return, with no detectable antibody

in predeployment samples. During deployment, the troops
showed the highest seroconversion rates for sandfly fever
virus (3.1%) and rickettsiae (2.7%). However, serocon-
versions for hantavirus and C. burnetii (1.3% and 1.7%,
respectively) also occurred.

The group of volunteers who were positive for each
pathogen before deployment showed that there was a back-
ground level of seroprevalence for these pathogens within
the UK military. The group of initially antibody-negative
personnel seroconverted to the pathogens while on deploy-
ment, which suggests that military personnel are being ex-
posed to such diseases while on operations in Afghanistan
and that these diseases are being transmitted in the region.

Figure 1 shows the prevalence of volunteers who sero-
converted during each deployment period. This comparison
enabled us to plot prevalence as a function of season: win-
ter deployments (October—March) compared with summer
deployments (March—October). This analysis showed a
higher prevalence of seroconversion in the Northern Hemi-
sphere summer months, when the deployment area is hotter
and drier than over the winter. Sandfly fever virus showed
the greatest seasonal variation, with most cases in the sum-
mer months, and C. burnetii showed the least variations,
findings that are consistent with these pathogens’ known
modes of transmission.

Many seroconversions for the studied pathogens ap-
peared to be asymptomatic. All volunteers took part in a
return questionnaire when the postdeployment sample was
taken. This questionnaire was used to determine whether
those who seroconverted after deployment experienced a
“flu-like” illness during deployment. Figure 2 shows that,
for all 4 pathogens acquired (Rickettsia spp., C. burnetii,
sandfly fever virus, and hantavirus), a proportion of volun-
teers showed seroconversion but did not report feeling ill.
As expected, sandfly fever virus and rickettsial infections
showed the highest proportion of asymptomatic cases; just
6.5% and 7.4%, respectively, of those who seroconverted
reporting feeling ill (i.e., 93.5% of sandfly fever virus expo-
sures and 92.6% of Rickettsia spp. exposures were asymp-
tomatic). The less common but often more clinically signif-
icant pathogens hantavirus and C. burnetii resulted in more
reports of illness; 64.7% of C. burnetii seroconversions and
30.8% of hantavirus seroconversions were asymptomatic.

Table. Results of antibody testing for 5 infectious pathogens among UK service personnel before and after deployment to Helmand

Province, Afghanistan, March 2008—October 2011*

No. persons No. (%) with detectable No. (%) with seroconversion  Total no. (%) with
Pathogen tested antibody before deployment after deployment positive antibody test
CCHFV 466 0 0
Sandfly fever virus 459 8(1.7) 14 (3.1) 22 (4.8)
Rickettsia spp. 446 10 (2.2) 12 (2.7) 22 (4.9)
Hantavirus 453 5(1.1) 6 (1.3) 11 (2.4)
Coxiella burnetii 467 7(1.5) 8(1.7) 15 (3.2)

*Assays were run sequentially on samples from all persons tested; some sample sizes were insufficient for testing for all agents. CCHFV, Crimean-Congo

hemorrhagic fever virus.
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Figure 1. Results of antibody
testing for 4 infectious pathogens,
by tour of duty, among 467 UK
service personnel deployed to
Helmand Province, Afghanistan,
March ~ 2008-October  2011.
n values indicate number of
volunteers tested from each
tour of duty. Assays were run
sequentially on samples from all
persons tested; some sample
sizes were insufficient for testing
for all agents.

Postdeployment questionnaires showed that nearly one
fifth (90/467, 19.3%) of all volunteers reported experienc-
ing “flu-like” symptoms while on operations in Helmand
Province. A total of 56.7% of those who recorded >1 epi-
sodes of feeling unwell reported experiencing fever only,
whereas 12.2% had no additional/specific symptoms; the
remaining 31.2% reported either diarrhea and vomiting
(15.6%) or “other” symptoms (Figure 3).

Discussion

UK military personnel consist of 237,190 persons
(estimate of combined regular and volunteer reserve mil-
itary personnel in UK, 2010 [UK Ministry of Defence,
unpub. data]). Our results show that military person-
nel are being exposed to, at minimum, Rickettsia spp.,
C. burnetii, sandfly fever virus, and hantaviruses while
on operations in Afghanistan, a region where these agents
and resulting diseases are endemic. These results suggest
that human or animal (for the zoonotic pathogens) reser-
voirs likely exist in the local populations of the Helmand
region for these diseases.

Troops often patrol through vegetation and farm land
where both reservoir and vector populations are high, which
can easily result in exposure to pathogens and further sup-
ports the hypothesis that the nature of their work makes
armed forces personnel a group with an increased incidence
of exposure to such vector-borne or zoonotic pathogens.
However, this group may also act as a good sentinel cohort
for other populations of nonindigenous workers from gov-
ernmental and nongovernmental organizations.

UK troops do sometimes stop over at British military
bases in Cyprus during their return to the United Kingdom.
However, these stopovers are typically very short in dura-
tion (2-3 days), and they do not occur in an environment
where exposure is likely to occur, with the possible excep-
tion of sandfly bites. In addition, for each pathogen studied,
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a proportion of troops showed antibody positivity before
deployment, suggesting that they may have been exposed
to these pathogens on previous deployments to Afghanistan
(before being recruited to the study) or on other exercises
and operations around the world.

Overall, seroprevalence for these pathogens appears
to be low, although this is hard to determine without a
comprehensive study of nondeploying troops. These re-
sults may reflect good discipline or education of UK
troops in the use of personal protection measures such
as the use of DEET-containing insect repellent and mos-
quito nets, both of which are actively promoted by the
UK military. A higher proportion of those deployed over
the summer months showed seroconversion, correspond-
ing with an increase in the numbers of biting vectors such
as the Phlebotomus sandfly and ticks (rickettsial vectors).
Further study of seasonality might show whether these

Figure 2. Percentages of UK service personnel who sero-converted
to 1 of 5 infectious pathogens who reported feeling unwell or did not
report illness during deployment to Helmand Province, Afghanistan,
March 2008-October 2011. A total of 90 (19.3%) of 467 deployed
service members reported feeling unwell during deployment. CCHFV,
Crimean-Congo hemorrhagic fever virus; SFFV, sandfly fever virus.
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Figure 3. Distribution of signs and symptoms among 90 UK service
personnel who seroconverted to 1 of 4 infectious pathogens
(sandfly fever virus, hantavirus, Coxiella burnetii, Rickettsia
spp.) and who reported feeling ill during deployment to Helmand
Province, Afghanistan, March 2008—October 2011.

increases correlate with increased military activity (e.g.,
military patrolling and combat operations increase during
the summer months), environmental/entomologic chang-
es (e.g., decreases in rain and/or increases in temperature
conditions favorable to agent, reservoir, or host density),
or possible lapses in discipline regarding personal protec-
tive measures.

At first glance, summer seasonality may seem odd for
an increase in hantavirus seroconversion, for which inci-
dence would be more likely to correlate with closer prox-
imity of humans with the rodent reservoir. However, UK
summer deployments extend to late September and in some
cases the first week or two of October; thus, these deploy-
ment continue into early autumn, when rodents are actively
moving into buildings. In addition, the apparent lack of
rickettsial infections after summer 2010 raises questions
of whether this might correlate with a change in vector
life-cycle, abundance of reservoir species, changes in in-
sect bite prevention regimens, or changes to local livestock
management regimens.

The increased incidence of rickettsial and sandfly fever
virus infections that we found among deployed troops does
not necessarily mean that these vector-borne pathogens
are more prevalent in the environment and local popula-
tion than the zoonotic pathogens C. burnetii or hantavirus.
Rather, these results may mean that mode of transmission
and incidence of encounters with the vectors and reservoirs
differ. However, our results do indicate that these patho-
gens may pose the greatest risk to UK troops.

Although most of the diseases we detected are rela-
tively self-limiting after the initial acute infection, our
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results suggest ways to improve control measures to reduce
the rate of transmission. UK military personnel are already
given medical advice and education before deployment,
emphasizing the prevention of insect bites while deployed
by use of arthropod repellent, insecticide-impregnated
clothing, and mosquito nets. The observation that rickett-
sial infections and Q fever might account for a sizeable
proportion of cases of undifferentiated febrile illness seen
in military field hospitals has led to the empirical use of
doxycycline in such cases because Rickettsia and Coxiella
species are sensitive to this drug. This practice justifies fur-
ther research on use of doxycycline for chemoprophylaxis
in these instances.

More than half (56.7%) of volunteers who reported
feeling unwell specifically reported a fever without other
specific symptoms, which is consistent with the “undif-
ferentiated febrile illness” that the pathogens we inves-
tigated can cause. The 15.6% of volunteers reporting ill-
ness who reported diarrhea and vomiting could have had
gastrointestinal infections; localized outbreaks of norovi-
rus and similar infections are common in military operat-
ing bases) (15). Of the many volunteers who experienced
fever but did not show seroconversion for the 5 pathogens
tested here, exposure to influenza virus or other respira-
tory infections should be considered. In 2011, Eick et
al. reported that deployed US troops experienced 30.1%
seroconversion for influenza and 6 other respiratory in-
fections (16). However, uptake of influenza vaccination,
which is offered to UK military personnel before winter
deployments, has increased for each of the past 4 years
(2). Data from the militaries of other countries, which
might have different deployment patterns and protective
measures, should be compared only with caution. In addi-
tion, although some volunteers who seroconverted for all
4 pathogens reported flu-like symptoms while deployed,
we cannot ascertain whether these symptoms were a result
of exposure to the pathogen of interest.

Some volunteers who seroconverted for the pathogens
tested were asymptomatic for the duration of their deploy-
ments. Clinical disease probably did not develop in these
patients, despite evidence of an exposure and an antibody
response. Our finding that 65% of acute C. burnetii infec-
tions were asymptomatic is consistent with previous reports
(17,18), but even in asymptomatic persons infected with
this pathogen, long-term complications such as chronic Q
fever and Q fever fatigue syndrome may develop. Overall,
~5% of acute cases progress to chronic Q fever, and com-
plications can include endocarditis requiring prolonged an-
timicrobial drug treatment and possibly heart valve surgery
(19). In addition, Q fever fatigue syndrome may develop in
~20% of those infected (17), which is generally incompat-
ible with a military career and has substantial effects on
patients’ quality of life.
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Royal et al. (20) recently reported C. burnetii serop-
revalence in US troops deployed to the Al Asad region of
Iraq in 2005; a known Q fever outbreak occurred in this
region at this time. This smaller study (n = 136) reported
a 7.2% prevalence of C. burnetii infection among troops
located in that area at the time of the outbreak. The report
further supports (in addition to original work by Bailey et
al. [13]) the C. burnetii seroprevalence reported here. Al-
though we did not see as high an incidence of seroconver-
sion, we were not specifically looking in an area with a
known Q fever outbreak, merely an area in which Q fever
is believed to be endemic.

Although this study did not find seroconversion for the
viral hemorrhagic fever agent CCHFV, military and public
health reports demonstrated that the virus is circulating in
the region (21). In 2009, a US Army soldier in the neigh-
boring Kandahar Province died of CCHFV infection (22),
and in 2012, a UK citizen returning from the northwest of
the country also died (23,24).

In conclusion, this study highlights and confirms the
potential for vector-borne and zoonotic diseases that are en-
demic in southern Afghanistan to emerge or reemerge to pose
a substantial public health threats as the country rebuilds its
public health infrastructure. A study of this type cannot give
a specific indication of prevalence for these pathogens in the
local population, but this surveillance can provide a valuable
way of exploring emerging disease epidemiology, particu-
larly of vector-borne and zoonotic infections, in areas with
poor public health reporting and infrastructure. Our findings
of seroconversion for 4 of these pathogens among deployed
UK troops reinforce the need for continued surveillance and
continued education of health care providers so that, should
military operations or environmental factors change in such
a way that these modest incidence numbers increase, costly
outbreaks can be avoided. This study also highlights the need
for rapid, field-capable, point-of-care diagnostics in regions
or situations for which full laboratory diagnostic facilities
are not practical or available.
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Molecular Evolution of
Peste des Petits Ruminants Virus?
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Despite safe and efficacious vaccines against peste
des petits ruminants virus (PPRV), this virus has emerged
as the cause of a highly contagious disease with serious
economic consequences for small ruminant agriculture
across Asia, the Middle East, and Africa. We used complete
and partial genome sequences of all 4 lineages of the virus
to investigate evolutionary and epidemiologic dynamics of
PPRV. A Bayesian phylogenetic analysis of all PPRV lin-
eages mapped the time to most recent common ancestor
and initial divergence of PPRV to a lineage lll isolate at the
beginning of 20th century. A phylogeographic approach esti-
mated the probability for root location of an ancestral PPRV
and individual lineages as being Nigeria for PPRV, Senegal
for lineage |, Nigeria/Ghana for lineage I, Sudan for lineage
Ill, and India for lineage IV. Substitution rates are critical
parameters for understanding virus evolution because re-
strictions in genetic variation can lead to lower adaptability
and pathogenicity.

este des petits ruminants is a highly contagious and
devastating viral disease of small ruminants that is
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endemic to much of Africa, the Middle East, and Asia
(1,2). The causative agent, PPRV virus (PPRV), belongs to
the family Paramyxoviridae, genus Morbillivirus (3) and
groups with rinderpest virus (RPV), measles virus (MV),
and canine distemper virus. Sheep and goats are the major
hosts of PPRV, and infection has also been reported in a few
wild small ruminant species (2). Researchers have specu-
lated that RPV eradication has further enabled the spread
of PPRV (4,5). Transmission of PPRV from infected goats
to cattle has been recently reported (6), and PPRV antigen
has been detected in lions (7) and camels (8). These reports
suggest that PPRV can switch hosts and spread more read-
ily in the absence of RPV (4,6,8). This host range switch
had previously been seen after eradication of smallpox
virus, which created a niche for monkeypox and cowpox
viruses to cross the species barrier into humans (4).

PPRV has caused numerous serious epidemics in
small ruminant populations across sub-Saharan Africa, the
Middle East, and major parts of the Indian subcontinent
where PPRV is considered endemic (1). In recent years,
PPRV has extended its range southward in Africa as far as
southern Tanzania (2008) and the Democratic Republic of
Congo and Angola (2012). PPR outbreaks have also been
reported across North Africa, including within Tunisia
(2006), Morocco (2008), and Algeria (2011). In addition,
within Europe, Turkey reported ~20 laboratory-confirmed
PPR outbreaks in sheep and goats during 2011 2012. In
southwestern Asia, the virus spread to Tibet (2007) and has
recently been reported throughout China (2013-2014). It is
unclear what factors have favored emergence and spread
of the disease, but millions of small ruminants across these
regions must now be considered at high risk for infection

Preliminary results were presented at the 15th International Negative
Strand Virus Meeting, June 1621, Granada, Spain, 2013.
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with PPRV (9). The huge effect on small ruminant pro-
duction has resulted in PPRV emerging as a global animal
health concern.

The molecular epidemiology of PPRV, which is
based on sequence comparison of a small region of the fu-
sion (F) gene (322 nt) or the nucleoprotein (N) gene (255
nt), has identified 4 distinct lineages (I-1V) of PPRV (2).
However, this analysis has not generated much informa-
tion on the evolution and dispersal of PPRV lineages. Lin-
eage | PPRV had gone undetected for 19 years being de-
tected in Senegal in 1994. Lineage IV PPRV, which was
believed initially to be confined to India and the Middle
East, now has a wider geographic presence and appears
to be evolving rapidly. Many aspects of PPRV evolution,
such as ancestral virus location, divergence and time of
origin, and historical and geographic patterns of spread,
are poorly understood (10). A better understanding of the
evolution of PPRV would enable prediction of how these
viruses will lead to further outbreaks and epidemics and
provide data for control strategies.

Advanced sequencing technologies have enabled mo-
lecular epidemiologic studies of viruses in which whole
gene and complete genome data are used to enhance and
clarify the evolutionary dynamics of viral infectious dis-
ease (11). We analyzed genome data for all 4 lineages of
PPRV. This analysis will enable a more precise evolution-
ary and phylogenetic assessment of the relationships be-
tween lineages by reducing the associated estimation errors
and increased higher confidence in estimates.

Materials and Methods

Complete Genome Sequencing of PPRV

Complete genome sequencing of 7 PPRV isolates (4
from lineage 111 and 3 from lineage 1V) was performed ac-
cording to the methods described by Muniraju et al. (12). De-
tailed information for each of the isolates is shown in Table 1.

Sequence Datasets

In addition to the 7 complete genomes sequences of
PPRV generated in this study, another 7 complete genome
sequences were obtained from GenBank (Table 1). Howev-
er, of these 14 full genome sequences, Nigeria 1975/1 and
Sungri 1996 represent vaccine strains generated after ex-
tensive serial passage of virus. Therefore, the evolutionary
rate and time to most recent common ancestor (TMRCA)
were compared with and without inclusion of vaccine
strains. The complete genome sequences of 2 clinical iso-
lates each from RPV (GenBank accession nos. AB547189
and X98291) and MV (accession nos. AF266288 and
JF791787) and 12 PPRV isolates, excluding vaccine
strains, (Table 1) were used for estimation of evolutionary
rate and TMRCA. Furthermore, the coding and noncoding
sequences of individual structural genes of PPRV (exclud-
ing vaccine strains) were used in this study.

Partial N gene sequences of PPRV (nucleotide posi-
tions 1253-1507) that have a detailed history of collection
date and place were obtained from GenBank (available up
to August 2013). These partial sequences were aligned by
using the ClustalW algorithm in BioEdit software v7.2.0.
(21) and edited to remove unreliable sequences/regions.
Furthermore, the identical sequences originating from the
same geographic location, host, and year were excluded to
avoid redundancy in subsequent analysis. The final dataset
(partial N gene) contained 159 sequences sampled over a
period of 45 years (1968-2012).

Selection Analysis

The nucleotide and amino acid sequence differ-
ences between the PPRV lineages for 12 complete ge-
nome sequences were estimated by using BioEdit soft-
ware v7.2.0. Analyses of selection pressure in individual
PPRYV genes was performed by obtaining mean ratios of
nonsynonymous (dN) to synonymous (dS) substitutions
per site. The dN/dS was calculated by using codon-based

Table 1. Peste des petits ruminants virus isolates used for complete genome analysis

Virus isolates GenBank accession no. Lineage Source (reference)

Ivory Coast/1989 EU267273 | Goat (13)

Nigeria/1976 EU267274 1] Sheep (13)

Nigeria/1975/1 X74443 1] Goat (14), vaccine strain

Uganda/2012* KJ867543 ] Goat

UAE/1986*t KJ867545 I} Dorcas gazelle (15)

Oman/1983* KJ867544 I Goat (16)

Ethiopia/1994* KJ867540 1 Goat (17)

Ethiopia/2010* KJ867541 \Y, Goat

India/Sungri/1996* KJ867542 \% Goat (provided by Intervet International B.V,
Boxmeer, the Netherlands), vaccine strain

Morocco/2008* KC594074 \% Goat (12)

China/Tibet Bharal/2008 JX217850 v Bharal, Pseudois nayaur (18)

China/Tibet33/2007 JF939201 \Y Goat (19)

China/TibetGeg30/2007 FJ905304 \Y Goat (19)

Turkey/2000 NC006383 [\ Sheep (20)

*Whole genome sequencing was conducted.
TUAE, United Arab Emirates.
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maximum likelihood approaches with the single-like-
lihood ancestor method implemented in hypothesis
testing using the phylogenies package (22) (http://www.
datamonkey.org).

Bayesian Time-Scaled Phylogenetic Analysis

Molecular evolutionary rate and divergence times
were co-estimated. A Bayesian maximum clade credibility
(MCC) phylogenetic tree was constructed by using Bayes-
ian Markov chain Monte Carlo (MCMC) analysis and
Bayesian evolutionary analysis sampling trees (BEAST)
software package v1.8.0 (23), and BEAST runs were per-
formed by using the CIPRES Science Gateway (24). For
each sequence dataset, the best-fit nucleotide substitution
model was determined on the basis of Akaike information
criterion scores using JModel Test software v2.1.4 (25).
An input file for BEAST analysis was obtained by using
Bayesian evolutionary analysis utility software v1.8.0, in
which sequences were tip dated according to the year of
collection. Four molecular clock models (strict, uncor-
related lognormal distribution, uncorrelated exponential
distribution [UCED], and random) were tested alongside
different demographic models (nonparametric Bayesian
skyline plot and the parametric constant and exponential
growth), and the best models were selected by means of a
Bayes factor (BF) test (26) using marginal likelihoods val-
ues (2InBF>2) obtained from Tracer v1.5 software (http://
beast.bio.ed.ac.uk/tracer).

For each analysis, 2 independent MCMC chains were
run to get a final output of 10,000 trees (ESS >200 for all the
parameters estimated) and were assessed for their proper
mixing, convergence, and consistency by Tracer v1.5 with
10% burn in. The 2 individual runs were combined by us-
ing LogCombiner v1.8.0 in the BEAST software package.
The nucleotide substitution rate (substitutions/site/year)
and the TMRCA (year) values were obtained from Tracer
v1.5. The posterior tree distributions were summarized by
using TreeAnnotator (http://beast.bio.ed.ac.uk/treeanno-
tator) and exclusion of the first 10% of the trees as burn
in. Phylogenetic MCC tree with median node heights were
visualized in FigTree software v1.4.0 (http://www.molecu-
larevolution.org/software/phylogenetics/figtree). Further-
more, the demographic history of PPRV was studied by
using partial N gene dataset and less restrictive Bayesian
skyline plot (BSP) models in which the changing profile of
genetic diversity is plotted against time.

Molecular Evolution of PPRV

Phylogeographic Reconstruction

Bayesian phylogeographic analysis was performed
by using complete PPRV genome sequence and partial N
gene sequence datasets, and isolates were annotated ac-
cording to their location (longitude and latitude). Partial
N gene data were chosen instead of F gene data because
of increased divergence reported for the N gene (2). For
complete genome datasets, sequences from 14 viruses
were considered, including 2 vaccine strains (Nigeria
1975/1 and Sungri 1996) to represent all PPRV-endemic
areas. Phylogeographic diffusion along the posterior sets
of trees and relationships between these locations were
identified by using the Bayesian stochastic search vari-
able selection procedure in BEAST v1.8.0 (27). Discrete
phylogeographic analysis was performed by using the
continuous time Markov chain with the flexible Bayesian
skyride tree prior.

Results

Sequence Analysis

All 7 PPRV complete genomes are 15,948 nt and
conform to the rule of 6 as described for all other mor-
billivirus genomes (28). The genome organization of the
isolates was the same as that of other PPRV strains. Phy-
logenetic analysis of the complete genome sequences of
PPRYV clustered the sequences into 4 lineages. The com-
plete genomes of PPRV isolates from Ethiopia 1994,
Oman 1983, UAE 1986, and Uganda 2012 sequenced in
this study belonged to lineage Il and the isolates Sungri
1996, Morocco 2008, and Ethiopia 2010 belong to lineage
IV. Comparison of the 12 aligned complete genome se-
quences showed that nucleotide differences ranged from
0.1% to 11.9%, and amino acid differences ranged from
0.1% to 7.2% (Table 2).

The dN/dS for coding regions of the various genes
of PPRV (n = 12) for all 4 lineages ranged from 0.06
to 0.45 (Table 3). The dN/dS per site across the coding
region of different genes of PPRV genome are shown in
Figure 1. The highest dN/dS ratio was observed in the
phosphoprotein gene, followed by the hemagglutinin, N,
F, large polymerase, and matrix (M) genes. The relative
nucleotide substitution rates at all 3 codon positions of
the structural genes of PPRV showed that substitutions
were more frequent at the third codon position (Table 3)
as expected.

Table 2. Nucleotide and amino acid sequence differences in complete genomes of peste des petits ruminants virus lineages*

Lineage
Lineage | 1l [\
| 5.1 6.1-7.0 5.7-6.1
1l 9.0 5.7-6.3 4.0-4.2
11 10.9-11-9 9.9-10.8 0.2-3.0, 0.2-6.2 6.1-7.2
[\ 10.3-10.7 7.2-7.6 10.7-11.8 0.1-2.0,0.1-3.2

*Values are percentage nucleotide (bold) and amino acid sequences differences.
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Table 3. Nucleotide substitution rates at codon positions of peste des petits ruminants virus genes by BEAST analysis and dN/dS

by SLAC*
Codon position

Genet Total amino acids CP1l.mu CP2.mu CP3.mu Mean dN/dS
N 526 0.44 0.33 2.23 0.13

P 510 0.81 0.69 1.49 0.45

M 336 0.48 0.15 2.36 0.06

F 547 0.46 0.26 2.29 0.10

H 610 0.57 0.37 2.06 0.19

L 2184 0.42 0.18 2.40 0.08

*BEAST, Bayesian evolutionary analysis sampling trees; dN/dS, nonsynonymous/synonymous substitutions per site; SLAC, single-likelihood ancestor

counting; CP, codon position.

TN = nucleoprotein; P, phosphoprotein; M, matrix; F, fusion; H, hemagglutinin; L, large polymerase.

Evolutionary Rate Estimates

Complete genome sequences of 12 PPRV and par-
tial N gene dataset (n = 159) were analyzed by using the
coalescent-based Bayesian MCMC approach. The gen-
eral time-reversible nucleotide substitution model with a
gamma distribution for rate variation was selected on the
basis of Akaike information criterion scores. Bayes factor
test with marginal likelihood comparisons showed that the
relaxed UCED clock model best fitted the PPRV complete
genome and partial N gene datasets (Table 4). The 2InBF
value was >78 between UCED and strict clocks and 2-6
between UCED/uncorrelated lognormal distribution and
UCED/ random clocks, which provided strong evidence for
the UCED clock model. There was no difference between
different demographic models compared within the UCED
clock model (2InBF <2). However, the exponential demo-
graphic model was chosen because it provided a narrow
margin of 95% highest posterior density (HPD) estimates.

Accordingly, the UCED and exponential growth mod-
el have been directly used for the individual PPRV gene da-
taset and the PPRV/RPV/MV complete genome dataset to
estimate the TMRCA and substitution rate per site per year.
When we used the UCED and exponential growth models,

2026

we found that the mean evolutionary substitution rate of
the PPRV complete genome was estimated to be 9.09 x
10 (95% HPD 2.13 x 10“-1.64 x107%). When 2 complete
genome sequences of vaccine strains were added into this
analysis, the same models (general time-reversible nucleo-
tide substitution model with a gamma distribution, UCED,
and the exponential growth demographic models) were
best fitted, and the mean substitution rate/site/year was re-
duced to 7.86 x 10 (95% HPD 2.17 x 10*-1.4 x107%).
Furthermore, the evolutionary nucleotide substitution rate
for combined PPRV/RPV/MV complete genomes was 1.89
x 1072 (95% HPD 5.55 x 10%-3.31 x 10-%). Analysis of in-
dividual genes of the PPRV coding region dataset, coding
and noncoding region datasets, and partial N gene dataset
are shown in Table 4.

Temporal Dynamics

A Bayesian time-scaled MCC tree based on complete
PPRV genomes was constructed (Figure 2) by using the
UCED model with exponential growth demography. The
estimated median TMRCA of PPRYV for all 4 lineages and
divergence of lineage 11l PPRV were found to be ~1904
(95% HPD 1730-1966). Lineage I diverged in #1939 (95%

Figure 1. Mean ratios of nonsyno-
nymous (dN) to synon-ymous (dS)
substitutions per site of concatenated
coding regions of peste des
petits ruminants virus genome.
Proportion of dS substitutions per
potential dS site and proportion
of dN substitutions per potential
dN site were calculated by using
the method of Nei and Gojobori
(29) and the suite of nucleotide
analysis program  (www.hiv.lanl.
gov). Vertical dashed lines indicate
gene junctions with sliding windows
of size = 5 codons. dN/dS values =
10 are shown as 10. Numbers along
baseline indicate coding regions
(basepairs) of individual genes. N,
nucleoprotein; P, phosphoprotein; M,
matrix; F, fusion; H, hemagglutinin; L,
large polymerase.

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014



Molecular Evolution of PPRV

Table 4. Bayesian Markov chain Monte Carlo analysis for genomes of peste des petits ruminants virus*

Bayes factor

Models, substitution/ Mean nucleotide substitution rate, —log

Sequence dataset (no.)t clock/demographic substitutions/sitely (95% HPD) TMRCA, y (95% HPD) likelihood

PPRV complete genome GTR + G/strict/BSP 3.2x 107 (2.02x 107°4.31 x 107 1763 (1653-1832) —46,972.98

(12) GTR + G/strict/CS 3.21x10*(2.12x10°-4.38 x 107) 1763 (1659-1834) —46,973.06

GTR + GIstrict/EG 3.24 x 10f‘ (2.12x107-4.33 x 107 1765 (1668—1836) —46,973.06

GTR + G/UCLD/BSP 2.89x10°(3.21x10°-6.92x 10" 1691 (123 BCE-1944 CE)  —46,935.66

GTR + G/UCLD/CS 3.03x107*(8.99 x 10°-7.07 x 107 1705 (123-1961) —46,935.86

GTR + G/UCLD/EG 3.72x107*(3.01 x 10°-7.93 x 10‘f‘) 1767 (1222-1948) —46,935.89

GTR + G/UCED/BSP 7.91x107*(7.46 x 10°-1.53 x 10~ ) 1889 (1586-1968) —46,933.82

GTR + G/UCED/CS 7.98 x 107 (8.03 x 10°~1.54 x 10~ ) 1887 (1569-1968) —46,933.98

GTR + G/UCED/EG 9.09 x 107 (2.13 x 10™-1.64 x 107) 1904 (1730-1966) —-46,933.96

GTR + G/random/BSP 7.01 x 10 (5.55 x 10°-8.50 x 107 1888 (1862-1908) —46,934.75

GTR + G/random/CS 6.97 x 107 (5.38 x 10°-8.41 x 107%) 1887 (1860-1908) —46,934.64

GTR + G/random/EG 7.04 x 10“1 (5.57 x 10™-8.57 x 10“,‘) 1888 (1861-1908) —46,934.89

N partial (159) GTR + G/strict/BSP 1.22x 107 " (9.39x 107-1.51 x 10 ) 1890 (1857-1917) —2,884.524

GTR + G/strict/CS 1.23 x 107 (9.49 x 104—1 52 x10™ ) 1886 (1853-1913) —2,887.723

GTR + G/strict/EG 1.24 x 107 (9.71 x 107-1.56 x 10 ) 1893 (1863-1919) -2,885.44

GTR + G/UCLD/BSP 1.45x 107 (1.06 x 10°-1.87 x 10 ) 1896 (1815-1943) —2,806.535

GTR + G/UCLD/CS 1.41 x 107 (1.05 x 10°-1.80 x 10 ) 1882 (1793-1935) —2,805.535

GTR + G/UCLD/EG 1.49x 1072 (1.10 x 10°-1.89 x 10 ) 1904 (1838—-1943) —2,805.921

GTR + G/UCED/BSP 1.52 x 10‘3 (1.11x107°-1.98 x 10 ) 1904 (1817-1949) —2,799.572

GTR + G/UCED/CS 1.46 x 107 (1.05 x 10°-1.88 x 10 ) 1886 (1785-1940) —2,799.512

GTR + G/UCED/EG 1.56 x 10 (1.16 x 10‘3—1 99 x 10° ) 1910 (1846-1947) —2,799.444

GTR + G/random/BSP 1.26 x 107 (9.44 x 10-1.58 x 10 ) 1881 (1837-1915) —-2,865.846

GTR + G/random/CS 1.24 x 107 (9.38 x 107-1.57 x 10 ) 1875 (1831-1910) —2,866.111

GTR + G/random/EG 1.27 x 107 (9.62 x 10™-1.60 x 10 ) 1880 (1841-1914) -2,866.929
N CDS (12) GTR + G/UCED/EG 1.01x 107 (2.79 x 10-1.83 x 10 ) 1924 (1799-1970) NA
N complete gene (12) GTR + G/UCED/EG 1.08 x 107 (3.19 x 10-1.93 x 10 ) 1923 (1804-1970) NA
P CDS (12) GTR + I/lUCED/EG 1.11x 10‘3 (3.46 x 10“‘—1 29 x10™ ) 1931 (1833-1972) NA
P complete gene (12) GTR + I/lUCED/EG 1.19x 107 (3.46 x 10-2.03 x 10 ) 1930 (1828-1971) NA
M CDS (12) GTR + G/UCED/EG 6.52x107%(1.20 x 10™-1.20 x 107 ) 1897 (1695-1964) NA
M complete gene (12) GTR + I/UCED/EG 2.49 x 107 (9.96 x 10“‘—4 14 x10° ) 1944 (1879-1973) NA
FCDS (12) GTR + I/CED/EG 8.95x107*(2.43x 10™-1.58 x 107 ) 1914 (1766—1968) NA
F complete gene (12) GTR + G/UCED/EG 1.33 x 10‘3 (3.26 x 10‘4—2 36 x10” ) 1912 (1754-1967) NA
H CDS (12) GTR + G/UCED/EG 1.21x107° (3 96 x 10™-2.04 x 10~ ) 1926 (1826—1969) NA
H complete gene (12) GTR + G/UCED/EG 1.25x 107 (4.34 x 10-2.14 x 107%) 1925 (1821-1968) NA
L CDS (12) GTR + I/lUCED/EG 9.82x 107*(3.76 x 107°~1.67 x 10‘3) 1929 (1834-1969) NA
L complete gene (12) GTR + I/UCED/EG 9.69 x 107(3.36 x 107-1.64 x 107) 1927 (1820—-1969) NA
PPRV/RPV/MV (16) GTR+ G + I/UCED/EG 1.89 x 107 (5.55 x 10™-3.31 x 107%) 1616 (1072—1859) NA

*Bold indicates best-fit models. HPD, highest posterior density; TMRCA, time to most recent common ancestor; GTR + G, general time-reversible with
gamma distribution rates; BSP, Bayesian skyline plot; CS, constant size; EG, exponential growth; UCLD, uncorrelated lognormal distribution; UCED,

uncorrelated exponential distribution; NA, not applicable; GTR + I, general time-reversible with invariant sites; GTR+ G + |, general time-reversible with
gamma distribution rates and invariant sites.
TPPRYV, peste des petits ruminants virus; N, nucleoprotein; CDS, coding sequence; P, phosphoprotein; M, matrix; F, fusion; H, hemagglutinin; L, large
polymerase; RPV, rinderpest virus; MV, measles virus.

HPD 1843-1970). Lineages II and IV diverged from each
other in =1956 (95% HPD 1885-1973). The TMRCA for
lineage III viruses (n = 4) used in this study was estimated
to be =1956 (95% HPD 1887-1978). TMRCA for lineages
I and 11 PPRV were not predicted because only 1 virus from
each lineage was used. The TMRCA for lineage 1V viruses
(n = 6) used in this study was estimated to be =1987 (95%
HPD 1957-1998). When both Nigeria 1975/1 and Sungri
1996 vaccine strains were included in the study, the TM-
RCA for all lineages of PPRV shifted from 1904 (95% HPD
1730-1966) to 1891 (95% HPD 1705-1960). Analysis of
the partial N gene dataset showed the TMRCA as 1910
(95% HPD 1846-1947) for all lineages of PPRV, 1960
(95% HPD 1941-1971) for lineage III, 1958 (95% HPD
1946-1971) for lineage I, 1961 (95% HPD 1941-1967) for
lineage II, and 1987 (95% HPD 1969-1988) for lineage IV.
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Results of TMRCA analysis using complete coding
and coding and noncoding regions of individual PPRV
genes are shown in Table 4. If one considers coding and
noncoding sequences of individual genes in the analysis, a
difference in TMRCA was found only for the M gene (i.e.,
1944, 95% HPD 1879-1973). The TMRCA of PPRV/RPV/
MV was estimated to be ~1616 (95% HPD 1072-1859),
and the TMRCA for PPRV was estimated to be 1931 (95%
HPD 1858-1956) (Figure 3).

Population Demography of PPRV

The demographic history of PPRV was investigated
by using the partial N gene sequence dataset according to
the BSP method implemented in BEAST. The BSP with
an assumed piecewise-constant model has facilitated esti-
mation of effective population size through time. The BSP
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Figure 2. Time-scaled Bayesian maximum clade credibility phylogeny tree based on peste des petits ruminants virus complete genome
sequences. The tree was constructed by using the uncorrelated exponential distribution model and exponential tree prior. Branch tips
correspond to date of collection and branch lengths reflect elapsed time. Tree nodes were annotated with posterior probability values and
estimated median dates of time to most recent common ancestor (TMRCA). Corresponding 95% highest posterior density (HPD) interval
values of TMRCA are indicated as gray bars. Horizontal axis indicates time in years. UAE, United Arab Emirates.

showed that the population did not show much genetic di-
versity (effective number of infections) until the mid-1990s
when diversity started to increase. Toward the first decade
of the 21st century, the population size appeared to reach
a peak and then showed a small decrease until the most
recent sampling in 2012 (Figure 4). The HPD interval size
for the plot is narrow, which indicates strong support for
this population trend.

Phylogeographic Analysis

To estimate the geographic origin of PPRV, we sum-
marized the results of Bayesian phylogeographic analyses
by visualizing the annotated MCC tree (Figure 5). The
complete genome sequence data used in this analysis incor-
porated all 14 isolates, including the vaccine strains, from
10 discrete locations so as not to leave out any reported
virus-endemic area. The root state posterior probabilities
for all the locations ranged between 9.02% and 12.69%;
Nigeria and the lvory Coast (now Céte d’lvoire) receiving
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marginally higher support, 12.69% and 10.53%, respec-
tively, than the rest of the locations (Figure 5).

Because the geographic origin of PPRV could not be
localized to a single country by using 14 complete genome
sequences, further phylogeographic analysis was per-
formed by using 159 partial N gene sequences collected
from 30 locations during 1968-2012. The root state poste-
rior probabilities of PPRV ranged from 0.11% to 17.20%,
and Nigeria (17.20%), Ghana (14.28%), and Sierra Leone
(11.68%) showed the highest marginal support (Figure 6).
The highest marginal support of root state posterior prob-
abilities indicated that the geographic origin of lineage
I PPRV was Senegal (27.44%), that of lineage II PPRV
was Nigeria (27.00%), that of lineage 111 PPRV was Sudan
(30.73%), and that of lineage IV PPRV was India (36.00%).

Discussion
We sequenced complete genomes of 4 lineage I1I and
3 lineage 1V isolates of PPRV. We used these genomes and
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Figure 3. Time-scaled Bayesian MCC phylogeny tree based on peste des petits ruminants virus (PPRV), rinderpest virus (RPV), and
measles virus (MV) complete genome sequences. The tree was constructed by using the uncorrelated exponential distribution model and
exponential tree prior. Branch tips correspond to date of collection and branch lengths reflect elapsed time. Tree nodes were annotated
with posterior probability values, estimated median dates of time to most recent common ancestor (TMRCA). Corresponding 95% highest
posterior density (HPD) values of TMRCA are indicated as gray bars. Horizontal axis indicates time in years. UAE, United Arab Emirates.

other available genomes to assess the evolutionary substi-
tution rate, TMRCA, and divergence of PPRV lineages and
the geographic origin of PPRV.

The measure of selective pressures acting across the
PPRV genome showed only purifying (stabilizing) selec-
tion occurring across the genome and no evidence of posi-
tive selection. The conservation of amino acid residues
was further confirmed by the fact that the relative substitu-
tion rates at the third codon position of all the genes were
higher than those for the first and second codon positions.
The observed upper limit of 11.9% nt divergence (7.2% aa
divergence) among PPRVs is consistent with the low level
of antigenic divergence observed because despite lineage
differentiation, only a single serotype exists for PPRV. Ho-
mologous recombination events are generally rare or ab-
sent in negative-sense RNA viruses (30) and thus could not
have been evaluated in this study.

From a genetic perspective, substitution rates are criti-
cal parameters for understanding virus evolution, given
that restrictions in genetic variation within a population of
viruses can lead to lower adaptability and pathogenicity
(31). Our analyses estimated a range of PPRV nucleotide
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substitution rates throughout the complete genome of 1.64
x 10%-2.13 x 10 substitutions/site/year, which is simi-
lar to that predicted for other paramyxoviruses (103-10+
substitutions/site/year) (32—-35). Despite low levels of an-
tigenic divergence, as shown by existence of a single sero-
type, genome plasticity of PPRV might explain its ability
to emerge and adapt in new geographic regions and hosts,
as reported extensively across vast areas in recent years.
The TMRCA of PPRV obtained from complete genome
sequence was estimated to be during 1904 (95% HPD
1730-1966). Similarly, the estimated TMRCA obtained
from individual gene sequence, partial N gene sequence of
PPRV, and combined PPRV/RPV/MV complete genome
sequences was during 1910-1944.

That the predicted TMRCA for PPRV was during the
early 20th century is reasonable because the first recorded
description of PPRV was made in 1942 (36). The delay
of a few decades before identification of PPRV as a dis-
tinct viral entity after its initial detection can likely be at-
tributed to confusion in differentiation between PPRV and
RPV, a virus for which extensive cross-neutralization is
observed after vaccination and natural infection, and lack
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Figure 4. Bayesian skyline
plot showing demographic
history of global peste des
petits  ruminants  viruses
sampled during 1968—-2012.
Genetic diversity was
estimated by using a partial
nucleoprotein gene dataset
(n = 159). The thick black line
represents median genetic
diversity and the blue shaded
areas show 95% highest
posterior density estimate.

of differentiating diagnostic tools. Substitution rates were
consistent across each gene for PPRV. However, greater
substitution rates were observed in the GC rich regions
of the F and M genes. Similarly, the substitution rate was
greater, as predicted because of the variability seen at the
nucleotide level, in the highly variable region of the N
gene sequence (255 nt) for PPRV. The TMRCA estimation
was not possible for lineage | and 11 viruses (vaccine strain
was omitted) because only 1 complete genome sequence
was available for each lineage. Therefore, more complete
genome sequences are required to study evolutionary and
phylogenetic relationships for these lineages.

Biased estimates in substitution rate and TMRCA
were observed by using datasets that included tissue cul-
ture—passaged, attenuated vaccine strain complete genome
sequences, in which slower evolutionary substitution rates
and earlier TMRCA were predicted. Similar observations
were reported for PPRV/RPV/MV N gene sequence analy-
ses, in which a slower and biased nucleotide substitution
rate was observed when vaccine strain sequences (33) were
included in the analysis and faster substitution rates and
later TMRCA predictions were suggested when vaccine
strain sequence data were excluded (34).

Spatial and temporal dynamics of RNA viruses are of-
ten reflected by their phylogenetic structure (37). Potential
divergence events for different PPRV lineages were in-
ferred by using rooted, time-measured phylogenetic trees
with higher confidence from the PPRV complete genome
sequence dataset. The inferred phylogeny supports the ini-
tial divergence of lineage Ill isolates, followed by lineage
| isolates; lineage Il and IV isolates were predicted to have
diverged from each other at a later time. The inference of
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divergence events presented facilitated a better understand-
ing of historical divergence of PPRV and offered further
opportunities to study viral demographic history and dis-
persal events.

The demographic analysis of PPRV with the BSP in-
dicated historically constant genetic variability of PPRV
over time. This finding could be a reflection of the use
of RPV vaccine in small ruminants to protect animals
against PPRV through the 1990s, which might have af-
fected the evolution and spread of PPRV. In the early
21st century, genetic diversity of PPRV has gradually
increased, which reflects frequent outbreak reports. The
increased genetic diversity may be a driver for selection
pressures within individual lineages and might result in
extinction events, as suggested by an absence of lineage |
virus. In recent years, as efforts have increased to actively
control and eradicate PPRV, a decrease in genetic diver-
sity has been observed.

Phylogeographic reconstruction with spatial and tem-
poral information of virus isolates has enabled an under-
standing of the historic emergence and dispersal patterns
involved in virus evolution (38). Although PPRV existed
earlier than its first description in Ivory Coast in 1942 (39),
PPRV was later reported in Senegal, Chad, Togo, Benin,
Ghana, Nigeria, Oman, Sudan, Saudi Arabia, India, Jordan,
Israel, Ethiopia, Kenya, Uganda, and Pakistan (40). Our
phylogeographic analysis indicated that Nigeria was the
geographic origin of the most recent common ancestor of
PPRV because of the highest root location state probability.
Furthermore, geographic origins of the most recent com-
mon ancestor of PPRV lineages I, 11, and 111 were predicted
to be across Africa; lineage IV likely emerged in India. In
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Figure 5. Maximum clade
credibility tree constructed for
the geospatial analysis of peste
des petits ruminants viruses by
using complete genome data.
Nodes are colored according
to the most probable location
of their ascendent locations.
Posterior  probability values
are shown along tree nodes.
Posterior probability distribution
(PPD) values of root location
states of the ancestral node
are shown along the x-axis at
the top left. UAE, United Arab
Emirates.

conclusion, these findings suggest that the origin of PPRV
was in western Africa, which then spread to eastern Africa,
the Middle East, and Asia. However, although these predic-
tions are suggestive of a potential origin for PPRV, caution
must be exercised in their interpretation because estimates
of geographic origin rely on available datasets, and these
datasets need enhancing to provide greater confidence for
phylogenetic assessment. As more sequence data become
available for PPRV and the other morbilliviruses, ancestral
origins of each virus and intraspecies differentiation might
become more clear.
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Peste des petits ruminants [pest da pa-te’ ru-me-nah’]

rom the French for “plague of the small, hooved
mammals,” peste des petits ruminants (PPR) is a
severe (mortality rate may be >90%), highly conta-
gious disease of sheep and goats. PPR was first de-
scribed in Cote d’Ivoire in 1942 and soon discovered
in other countries in West Africa. In more recent de-
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Circulation of Reassortant Influenza
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Influenza A(H7N9) virus emerged in eastern China in
February 2013 and continues to circulate in this region, but
its ecology is poorly understood. In April 2013, the Guang-
dong Provincial Center for Disease Control and Prevention
(CDC) implemented environmental and human syndromic
surveillance for the virus. Environmental samples from
poultry markets in 21 city CDCs (n = 8,942) and respiratory
samples from persons with influenza-like illness or pneu-
monia (n = 32,342) were tested; viruses isolated from 6
environmental samples and 16 patients were sequenced.
Sequence analysis showed co-circulation of 4 influenza
A(H7N9) virus strains that evolved by reassortment with
avian influenza A(HON2) viruses circulating in this region. In
addition, an increase in human cases starting in late 2013
coincided with an increase in influenza A H7 virus isolates
detected by environmental surveillance. Co-circulation of
multiple avian influenza viruses that can infect humans
highlights the need for increased surveillance of poultry and
potential environmental sources.

uman infection with a novel avian-origin influenza
A(H7N9) virus was first identified in eastern China in
February 2013, and a major outbreak occurred from the end
of March through the beginning of May (1,2). Risk factors
identified for a severe course of illness were older age (>65
years) and underlying illnesses, including hypertension and
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chronic lung diseases, but the full spectrum of illness associ-
ated with H7N9 virus remains to be determined (3). Molecu-
lar characterization has shown that the H7N9 virus emerged
by reassortment between H7, N9, and HIN2 avian influenza
viruses from the Yangzi River Delta region; this reassort-
ment likely occurred in eastern China in early 2012 (2,4,5).
Because infection with H7N9 virus does not cause overt dis-
ease in poultry, the spread of infection can be insidious, and
the exact modes and extent of geographic spread of the virus
remain unknown. Birds commonly used for egg and meat
production in China differ in their susceptibility, levels of
virus shedding, and ability to transmit the virus; data from
experimental infections indicate that quail and chickens are
possible candidates for virus transmission (6). Detailed anal-
ysis of viruses from human patients showed evidence for di-
versification through reassortment of the originally detected
viruses with strains from poultry in the same geographic re-
gion (7). Infection of humans is linked to exposure to poultry
or to environments where poultry are present; closure of live
poultry markets (LPMs) has had a measurable effect on con-
trolling the spread of infection (8,9).

After H7N9 virus was initially detected in eastern
China, the Guangdong Provincial Center for Disease Con-
trol and Prevention (CDC) implemented environmental
surveillance and syndromic surveillance in humans. After
H7N9 virus infection in humans was reported, enhanced
sentinel hospital surveillance and environmental sampling
programs were implemented to identify possible cases and
analyze the evolution of the virus. The first case of human
infection with H7N9 virus in Guangdong was confirmed
in a patient with severe pneumonia on August 10, 2013.
This case-patient was a 51-year-old female poultry worker
atalocal LPM in Huizhou city in Guangdong Province. No
other cases were reported until October 2013, when a wave
of cases began in several provinces, including Guangdong.
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We present results of ongoing environmental and human
syndromic surveillance for H7N9 virus circulation in
Guangdong Province, as well as virologic analyses related
to the natural history of this outbreak.

Materials and Methods

Syndromic Surveillance in Humans

Since April 16, 2013, enhanced surveillance for in-
fluenza A(H7N9) virus has been conducted in 28 sentinel
hospitals and 23 collaborating laboratories in 21 cities in
Guangdong Province, China. All specimens are first tested
for avian influenza A virus; specimens with positive results
are then further tested in the laboratories of the 21 city
CDCs for subtypes H5, H7, and H9 by using commercial
real-time reverse transcription PCR (RT-PCR) (Liferiver,
Shanghai ZJ Bio-Tech, Shanghai, China). Results are fur-
ther verified at the Guangdong Provincial CDC. H7-posi-
tive specimens are tested for N9 gene segments by using
real-time RT-PCR (2). H7N9-positive swab materials and
sputum samples are then blindly passaged for 2 or 3 gen-
erations in 9- or 10-day-old embryonated chicken eggs for
virus isolation. Hemagglutination-positive allantoic fluids
are collected, and viruses are subtyped by hemagglutina-
tion and neuraminidase inhibition (HI and NI) assays by us-
ing a panel of reference antiserum, as described by Huang
et al. (10). Standard precautions are taken to avoid cross-
contamination of specimens. All H7 influenza viruses iso-
lated from patients undergo complete genome sequencing.

Environmental Surveillance

In April 2013, the Guangdong Provincial CDC
launched an environmental surveillance program to moni-
tor for avian influenza viruses in LPMs. Environmental
samples were collected from LPMs in Guangdong Prov-
ince during April 15, 2013—February 28, 2014. Each week
during April 15-May 31, 2013, twenty environmental
samples per market were collected from selected markets
in 21 cities at the prefecture level. The environmental
sampling was done by collecting wet-swab specimens
from poultry feces, chicken epilator surfaces, chopping
board surfaces, cage surfaces, and sewage. If a human
H7N9 case was confirmed and the case-patient had ex-
posure in an LPM, >20 environmental samples would be
collected from that market.

Samples were collected from poultry feces by swab-
bing the surfaces of the chicken epilator, chopping boards,
and cages 4-8 times with separate cotton-tipped swabs
(Copan Italia, Brescia, Italy). The swabs were then inserted
into a tube containing 3 mL of virus transport medium (Co-
pan Italia) and stored at 4°C before shipping to the CDC
laboratory. At arrival in the laboratory, samples were vor-
texed and swabs were discarded. Total RNA and DNA
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were extracted simultaneously from 200 mL supernatant of
the sample by using the QIAamp minElute Virus Spin Kit
(QIAGEN, Crawley, UK), according to the manufacturer’s
instructions. Then, 5 mL of eluate was tested for influenza
A; thereafter, testing for subtypes HS5, H7, and H9 was
done by commercial real-time reverse transcription PCR
(RT-PCR) (Liferiver, Shanghai ZJ Bio-Tech). H7-positive
specimens were further subjected to N9 gene-specific RT-
PCR. Dual positive samples were blindly passaged for
2-3 generations in 9- to 10-day-old embryonated chicken
eggs for virus isolation. Hemagglutinin (HA)—positive
isolates were collected and further subtyped by HI and NI
assays using a panel of reference antiserum, as described
by Huang et al. (10). Standard precautions were taken to
avoid cross-contamination of specimens. Monoinfluenza
virus infection (without mixed infection of other subtypes)
was further confirmed by RT-PCR before whole-genome
sequencing. All H7N9 isolates from LPMs were subjected
to complete genome sequencing, as were 7 H9 influenza vi-
ruses that were isolated from different LPMs during May—
December 2013.

Whole-Genome Deep Sequencing

For all selected isolates, all 8 gene segments (HA,
neuraminidase [NA], nucleoprotein [NP], polymerase ba-
sic 1 [PB1] and 2 [PB2], polymerase acidic [PA], matrix
[M], and nonstructural [NS]) were sequenced by using a
next-generation sequencing strategy for influenza A virus
sequencing with the lon PGM System and PathAmp FIuA
Reagents (Life Technologies, Carlsbad, CA, USA). Viral
RNA extraction was performed by using the QIAamp Vi-
ral RNA Mini Kit (QIAGEN, Hilden, Germany). Reverse
transcription PCR amplification of all 8 gene segments
were performed by using PathAmp Flu A Preamplification
Reagents (Life Technologies). Amplicons were purified
and quantitated by using the Ampure XP purification kit
(Beckman, Brea, CA, USA). The genomic libraries were
prepared with the lon Xpress Plus Fragment Library Kit
(Life Technologies). Enzymatic fragmentation was used
for the 200-bp read protocol with a 10-min incubation time.
Samples were assigned barcodes by using the lon Xpress
Barcode Adapters 1-32 Kit (Life Technologies). Auto-
mated template preparation was performed by using the
lon OneTouch 2 System (lon PGM Template OT2 200 Kit;
Life Technologies). Final sequencing was performed with
the lon PGM Sequencing 200 Kit v2 (Life Technologies)
using the lon 316 Chip V2.

Genome Sequence Alignment

Genome sequence assembly was done with the patho-
gen analysis program of the lon PGM server (Life Tech-
nologies). Multiple sequence alignment against previously
published complete genome sequences of H7N9 and HON2
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viruses was performed by using ClustalW (http://www.
clustal.org) and BioEdit software version 7.14 (http://www.
mbio.ncsu.edu/bioedit/bioedit.html). The whole-genome
sequences were submitted to GISAID (http://www.gisaid.
org; accession nos. EP1148417 and EP1151429-151437).

Phylogenetic Analysis and Data Visualization

Maximum-likelihood trees were estimated for all 8
gene segments by using MEGA version 5.2 (http:/www.
megasoftware.net) with the general time reversible + G
model (11). To assess the robustness of individual nodes on
phylogenetic trees, a bootstrap resampling process (1,000
replications) and the neighbor-joining method were used.

The initial trees were constructed in PhyML by using
general time reversible + I + I'4 as the evolutionary model
(12). GARLI (https://code.google.com/p/garli/) was run on
the best tree from PhyML for 1 million generations to opti-
mize tree topology and branch lengths.

Results

Syndromic Surveillance

A total of 34,342 samples from patients with pneumo-
nia or influenza-like illness from 21 cities in Guangdong
Province were tested during April 2013—February 2014. Of
these, samples from 81 patients from 10 cities tested posi-
tive for influenza A(H7N9) virus. With the exception of 1
case confirmed in August 2013, all other cases were found
starting in October 2013. In total, 6 cases were confirmed
in 2013 and 75 in early 2014.

Patient characteristics are summarized in Table 1. Most
patients were male, and the median age of all patients was 52
years. Of the 81 patients, 70 (84%) had severe illness, which
likely reflected the design of the surveillance (hospitalized
patients). Twenty-two (27%) patients died; 14 remained hos-
pitalized as of May 2014, and 45 had recovered. Overall, 73
patients (90.1%) reported poultry contact (Table 1).

Environmental Surveillance

A total of 8,942 swab samples from LPMs were col-
lected and screened in laboratories of city CDCs at the pre-
fecture level and at Guangdong Provincial CDC (2). Over-
all, 425 samples (4.8%) from 13 cities tested positive for H7
viruses, and 1,050 (11.8%) from 19 cities were positive for
H9 viruses. The prevalence of viral genes in regions with
positive findings ranged from 1%-14% of swab samples
for H7 viruses and 1.7%—-27.5% for H9. The H9 detection
rate remained ~12% throughout the year, except during
June, when only 4% of samples tested positive. H9 viruses
were detected throughout Guangdong Province (19 of the
21 cities; Figure 1, panel A). In contrast, only 1 H7-virus
positive specimen was detected during March-September
2013 (in Meizhou in April), but detections of H7 viruses
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Table 1. Demographic and clinical characteristics of influenza
A(H7N9) case-patients detected through enhanced surveillance
in Guangdong Province, China, March 2013—February 2014

Characteristic No. (%) case-patients
Sex*
M 48 (59.3)
F 33 (40.7)
Age group, yt
<20 12 (14.8)
21-40 13 (16.0)
41-60 25 (30.9)
=61 31(38.3)
Exposure history
Live poultry market visit 47 (58.0)
Household poultry breeding 10 (12.3)
Poultry processing 5(6.2)
Mixed 11 (13.6)
None known 8 (9.9
Clinical use of oseltamivirt
Used 65 (80.2)
Unknown 16 (19.8)
Clinical condition
Influenza-like iliness 11 (13.6)
Pneumonia 14 (17.3)
Mild influenza 2 (2.5)
Severe influenza 54 (66.7)
Outcome
Death 22 (27.2)
Recovery 45 (55.6)
Hospitalization 14 (17.3)

*M:F sex ratio 1.5:1.

tMedian patient age 52.0 y.

FMean time from symptom onset to diagnosis 8.5 d; mean time from
symptom onset to use of oseltamivir 5.2 d.

increased beginning in October: from 1 site in October, 3
in November, 8 in January, and 7 in February. H7 viruses
were detected in the Pearl River Regions of Guangdong
Province (Figure 1, panel B). Human cases were found in
10 of the 13 cities where environmental samples were posi-
tive for H7, and in O of the 8 cities where no H7 viruses
were found in environmental samples (Figure 1).

Sequence Analysis

Internal Genes

Whole-genome sequences were determined for the
H7N9 virus isolates from 16 patients and 6 environmental
samples and for the 9 H9 viruses collected during environ-
mental surveillance. Phylogenetic trees were constructed
for each internal gene segment against all currently avail-
able H7N9 and HIN2 virus sequences from the National
Center for Biotechnology Information and GISAID. Phy-
logenetic analysis of the whole-genome sequences showed
the clear separation of PB2, PB1, and NS gene sequences
of the Guangdong patient isolates from those detected from
patients from eastern China (Figure 2).

Gene sequences on the same branch were reviewed to
identify region of origin; these sequences matched inter-
nal genes from HIN2 viruses detected in southern China
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Figure 1. Distribution of influenza A H9 (A)
and H7 (B) viruses, Guandong Province,
China, 2013-2014. Shading indicates
percentage of environmental swab
specimens from live poultry markets in
each region that were positive for each
influenza subtype by reverse transcription
PCR. Circles indicate locations of human
cases; larger circles indicate higher
numbers of cases.

(online Technical Appendix, http://wwnc.cdc.gov/EID/
article/20/12/14-0765-Techappl.pdf). M genes of all vi-
ruses clustered with the genes detected in viruses from the
main H7N9 virus cluster in 2013, whereas diversity was
seen in the PA (main 2013 variant and 2 additional lineag-
es) and NP (2 lineages) genes. Combined, the H7N9 virus
isolates that were sequenced appeared to represent at least
4 different reassortants (Table 2).

2037

HA and NA genes

The HA and NA genes of all H7N9 isolates from
Guangdong Province we analyzed had high sequence
identity (98.2%-99.7%) to viruses from other regions of
China detected throughout 2013. However, the Guang-
dong Province isolates branched off and clustered with
strains detected in Hong Kong during 2014 (online Tech-
nical Appendix).
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Figure 2. Timed phylogenies of internal gene segments of influenza A(H7N9) viruses detected in 16 patients from Guangdong Province,
China, 2008-2014. A) Polymerase basic 2; B) polymerase basic 1; C) polymerase acidic; D) nucleoprotein; E) matrix; F) nonstructural.
Avian HON2 viruses are shown in green, avian HIN2 viruses from Guangdong Province in blue, human H7N9 sequences from Guangdong
Province in pink, and human H7N9 sequences from the main case cluster in 2013 in eastern China in red. Blue boxes indicate clusters of
patient sequences on separate branches; numbers correspond with the reassortant numbers listed in Table 2, where 0 indicates original
genes from the 2013 cluster of influenza A(H7N9). Individual trees are shown in the online Technical Appendix (http://wwwnc.cdc.gov/EID/

article/20/12/14-0765-Techapp1.pdf).

Discussion

The outbreak of influenza A(H7N9) virus infection in
humans in Guangdong Province that started in late 2013
coincided with the emergence of influenza A H7 viruses
in LPMs as determined by environmental surveillance.
The strong association between detection of human H7N9
cases and presence of H7 viruses in LPMs confirms that
these market environments are sources of human exposure
(8,13). A key question is how the virus has been spreading
in China since the initial emergence in eastern China. A
risk-mapping approach taking into account LPM locations,
human population density, cropland irrigation, and meteo-
rologic conditions listed central Guangdong Province as a
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high-risk area (defined as probability of the presence of in-
fluenza A[H7N9] viruses) (14). Little is known, however,
about how H7N9 virus spreads and the prevalence of infec-
tion in commercial poultry flocks.

The data from our study suggest sources of human in-
fection in Guangdong Province are local. All sequenced vi-
ruses had evolved from the original strains through genetic
reassortment with internal genes originating from influenza
A(HINZ2) viruses commonly found in southern China. The
HA sequences of these viruses formed a distinct branch in
phylogenetic trees, which indicates that reassortment oc-
curred some time ago and suggests that local sources of
virus transmission in Guangdong Province have not been
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Table 2. Genomes of influenza A(H7N9) viruses detected in 16 patients and from environmental samples in Guangdong Province,

China*

Sample identification PB2 variant PB1 variant PA variant NP variant M variant NS variant

Patient samples
HZ-Y/01/2013 1 1 0 1 0 1
FS-Y/019/2014 1 1 0 1 0 1
FS2-Y/033/2014 1 1 0 1 0 1
FS2-T/034/2014 1 1 0 1 0 1
SZ-T/035/2014 1 1 0 1 0 1
SZ-Y/036/2014 1 1 0 1 0 1
A/Hong Kong/734/2014 1 1 0 1 0 1
DG-Y/02/2013 1 1 1 1 0 1
DG-T/03/2013 1 1 1 1 0 1
YJ-T/04/2013 1 1 1 1 0 1
YJ-T/05/2013 1 1 1 1 0 1
YJ2-T/012/2014 1 1 1 1 0 1
YJ2-Y/013/2014 1 1 1 1 0 1
FS-Y/029/2014 1 1 1 1 0 1
Hong Kong 2212982 1 1 1 1 0 1

GZ-T/010/2014

FS-Y/031/2014

SZ-T/026/2014
Environmental samples

Guangdong/02620/2014 1 1
Guangdong/24997/2014 1 1
Guangdong/0092/2014 1 1
Guangdong/02124/2014 1 1
Guangdong/25003/2014 1 1
Guangdong/02125/2014

Variant origin SC SC

0 1 0 1

0 1 0 1

1 1 0 1

1 1 0 1

1 1 X 1
PA-1: SC NP-1: SC SC
PA-2: EC NP-2: EC

*Lineages shown correlated with those shown Figure 2. Shading indicates grouping of 4 reassortant types. Variant origin (bottom rows) was derived from
phylogenetic trees and is indicated as SC (southern China) and EC (eastern China). Three of the 4 reassortant genomes were also detected through
environmental surveillance. M, matrix; NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic; PB, polymerase basic.

detected by surveillance activities. However, available data
are insufficient to determine how long influenza A(H7N9)
viruses have been circulating in this region.

The results from environmental surveillance suggest a
higher prevalence of HIN2 virus in Guangdong Province
poultry environments than in poultry environments in other
regions of China (15). Because live poultry is the primary
source of H7N9 virus (13,16-18), the coexistence with
HIN2 in the same susceptible population generates ap-
propriate conditions for the emergence of novel reassortant
variants such as those shown in this study.

In summary, our findings indicate that multiple strains
of H7N9 and H9N2 influenza viruses are circulating in
poultry in Guangdong Province, creating an environment
that is rich for reassortment of these viruses and that poses
an ongoing risk for human infection. Continued and uncon-
trolled co-circulation of multiple avian and other influenza
viruses that can infect humans pose a potential pandemic
threat; increased animal surveillance and further study of
the ecology of influenza viruses are essential.
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Innovation (to M.K.).

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014

Dr Ke is a senior scientist at Guangdong Provincial CDC,
Guangdong, China, and is involved in the diagnosis and mo-
lecular epidemiology research of zoonoses and emerging in-
fectious diseases.

References

1. Chen Y, Liang W, Yang S, Wu N, Gao H, Sheng J, et al. Human
infections with the emerging avian influenza A H7N9 virus from
wet market poultry: clinical analysis and characterisation of viral
genome. Lancet. 2013;381:1916-25. http://dx.doi.org/10.1016/
S0140-6736(13)60903-4

2. GaoR, CaoB, HuY, Feng Z, Wang D, Hu W, et al. Human infection
with a novel avian-origin influenza A (H7N9) virus. N Engl J Med.
2013;368:1888-97. http://dx.doi.org/10.1056/NEJMoal304459

3. Gao HN, Lu HZ, Cao B, Du B, Shang H, Gan JH, et al. Clinical
findings in 111 cases of influenza A (H7N9) virus infection.
N Engl J Med. 2013;368:2277-85. http://dx.doi.org/10.1056/
NEJMoal305584

4. Wu A, Su C, Wang D, Peng Y, Liu M, Hua S, et al. Sequential
reassortments underlie diverse influenza H7N9 genotypes in China.
Cell Host Microbe. 2013;14:446-52. http://dx.doi.org/10.1016/
j.chom.2013.09.001

5. Lam TT, Wang J, Shen Y, Zhou B, Duan L, Cheung CL, et al.
The genesis and source of the H7N9 influenza viruses causing
human infections in China. Nature. 2013;502:241-4. http://dx.doi.
org/10.1038/nature12515

6. Pantin-Jackwood MJ, Miller PJ, Spackman E, Swayne DE,
Susta L, Costa-Hurtado M, et al. Role of poultry in spread of novel
H7NO influenza virus in China. J Virol. 2014;88:5381-90. http://
dx.doi.org/10.1128/JV1.03689-13

2039



RES

10.

11.

12.

2040

EARCH

Cui L, Liu D, Shi W, Pan J, Qi X, Li X, et al. Dynamic reas-
sortments and genetic heterogeneity of the human-infecting
influenza A (H7N9) virus. Nat Commun. 2014;5:3142. http://dx.doi.
org/10.1038/ncomms4 142

AiJ, Huang Y, Xu K, Ren D, Qi X, Ji H, et al. Case-control study
of risk factors for human infection with influenza A(H7N9) virus
in Jiangsu Province, China, 2013. Euro Surveill. 2013;18:20510.
http://dx.doi.org/10.2807/1560-7917.ES2013.18.26.20510

Yu X, Jin T, Cui Y, Pu X, Li J, Xu J, et al. Coexistence of
influenza H7N9 and H9N2 in poultry linked to human H7N9
infection and their genome characteristics. J Virol. 2014;88:3423-31.
http://dx.doi.org/10.1128/JV1.02059-13

Huang K, Zhu H, Fan X, Wang J, Cheung CL, Duan L, et al. Estab-
lishment and lineage replacement of H6 influenza viruses in domestic
ducks in southern China. J Virol. 2012;86:6075-83. http://dx.doi.
0rg/10.1128/JV1.06389-11

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S.
MEGAS: molecular evolutionary genetics analysis using maxi-
mum likelihood, evolutionary distance, and maximum parsimony
methods. Mol Biol Evol. 2011;28:2731-9. http://dx.doi.org/10.
1093/molbev/msri21

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W,
Gascuel O. New algorithms and methods to estimate maximum-
likelihood phylogenies: assessing the performance of PhyML 3.0.
Syst Biol. 2010;59:307-21. http://dx.doi.org/10.1093/sysbio/syq010

13.

14.

15.

16.

17.

18.

Han J, Jin M, Zhang P, Liu J, Wang L, Wen D, et al. Epidemio-
logical link between exposure to poultry and all influenza A(H7N9)
confirmed cases in Huzhou city, China, March to May 2013. Euro
Surveill. 2013;18:pii:20481.

Fang LQ, Li XL, Liu K, Li YJ, Yao HW, Liang S, et al. Mapping
spread and risk of avian influenza A (H7N9) in China. Sci Rep.
2013;3:2722. http://dx.doi.org/10.1038/srep02722

Song R, Pang X, Yang P, Shu Y, Zhang Y, Wang Q, et al. Surveil-
lance of the first case of human avian influenza A (H7N9) virus in
Beijing, China. Infection. 2014;42:127-33.

LiQ, Zhou L, Zhou M, Chen Z, Li F, Wu H, et al. Epidemiology of hu-
man infections with avian influenza A(H7N9) virus in China. N Engl J
Med. 2014;370:520-32. http://dx.doi.org/10.1056/NEJMoal304617
Bao CJ, Cui LB, Zhou MH, Hong L, Gao GF, Wang H. Live-animal
markets and influenza A (H7N9) virus infection. N Engl J Med.
2013;368:2337-9. http://dx.doi.org/10.1056/NEJMc1306100
Zhang W, Wang L, Hu W, Ding F, Sun H, Li S, et al. Epidemiologic
characteristics of cases for influenza A(H7N9) virus infections in China.
Clin Infect Dis. 2013;57:619-20. http://dx.doi.org/10.1093/cid/cit277

Address for correspondence: Yonghui Zhang, Guangdong Provincial

Center for Disease Control and Prevention, No.160, Qunxian Road, Dashi
town, Panyu District, Guangzhou City, Guangdong Province, China;
email: zyh@cdcp.org.cn

SEARCH PAST ISSUES OF EID
AT WWWNC.CDC.GOV/EID

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 20, No. 12, December 2014



Effects of Knowledge, Attitudes,
and Practices of Primary Care
Providers on Antibiotic Selection,
United States

Guillermo V. Sanchez, Rebecca M. Roberts, Alison P. Albert, Darcia D. Johnson, and Lauri A. Hicks

Appropriate selection of antibiotic drugs is critical to
optimize treatment of infections and limit the spread of
antibiotic resistance. To better inform public health efforts
to improve prescribing of antibiotic drugs, we conducted
in-depth interviews with 36 primary care providers in the
United States (physicians, nurse practitioners, and physi-
cian assistants) to explore knowledge, attitudes, and self-
reported practices regarding antibiotic drug resistance and
antibiotic drug selection for common infections. Participants
were generally familiar with guideline recommendations for
antibiotic drug selection for common infections but did not
always comply with them. Reasons for nonadherence in-
cluded the belief that nonrecommended agents are more
likely to cure an infection, concern for patient or parent sat-
isfaction, and fear of infectious complications. Providers
inconsistently defined broad- and narrow-spectrum antibi-
otic agents. There was widespread concern for antibiotic
resistance; however, it was not commonly considered when
selecting therapy. Strategies to encourage use of first-line
agents are needed in addition to limiting unnecessary pre-
scribing of antibiotic drugs.

Antibiotic prescribing guidelines establish standards of
care, help focus efforts on quality improvement, and
have been shown to improve patient outcomes (1-3). Many
guidelines emphasize the importance of diagnostic certain-
ty for the management of bacterial upper respiratory tract
infections and promote f-lactam agents, such as amoxicil-
lin or amoxicillin-clavulanate, as the preferred first-line
therapy (4-6). Studies indicate that health care providers
often do not adhere to established clinical practice guide-
lines for the management of common infections (7-9). Pre-
scribing rates for second-line, broad-spectrum antibiotics
among outpatients have increased, contributing to a grow-
ing problem of antibiotic-resistant infections (10-14). It is
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not clear whether nonadherence is related to lack of famil-
iarity with clinical practice guidelines or if other factors in-
fluence antibiotic selection once a diagnosis is established.

Published qualitative studies that have examined an-
tibiotic selection among primary care providers (PCPs)
are outdated and focus on non-US-based physicians; they
do not include nurse practitioners or physician assistants,
who together comprise >25% of the US primary care work-
force (15-22). The objectives of this study are to explore
US PCP knowledge, attitudes, and self-reported practices
(KAPs) concerning antibiotic therapy, assess factors that
influence provider antibiotic choice, and provide an update
on PCP attitudes regarding antibiotic resistance.

Methods

We conducted in-depth interviews by digitally record-
ed telephone calls, and transcribed the recordings to text to
accurately and reliably assess PCP KAPs. The qualitative
method of an open-ended interview by telephone was cho-
sen to ensure candid and truthful answers from participants.
We composed a screening questionnaire to recruit physi-
cians, nurse practitioners (NPs), and physician assistants
(PAs) from a nationwide marketing database in the United
States. We initially contacted and screened potential partic-
ipants (online Technical Appendix Section A, wwwnc.cdc.
gov/ElD/article/20/12/14-0331-Techappl.pdf) using tele-
phones, email, and fax transmission of documents. Inclu-
sion criteria included self-reporting of spending >50% of
medical practice time in direct patient contact in a primary
care setting, >30 years of age, and fluency in the English
language. Interviewees were excluded from this study if
they had an immediate family member who was employed
in an industry that could represent a conflict of interest, in-
cluding advertising or public relations, the federal govern-
ment, market research, news media, or the pharmaceutical
industry; if they had board certification in a subspecialty
outside of primary care; or if they had practiced medicine
>30 years at the time of recruitment.
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Thirty-six PCPs were selected for the study. Special-
ties for the 27 physician participants selected included
pediatrics (n = 9), family medicine (n = 9), and internal
medicine (n = 9). Among PAs (n = 4) and NPs (n = 5),
6 practiced in family medicine settings and 3 practiced in
pediatrics. Provider specialty, years in practice, and demo-
graphic information are described in Table 1.

Interviews were conducted during May 2013. One
professional moderator who had >25 years of moderating
experience conducted all interviews. Based on a discussion
guide prepared by our research team (data not shown), par-
ticipants were first informed of the sponsoring organization
(Centers for Disease Control and Prevention, Atlanta, GA,
USA), the planned use of data, and presence of listeners;
they were then asked “warm-up” questions about the prac-
tice setting in which the participant worked and the patient
populations whom they served. Next, each interview pro-
ceeded through an ordered list of open-ended questions on
self-reported antibiotic prescribing practices, perceived
prescribing practices of their peers, attitudes toward clini-
cal practice guidelines for common bacterial infections,
knowledge of narrow- versus broad-spectrum antibiotic
agents, preferred resources and methods for medical edu-
cation and antibiotic treatment, and attitudes toward anti-
biotic resistance.

Participants were provided a worksheet before the
interview (online Technical Appendix, Section B) which
asked them to rank each of 12 factors on the basis of
its perceived influence on antibiotic selection when an
antibiotic is indicated (e.g., illness severity, patient de-
mand for an antibiotic, or clinical practice guidelines).
Worksheet answers were discussed and recorded during
the interview.

To assess compliance with clinical practice guidelines
and to evaluate clinical decision-making, each participant

Table 1. Characteristisc of primary care providers interviewed for
knowledge, attitudes, and practices in antibiotic drug selection,
United States™

Characteristic Physician,n=27 NP orPA, n=9
Sex
M 18 1
F 9 8
Race/ethnicity
White 18 9
Black 4 0
Asian 3 0
Hispanic 1 0
Other 1 0
Years in practice
<10 5 5
10-20 11 3
21-30 11 1
Medical specialty
Pediatrics 9 3
Family medicine 9 6
Internal medicine 9 0

*NP, nurse practitioner; PA, physician assistant.
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was given a clinical vignette about a patient (online Tech-
nical Appendix, Section C) who had a diagnosis of an
acute bacterial infection: acute otitis media (AOM) for
pediatricians, acute bacterial rhinosinusitis for internists,
acute uncomplicated cystitis for family practitioners, and
group A streptococcal pharyngitis for PAs and NPs. The
participant was asked to explain his or her rationale in
choosing an antibiotic agent and why other PCPs might
choose nonrecommended antibiotics. For the purposes of
this study, antibiotics considered to be broad-spectrum
include penicillins containing p-lactamase inhibitors
(e.g., amoxicillin/clavulanate), second through fifth gen-
eration cephalosporins, macrolides, quinolones, and lin-
comycin derivatives. Narrow-spectrum agents include
penicillins (e.g., amoxicillin), first generation cephalospo-
rins, sulfonamides, and nitrofurantoin. Each participant
received a cash incentive after the interview in exchange
for participating.

Interviews were transcribed by project staff, and each
member of the research team either listened to interview
recordings or read corresponding interview transcripts.
Relevant excerpts were coded into compilations of refer-
ences to specific themes and were used to identify the most
frequent responses to discussion topics outlined in the dis-
cussion guide. We identified common themes using both
inductive and deductive methods that were reviewed by
all authors. Author disagreement on theme selections were
discussed until a consensus was met. If no consensus was
met by most study authors, the theme was excluded from
our results. We performed in-depth analyses of themes by
reading and coding transcribed responses using Nvivo 9
(QSR International, Burlington, MA). This study was re-
viewed and approved for exemption status by the Human
Research Protection Office of the Centers for Disease Con-
trol and Prevention.

Results

We conducted 36 interviews, each lasting ~45 min-
utes. Through analysis of provider in-depth interviews,
several common themes regarding antibiotic prescribing
and antibiotic resistance were identified (Table 2).

Antibiotic Selection

PCPs generally cited little difficulty selecting anti-
biotic treatments for common infections, but indicated
that allergies, complicated medical histories, and recur-
rent infections regularly make antibiotic selection more
challenging. Previous experience and familiarity with an
agent were frequently cited as influential factors when
choosing antibiotic therapy. Results from the ranking ex-
ercise suggest that illness severity, medical history, and
clinical practice guidelines were important considerations
across all specialties.

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 20, No. 12, December 2014
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Table 2. Topics and quotations from in-depth interviews with primary care providers regarding antibiotic therapy and antibiotic
resistance, United States

Topic

Quotation

Antibiotic selection “We as doctors are business people. We're no different than running a shoe store. If somebody comes in and

wants black shoes, you don't sell them white shoes. And if you do, they get upset. You can convince a patient,
look if | were you | wouldn't take this antibiotic... but patients in general don’t understand that concept of not taking
it if you don't need it... [and] if you don't give it to them, they don’t come back to you.”

“The patient [may] call you up and... tell you ... call me in some X, Y or Z because everybody wants to hurry up
and get better faster. Sometimes [you worry] about 1-800 call you-know-lawyer. [Maybe] you don’t have a
standing relationship with the patient and you don'’t know [if they will] come back if they are not getting better. All
of those things [affect antibiotic selection]. But if you are pretty comfortable and have a good relationship [with a
patient], you [may] not necessarily go straight to a broad-spectrum antibiotic.”

“[Broad-spectrum antibiotics] take the thinking out of it for me so that | am not trying to figure out what the
organism is and [which] particular antibiotic treats the organism.”

“It's very simple. Patients come to the doctor and they want an antibiotic. If they don't get better, they get upset... |
had a patient who came to me who had bronchitis and | started her on azithromycin... however, she did not get
better. She came to see my colleague and [he] did not change the antibiotic, but gave her Prednisone and that got
her better within 24 hours. She was mad at me, because | apparently did not give her ‘the right antibiotic’ and my
partner did.”

Broad- and
narrow-spectrum
definitions

“If it's narrow, it [covers] one particular class of organism like gram-negative. If it's broad, it's going to be different
types like gram-negative, gram-positive, anaerobes to treat a wider spectrum of infections.”

“The more bacteria the antibiotic works ...against, you call it broader. If this antibiotic only works against one or
two types of bacteria, then that is a narrow-spectrum [antibiotic].”

“The one thing no one’s going to argue about is penicillin being narrow-spectrum.”

“Amoxicillin is a great example of a very broad-spectrum antibiotic.”

“I guess it is pretty subjective, the definition [of broad- versus narrow-spectrum antibiotics].”

Education and
resources for
antibiotic
treatment

“During residency...when you see patients with different conditions and decide how you want to treat them and
see how the attending... chooses to treat them, | think that's when you learn the most.”

“I think there needs to be more education to providers about the real dangers of antibiotic resistance. You get
taught that in school and ... you don't ever hear about it again, and you get busy in your practice, it's not your
number one priority. And you... get to where you really don't think about it, but it is a huge issue.”

“I think [focusing education efforts only on students and residents] would be a mistake. | think that's the conclusion
you would draw if you assume the rest of the system stayed unchanged. If you just focus on the young doctors
you're still going to wait 15 years for that change to take place.”

Changing
prescribing habits

“Habits are hard to change. | will say that. So if someone’s used to writing Zithromax... they’re not going to stop
because it's easy, patients want it, and they want the patients to go away and be happy. But | think pushing the
knowledge is helpful, and change takes time.”

“[Physicians] tend to be rigid. That's it, really; a new generation that has learned its own rigid rules that come in
and replace the previous... It's not that any new crop of doctors is any more malleable, it's the fact that
everybody's not malleable... [they] resort to the way they were during residency.”

“Patients don't realize [antibiotic resistance could affect them] and some of them don’t even care. You can say
‘one day you're going to [have a resistant infection]’ and they’ll say ‘oh, they’ll make more [drugs]’.”

Antibiotic
resistance

“It is very scary because we are seeing increasingly resistant germs. We had a lady in the office the other day
[with] a urinary infection [resistant to] every single oral antibiotic on the entire list of the culture and sensitivity
report. There wasn't a single oral medicine that could be used... It was resistant to everything.”

“We haven't had a new antibiotic for at least 10 years and something is going to happen one of these days. We
are going to get a big, big multi-drug resistant bacteria and we are going to end up with nothing to treat this
thing... and then we are going to be in trouble. That is my main concern.”

When asked why their peers made inappropriate
choices regarding antibiotic selection, responses varied.
The most common perceived reasons for inappropriate
antibiotic prescribing were pressure from patients or
parents; desire to prevent litigation as a result of com-
plications of infections; concern for patient or parent
satisfaction with the visit; and perceived decreases in
visit length. llInesses for which participants believed ap-
propriate antibiotic selection was more difficult for their
peers included sinus infections and recurrent urinary
tract infections.

Broad-spectrum agents were widely thought to be
more successful for curing an infection than narrow-spec-
trum antibiotics. One participant noted that broad-spectrum
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antibiotics are often chosen because less uncertainty exists
regarding the adequacy of antimicrobial activity, which
is why they may be commonly selected even if a narrow-
spectrum agent is indicated. When asked whether antibi-
otic spectrum was a consideration when prescribing an an-
tibiotic, participants indicated that it was generally not as
important as choosing a drug known to successfully treat
the infection. Choosing a narrow-spectrum agent was per-
ceived to be a more attractive option when the diagnosis
was more certain or when a patient was perceived to have a
benign clinical condition.

PCPs commonly perceived that patients expect an
antibiotic for clinical visits, contributing to a shared feel-
ing of pressure among PCPs to satisfy patients. Concern
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was further expressed that patient satisfaction scores are
a common method by which providers are evaluated by
hospital administration and insurance companies and that
this may inadvertently contribute to more frequent anti-
biotic prescribing. Some participants believed that such
evaluation methods could be a barrier to appropriate anti-
biotic use. PCPs in private practice said they were particu-
larly sensitive to patient desires and were concerned that
their patients might leave their practice in favor of another
physician if their expectations were not met.

Several participants believed other health care pro-
viders’ prescribing behaviors negatively affected their
own. For example, if a patient sees a PCP and receives
a course of antibiotics, and later visits another PCP for
a separate infection with the same symptoms, they have
the established expectation to receive another course of
antibiotics. As a result, the new provider feels pressured
by such expectations to prescribe antibiotics even if they
may be inappropriate.

Responses to the clinical vignettes were generally in
line with the recommended first-line therapies. Among
9 participants given a case describing acute bacterial si-
nusitis, 7 appropriately chose amoxicillin or amoxicillin/
clavulanate. One participant chose to treat the patient with
moxifloxacin, and another chose azithromycin. Sixteen of
18 PCPs given clinical vignettes of either AOM or group
A streptococcal pharyngitis selected the recommended
first-line treatments amoxicillin or penicillin. In response
to the clinical vignette for acute cystitis, only 4 of 9 fami-
ly practitioners selected the first-line agent nitrofurantoin;
4 others chose to treat the patient with a fluoroquinolone,
and 1 chose to prescribe trimethoprim-sulfamethoxazole.

Broad- and Narrow-Spectrum Definitions

Participants had no shared definition of “broad-spec-
trum antibiotic” or “narrow-spectrum antibiotic” regard-
less of specialty or number of years in practice. When
asked to define broad- versus narrow-spectrum antibiot-
ics, responses varied (Table 2). Although many partici-
pants believed antibiotic spectrum referred to the classes
of bacteria (gram-positive, gram-negative, or anaerobic)
treated, others believed it referred to the number of patho-
gens addressed (e.g., a narrow-spectrum antibiotic might
affect only 2 or 3 pathogens and a broad-spectrum antibi-
otic might affect many).

Although some participants correctly identified amoxi-
cillin as a narrow-spectrum agent, and azithromycin as a
broad-spectrum agent, many participants were uncertain of
the spectrum of antimicrobial activity for these 2 widely
used antibiotics. In general, participants were able to cor-
rectly identify fluoroquinolones and later-generation ceph-
alosporins as broad-spectrum agents, especially in relation
to other antibiotics. Many participants agreed that broad-
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and narrow-spectrum antibiotics were not uniformly de-
fined among their colleagues.

Changing Prescribing Habits

Respondents believed that changing prescribing be-
haviors is a difficult task. When asked why some health
care providers are reluctant to change their prescribing
practices, many participants believed that health care pro-
viders are used to the way they have been practicing medi-
cine for years. They believed that even when providers are
familiar with established clinical practice guidelines, it
may not matter because they seldom change their prescrib-
ing behaviors. Several respondents believed the best way
to change antibiotic prescribing behavior is to change the
expectations of patients so the pressure to prescribe antibi-
otics is reduced.

Respondents’ preference of how they would like to
receive information regarding antibiotic selection varied.
Some participants suggested incorporating information in
the electronic medical record to improve prescribing (e.g.,
a clinical decision support prompt would display on the
computer in use if a physician entered an order for a pre-
scription that is not standard for the diagnosis). One fre-
quent suggestion to improve antibiotic prescribing was to
have a quick reference guide for each major diagnosis, in-
cluding antibiotic indications and causative pathogens. An-
other suggestion was to have a mobile telephone applica-
tion available without Internet access. Several respondents
saw value in having easy access to antibiotic resistance data
for their local area.

Concern for Antibiotic Resistance

Participants generally agreed that antibiotic resistance
is a concern for their patients and for public health; how-
ever, it was not commonly mentioned as a factor when con-
sidering which antibiotic to prescribe. Several participants
expressed serious concerns about the availability of effec-
tive antibiotic therapies in the future related to increases in
antibiotic resistance. Respondents also noted an increasing
frequency of patients who were reluctant to begin antibiot-
ics or complete their course of antibiotics because of con-
cerns about antibiotic resistance.

Discussion

Our study shows that PCPs do not always adhere to
guidelines because they believe broad-spectrum antibi-
otics may be more likely to cure an infection, a finding
corroborated by the well-documented overuse of broad-
spectrum antibiotics (23). However, the perception of
better cure rates when using broad-spectrum agents is
unfounded. For example, Streptococcus pneumoniae, a
pathogen frequently implicated in bacterial respiratory
infections, has a much higher prevalence of resistance
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to macrolides than it does to amoxicillin (24,25). Nev-
ertheless, azithromycin is often chosen over amoxicillin
for the empiric treatment for AOM, sinusitis, and other
respiratory infections (25,26). Similarly, for the treat-
ment for acute uncomplicated cystitis, widespread use of
fluoroquinolones has contributed to rising antimicrobial
resistance, rendering ciprofloxacin far less active against
urinary tract Escherichia coli infections than the more
narrow-spectrum, first-line agent nitrofurantoin (27). The
perceived association between broad-spectrum antibiotic
use and better cure rates may regularly contribute to inap-
propriate antibiotic selection and warrants further atten-
tion from appropriate antibiotic use initiatives.

There is no widely accepted definition of broad- ver-
sus narrow-spectrum antibiotics among PCPs or their pro-
fessional organizations. Although a list of “antibiotics of
concern” has been published by the National Committee
on Quality Assurance (28) and has been used in previous
research to classify antibiotics as broad-spectrum (29,30),
the list was not originally intended for this purpose. Clini-
cal practice guidelines emphasize use of narrow-spectrum
antimicrobial agents instead of their broad-spectrum
counterparts (4,5,31,32). However, the effect of these
messages may be limited because of lack of clarity re-
garding what constitutes a narrow- versus broad-spectrum
antibiotic. For example, few participants in our study were
able to confidently categorize macrolides and penicillins,
which are among the most commonly prescribed classes
of antibiotics (33), as broad or narrow spectrum. Although
this issue is largely one of semantics, it has critical impli-
cations for medical education, public health messaging,
and community antibiotic resistance. Communication to
PCPs related to antibiotic choice should not focus on di-
chotomous narrow- versus broad-spectrum terminology,
but rather promote specific recommended first-line and
targeted antibiotic therapies for individual diagnoses.

Compared with results of previous qualitative stud-
ies, PCPs participating in this study expressed greater
urgency regarding antibiotic resistance. For example, in
a 1998 qualitative study exploring driving factors of an-
tibiotic misuse, a principal barrier to change in antibiotic
prescribing was the attitude that antibiotic resistance was
not an important problem (19). Another study published
in the same year noted similar findings (21). Conversely,
not a single provider in this study dismissed antibiotic
resistance as being a minor issue, and several expressed
grave concerns about antibiotic resistance based on their
own experiences.

Modifying prescriber behavior is a complex and dif-
ficult task. Multifaceted interventions that involve a combi-
nation of interactive group meetings, outreach visits to in-
dividual physicians, physician reminders, or patient-based
interventions (e.g., delayed prescribing practices) have
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shown the most promise in changing prescribing behav-
iors in ambulatory care settings (34,35). Previous studies
confirm that patients desire antibiotics less frequently than
providers perceive and that inappropriate prescribing is a
common result of this miscommunication (21,36,37). This
finding suggests that an effective target for intervention is
narrowing the gap between patient expectations and clini-
cian perception of these expectations for antibiotics. Re-
gardless of the intervention considered for promoting ap-
propriate antibiotic use, the concerns of PCPs highlighted
in this study should be addressed. This includes reassuring
providers of the efficacy of first-line and targeted therapies,
clarifying the role of antibiotic prescriptions in patient sat-
isfaction, and providing resources that streamline patient
education efforts in primary care settings.

This study has limitations, however. Although in-depth
interviews are an effective method to explore individual pro-
viders’ KAPs, we cannot generalize our findings to the PCP
population as a whole because of the lack of external validity
inherent in this type of qualitative research. Similarly, the
clinicians who were screened, selected for participation,
and agreed to be interviewed may hold stronger opinions
about this topic than those who were excluded or declined
to participate.

Our study suggests that inappropriate antibiotic selec-
tion among PCPs is not caused by lack of familiarity with
guideline recommendations. Rather, this practice is the re-
sult of a complex interaction between perceived better cure
rates for nonrecommended therapies and attempts to meet
demands typical in primary care settings.

Future research efforts should be aimed at investigat-
ing effective incentives for appropriate antibiotic prescrib-
ing and determining alternative communication strategies
to encourage use of first-line agents. Although most efforts
have focused on reducing unnecessary antibiotic use, more
research is needed to clarify which interventions improve
antibiotic selection. Although awareness regarding antibi-
otic resistance appears to be improving, ongoing education
efforts promoting appropriate antibiotic use among both
patients and health care providers (e.g., CDC’s Get Smart:
Know When Antibiotics Work Program) are critical to ad-
dressing the growing threat of antibiotic resistance.
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Accuracy of Herdsmen Reporting
versus Serologic Testing for
Estimating Foot-and-Mouth
Disease Prevalence

Kenton L. Morgan, lan G. Handel, Vincent N. Tanya, Saidou M. Hamman, Charles Nfon,!
Ingrid E. Bergman, Viviana Malirat, Karl J. Sorensen, and Barend M. de C. Bronsvoort

Herdsman-reported disease prevalence is widely used
in veterinary epidemiologic studies, especially for diseases
with visible external lesions; however, the accuracy of such
reports is rarely validated. Thus, we used latent class analy-
sis in a Bayesian framework to compare sensitivity and
specificity of herdsman reporting with virus neutralization
testing and use of 3 nonstructural protein ELISAs for esti-
mates of foot-and-mouth disease (FMD) prevalence on the
Adamawa plateau of Cameroon in 2000. Herdsman-report-
ed estimates in this FMD-endemic area were comparable
to those obtained from serologic testing. To harness to this
cost-effective resource of monitoring emerging infectious
diseases, we suggest that estimates of the sensitivity and
specificity of herdsmen reporting should be done in parallel
with serologic surveys of other animal diseases.

wner-, farmer-, or herdsman-reported disease preva-

lence is widely used in veterinary epidemiologic stud-
ies (1-6), especially for diseases that produce visible ex-
ternal lesions (e.g., ovine myiasis, foot-and-mouth disease
[FMD]) (1,5) or characteristic clinical signs (e.g., scrapie)
(7). For such interview- or questionnaire-based reporting,
a common criticism is lack of external validation because
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questionnaires, like other measuring devices, need to be
calibrated. External validation is usually approached by
comparing questionnaire data with data measured by other
methods such as visual inspection (8-10), photographs (11),
selection of clinical signs (2,4), laboratory test results (12),
or other (4,13). These approaches, however, are difficult
to use in poorer countries and pastoral populations, where
there are limited resources and no comparison data. We
estimated sensitivity and specificity of herdsman-reported
FMD prevalence in the Adamawa plateau, Cameroon, and
compared herdsmen’s estimates with serologic test results.

FMD is a highly contagious viral disease of even-toed
ungulates, caused by FMD viruses in the family Picorna-
viridae. Globally, FMD is a major disease of livestock be-
cause it leads to production losses and restrictions on trade
with FMD-free countries (14). Clinical signs in cattle are
distinct: vesicles on the tongue, gums, coronary band, and
occasionally, udder. Animals salivate and are febrile, lame,
and inappetant. Ruptured vesicles leave ulcers with charac-
teristic underrun epithelial tissue at the edges (15).

To assess herdsmen’s ability to correctly identify
FMD and to compare the sensitivity and specificity of
herdsman reporting with that of serologic testing, we con-
ducted a cross-sectional study of FMD on the Adamawa
plateau, the major cattle-rearing area of Cameroon. We
used a structured questionnaire, administered by inter-
view, to determine whether herdsmen had seen FMD in
their herds in the previous 1 and 2 years (5,16). Their abil-
ity to correctly identify FMD was also assessed by show-
ing them color photographs of typical lesions. To estimate
the sensitivity and specificity of the various estimates, we
used Bayesian latent class models. These estimates were

!Current affiliation: Canadian Food Inspection Agency, Winnipeg,
Manitoba, Canada.
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arrived at by restricting the age of cattle analyzed by virus
neutralization (VN) testing to <2 years and by adopting
evidence that nonstructural protein (NSP) antibody ti-
ters fall more rapidly (over =1 year) than VN antibodies
(17,18). The study was conducted in accordance with the
Cameroonian Ministry of Research guidelines and with
approval from the University of Liverpool ethics commit-
tee in 1999.

Materials and Methods

Study Population

The study population is described elsewhere (5). In
brief, a database of 13,006 herds was constructed from
rinderpest vaccination records from 88 veterinary centers
across the Adamawa region. This region is ~64,000 km?,
lies between latitudes 6°N and 8°N, and is divided into 5
administrative divisions (Vina, Mbere, Mayo Banyo, Djer-
em, and Faro and Deo).

Study Design

We used a cross-sectional study design and 2-stage
stratified random cluster sample to select 147 herds in
2000. The sample size was chosen to enable a herd sero-
prevalence of 50% to be estimated with 9% accuracy and
90% confidence; we increased the number of samples se-
lected by 10% (inflation) to allow for refusals (5).

From each herd, a minimum of 5 adult (>24 months)
and 5 juvenile (8—24 months) cattle were randomly sam-
pled (5,16). We used samples from juvenile cattle only.
With a sample of this size, the probability of detecting at
least 1 seropositive animal in a herd of 70 was 95%, assum-
ing within-herd seroprevalence of 50% and test sensitivity
and specificity of 100% each. The lower age limit was set
at 8 months to minimize misclassification associated with
maternal antibodies. In herds with <5 animals in the appro-
priate age group, all animals in that group were sampled.
The number of animals presented for sampling from each
herd was 7-81 (median 35, mean 37.4).

Sampling

Blood was collected by jugular venipuncture into
10-mL Vacutainer tubes (Becton Dickinson, Franklin
Lakes, NJ, USA), allowed to clot, and then separated in a
12-volt portable field centrifuge (Vulcon Technologies,
Grandview, MO, USA). Serum was collected into two
1.8-mL cryovials (Nunc. Roskilde, Denmark) and kept
at 4°C in a portable gas refrigerator for up to 14 days
before being frozen and stored at —20°C. Samples were
transported on dry ice to the World Reference Labora-
tory for Foot-and-Mouth Disease in Pirbright, UK, and
stored at —20°C.
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Questionnaire

To collect data from herdsmen, we used a structured,
interview-based questionnaire, administered in Fulfulde
(the language of the Fulani people) (5,19). The question-
naire asked whether respondents had observed FMD in
their herd in the previous year and (separate question) in
the previous 2 years.

Photographs

Herdsmen were asked to identify the diseases shown
in 3 A4-sized photographs: a bovine tongue with a rup-
tured FMD vesicle, a bovine foot with ruptured FMD
vesicles, and a bovid with lumpy skin disease (Capripox-
viridae, Poxviridae). The interviewer oriented the viewer
as to what was on the photograph, pointing out relevant
anatomic, but not pathologic, features. A herdsman was
described as being able to recognize FMD if he identi-
fied at least 1 of the FMD photographs correctly and ei-
ther identified or recognized lumpy skin disease as not
being FMD.

VN Testing

VN testing was performed according to the World Or-
ganisation for Animal Health/World Reference Laboratory
protocol (20). Details are described elsewhere (21). VN re-
sults for each herd were then combined so that if positive
results were found for any of the 3 virus serotypes (O, A,
SAT?2), that animal was considered positive.

ELISA Testing

To test for antibodies against NSP, we used 3 ELISAS:
indirect (1)-ELISA, CHEKIT-ELISA, and competitive
(C)-ELISA. Each is described below.

For screening with the I-ELISA 3ABC (I-ELISA),
aliquots of heat-treated serum (56°C for 2 h) were sent to
Panaftosa, Brazil. This test is described elsewhere (22,23).
Two samples had insufficient serum for the [-ELISA, so
this testing was performed for 1,375 animals, 651 of which
were 8—24 months of age.

The CHEKIT-3ABC-FMD ELISA (CHEKIT-ELISA)
is described elsewhere (23). Testing was performed by au-
thor B.M.de C.B. at the World Reference Laboratory for
Foot-and-Mouth Disease, according to the manufacturer’s
instructions.

The C-ELISA was performed as described (24,25). Test-
ing was conducted by author K.J.S. at the Danish Institute for
Food and Veterinary Research in Kalvehave, Denmark.

Comparison of Herdsman Reporting and
Serologic Testing

First, herdsmen’s reports of disease in their herd in
the previous 2 years were compared with VN test results
for cattle 8-24 months of age in the same herd. Second,
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herdsmen’s reports of disease in the previous year were
compared with antibodies against NSP determined by all 3
NSP ELISAs.

Statistical Analyses

Prevalence estimates were conducted by using STA-
TA version 6.0 (http://www.stata.com). To avoid bias in
point and variance estimates, we incorporated stratification
and cluster effects with svymean or svyprop commands and
strata (administrative division), psu (veterinary center),
and pweight (probability weightings) (5).

Sensitivity and specificity of serologic testing and
herdsmen reporting were estimated by using a Bayesian
latent class model (24,26,27) and the JAGS (Just Another
Gibbs Sampler) (http://mcmc-jags.sourceforge.net/) soft-
ware package in R. This technique requires use of at least 2
tests that are conditionally independent (i.e., that if the true
disease status of an animal were known, the outcome of 1
test would not influence the probability of a positive or neg-
ative result in the other). This technique also requires that
prior distributions are specified for test properties and prev-
alence. The serologic tests were assigned a prior distribu-
tion of B (3,1) according to previous estimates of sensitivity
and specificity (23). Herdsmen’s reports were assigned an
uninformed distribution of § (1,1), which is equivalent to a
uniform distribution between 0 and 1 and implies no prior
knowledge of test performance.

Sensitivity and specificity were estimated by using
a Markov chain Monte Carlo technique and Gibbs sam-
pling (28,29), which involves sampling from the posterior
distribution of interest and calculating the relevant mea-
sures (e.g., means, medians, and standard deviations of
the parameters). This iterative procedure involves burn-in,
checking for convergence of the sample chain, and then
sampling from the posterior distribution. In this model, the
first 50,000 iterations were discarded as burn-in, and ev-
ery 100th of the following 200,000 iterations were kept for
posterior inference. Convergence was assessed by visual

inspection of the time-series plots for the parameters and
by using Gelman and Rubin diagnostic plots from 3 sample
chains with different starting values (30).

The posterior means, medians, and 95% credibility
intervals (PCls) for sensitivity, specificity, and prevalence
were calculated. Because no differences between means
and medians were found, means were reported; the primary
results were 95% PCls.

When comparing herdsmen’s reports of FMD in the
previous 2 years with VN test results, sensitivity and speci-
ficity could not be allowed to vary across populations be-
cause there were only 2 tests. However when 3 NSP tests
were used, sensitivity and specificity of herdsmen’s reports
were allowed to vary across populations, depending on fac-
tors such as whether the herdsmen watched the animals
daily, whether the owner was of Fulani or Mbororo ethnic-
ity, or whether the herdsmen could recognize FMD lesions
from pictures. To examine differences between prevalence
and disease recognition in photographs, we used 2 testing.

Results

Response Rate

Of the 147 herds selected, 146 (99.3%) were sampled.
Flooding prevented access to 1 herd. Blood was collected
from 1,377 animals, 651 of which were 8—24 months of age
(142 herds). One herd was excluded because antibody test
results were missing, leaving 141 herds from which blood
was collected.

FMD Prevalence during Previous 2 Years

Herdsmen reported that 78.2% herds had been infected
with FMD at least once during the previous 2 years. VN
testing results indicated an estimated 80.3% prevalence
(Table 1). Prevalence estimated by both methods differed
among administrative divisions. FMD in the previous 2
years was reported by all herdsmen in Faro and Deo but by

Table 1. Prevalence of FMD among cattle, Adamawa plateau, Cameroon, according to different surveillance methods, 2000*

Administrative Previous 2 years, % (95% CI)t

Previous 1 year, % (95% CI)t

division Herdsmen'’s reports VN testing Herdsmen's reports I-ELISA CHEKIT-ELISA C-ELISA
Vina 89.6 85.1 76.6 74.5 29.8 70.2
(83.0-96.1) (76.4-93.8) (66.4-86.8) (64.9-84.0) (16.3-43.2) (58.6-81.8)
Mbere 72.0 76.0 54.4 50.8 15.8 56.1
(55.0-89.0) (57.0-95.0) (32.6-76.1) (33.0-68.8) (1.8-29.7) (32.6-79.7)
Djerem 54.8 59.2 35.7 55.4 16.1 375
(34.7-74.9) (48.0-70.6) (19.1-52.3) (45.0-65.7) (1.7-30.4) (24.1-50.9)
Mayo Banyo 78.6 85.7 43.9 50.1 12.1 63.6
(66.0-91.2) (76.2-95.2) (22.5-65.4) (39.4-78.8) (0.7-23.5) (44.5-82.8)
Faro and Deo 100 100 73.3 73.3 40.0 73.3
(62.2-84.5) (52.4-94.3) (28.8-51.2) (52.4-94.2)
Overall 78.2 80.3 57.4 63.0 21.8 60.4
(72.1-84.3) (75.0-85.6) (49.8-65.1) (56.2-69.9) (15.6-28.0) (52.6-68.2)

*FMD, foot-and-mouth disease; VN, virus neutralization.

TCls adjusted for stratification by administrative division and clustering of herds by veterinary center.
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only 55% in Djerem. Prevalence estimates obtained by VN
testing were similar (Table 1).

FMD Prevalence during Previous Year

For the previous year, ~60% of herdsmen reported hav-
ing noticed FMD in their herds. This prevalence estimate
was similar to that obtained by I-ELISA and C-ELISA but
considerably more than that estimated by CHEKIT-ELISA
(Table 1). The differences in reported prevalence among
administrative divisions for the previous 2 years were also
found for the previous year. (Table 1.)

Sensitivity and Specificity

Overall sensitivity of herdsmen’s reports of FMD in
the past 2 years was 95.7% (95% PCI 88.7%-99.8%) and
specificity was 60% (95% PCI 44.3%—77.5%). These rates
were remarkably similar to those determined by VN testing
for serum antibodies in juvenile cattle (sensitivity 95.2%
[95% PCI 89.6%—-99.1%] and specificity 59.9% [95% PCI
45.6%—77.2%)]).

Overall sensitivity of herdsmen’s reports of FMD in
the previous year was 84.0% (95% PCI 75.1%-92.2%) and
specificity was 75.1% (95% PCI 62.7%—85.1%). Sensitivity
of herdsmen’s reports was significantly lower than that of
I-ELISA (97.1% [95% PCI 91.0%—99.9%]) and C-ELISA
(97.5%1[95% PCI 91.9%—-99.9%]). Specificity of herdsmen’s
reports was also slightly lower than that of I-ELISA (79.6%
[95% PCI 68.0%-89.6%]) and C-ELISA (86.5% [95% PCI
75.1%-95.7%]) but not significantly so. Sensitivity was poor
for CHECKIT-ELISA (37.2% [95% PCI 27.0%—48.1%)]),
but specificity was high (92.8% [95% PCI 85.0%—98.1%]).

Differences among administrative divisions were
marked. The sensitivity of herdsmen’s reports was highest
for Vina (94.3%) and lowest for Djerem (57.8%); specific-
ity was highest for Mayo Banyo (92.0%) and lowest for
Faro and Deo (33.1%) (Table 2.)

Sensitivity, but not specificity, of herdsmen’s reports
differed among ethnic groups. Sensitivity was greater for

Table 2. No—gold standard estimation of herd-level sensitivity and
specificity of herdsman reporting of FMD in administrative
divisions of the Adamawa plateau, Cameroon*
Administrative Sensitivity, %

Specificity, %

division (95% PCI) (95% PCI)
Vina 94.3 70.6
(84.2-99.4) (44.6-91.3)
Mbere 77.2 69.3
(50.7-96.5) (42.0-91.0)
Djerem 57.8 73.1
(29.0-84.6) (51.4-90.3)
Mayo Banyo 76.3 92.0
(52.8-95.0) (72.8-99.8)
Faro and Deo 69.1 33.1
(42.9-90.4) (5.2-71.4)
Overall 84.0 74.6
(75.1-92.2) (62.7-85.1)

*FMD, foot-and-mouth disease; PCI, posterior credibility interval.
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the Fulani (90.3% [795% PCI 8.7%-98.0%]) than for the
Mbororo people (73.8% [95% PCI 57.5%—87.5%]); p
< 0.001. Specificity for the Fulani was 72.4% (95% PCI
53.2%—-88.2%) and for the Mbororo was 76.4% (95% PCI
60.4%—89.5%).

Reporting accuracy did not differ between herd own-
ers and nonowners. Sensitivities were 79.3% (95% PCI
61.2%-92.8) and 82.9 (95% PCI 71.8%-92.2%), and spec-
ificities were 73.7% (95% PCI 52.0%-91.5%) and 74.4%
(95% PCI 59.8%—86.8%), respectively.

Similarly, reporting accuracy did not differ between
respondents who watched cattle daily and those who did
not. Sensitivities were 88.5% (95% PCI 75.6%—97.3%)
and 76.9% (95% PCI 63.9%-88.2%), and specificities
were 71.9% (95% PCI 49.6%-89.7%) and 75.1% (95%
PCI 60.6-87.5%), respectively.

Herdsmen Identification of FMD in Photographs

FMD was correctly identified on 1 of 2 photographs by
more than two thirds (69.3% [95% CI 61.4%—77.2%]) of
herdsmen; 60.4% (95% CI 53.2%—67.7%) correctly identi-
fied FMD tongue lesions, 65.2% (95% CI 57.6%—72.8%)
FMD foot lesions, and 55.8% (95% CI 47.8%—63.8%)
both. Only 20.9% (95% CI 12.9%—28.8%) correctly identi-
fied FMD lesions in all 3 photographs. Lumpy skin disease
was recognized by 28.5% (95% CI 19.9. Almost a quarter
(24.3% [95% CI 17.1%-31.6%]) were unable to recognize
FMD or lumpy skin disease from photographs.

Herd ownership did not influence ability to recog-
nize FMD from photographs. FMD was recognized in
photographs by 68.5% (95% CI 60.0%-76.9%) of own-
ers and 71.3% (95% CI 58.5%-84.1%) of nonowners
(p=0.675).

Ethnicity affected the ability to recognize FMD from
photographs. FMD lesions were recognized by a greater
proportion of Fulani (82.2% [95% CI 72.3%-92.3%]) than
Mbororo (58.8 % [95% CI 44.1%-73.6%]) herdsmen;
p=0.0143.

Frequency of herd observation did not influence ability
to recognize FMD from photographs. FMD lesions were
recognized by 66.1% (95% CI 51.9%—80.2%) of those who
watched the animals daily and by 70.7% (95% CI 61.2%—
79.3%) of those who did not (p = 0.537).

Administrative region did affect ability to recognize
FMD from photographs. Recognition of FMD lesions in
photographs was highest for herdsmen in Vina (79.2%
[95% CI 67.1%-91.2%]) and lowest for those in Faro and
Deo (53.3% [95% CI 19.2%—-87.5%]); these differences
were not statistically significant (p = 0.354). FMD lesion
recognition was 72.3% (95% CI 57.4%—-89.3%) for herds-
men in Mbere, 59.4% (95% CI 38.9%—79.8%) in Djerem,
and 68.2% (95% CI 51.6%—84.8%) in Mayo Banyo.
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Sensitivity and Specificity of Photograph Identification

Compared with sensitivity for NSP antibody testing,
sensitivity was higher for herdsmen recognition of FMD
lesions in 1 photograph but specificity was lower for re-
porting of FMD in the previous year. The sensitivities and
specificities were 90.0% (95% PCI 80.4%-97.3%) and
69.5% (95% PCI 54.3%—83.4%) for those able to identify
a photograph of FMD compared with 63.5% (95% PCI
44.0%-90.9%) and 83.2% (95% PCI 64.0%-96.0%) for
those who could not.

Discussion

With regard to estimating herd prevalence of FMD,
herdsmen performed as well as laboratory-based VN test-
ing. Estimates of prevalence in the previous 2 years were
78.2% (95% CI 72.1%—-84.3%) according to herdsman’s
reports and 80.3% (95% CI 75.0%—85.6%) according to
VN test results. Sensitivities of estimates for prevalence in
the previous 2 years were 95.7% (95% PCI 88.7%—-99.8%)
and 95.2% (95% PCI 89.6%—99.1%) and specificities were
60.0% (95% PCI 44.3%—77.5%) and 59.9% (95% PCI
45.6%—77.2%), for herdsmen’s reports and VN test results,
respectively. These estimates were derived by restrict-
ing the age of cattle to <2 years and by using a no—gold
standard Bayesian model (model to assess diagnostic test
performance in the absence of a perfect reference test) to
estimate sensitivity and specificity.

In addition to validating estimates of FMD preva-
lence in the previous 2 years, we also attempted to validate
farmer reporting for the previous year by taking a different
approach. The rationale behind using tests that detect anti-
bodies against NSP was that the number of animals <1 year
of age in the sample was insufficient to produce generaliz-
able results and that NSP antibody titers fall more rapidly
over time than do VN antibody titers (17,18). In an evalua-
tion study in which we reported that the CHECKIT-ELISA
performed less well than the I-ELISA and C-ELISA, we
used 3 NSP ELISASs (23,25). The results of the CHECKIT-
ELISA are included in the study reported here because they
enable comparison with results in the only other publica-
tion in which herdsmen’s estimates of FMD are compared
with serologically derived estimates (12).

The 84.0% sensitivity of herdsmen’s reports of FMD in
the previous year was significantly lower than the sensitiv-
ity of I-ELISA (97.1%) and the C-ELISA (97.5%) results.
The 75.1% specificity of herdsmen’s reports was within the
Bayesian credibility limits of the NSP test results. There
are no published population-based estimates of NSP anti-
body persistence. In experimental studies, NSP antibodies
have been detected in cattle for 229 (31), 304 (32), 365
(33), 395 (24), and 560 (17) days after infection, at which
point the studies were terminated. It is possible that per-
sistence of NSP antibody for >1 year accounted for the
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significantly lower sensitivity of herdsmen’s reports com-
pared with serum antibodies against NSP (i.e., NSP serum
antibodies represented infection over the previous 2 years,
but herdsmen reporting was confined to 1 year, when fewer
herds would have been seropositive). However, the lower
seroprevalence according to VN testing (80.3%) compared
with NSP ELISA seroprevalence (60.0%—-64.5%) would
argue against this.

The only test previously used to validate herdsmen’s
reports of FMD is the CHEKIT-ELISA (12). When we used
the results of this test as a reference standard, estimates of
the sensitivity of reporting by pastoral Masai and Sukuma
herdsmen in Tanzania were similar to those for herdsmen
in Cameroon. Overall sensitivities were 90.9% (95% CI
75.7%-98.1%) and 72.7% (95% CI 49.8%—89.3%), respec-
tively; however, specificities were lower at 35.2% (95% CI
14.2%-61.7%) and 35.1% (95% CI 20.2%-52.5%), re-
spectively (13). The results of this and another study (19)
suggest that the CHECKIT-ELISA was not the best choice
of reference standard and that herdsmen’s estimates are
more reliable.

By restricting the age of cattle to 824 months, we fo-
cused on recent herd exposure. The lower limit was chosen
to avoid misclassification associated with presence of ma-
ternal antibodies. The upper limit means that herds infected
during the last 2 weeks of the 2-year period might not have
had time to seroconvert, but given a random distribution
of infection in these herds over the 24-month period, only
2% (2/104weeks) of herds would have been infected during
these last 2 weeks.

In recent years, use of latent class models to estimate
sensitivity and specificity of multiple tests in the absence
of a reference standard has become common practice (34).
A critical assumption of this technique is that test results
must be independent within 2 classes (35,36), especially
when a 2-class latent model is used. We used 2 biologi-
cally different and independent test approaches: herdsman
reporting and VN testing. The assumption of conditional
independence can be relaxed when there are >2 classes, but
in our study, it was preserved even when 4 classes were
compared; herdsmen reporting differed biologically from
NSP ELISAs. A Bayesian approach to latent class models
requires specification of prior distributions. The f (3,1) pri-
or distributions given to NSP tests were based on previous
findings. The uninformed B (1,1) prior distribution given to
herdsman reporting is recommended when using this tech-
nique. Model fit was assessed by using Gelman-Rubin plots
and statistics.

This study covered 64,000 km? and 5 administrative
divisions. Differences in reports of FMD prevalence were
found for herdsmen ethnic groups, ownership status, and
amount of cattle contact. However, the only variable for
which a statistically significant difference was found was
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ethnic group; sensitivity of reporting by Fulani herdsmen
was greater than that by Mbororo herdsmen. The Fulani and
Mbororo are the major pastoralist groups on the Adamawa.
They have a common language and cultural heritage, but
the Mbororo are largely nomadic whereas the Fulani tend
to be sedentary (37). The greater sensitivity of reporting by
Fulani herdsmen is perhaps surprising because the nomadic
group might be expected have more cattle contact. Howev-
er, watching cattle on a daily basis was not associated with
increased reporting accuracy. The differences between the
Fulani and Mbororo might be a chance finding, or it might
reflect differences in education or cattle ownership. A
transethnic class of livestock owner seems to be emerging,
in which sedentary Fulani employ non-Fulani herders, and
non-Fulani owners employ poorer Mbororo who have lost
their own herds. However, in this study, ownership was not
associated with increased reporting accuracy.

With regard to the higher proportion of Fulani than
Mbororo herdsmen who were able to identify FMD lesions
from photographs, it is possible that Mbororo herdsmen
might have less access to education and less experience
interpreting 2-dimensional images (38). It is also possible
that herdsmen rarely see vesicles in the mouth or coronary
band and are more familiar with salivation and lameness.
Recognition of lameness would be similar for sedentary
and nomadic herdsmen because both groups spend each
day slowly walking their cattle over a grazing area.

The finding of higher specificity for herdsmen recogni-
tion of FMD in at least 1 photograph and lower sensitivity
of FMD reporting indicates a higher probability of report-
ing true-negative herds and a lower probability of report-
ing true-positive herds. This finding might represent a sys-
tematic reporting bias associated with herdsmen concerns
about admitting that they had had FMD in their herds or a
chance finding associated with seeing a familiar concept
(FMD) in an unfamiliar way (photograph).

These results suggest that in FMD-endemic areas, an
effective FMD surveillance method might be simply ask-
ing herdsmen if they have seen FMD in their herds. This
concept is intuitive because FMD is a common disease and
herdsmen are familiar with it. Whether herdsmen’s reports
of FMD prevalence would be effective in countries where
FMD is sporadic or less prevalent remains to be determined.

If our findings are generalizable to other diseases that
produce visible clinical signs in other populations, herds-
men’s reports would provide a cost-effective surveil-
lance mechanism that could extend to emerging diseases.
In initial discussions, herdsmen reported that “Njobo”
(Fulfulde word for FMD) had changed in recent years by
causing death among adult cattle rather than just calves.
The subsequent isolation of FMD virus serotype SAT2 in
Cameroon provided a scientific explanation for this obser-
vation. Because of the potential usefulness of herdsmen’s
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observations in surveillance and emerging disease identifi-
cation, we suggest that studies of animal disease prevalence
in developing countries should include estimates of sensi-
tivity and specificity of reporting.
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Residual Infestation and
Recolonization during
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Chagas disease vector control campaigns are being
conducted in Latin America, but little is known about medi-
um-term or long-term effectiveness of these efforts, espe-
cially in urban areas. After analyzing entomologic data for
56,491 households during the treatment phase of a Triato-
ma infestans bug control campaign in Arequipa, Peru, dur-
ing 2003-2011, we estimated that 97.1% of residual infesta-
tions are attributable to untreated households. Multivariate
models for the surveillance phase of the campaign obtained
during 2009-2012 confirm that nonparticipation in the initial
treatment phase is a major risk factor (odds ratio [OR] 21.5,
95% CI 3.35-138). Infestation during surveillance also in-
creased over time (OR 1.55, 95% CI 1.15-2.09 per year). In
addition, we observed a negative interaction between non-
participation and time (OR 0.73, 95% CI 0.53-0.99), sug-
gesting that recolonization by vectors progressively dilutes
risk associated with nonparticipation. Although the treatment
phase was effective, recolonization in untreated households
threatens the long-term success of vector control.

hagas disease, an often deadly disease widespread in
the Americas, is caused by the protozoan parasite Try-
panosoma cruzi (1,2) and transmitted by hematophageous
triatomine insects (3). In southern South America Triatoma
infestans bugs are the primary vector (2). In 1991, the na-
tions of this region created the Southern Cone Initiative to
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coordinate control efforts against T. infestans bugs. During
the first decade of this initiative, 2.5 million households were
treated with insecticide (4), which led to disruption of trans-
mission of T. cruzi by T. infestans bugs in several countries
and states (2). However, vector control efforts have at times
failed unexpectedly, and repeatedly in some areas (5,6).
Across most of their range, T. infestans insects are
found predominantly in rural areas (2). However, the vec-
tor has become an urban problem in Arequipa, Peru, a city
of 850,000 inhabitants (7-9) where infected vectors have
been observed since 1952 (10). Since 2003, municipal au-
thorities and the regional ministry of health, in collaboration
with the Pan American Health Organization, have worked
to eliminate the vector from this city. The challenges to
elimination in an urban area potentially differ from those in
rural settings. Urban households have smaller peridomestic
areas, fewer sources of blood, and fewer hiding places for
the vector, thus mitigating some of the difficulties encoun-
tered in rural environments (7,11-13). However, whereas
participation in control campaigns in rural areas is typically
high (5,7), more affluent urban populations (14) might be
more reluctant to participate (15). Thus, household level
control might be easier in an urban household than in a ru-
ral household. However, at the community level, sustained
control in an urban community might be more difficult.
We explored this hypothesis by using data obtained
in Arequipa during the initial treatment phase or attack
phase of the vector campaign and during the subsequent
surveillance phase after insecticide application. We
evaluated the effectiveness of the treatment phase in 3
ways. First, we estimated the reduction in the infestation
prevalence resulting from the 2 insecticide applications

The authors have provided a Spanish version of this article
online (http://www.spatcontrol.net/articles/Barbu2014/traduccion
Espanol.pdf).
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of the treatment phase. Second, we modeled recoloniza-
tion (the colonization of new households after the initial
treatment) as a function of treatment phase factors. Third,
during the surveillance phase, we tested insects captured
from households treated during the treatment phase for
resistance to insecticide. We discuss converging results
of these approaches in terms of their implications for con-
tinued efforts of the control campaign in Arequipa and,
more generally, for design of strategies to control Chagas
disease vectors in urban environments.

Materials and Methods

Campaign

The vector control campaign in Arequipa proceeded
through the city district by district. Districts, local admin-
istrative subdivisions of the region, comprise 3,000-28,000
households. Within each district, treatment is organized on a
locality level; localities vary in size from 50 to 2,000 house-
holds. Preliminary inspections in the months preceding the
treatment phase identified localities (or city blocks within a
locality) as sufficiently infested to warrant treatment (Fig-
ure 1; Table 1). However, the results of these preliminary
inspections at the household level are available only for the
most recent surveys.

After inspections, localities entered the treatment
phase. Health promoters and vector control specialists visit-
ed every household in the targeted areas to apply insecticide

2056

(http://www.spatcontrol.net/articles/Barbu2014/suppMet.
pdf) to all domestic and peridomestic structures. These vis-
its occurred twice at 6-month intervals. All households in
targeted areas were asked to participate in this phase. As
houses were treated, trained personnel collected T. infes-
tans specimens flushed out of their refuges by the insec-
ticide. Six months after the second treatment, localities
entered the surveillance phase, a community-based effort
to identify residual and returning vector populations. All
households in the district were eligible to participate in
the surveillance phase, even if they were not targeted for
the treatment phase. In the surveillance phase, households
reported infestation, and campaign staff conducted inspec-
tions and treated areas in and around reporting households.

Inhabitants were asked to bring any T. infestans insects
found in their households to community health workers
or health posts located throughout the city. Trained ento-
mologic technicians systematically searched for and col-
lected T. infestans insects in indoor and peridomestic areas
of reporting households and their immediate neighbors (1
person-hour search per household) by using aerosol spray
containing tetramethrin (Mata Moscas 0.15% tetramethrin;
Sapolio, Doral, FL, USA), which has a strong flushing out
effect on triatomine insects but does not kill them. All cap-
tured insects were counted, staged, sexed, and microscopi-
cally examined for T. cruzi as described previously (7).
Infested households and their immediate neighbors were
treated with insecticide as in the treatment phase.

Figure 1. Areas targeted for Chagas disease
vector control in the Paucarpata District,
Arequipa, Peru. Small units are city blocks
and large units are localities. Dark gray
indicates localities not infested; light gray
indicates areas targeted; and medium gray
indicates nontargeted city blocks within
infested localities.
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Table 1. Targeted areas within districts and localities and distribution of reports, inspections, and uncovered infestation during
surveillance phase of a Chagas disease vector control program, Arequipa, Peru, 2003—2011*

Households Households Households inspected
Nested units City blocks Households  reporting infestations inspected and found infested
Participating districts, n =8 5,955 79,972 301 785 145
Infested localities, n = 256 4,755 67,218 258 714 133
Targeted areas 3,727 56,491 225t 613 1163

*Reporting and inspected households during surveillance are counted from January 2009 through end of December 2012.

tHouseholds in targeted city blocks have a similar rate of report and risk of being positive during the surveillance phase as other households in their
districts: odds ratio 1.12, p = 0.45; and 0.94, p = 0.77, controlling for diversity between districts.

FfAmong these households, 77 were reporting households (35% of the 219 inspected reporting households).

For all phases of the campaign, a household with at
least 1 observed T. infestans bug of any developmental
stage was considered infested (eggs were not collected
or reported) (http://www.spatcontrol.net/articles/Bar-
bu2014/suppMet.pdf). For all control activities, a unique
identifier code, participation (0/1), and infestation status
(0/1) of each household were recorded. We mapped the
exact positions of households and city blocks by using
satellite imagery in Google Earth (16) and field maps
drawn by Ministry of Health personnel. Household geo-
graphic unique identifier codes, coordinates, participation
status, and T. infestans bug infestation status were stored
for subsequent analysis (17).

Sample

During 2004-2011, eight urban districts participated in
the treatment phase of the campaign (Jacobo Hunter, José
Luis Bustamente y Rivero, La Joya, Paucarpata, Sachaca,
Uchumayo, Tiabaya, and Socabaya); they encompassed
356 localities. These localities correspond to an urban-to-
periurban environment as described by Delgado et al. (17).
These districts comprised a total of 79,972 households
in 5,955 city blocks (Table 1; Figure 1). However, 2,228
(37.4%) city blocks in these districts were not included
in the treatment phase because no vectors were observed
during preliminary inspections. The remaining 3,727 city
blocks that were included contained 56,491 households.
Because we aimed to find an association between treatment
phase and infestation during the surveillance phase, we re-
stricted our analysis to these city blocks and households.
We report results of the surveillance phase inspections over
a 4-year period (2009-2012) during which our study team
collaborated with the Peru Ministry of Health to monitor
infestation. Surveillance is still ongoing in these areas.

Statistical Analysis

Modeling Effectiveness of Treatment Phase and

Residual Infestation

We included 3 parameters in our model of treatment
phase effectiveness. The first parameter was c, the probabili-
ty of clearing treated households of T. infestans bug colonies
with 1 treatment. The second was s, the sensitivity of detec-
tion, defined as the probability that trained entomologic tech-
nicians performing house treatment would observe infesta-
tion when it is present. The third was n,, the true number of
infested households immediately before any treatment.

To estimate these parameters, we compared the infes-
tation observed during the first and second treatments of
the initial treatment phase in the 35,207 households that
accepted both treatments (Table 2). Households were un-
likely to become infested between the 2 treatments: the
treatments were separated by only 6 months, the overall
infestation is severely reduced by the first treatment, and
treated households are protected by the residual effect of
the insecticide for several months (18). Assuming that
households did not become infested between the 2 treat-
ments, we jointly estimated c, s, and n ,, by modeling the
observed infestation as a system of 3 equations (observed
infested twice, infested only during treatment I, and in-
fested only during treatment I1) (Table 3) that we solved
analytically. In addition, we considered this model from
a stochastic perspective to compute Cls for our estimates;
further details are available online (http://www.spatcontrol.
net/articles/Barbu2014/suppMet.pdf).

We extrapolated infestation prevalence before treat-
ment in households treated only once by using the estimat-
ed sensitivity of the infestation detection (s) (Table 2). For
households that were never treated with insecticide, and on

Table 2. Estimations of initial and residual infestation for treatment phase of a Chagas disease vector control program, Arequipa, Peru,

2003-2011*

Initial prevalence, %

Estimated residual infestation

Treatment received No. households Observed Estimated Prevalence, %  No. (%) infested households
land Il 35,207 201 35.6 0.006 2(0.3)

| only 7,521 7.0 12.2 0.16 14 (2.1)

Il only 4,169 4.0 6.9 0.09 4 (0.5)

Not treated 9,594 ND 6.9t 6.9 666 (97.1)

Total 56,491 16.2 25.8 1.2 686 (100)

*Estimates are calculated by using equations in Table 3 (estimated sensitivity of inspectors p = 57% [range 46%—66%] and probability of clearing
households of infestation through 1 treatment ¢ = 98.7% [range 98.4%-98.9%]). ND, no data.
TExtrapolation of the prevalence in households participating only in the second treatment to households that were never treated.
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Table 3. Household level model of observation, initial infestation, treatment, and residual infestation during treatment phase of a

Chagas disease vector campaign, Arequipa, Peru, 2003-2011*

Treatment received Observed infestation

Estimated initial prevalence Estimated residual prevalence

land Il Opps = ny, X s(1-¢c)xs Dby =N/ Tym rin=pynx (1-c)?
Orpr- = ny, X sc+ -0x (1-9)
Oy = niy X 1-s)x(1-c)xs
| only Orig= < s pi=ny/T; ri=prx(1-c)
Il only Owiry = DX s pu=nu/Tu ru=pux(1-c¢)
None Not observed Po = pu rg=po

*Upper case letters refer to observed quantities. Lower case letters refer to estimated quantities. Oy, number of infested households observed in the first
(Ix) and second (lly) step of the treatment phase, with x and y taking the following values: &, no treatment and infestation could not be observed; +,
treated and observed infested; —, treated and observed noninfested. For n,, p,, T,, and r,, the subscript z corresponds to the participation in treatments: I,
only first; 11, only second; /I, both; n,, estimated number of infested households; p,, estimated initial prevalence of infestation; T,, total number of
households; r,, estimated residual prevalence of infestation post treatment phase; s, sensitivity of technicians performing treatment to household
infestation; c, probability of clearing infestation when treated. Further details and the solved system of equations have been provided by the authors

(http://www.spatcontrol.net/articles/Barbu2014/suppMet.pdf).

the basis of other data (http://www.spatcontrol.net/articles/
Barbu2014/suppMet.pdf), we used the prevalence found in
households that were only treated during the second insec-
ticide treatment.

Finally, we estimated residual infestation (number
of households still infested after the treatment phase), as-
suming that the effects of the first and second insecticide
spraying of the treatment phase are comparable and inde-
pendent. We applied the clearing rate estimated during the
first treatment, C, to the estimated initial infestation once or
twice according to the number of treatments (Table 3). We
examine the validity of this assumption below; other details
are available online (http://www.spatcontrol.net/articles/
Barbu2014/suppMet.pdf).

Logistic Mixed Effect Models of Infestation

during Surveillance

We used univariate and multivariate mixed effect
logistic regressions (19) to describe the correlations be-
tween treatment phase and surveillance observations.
Unless otherwise noted, we used a random effect term
to control for potential similarity of households in a local-
ity (20,21).

Our first multivariate logistic model describes the
probability that households targeted during the treat-
ment phase were infested at least once during the surveil-
lance phase as a function of observed infestation of the
household during the treatment phase, participation of the
household in the treatment phase, and number of years
the household had been under surveillance as of January
1, 2013. We also considered the interaction between time
and the other risk factors. The outcome assessed in the
first model consists of 2 processes: selection of inspected
households (reporting households and their neighbors)
and individual infestation status of inspected households.
We investigated these processes separately in the second
and third logistic models.

In our second logistic model, we estimated the prob-
ability that an infestation report was generated on a city
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block given the number of infested and participating
households on the block during the treatment phase. In
our third logistic model, we estimated the probability of
infestation among inspected households given the house-
hold infestation and participation status during the treat-
ment phase; we used a random effect term to control for
potential similarity of households around a household that
generated a report. A total of 225 reports were generated.
Because some households had been inspected multiple
times during the study, we limited our sample to the first
inspection following the treatment phase. Because sensi-
tivity and specificity of our surveillance program rely on
community reports, we assessed their reliability (http://
www.spatcontrol.net/articles/Barbu2014/suppMet.pdf).
We estimated the goodness-of-fit for these models by us-
ing Nagelkerke pseudo R? (22). All computations were
performed by using R (23).

Evaluation of Susceptibility of Residual Populations
to Pyrethroid Insecticide

During the surveillance phase, we collected triato-
mine insects from infested households that had been
treated during the treatment phase to evaluate resistance
to deltamethrin. We followed guidelines for wall bio-
assays of the World Health Organization/Special Pro-
gramme for Research and Training in Tropical Diseases
(24). In brief, we applied 5% deltamethrin suspension
concentrate (K-Othrine SC; Bayer, Leverkuesen, Ger-
many) with an X-Pert compression sprayer (Hudson
Manufacturing Co., Chicago, IL, USA) at the target dose
of 25 mg/m? to a cemented wall and allowed it to dry
for 24 h. From each household, we placed 10 F, progeny
fifth instar nymphs in a petri dish on the wall for 72 h.
We evaluated the status of the insects 3 days after the
exposure. The insects used in the bioassay had molted
15-20 days before the experiment, and had fasted for 7
days. Throughout the experiment, insects were kept un-
der ambient conditions in our field laboratory (19-28°C,
humidity 24%-51%).
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Results

Treatment Phase Effectiveness and Estimated
Residual Infestation

Among the 56,491 households targeted for the initial
treatment phase in Arequipa, 46,897 (83%) participated in
at least 1 of the treatments. A total of 35,207 (62%) house-
holds targeted for the treatment phase were treated twice,
11,690 (21%) were treated only once, and 9,594 (17%)
were not treated in either step of the treatment phase (Table
2). Participation in the 2 treatments showed a strong cor-
relation (odds ratio [OR] 1.56, 95% CI 1.54-1.57).

Our model comparing the infestation observed dur-
ing the first and second insecticide treatments suggested
that a single treatment was successful in 98.7% (95% CI
98.4%-98.9%) of infested households (Table 2) (http://
www.spatcontrol.net/articles/Barbu2014/suppMet.pdf).
Among households treated twice, estimated prevalence
of infestation decreased from 35.6% before the treatment
phase to 0.006% after the second treatment. Estimated ini-
tial prevalence of infestation in households participating in
a single treatment (range 6.9%-12.2%) was lower than that
of households that participated twice (35.6%), which sug-
gested a strong correlation between infestation status and
participation. Estimated probability of detecting infestation
in an infested household during a treatment (s) was 57%
(95% CI1 0.46-0.66) (Table 2) (http://www.spatcontrol.net/
articles/Barbu2014/suppMet.pdf), which is comparable to
previous estimates obtained by using other methods (25).

Similar results were found for the district of Maria-
no Melgar (treated during 2011-2012) by using a differ-
ence-in-difference approach (http://www.spatcontrol.net/
articles/Barbu2014/suppMet.pdf). We observed a strong
reduction in infestation attributable to the treatment (OR
0.02, 95% C1 0.006—0.09]) and a strong effect of infestation
on participation in the treatment (OR 4.4, 95% CI 3.5-4.5).
These 2 analyses suggest that after the initial treatment
phase, households that received no treatment represent
>90% of infested households.

Surveillance Phase Infestations and Their Relationship
to Treatment Phase

During 2009-2012, surveillance authorities received
225 reports of vector infestations within the area targeted
by the treatment phase (Table 1). A total of 613 houses
(including reporting houses and their immediate neighbors)
were inspected during the surveillance phase. Of these 613
households, 116 (19%) were infested (http://www.spatcon-
trol.net/articles/Barbu2014/suppMet.pdf). Of the 116 in-
fested houses, 29 (25%) had never been treated, 18 (16%)
had been treated only once, and most (69, 59%), had been
treated twice, which indicated that recolonization can occur
in treated households. Among the 87 households found to

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014

Infestation during T. infestans Bug Control Campaign, Peru

be infested after treatment, most (49, 56%), had no history
of infestation before treatment. No houses were observed to
be continuously infested during the 2 steps of the treatment
and during the surveillance phase (http://www.spatcontrol.
net/articles/Barbu2014/suppMet.pdf), which suggested that
treatment was highly effective.

Maps of infestation as observed during the surveil-
lance phase and treatment histories of 2 representative
districts treated during 2003-2005 and 2007-2009, respec-
tively, show different patterns of vector presence (Figure
2). In the more recently treated district, most households
(13/18, 72%) that were found to be infested during the sur-
veillance phase had not been treated during the treatment
phase; in the district treated earlier, infestation was present
mainly in treated households (30/32, 94%). In the more re-
cently treated area, infestation of a treated household was
usually (3/5, 60%) associated with at least 1 neighboring
nontreated infested household, whereas in the area treated
earlier, such infestations were rare; only 3 (9%) of 34 were
associated with neighboring nontreated households.

Among 116 households identified as infested by the
surveillance program in areas targeted by the treatment
phase, we found 16 households with T. cruzi—infected T.
infestans bugs. These 16 households were in 5 districts
and showed a strong spatial positive autocorrelation <50 m
(http://www.spatcontrol.net/articles/Barbu2014/suppMet.
pdf). Most (75%) of these households were treated at least
once during the treatment phase.

Risk Factors for Infestation during Surveillance

Our first logistic model (Table 4) suggests that nonpar-
ticipation in, and infestation before, the treatment phase af-
fected the observation of infestation in households during the
surveillance phase. Nonparticipation and initial infestation
were associated with the probability of inspection through
generation of reports at the city block level (Table 5) and
with the probability of infestation among inspected house-
holds (Table 5). The strong effect of time in the surveillance
phase on infestation (Tables 4, 5) suggests a dynamic pat-
tern of recolonization. The negative interaction between time
since treatment and nonparticipation in the treatment phase
suggests recolonization from nonparticipating households
to their neighbors. The recolonization progressively dilutes
the association between infestation and untreated houses.
The lack of a strong interaction between time and nonpar-
ticipation at the city block level suggests less dispersal of
the vectors between city blocks. Infestation before treatment
is also a strong predictor of infestation during surveillance.
The persistence of this association over time, combined with
the progression of infestation, suggests that previous infesta-
tion is a risk factor for recolonization. This interpretation is
also consistent with equally likely alternative models (http://
www.spatcontrol.net/articles/Barbu2014/suppMet.pdf).
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Figure 2. Infestation during the surveillance phase of a Chagas disease vector control program shown by history of treatment during the
treatment phase for A) Jacobo Hunter District (treatment phase during 2003-2005) and B) Paucarpata District (treatment phase during
2006-2009, Arequipa, Peru. Stars indicate households infested during surveillance phase and not treated during treatment phase; black
circles indicate households infested during surveillance phase but treated during the treatment phase; and light gray dots indicate other
households (their alignment produces what appears as the background pattern of streets).

Insecticide Bioassays

We tested 21 vector populations from 12 localities
from 6 of the 8 study districts for deltamethrin resistance.
All insects exposed were found dead as defined by the
World Health Organization (24) three days after the end of
the exposure, which suggested that residual populations did
not have complete resistance to the insecticide.

Discussion

Our results provide a consistent picture of the control
of T. infestans bugs in Arequipa. After the treatment phase,
infesting insects were successfully eliminated in nearly
all participating households. Immediately thereafter, most
infestations were attributable to the households that never
participated in the campaign. In the years after treatment,
these untreated households served as sources of insects that
recolonized their neighbors. Recolonization disproportion-
ately affects households that were infested before control
activities, probably because of the continued presence of
risk factors for infestation (e.g., poor quality of buildings)
(7,11,12,26).

Similar studies in rural areas emphasize the role of re-
sidual populations of vectors in the recolonization of com-
munities following vector control (26-30). Recolonization
in urban areas was perhaps predictable because insects
rapidly move between households (25,31). However, the
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problem of residual vector populations is different in our
urban study area. In the city, residual infestation is caused
mainly by lack of participation; in rural settings, by con-
trast, participation rates are typically high, and residual
vector populations generally originate from locations that
are difficult to treat (26-30).

Recently, insecticide-resistant populations of T. infes-
tans bugs have been detected in the Gran Chaco of Argen-
tina, Bolivia, and Paraguay, and many authors have high-
lighted the possibility that these resistant populations might
contribute to the failure of vector control efforts (32-34).
Persistent populations have also been observed following
the treatment phase in Cochabamba, Bolivia; however, the
reason for this persistence is not understood (35). Our study
suggests that resistance is not a major cause of residual in-
festation in Arequipa. This result is reassuring, but partial
resistance to insecticides might still be present (36).

There are various limitations to our study. Our analysis
of the treatment phase assumes independence and similar
effectiveness of the 2 treatments. If we relax this assump-
tion, 78% of residual infestations would still have occurred
in untreated households, only marginally decreasing the
overall effectiveness of the treatment phase (http://www.
spatcontrol.net/articles/Barbu2014/suppMet.pdf). In prac-
tice, no household was observed to be infested during both
treatments of the initial treatment phase and surveillance
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Table 4. Predictors of infestation among all households by
Triatoma infestans bugs during the surveillance phase (2009-
2012) in areas of Arequipa, Peru, treated during 2003—2011)*

Predictor OR 2.5% ClI 97.5% CI
Intercept 21x10°t 32x10° 14x10"
Infested during 3.21% 1.96 5.24
treatment phase

Untreated during 21.5% 3.35 138
treatment phase

Time, y 1.55% 1.15 2.09

*Time corresponds to the number of years after the end of the initial
treatment phase in the locality as of January 1, 2013. A locality level
random effect is included. Cls assume asymptotic normality. n = 56,491
(116 infested), Nagelkerke pseudo-R®= 0.16. OR, odds ratio.
tp<0.001.

$p<0.01.

inspections, which suggested effectiveness of the second
treatment. In addition, because there is a strong correlation
between infestation and participation (15,21), households
that never participated might have initially a lower preva-
lence of infestation than those that participated once, in con-
trast to the equal prevalence we assumed in our analysis.
Assuming an overly conservative 5-fold lower prevalence
among never-treated houses relative to once-treated house-
holds, the never-treated households would still represent
>85% of the residual infestation after the treatment phase
(http://www.spatcontrol.net/articles/Barbu2014/supp Met.
pdf). To date, we have not observed any evidence of cluster-
ing of infestation during the surveillance phase around non-
targeted areas. However, the presence of these areas, similar
to that of untreated households in targeted areas, poses a
potential risk for recolonization; consequently, surveillance
efforts should continue to include these areas.

Despite the efficiency of treatment, we observed a
strong effect of previous infestation. The permanence of
factors known to favor infestation (e.g., presence of guin-
ea pigs and building materials) might explain the higher
recolonization rate. However, we could not quantify the

Infestation during T. infestans Bug Control Campaign, Peru

contribution of different factors to this risk. We also did
not assess the risk for transmission of the parasite. Al-
though it appears that treated areas of the city are not un-
der an immediate threat of transmission, a recolonization
of the city would create fertile ground for reintroduction
of T. cruzi infections. The observation during the surveil-
lance phase of T. cruzi infection in several households
that participated in the initial treatment phase highlights
this risk. Finally, although this study covered only 1 city,
it encompasses a large part of what comprises one of the
main infested urban areas in Latin America and is char-
acterized by diverse landscapes ranging from semi-rural/
periurban (37) to urban (25).

For long-term control of T. infestans bugs, the rate of
detection and elimination of vector populations in surveil-
lance must exceed that of recolonization. The preponder-
ant role of untreated households in maintaining infestation
suggests that when a household reports the presence of a
vector during surveillance, we should identify houses in the
vicinity that did not participate in the control campaign and
target them for inspections and treatment. The higher risk
for recolonization of previously infested households also
suggests that active surveillance of initially highly infested
areas might be useful.

After confirmed absence of vector-borne transmis-
sion of T. cruzi in Chile, Uruguay, Brazil, eastern Para-
guay, and parts of Argentina, southern Peru and the Gran
Chaco region represent the last bastions of domestic in-
festation by T. infestans bugs (2,38,39). It is too early to
tell whether long-term control will be achieved more or
less easily in cities than in rural areas. However, our re-
sults confirm our core hypothesis: lower participation in
cities such as Arequipa is the main obstacle to the effec-
tiveness of treatment. Identification of nonparticipating
households as the main reservoir for residual infestation

Table 5. Predictors of confirmed reports at the city block level and predictors of observed infestation by Triatoma infestans bugs
among infested households during surveillance phase of vector control campaign in urban districts of Arequipa, Peru, 2009—2012*

Confirmed reports at city blocks level

Infestation among inspected households

Predictor OR 2.5% ClI 97.5% ClI Predictor OR 2.5% ClI 97.5% ClI
Intercept 82x10°  45x10° 1.5x%x107° Intercept 0.08t 0.05 0.12
Log(no. infested + 1) 2.08t 1.42 3.04 Infested 2.24% 1.28 3.91
Time, y 1.698 1.10 2.58 - - - -
Log(no. untreated + 1) 4.858 1.34 17.49 Untreated 5.88t 3.18 10.88
Time x log(no. untreated + 1) 0.821 0.66 1.02 — — — —

*For confirmed reports at city blocks level, outcome is the existence of >1 confirmed report on the city block: reports leading to observing >1 infested
household on the city block in subsequent inspections. Infested is number of households observed to be infested at least once during the treatment
phase. Untreated is number of households not treated in the treatment phase in the city block. Time corresponds to number of years as of 2012 since the
end of the initial treatment phase for the locality. A Iocalitg/ level random effect is included for the city block level analysis. OR, odds ratio. N = 3,727 city
blocks (80 with confirmed reports) Nagelkerke pseudo-R“ = 0.71. For infestation among inspected households, outcome is the infestation status during
the first inspection during the surveillance phase. Infested is households infested in >1 inspection of the treatment phase. Untreated is households not
treated during the treatment phase. We used a random effect on inspections batches around a reporting house. —, because all houses in a batch are
inspected at the same time, time is not included as a predictor. Cls are + values and assume asymptotic normality. n = 613 inspected (102 infested).

Nagelkerke pseudo-R?=0.91.
Tp<0.001.

+p<0.01.

§p<0.05.

Tp<0.1.
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after the treatment phase opens new options for long-term
sustainable control.
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DISPATCHES

Two Anaplasma
phagocytophilum
Strains in Ixodes
scapularis Ticks,

Canada

Chantel N. Krakowetz, Antonia Dibernardo,
L. Robbin Lindsay, and Neil B. Chilton

We developed PCR-based assays to distinguish a hu-
man pathogenic strain of Anaplasma phagocytophilum, Ap-
ha, from Ap-variant 1, a strain not associated with human
infection. The assays were validated on A. phagocytophilum—
infected black-legged ticks (Ixodes scapularis) collected
in Canada. The relative prevalence of these 2 strains in
I. scapularis ticks differed among geographic regions.

he gram-negative bacterium Anaplasma phagocytophi-

lum is the causative agent of human granulocytic ana-
plasmosis (HGA) in the United States (1). More than 90%
of HGA cases occur in the Upper Midwest and Northeast
(2). In these regions, black-legged ticks (Ixodes scapularis)
are the vectors of a human pathogenic strain (Ap-ha) and a
variant strain (Ap-variant 1) of A. phagocytophilum (3-7),
the latter of which appears not to be associated with hu-
man infection (1,3). HGA represents an emerging disease
in southern Canada because populations of I. scapularis
ticks have become established or are in the process of be-
coming established (8,9). However, there is limited infor-
mation on the occurrence of A. phagocytophilum in these
ticks (10-12) and the proportion of ticks infected with the
Ap-ha strain.

The most commonly used method to distinguish the
human pathogenic strain of A. phagocytophilum from those
not associated with human infection is to sequence the 16S
rRNA gene (3-7,13). The Ap-ha strain differs from the Ap-
variant 1 strain by 2 nucleotide differences at the 5" end of
the gene sequence (1,3). However, there is a need for an
alternative to currently used PCR-based methods for strain
identification that are reliable, but faster and more cost-ef-
fective. Therefore, the objectives of the current study were
to determine the proportion of black-legged ticks infected
with A. phagocytophilum in different geographic regions of
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Canada, and to develop restriction fragment length poly-
morphism (RFLP) and single nucleotide polymorphism
(SNP) genotyping assays, targeting the 16S rRNA gene, to
differentiate the Ap-ha strain from the Ap-variant 1 strain.
We assessed the usefulness of these assays and determined
the prevalence of the Ap-ha strain in I. scapularis ticks
from different geographic regions of Canada.

The Study

We conducted real-time PCR analyses targeting the
msp2 gene on genomic (g) DNA of 12,606 1. scapularis ticks
collected across Canada (online Technical Appendix 1, http://
wwwhnc.cdc.gov/EID/article/20/12/14-0172-Techappl.pdf).
Of these, 169 (1.3%) ticks were PCR-positive (Table 1).
There were significant differences (x°, = 129.7, p<0.001)
in the proportions of ticks infected with A. phagocytophi-
lum among geographic regions; with a greater proportion of
PCR-positive ticks in Manitoba than in Ontario, Quebec, and
the Atlantic provinces.

We developed PCR-based assays to distinguish the
Ap-ha strain from the Ap-variant 1 strain of A. phagocy-
tophilum based on DNA sequence comparisons of the 16S
rRNA gene of each strain (online Technical Appendix 1)
over a much larger region (875 bp) than in previous stud-
ies (1,3). In addition to the 2 nucleotide differences de-
scribed previously (1,3), a third difference (at position 536)
was detected in the aligned sequences (online Technical
Appendix 2, http://wwwnc.cdc.gov/ElD/article/20/12/14-
0172-Techapp2.pdf). This nucleotide alteration in the
DNA sequence of the Ap-variant 1 strain was associated
with a restriction site for the endonuclease Kpn2l (T/CC-
GGA) that was absent in the sequence of the Ap-ha strain.
Two PCR-RFLP assays (online Technical Appendix 1), de-
veloped at different laboratories, were designed on the ba-
sis of this sequence difference and tested on 22 amplicons
derived from A. phagocytophilum—infected ticks collected
in Minnesota, USA (n = 17) and Manitoba (n = 5). Identical
results were obtained for both assays. Three different RFLP
patterns were produced. Eighteen amplicons remained un-
digested (i.e., a single band of ~920 bp), and 3 amplicons
had 2 bands (~360 and =550 bp), representing the expected
patterns for the Ap-ha strain and Ap-variant 1 strain, re-
spectively (Figure 1). These results were confirmed on the
basis of comparisons of the DNA sequences of represen-
tative samples. The RFLP pattern of 1 amplicon, derived
from the gDNA of a female tick from Itasca State Park,
Minnesota, consisted of 3 bands (360, ~550, and =920
bp) (online Technical Appendix 2), suggesting a mixture of
the 2 strains. Additional analyses of another 125 amplicons
from A. phagocytophilum—infected ticks revealed that 79
(63%) had RFLP patterns consistent with the Ap-variant 1
strain, and 46 (37%) had RFLP patterns of the Ap-ha strain.
The DNA sequences of a subset of these samples (n = 58)
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Table 1. Anaplasma phagocytophilum PCR—positive black-legged ticks collected from various provinces during 2007—-2010, Canada

2007 2008 2009 2010 2007-2010

Location No. ticks No. + No. ticks  No. + No. ticks No. + No. ticks No. + No. ticks No. + (%)
Prairie Provinces

Alberta* 9 0 25 0 13 0 42 3 89 3(3.4)

Saskatchewan* 5 2 3 1 1 1 1 0 10 4 (40.0)

Manitoba 35 2 156 4 119 6 260 20 570 32 (5.6)
Central Canada

Ontario 1,187 4 1,402 3 856 3 962 3 4,407 13 (0.3)

Quebec 982 13 1,687 26 1,026 8 1,002 24 4,697 71(1.5)
Atlantic Provinces

New Brunswick 129 1 174 0 189 4 271 10 763 15 (2.0)

Nova Scotia 201 2 394 4 378 4 676 9 1,649 19 (1.2)

Prince Edward 54 3 76 1 107 3 122 3 359 10 (2.8)

Island

Newfoundland* 11 0 9 0 15 1 27 1 62 2(3.2)
Total 2,613 27 3,926 39 2,704 30 3,363 73 12,606 169 (1.3)

*Data from these provinces were not included in the statistical analyses because sample sizes (2007—2010) were <100 ticks.

showed 100% agreement between RFLP pattern and strain
type of A. phagocytophilum (i.e., 24 of the Ap-ha strain and
34 of the Ap-variant 1 strain).

We also designed a custom TagMan SNP genotyping
assay (https://www.lifetechnologies.com/order/custom-ge-
nomic-products/tools/genotyping) to differentiate the two
A. phagocytophilum strains on the basis of a nucleotide
difference at the 5’ end of the 16S rRNA gene sequence
(online Technical Appendix 1). The SNP assay clearly
discriminated between ticks infected with the Ap-ha and/
or Ap-variant 1 strains (Figure 2). Of the 142 amplicons
tested by this assay, 82 (58%) contained the Ap-variant
1 strain, 59 (42%) contained the Ap-ha strain, and 1 con-
tained a mixture of both strains, which was in 100% agree-
ment with the results of the RFLP analyses and DNA se-
guencing. The results of the SNP analyses also revealed a
significant difference (32, = 40.48, p<0.001) in the propor-
tions of I. scapularis ticks infected with the Ap-ha strain
among geographic regions (Table 2). A smaller proportion
of ticks from Central Provinces were infected with the Ap-
ha strain when compared with those from the Prairie and
Atlantic Provinces.

Figure 1. Restriction fragment length polymorphism patterns of
16S DNA for 7 Anaplasma phagocytophilum PCR—positive Ixodes
scapularis ticks. All amplicons were produced by semi-nested PCR
and digested with the restriction enzyme Kpn2l. Lane M, molecular
mass marker.
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Conclusions

A small proportion (1.3%) of I. scapularis ticks col-
lected in Canada were infected with A. phagocytophilum.
The prevalence of A. phagocytophilum—infected ticks dif-
fered among geographic regions, but the potential signifi-
cance of this finding needs to be explored further. Although
knowledge of the prevalence of A. phagocytophilum—in-
fected 1. scapularis ticks provides some information for de-
termining the public health risks for HGA, the prevalence
of the Ap-ha strain of A. phagocytophilum in black-legged

Figure 2. Allelic discrimination plot for the Anaplasma single
nucleotide polymorphism assay based on the 16S RNA gene.
Blue circles represent samples that contain the Ap-ha strain; green
circles represent samples that contain the Ap-variant 1 strain. The
red circle represents a sample containing a mixture of both strains.
The black square represents the control (no template).
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Table 2. Black-legged ticks infected with the Ap-ha or Ap-variant
1 strain of Anaplasma phagocytophilum based on analyses using
the TagMan SNP genotyping assay,” Canada

Province No. ticks Ap-ha (%)  Ap-variant 1 (%)
Prairie Provinces
Alberta 1 1 (100) 0(0)
Saskatchewant 2 2 (100) 0 (0)
Manitoba 17 15 (88.2) 2(11.8)
Central Canada
Ontario 24% 2(8.3) 22 (91.7)
Quebec 47 9 (19.1) 38 (80.9)
Atlantic Provinces
Prince Edward 7 3(42.9) 4 (57.1)
Island
New Brunswick 10 6 (60.0) 4 (40.0)
Nova Scotia 17 8 (47.1) 9 (52.9)
Total 125 46 (36.8) 79 (63.2)

*http://www.lifetechnologies.com/search/global/searchAction.action?query
=SNP&resultPage=1&resultsPerPage=15&autocomplete.

tincludes 13 ticks listed in Table 1 and an additional 11 A.
phagocytophilum—infected ticks collected by drag sampling at 2 sites in
Ontario.

ticks should be considered for risk assessment, since the
Ap-ha strain, and not the Ap-variant 1 strain, is most often
associated with clinical cases of HGA (4).

For the current study, 3 PCR-based assays were devel-
oped to distinguish the Ap-ha strain from the Ap-variant
1 strain. DNA sequencing of representative samples con-
firmed the reliability of these assays. Each of the 3 assays
detected the presence of both strains in the gDNA of a
female tick. Mixed infections of both strains in I. scapu-
laris ticks have been reported (4), but appear to be uncom-
mon. Results of these assays also were 100% concordant
with the results of 2 RFLP assays (developed at different
laboratories) that were tested on the same gDNA samples.
Similarly, there was total concordance in the identifications
of the A. phagocytophilum strains present within 125 in-
fected ticks collected across Canada by using the semin-
ested PCR-RFLP assay and the TagMan SNP genotyping
assay. The results of these analyses revealed significant
differences in the proportion of black-legged ticks infected
with the Ap-ha strain among geographic regions (p<0.001).
The public health implications of these findings need to be
examined in more detail, using the molecular assays devel-
oped in this study.

The TagMan SNP genotyping assay is ideal for clini-
cal and epidemiologic use where it may be essential to dis-
tinguish between the 2 strains of A. phagocytophilum in I.
scapularis to assess the potential risk for human infection.
However, in a clinical setting, it remains to be established
how this assay would be incorporated into or supplement
the current diagnostic approach for detecting A. phagocy-
tophilum infections in humans. This test is less technically
demanding and takes less time to perform than nested/semi-
nested PCR-RFLPs and DNA sequencing analyses. More-
over, this method eliminates the need for postamplification
manipulations and technical problems that are sometimes
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associated with RFLP analyses of amplicons produced by
nested PCR (14,15). Nonetheless, given the 100% concor-
dance in the results of the different analytical methods, the
PCR-RFLP assays provide a reliable and cost-effective
approach for distinguishing the Ap-ha strain from the Ap-
variant 1 strain of A. phagocytophilum. The PCR-RFLP as-
says will be particularly useful in research laboratories that
lack the capacity to conduct real-time PCRs providing an
independent and relatively inexpensive method to confirm
the results of the SNP assay.
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Francisella
tularensis
Bacteria
Associated with
Feline Tularemia in
the United States

Marilynn A. Larson, Paul D. Fey,
Steven H. Hinrichs, and Peter C. Iwen

Tularemia in the United States was examined by
reviewing 106 Francisella tularensis isolates, mostly
from Nebraska, collected during 1998-2012: 48% of
Nebraska cases were cat-associated; 7/8 human cas-
es were caused by subtype A.l. A vaccine is needed to
reduce feline-associated tularemia, and cat owners
should protect against bites/scratches and limit their pet’'s
outdoor access.

rancisella tularensis, a Tier 1 select agent, is one of

the most pathogenic bacteria known and the etiologic
agent of the zoonotic disease tularemia (1,2). Although
the various subspecies of F. tularensis share considerable
genomic content (>97% nt identity), they exhibit different
degrees of virulence (3). F. tularensis subspecies tularen-
sis (also known as type A) and subspecies holarctica (also
known as type B) infections can be life-threatening if
untreated (1). Type A is further subdivided into subtypes
A.l and A.ll; clade A.l contains strains that are associ-
ated with considerably higher death rates among humans
than are the other members of this pathogenic species (4).
Type B infections occur throughout the Northern Hemi-
sphere, whereas type A infections occur primarily in
North America (3).

Fatal and nonfatal cases of tularemia in domestic cats
(Felis catus) have been reported, as has the transmission of
this disease from cats to humans (5-7). Previous serologic
surveys from several geographic regions determined that
12% of the domestic cats examined had antibodies to F. tu-
larensis (8). Cases of feline-associated tularemia in humans
continue to appear in the literature. However, the relative
contribution of this source of F. tularensis transmission
to humans is unknown and may be underrecognized. This
study was conducted to examine the relative proportion
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and characteristics of feline-associated F. tularensis iso-
lates within the repository at the University of Nebraska
Medical Center (UNMC).

The Study

A review was conducted of the 106 wild-type F. tula-
rensis isolates voluntarily deposited in the UNMC collec-
tion during 1998-2012. These isolates were obtained from
infected humans, animals, or ticks predominantly residing
in Nebraska; however, isolates from several other regions
were also included. Wild-type F. tularensis isolates had
been transferred to UNMC from other locations, accord-
ing to requirements of the national Select Agent Program
(2). None of these isolates had been solicited from vet-
erinary or environmental reference laboratories. Species
identity for locally detected wild-type F. tularensis iso-
lates to which humans had been exposed was confirmed
by the Nebraska Public Health Laboratory in Omaha. Vi-
able culture material was manipulated by authorized per-
sons following select agent—-approved Biosafety Level 3
criteria. For genotyping, we used the PCR-based differen-
tial insertion sequence amplification (DISA) method with
the CR10 C+L+S primer set and pulsed-field gel electro-
phoresis (PFGE) of Pmel-digested Francisella spp. DNA,
as previously described (9).

Of the 106 wild-type F. tularensis isolates in the
repository, 54 (51%) were from humans for whom the
source of exposure was unknown or undocumented, 29
(27%) were from cats (21) or from humans (8) with tula-
remia linked to infected cats, 5 (5%) were from humans
with tularemia linked to infected ticks, 1 (1%) was from
a human with tularemia linked to an infected rabbit, 16
(15%) were from animals with tularemia, and 1 (1%) was
from an unknown host. Of the 29 isolates derived from
feline-associated cases, 28 were associated with domestic
cats and 1 involved a feral cat (Figure). Eight cases of
human tularemia occurred through a cat bite: 7 of these
cases involved adults and 1 involved a 6-year-old child. In
2 cases, the person was bitten while taking a rabbit from a
cat. None of the 8 humans died.

We also analyzed a subset of the 29 F. tularensis iso-
lates obtained from cats or humans bitten by cats. All but
2 of the 29 isolates were available for genotyping. DISA
and PFGE results showed that 1 type B and 26 subtype A.l
strains were responsible for the 27 cases of tularemia (Fig-
ure). Of the 8 cat bite—associated human tularemia cases, 1
was caused by a type B and 7 by subtype A.l strains. None of
the feline-associated tularemia cases were caused by a sub-
type A.ll strain.

PFGE demonstrated that the feline-derived F. tular-
ensis A.l strains could be further divided into 4 subpopu-
lations. For strains in 1 of these subpopulations, DISA
results showed chromosomal polymorphisms in which a
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1.2-kbp or a 1.5-kbp amplicon was produced. This find-
ing is consistent with 2 unique origins for the strains, even
though they were obtained from the same geographic area.

Subset analysis of Nebraska cases showed that 48%
(24/50) of the wild-type F. tularensis isolates were feline-
associated, and most of those 24 isolates (71%, 17/24) were
associated with tularemia cases that occurred in 1 city in
eastern Nebraska. The highest number of tularemia cases
in Nebraska was reported in 2012, a year noted for extreme
heat and drought conditions with warm weather beginning
in early January and lasting through December. No feline-

Feline Tularemia in the United States

associated tularemia cases in Nebraska were reported during
1998-2004; however, 18 were reported during 2005-2011.

Conclusions

Two different molecular methods demonstrated that
F. tularensis subtype A.l was responsible for most of the
tularemia cases in cats (96%, 26/27); 1 of the 27 cases
was caused by a type B strain. This finding is consistent
with subtype A.l strains being found predominantly east
of the 100th meridian in the United States, whereas A.ll
strains appear to be restricted to the west of this meridian

Figure. Molecular genotyping of Francisella tularensis isolates obtained from infected cats or humans bitten by an infected cat, United States,
1998-2012. Genotyping was performed by using pulsed-field gel electrophoresis (PFGE) and the PCR-based differential insertion sequence
amplification (DISA) assay. A dendrogram of PFGE patterns obtained with Pmel-digested F. tularensis isolates is shown on the left; the scale
bar at the top indicates distance in relative units. The genotype-specific amplicon lengths obtained with the DISA CR10 C+L+S primer set
are shown on the right. Migration profiles of the Pmel restriction fragments from F. tularensis chromosomal DNA were normalized to Smal-
digested Staphylococcus aureus NCTC 8325 by using BioNumerics software (Applied Maths, Inc., Austin, TX, USA). Cluster analysis was
performed by using the Dice correlation coefficient and the unweighted pair group mathematical average (UPGMA) clustering algorithm in the
BioNumerics software. The DISA CR10 C+S primer pair identified the subtype A.l strains, whereas the CR10 C+L primer pair differentiated
the subtype A.ll and type B strains by the size of the amplicon produced. Underlining indicates F. tularensis strains SCHU S4 (subtype A.l),
WY96-3418 (subtype A.ll), and ATCC 29684 (type B), which were included as references. F. tularensis isolates NE-062508 and NE-073009
were no longer viable after storage and therefore not genotyped; these pathogens were isolated from domestic cats from eastern Nebraska
(NE) in 2008 and 2009, respectively. ATCC, American Type Culture Collection; NC, North Carolina; OH, Ohio; OK, Oklahoma; WY, Wyoming.
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(4). More importantly, this study confirms that the highly
virulent A.l strains are frequent causes of tularemia in cats
and humans, a finding that is in agreement with those in
a previous report (4), and that the type B clade can cause
disease in these hosts.

Although cats are a well-known vector of F. tularensis,
the strikingly high percentage of disease associated with
cats in Nebraska was unexpected (48% in Nebraska vs.
27% in the UNMC repository). Of note, the highest number
of feline-derived tularemia cases occurred in a city known
to have multiple feral cat colonies and during a year with
extended warm weather and extreme drought conditions.
Warmer temperatures can accelerate the tick life cycle,
augmenting the potential for transmission of vector-borne
diseases (10,11), and droughts can contribute to impaired
host immunity, thereby increasing the likelihood for the
transmission of zoonotic pathogens at the limited sources
of water (12). Therefore, although the natural reservoir of
F. tularensis is unknown, we speculate that these environ-
mental conditions exacerbated the spread of tularemia by
increasing the abundance of ticks harboring and transmit-
ting F. tularensis to outdoor animals. Nevertheless, the
high relative contribution of cats to disease may be due to
underrecognition of an existing problem, a new emerging
threat caused by environmental factors, and/or reporting or
other biases.

A 2012 systematic review reported that free-ranging
domestic cats are probably responsible for the greatest per-
centage of bird and mammal deaths (13). This information
and the findings from the current study support the supposi-
tion that although cats are considered incidental hosts for F.
tularensis, their inherent predatory behavior increases the
likelihood that they will acquire tularemia through the con-
sumption of infected animals and exposure to contaminated
ticks, animals, or water harboring this pathogen. A vaccine
for tularemia is not available in the United States, and the
overall prognosis for infected persons is poor if antibiotic
drug treatment is not administered early in the infection
process. Therefore, cat owners should protect themselves
against potential bites and/or scratches and consider limit-
ing outdoor access for domestic cats. In addition, because
tularemia is often initially misdiagnosed (14), confirmatory
testing by public health laboratories is important and will
provide critical surveillance information regarding F. tula-
rensis in the environment.

The high percentage of feline-associated tularemia
cases reported in this study demonstrates that outdoor do-
mestic cats are frequent vectors of F. tularensis, particu-
larly in areas where the bacterium is endemic. The cases
reported in this study were primarily from urban areas with
nearby access to veterinarians and with cat owners/care-
takers motivated to treat infected animals; therefore, our
findings may not accurately estimate the prevalence of this
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pathogen within the feral and rural domestic cat popula-
tions. These findings do emphasize the importance of tak-
ing appropriate measures to reduce the transmission of
feline-associated tularemia to humans and the need for a
vaccine that protects against the highly virulent pathogen
F. tularensis.
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Gouleako and
Herbert Viruses
In Pigs, Republic
of Korea, 2013

Hee Chun Chung, Van Giap Nguyen,
Dane Goede, Chang Hoon Park, A. Reum Kim,
Hyoung Joon Moon, Seong Jun Park,
Hye Kwon Kim, and Bong Kyun Park

Several viruses in the family Bunyaviridae are patho-
genic to animals and cause vector-borne zoonoses. In 2013,
investigation of cause of death of 9 pigs on 1 farm in the Re-
public of Korea found infection with Gouleako and Herbert
viruses. Subsequent investigation revealed high prevalence
of these viruses among pigs throughout the country.

Several viruses in the family Bunyaviridae, such as se-
vere fever thrombocytopenia syndrome virus, sandfly
fever Naples virus, and La Crosse virus, cause vector-borne
zoonotic problems (1-7). Recently, outbreaks of severe dis-
ease caused by Rift Valley fever virus and Schmallenberg
virus produced abortion storms, resulting in a high mortal-
ity rate among newborn lambs and calves (4,8). Gouleako
virus (GOLV) and Herbert virus (HEBV) have been isolat-
ed from mosquitoes (Culex spp.) trapped in Céte d’lvoire
(9,10); however, their infectivity or virulence have not been
proven. Investigation of the cause of death of pigs in the
Republic of Korea identified GOLV and HEBV infection.

The Study

In March 27, 2013, a piglet, =8 weeks of age, on a 150-
sow farm in Gyeonggi, Republic of Korea, died after onset
of high fever (40°C), wasting, respiratory disease, and diar-
rhea. The carcass was sent to the Department of Veterinary
Medicine Virology Laboratory, Seoul National University,
Seoul, Republic of Korea, for diagnostics. Necropsy and
microscopic examinations revealed greenish lung tissue
with lymphoid depletion, consistent with severe broncho-
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pneumonia. Despite the presence of multiple clinical signs,
the results of routine tests for major pathogens in pigs (e.g.,
porcine reproductive and respiratory syndrome virus, por-
cine circovirus type 2, transmissible gastroenteritis virus,
porcine epidemic diarrhea virus, Escherichia coli, Strepto-
coccus spp., and Salmonella spp.) were negative.

To further explore cause of the death, we used the
particle-associated nucleic acid —random PCR method
(online Technical Appendix, http://wwwnc.cdc.gov/EID/
article/20/12/13-1742-Techappl.pdf). Sequencing and
BLAST analysis (http://www.ncbi.nIm.nih.gov/blast/Blast.
cgi) of the agent-specific amplicon simultaneously de-
tected 2 viruses in lung tissue RNA samples. One partial
sequence had 100% identity with 63 nt of the GOLV strain
F23/CI1/2004 glycoprotein gene (GenBank accession no.
FJ765411). Another sequence had 97% similarity with 66
nt of the HEBYV strain F23-K4 RNA-dependent RNA poly-
merase (RdRp) gene (GenBank accession no. EF423168).

Results were validated with reverse transcription PCR
(RT-PCR) (online Technical Appendix). We obtained par-
tial sequences of 235 nt of GOLV and 324 nt of HEBV.
These sequences had 97.1% and 96.9% similarity with
GOLV and HEBYV, respectively, previously isolated from
mosquitoes (9,10). The sequences were registered as Gen-
Bank accession nos. KF361520 and KF361522 and desig-
nated as GOLV/P1 and HEBV/P1, respectively.

During March—-May 2013, we received a total of 9
dead pigs from the same farm; they had displayed various
clinical signs. We further screened these pigs for the pres-
ence of GOLV and HEBYV by using the same primer sets
(online Technical Appendix) selective for their glycopro-
tein and RdRp genes, respectively. The results showed
that the pigs were infected with GOLV and HEBV at a
prevalence of 83.3% and 100%, respectively, mostly in
lung samples (Table 1). The sequences obtained from
this assay were registered as GenBank accession nos.
KF361521 and KF361523 and designated GOLV/P8 and
HEBV/PY, respectively.

Because of the high rate of GOLV positivity, we con-
ducted a histopathologic RNA in situ hybridization study
(online Technical Appendix). Hybridization signal was
positive in lung and lymph node tissues and negative in in-
testine and control tissues. Hybridization was strong in the
cytoplasm of mononuclear cells (deep blue color) (online
Technical Appendix Figure 1).

Using the same RT-PCR method (online Technical
Appendix), we investigated the prevalence of GOLV and
HEBY in other swine populations in the Republic of Korea;
we used the existing primer sets: (GOLV-NCF and GOLV-
NCR) and (HEBV-F and HEBV-R). During March-Sep-
tember 2013, a total of 461 serum samples were randomly
collected from 40 commercial swine farms in 9 provinces.
Of these, 204 (44.3%) samples were positive for GOLV
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Table 1. GOLV and HEBV screening results for dead pigs on 1 farm in Gyeonggi Province, Republic of Korea, 2013*

Month GOLV HEBV
Pig sample Sample Sample qRT-PCR, gRT-PCR, Other
no. Clinical signs  Age groupt collected no. type RT-PCR copies/uLt RT-PCR  copies/uLt pathogens
1 None Finisher Mar PO Lung - NA + 2.57 x 10°
2 Wasting, Weaned Mar P1 Lung§ +{ 2.03 x 10° +# 1.26 x 10° NA
cyanosis, fever, P2  Intestine + 1.27 x 10* + 1.16 x 10° NA
respiratory
disorders,
diarrhea
3 Diarrhea, Finisher Mar P3 Lung + 1.11 x 10? + 1.37 x 10° PRRSV,
respiratory PCV2
disorders P4 Intestine - NA - .
4 Diarrhea, Gilt Mar P5 Lung + 2.53 x10° + 5.45 x 10°* PRRSV,
respiratory PCV2
disorders P6 Intestine - NA - NA Rotavirus,
E. coli
5 Respiratory Weaned Apr P7 Lung + 2.04 x 10° + 2.78 x 10° PRRSV,
disorders PCV2
P8 Intestine +{ 1.82 x 107 - NA
6 Diarrhea, Grower Apr P9 Lung + 510 x1 0° +# 5.46 x 10° PRRSV
respiratory P10 Intestine - NA - NA
disorders
7 Diarrhea Finisher Mar P11 Intestine - NA - NA E. coli
8 Diarrhea Sow Mar P12 Intestine + 6.52 x 10° - NA Rotavirus,
E. coli
9 None Finisher Mar P13 Intestine — NA — NA NA

*E. coli, Escherichia coli; GOLV, Gouleako virus; HEBV, Herbert virus; NA, not applicable; gqRT-PCR, quantitative reverse transcription PCR; PCV2,
porcine circovirus type 2; PRRSV, porcine reproductive and respiratory syndrome virus, Rota, rotavirus.

tSamples were sorted into 6 groups: female (gilt and sow), suckling (<30 d), weaned (30-60 d), grower (60-90 d); and finisher (=90 d).

FAmount of virus from qRT-PCR results, copies/uL (online Technical Appendix, http://wwwnc.cdc.gov/ElD/article/20/12/13-1742-Techappl.pdf).
8First sample in which virus was detected by particle-associated nucleic acid—random PCR.

fiGenBank, GOLV (P1, KF361520; P8, KF361521).

#GenBank, HEBV (P1, KF361522; P9, KF362523).

and 26 (5.6%) samples were positive for HEBV (Table 2). and HEBYV positivity were higher among sows (1-4 years
The rates of positivity for the investigated provinces are  of age) than among pigs in other age groups (Table 2).
shown in Figure 1. When examined according to season, The study was extended to include sows on other
positive samples were more frequently found in the sum- farms in the Republic of Korea because of the major
mer than in spring. For example, during July—August,

rates were ~65% (for GOLV) and 10% (for HEBV), but in

March, rates for each virus were <10%. Rates for GOLV

Table 2. Pig samples positive for GOLV or HEBV by RT-PCR,
Republic of Korea, 2013*

No. (%) positive

Variable GOLV HEBV
Pig age group
Gilt, n =49 23 (46.9) 3(6.1)
Sow, n =76 42 (55.3) 12 (15.8)
Suckling, n =90 20 (22.2) 5(5.6)
Weaned, n = 90 44 (48.8) 2(2.2)
Grower, n =77 37 (48.1) 3(3.9)
Finisher, n =79 38 (48.1) 1(1.3)
Total, n =461 204 (44.3) 26 (5.6)
Sample collection
Mar, n = 40 3(7.5) 0
Apr, n =40 5(12.5) 1(2.5)
May, n = 64 22 (34.4) 34.7)
Jun,n=72 27 (37.5) 34.2)
Jul,n=79 39 (49.4) 5(6.3) Figure 1. Distribution of swine farms investigated to determine cause
2“91 n= 2421 gg ggg; 12 5128)2) of death of pigs, 9 provinces, Republic of Korea, 2013. The locations
ep,n= . . P "
Total, n = 461 204 (44.3) 26 (5.6) of farms are indicated, and the numbers and percentages of positive

*GOLV, Gouleako virus; HEBV, Herbert virus; RT-PCR, reverse farms are shown in parentheses. Blgck dot indicates Iocat.lon of first
transcription PCR. case discovered. GOLV, Gouleako virus; HEBV, Herbert virus.
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role of sows on a commercial swine farm. Pigs were di-
vided into 3 groups and the following samples were col-
lected: blood from healthy sows >1 year of age (n = 76),
blood from abortion-problem sows (n = 13), and tissue
from aborted fetuses (n = 42). Rates of virus positiv-
ity for GOLV and HEBV were higher for the 42 fetuses
(33 [78.6%] and 11 [26.2%]) than for pigs in the healthy
group (42 [55.3%] and 12 [15.8%]), respectively. Of the
13 abortion-problem sows, GOLV and HEBV, respective-
ly, were found in 10 (76.9%) and 3 (23%) samples. The
rates of GOLV and HEBV positivity among the healthy
and abortion groups (abortion-problem sows and fetuses)
were statistically compared by using the Pearson y? test
in SPSS version12.0 (SPSS Inc., Chicago, IL, USA). The
only significant correlation found was for HEBV infec-
tion in the abortion group; p<0.05.

Within the abortion group, pooled tissues from the 42
fetuses were screened for other pathogens (online Techni-
cal Appendix Table). The highest rate of positivity for the
fetuses was for GOLV; 17 (40.5%) of the 42 samples were
positive for GOLV only. Concurrent GOLV and HEBV in-
fection was found in 9 (21.4%) samples and GOLV and
swine influenza virus in 4 (9.5%) samples; no specific
pathogens were detected in 7 (16.7%) samples (Technical
Appendix Table).

The phylogenetic relationships of GOLV and HEBV
isolated from swine in the Republic of Korea (online Tech-
nical Appendix) with the other members of family Bunya-
viridae were analyzed; analyses were based on genes that
encode the nucleocapsid protein (for GOLV) and RdRp (for
HEBYV). Of the GOLVs, the result showed that samples
from the swine farms examined (KJ830623, KJ830624)
clustered with GOLYV strains from Africa (9) and showed
high similarities (98.34%-98.98%) with a strain of GOLV
from mosquitoes in western Africa (HQ541736) (Figure 2,
panel A). Of the HEBV viruses, samples from swine farms
examined (KJ830625, KJ830626) formed a branch with
existing strains (KF590583, JQ659256) from mosquitoes
in Cote d’lvoire (10) (Figure 2, panel B). Similarities with
each other were 94.46%-97.23%.

Two field GOLV strains (CP-1/2013 and CP-
2/2013) used in this study were isolated from pig kidney
(PK15) cells. Detailed information about the methods
used to prove the results are shown in online Technical
Appendix Figure 2.

Conclusions

We demonstrated that GOLV and HEBV are prevalent
on swine farms in the Republic of Korea. Prevalence of
these viruses was first suspected after particle-associated

Figure 2. Phylogenetic analyses of Gouleako virus (GOLV) and Herbert virus (HEBV) collected from swine in the Republic of Korea,
2013 (KJ830623-J830626, in boldface), and other family Bunyaviridae viruses. The bootstrap consensus trees were constructed by
using the maximum-likelihood method based on the general time-reversible model, implemented in MEGA version 6.06 (http://www.
megasoftware.net). The phylogenetic trees for GOLV (A) and HEBV (B) were inferred on the basis of nucleotide sequences of the
gene encoding nucleocapsid protein (GOLV) or RNA-dependent RNA polymerase (HEBV). The bootstrap values are shown next to the
branches. Bunyaviridae virus sequences from previous studies (9,10) were used as reference sequences.
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nucleic acid—random PCR of tissue from dead pigs, and
it was proven by RT-PCR screening of a large collection
of samples (serum, fetal tissue) from healthy and sick pigs
throughout the country. The in situ hybridization method
detected GOLV RNA in pig tissues and provided evidence
in support of the presence of GOLV in the infected tissues
of pigs. The findings of this study indicate that GOLV and
HEBV may be associated with disease in pigs; investiga-
tion of the pathogenicity of the viruses in pigs, as well as
their relation to other emerging viruses of swine, is needed.
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Human infection with avian influenza virus A(H10N8)
was initially reported in China in December 2013. We char-
acterized H10N8 strains from a human patient and from
poultry in live markets that infected persons had visited. Re-
sults of genome sequencing and virus characterization sug-
gest that the virus strains that infected humans originated
from these markets.

vian influenza virus (AIV) is classified into 16 sub-

types on the basis of hemagglutinin (HA) and 9 sub-
types on the basis of neuraminidase (NA); additional bat-
derived influenza-like genomes, HI7N10 and HI8NI11,
have recently been reported (1). Birds can be infected with
AlV through direct contact with infected hosts or through
contact with contaminated surfaces or materials, including
water and food. In China, HLONS virus was isolated from
the environment of Dongting Lake in Hunan Province in
2007 (2) and from a duck in a live poultry market (LPM)
in Guangdong Province in 2012 (3). This AlIV was not then
known to directly infect humans or other mammals.

In December 2013, H1ONS virus infection in a person
was reported in Nanchang, Jiangxi Province, China (4);
2 more human cases followed. The initial reported case
was in a 73-year-old woman who visited a local LPM 4
days before the onset of her illness (4). Because genetic
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information on AIV is essential for understanding of the
biology of these viruses, their spread among avian spe-
cies, and their potential transmission to humans, in Janu-
ary 2014, we conducted surveillance of several LPMs in
Nanchang, including those visited by the 3 reported case-
patients, to determine the source of these infections.

The Study

During January 2014, we collected 226 pairs of cloa-
cal and oropharyngeal swab specimens from apparently
healthy poultry in several LPMs in Nanchang, China. The
samples were stored in viral medium at 4°C until they were
transported to the laboratory and then stored at —80°C un-
til analysis. Virus material was injected into 10-day-old
specific pathogen free embryonated chicken eggs; we then
genetically analyzed all HA-positive samples. Viral RNA
from allantoic fluid was extracted with the RNeasy Mini
Kit (QIAGEN, Hilden, Germany), and cDNAs were syn-
thesized from the viral RNA by reverse transcription PCR
by using a SuperScript First-Strand Synthesis System for
RT-PCR Kit (Invitrogen, Carlsbad, CA, USA). All gene
segments were amplified by using a Phusion High-Fidelity
PCR Kit (New England Biolabs, Ipswich, MA, USA). The
PCR products were sequenced and the sequences were ed-
ited and aligned by using BioEdit software (http://www.
mbio.ncsu.edu/bioedit/bioedit.ntml).

Two HION8 viruses, A/chicken/Jiangxi/77/2014
(JX77) and Alchicken/Jiangxi/B15/2014 (JXB15), were
isolated from the 226 pairs of swab specimens from healthy
chickens. JXB15 and JX77 grew well in embryonated eggs
and caused the specific pathogen free chicken embryos
to die 48-72 h after inoculation; hemagglutination titers
were 257, Genomic analysis showed that these isolates had
sequence identity of >99% in each of the 8 genes tested
with human isolate A/Jiangxi-Donghu/346/2013 (H10N8)
(JX346), which was derived from the case-patient who
became ill in December 2013. This finding indicates that
the H10ON8 virus that infected humans might have been
derived from local poultry or the environments of LPMs.
All 8 genes of JXB15 and JX77 were adjacent to the cor-
responding genes of JX346 on phylogenetic trees (Fig-
ures 1, 2). JXB15 and JX77 also shared high nucleotide
sequence identity (99.3%-99.9%) with JX346 (Table 1).
Phylogenetic analysis showed that the HA genes of JXB15
and JX77 belong to the Eurasian avian lineage, whereas
the NA genes belong to the North American avian lineage
(Figure 1). When compared with JX346, the avian isolates
JXB15 and JX77 contained nucleotide differences result-
ing in only 5 amino acid substitutions in the HA protein:
Met80Tyr, Asn116Asp, Thri88lle, Lys415Met, and Phe-
536Val (Table 2). All 3 isolates shared 100% identity in
their NA amino acid sequences.
1These authors contributed equally to this article.
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Phylogenetic trees constructed from the 6 internal
genes (polymerase basic [PB] 1 and 2, polymerase acid-
ic, nucleoprotein, matrix [M], and nonstructural [NS])
showed that JXB15, JX77, and JX346 clustered closely
with HIN2 viruses isolated from Jiangxi in 2010 and
2011 (Figure 2). The internal genes of JXB15 and JX77

Figure 1. Phylogenetic trees of hemagglutinin (A) and neuraminidase
(B) gene segments of influenza virus A(H10N8) isolates from
Jiangxi Province, China, 2013-2014, compared with other closely
related influenza viruses. Red indicates the novel H10N8 isolates A/
chicken/Jiangxi/77/2013 (H10N8) and A/chicken/Jiangxi/B15/2014
(H10N8) that were identified in this study from poultry from live
poultry markets; green indicates the human-source H10N8 virus
isolate A/Jiangxi/346/2014 (H10N8). Scale bars indicate nucleotide
substitutions per site.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014
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also showed high nucleotide sequence identity with those
of 5 HIN2 virus isolates collected from local poultry en-
vironments during 2010-2013, with highest similarity
to those of A/environment/Jiangxi/00449/2013 (HIN2)
(96.4%-99.5%) (Table 1). These findings suggest that the
6 internal genes of these 3 HLONS viruses originated from
local HINZ2 viruses that have been circulating for years.
The 6 internal genes of JXB15 and JX77 shared 95.9%—
98.9% identity with those of the HIN2 viruses from
chickens but only 69.4%-91.1% with those of HON2 vi-
ruses from ducks (Table 1). Phylogenetic analysis showed
that the PB2 genes of JXB15, JX77, and JX346 belong
to the DE113-like lineage; the PB1, polymerase, and nu-
cleoprotein genes belong to the SH/F/98-like lineage; the
M genes belong to the G1-like lineage; and the NS genes
belong to the BJ94-like lineage (Figure 2).

Amino acid sites 591K, 627K, and 701N in the internal
protein PB2 are key amino acids required for the mammalian
adaptation of the virus (5). JXB15, JX77, and JX346 have
591Q and 701D in protein PB2; however, although the hu-
man JX346 virus has 627K in protein PB2, 627E is found in
the poultry isolates. This substitution suggests that the mam-
malian-adaptation mutation to 627K might have occurred in
the human body after infection. For all 3 isolates, amino ac-
ids 473V and 598L were also observed in the viral PB1 pro-
tein in mammalian cells and are assumed to enhance the rep-
licative capacity of the virus (6). Deletions of the PDZ motif
and 42Ser in the NS1 protein were observed; these changes
have been shown to increase pathogenicity in mice (7). The
M2 protein contained the Ser31Asn substitution, indicating
resistance to adamantanes, as has been consistently observed
in recent seasonal influenza virus isolates.

Conclusions

Our results provide evidence that the novel avian influ-
enza virus A(H10N8) that infected humans in Nanchang,
Jiangxi Province, China, could have derived from strains
circulating in LPMs. In the LPMs, the sale of freshly slaugh-
tered poultry, live poultry transportation, and mixed trading
of different domestic animals provide environments condu-
cive to genome segment reassortment, gene mutation, and
interspecies transmission of AlVs (8,9). Human-infecting
H7NO9 virus strains are believed to be directly related to those
found in the live poultry traded in LPMs (10,11); closure of
LPMs has been shown to partly control the spread of these
infections (8). Moreover, serologic evidence recently con-
firmed the infection of dogs with an H10 subtype influenza
virus in close proximity to LPMs in Guangdong Province
(12). Other recent research has shown that the internal genes
of the H5N1, H7N9, and H10NS8 viruses are constantly reac-
quired from poultry HON2 viruses (9,13,14). Taken together,
these data suggest that LPMs act as gene sources, facilitating
reassortment of AlIV genome segments (15).
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Figure 2. Phylogenetic trees of the internal genes of influenza virus A(H10N8) isolates from Jiangxi Province, China, 2013-2014, compared
with other closely related influenza viruses. A) Polymerase basic 1; B) polymerase basic 2; C) nucleoprotein; D) matrix; E) polymerase
acidic; F) nonstructural. Red indicates the novel H10N8 isolates A/chicken/Jiangxi/77/2013 (H10N8) and A/chicken/Jiangxi/B15/2014
(H10N8) that were identified in this study from poultry from live poultry markets; green indicates the human-source H10N8 virus isolate A/
Jiangxi/346/2014 (H10N8); blue indicates the 5 HIN2 virus isolates used for comparison, A/fenvironment/Jiangxi/00449/2013 (HON2), A/
chicken/Jiangxi/103/2010 (H9N2), A/chicken/Jiangxi/12/2011(H9N2), A/chicken/Jiangxi/19/2011 (H9N2), and A/chicken/Jiangxi/13/2011

(H9N2). Scale bars indicate nucleotide substitutions per site.

In summary, exposure to infected and/or virus-carrying
poultry or to contaminated environments in LPMs and the
emergence of mammal-adapted and drug-resistant viruses
puts humans at high risk for infection with novel influenza
viruses. Measures to improve poultry farming practices
must be enforced, including strict biosecurity measures for
the trade and transport of live birds, proper disposal of dis-
eased and dead birds, and even closure of LPMs.
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Table 1. Nucleotide identity of influenza A(H10N8) and A(H9N2) viruses isolated in Jiangxi Province, China, during 2009-2014,
compared with human isolate A/Jiangxi-Donghu/346/2013 (H10N8)*

Nucleotide identity, %

Strain Collection date HA NA PB2 PB1 PA NP M NS
AlJiangxi/346/2013 (H10N8) 2013 Dec

Alchicken/Jiangxi/77/2014 (H10N8) 2014 Jan 995 998 995 999 999 993 994 999
Alchicken/Jiangxi/B15/2014 (H10N8) 2014 Jan 99.5 99.8 995 999 999 997 994 99.9
Alenvironment/Jiangxi/00449/2013 (HON2) 2013 Feb NT NT 986 964 986 995 994 98.8
Alchicken/Jiangxi/103/2010 (HON2) 2010 Dec NT NT 97.8 96.3 981 963 986 98.6
Alchicken/Jiangxi/12/2011 (HON2) 2011 Jan NT NT 972 973 973 977 988 98.8
Alchicken/Jiangxi/13/2011 (HON2) 2011 Jan NT NT 974 974 976 959 986 985
Alchicken/Jiangxi/19/2011 (HON2) 2011 Jan NT NT 971 981 976 96.1 989 989
A/duck/Jiangxi/79/2009 (HIN2) 2009 Sep NT NT 87.0 90.0 898 91.1 90.7 694

*Isolates were from mixed cloacal and oropharyngeal swab specimens collected in Nachang city, Jiangxi Province. Nucleotide identity was calculated by
using DNAStar software (http://www.dnastar.com) from the complete coding sequence of each gene segment. HA, hemagglutinin; M, matrix protein; NA,
neuraminidase; NP, nucleoprotein; NS, nonstructural protein; NT, not tested; PA, polymerase acidic protein; PB, polymerase basic protein.
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Molecular
Epidemiology of
Influenza A(H1N1)
pdmO9 Virus
among Humans
and Swine,
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After multiple discrete introductions of influenza
A(H1N1)pdmO09 virus into Sri Lanka, the virus was transmit-
ted among humans, then swine. The spread of virus be-
tween geographically distant swine farms is consistent with
virus dispersal associated with a vehicle used for swine
transportation, although this remains unproven.

he first known transmission of influenza A(HINT1)

pdmQ9 virus to humans from swine was in 2009. As the
virus spread among humans worldwide, it was transmitted
from humans to swine repeatedly (1), changing the global
genetic landscape of swine influenza viruses. We previ-
ously reported the spillover of HIN1pdm from humans to
swine and absence of North American triple reassortant,
classical, and European avian-like swine viruses in swine
herds in Sri Lanka during August 2009-May 2012 (2).
Here, we extend these studies through August 2013 with
the analysis of paired nasal and tracheal swab samples col-
lected from 4,683 animals and serum samples from 3,351
animals (online Technical Appendix Table 1, wwwnc.cdc.
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gov/ElD/article/20/12/14-0842-Techappl.pdf) and com-
prehensively analyze full genomes of viruses isolated from
samples from 26 swine (11 isolated in 2009, 4 in 2010, and
11 in 2011) and 35 humans (6 isolated in 2009, 17 in 2010,
9in 2011, and 3 in 2012) and 2 publicly available hemag-
glutinin sequences of human H1N1pdm viruses from Sri
Lanka. Sequences generated in this study are available in
GenBank (KJ856002-KJ856446).

The Study

To understand the molecular epidemiology and spatial
and temporal dynamics of spillover events, we compared our
data with full-genome sequences of HIN1pdm available in
public databases as of August 28, 2013. These include all
available full genome sequences from swine H1N1pdm vi-
ruses (n = 82), all human H1N1pdm viruses from outside of
the USA (n = 957), and 100 randomly selected full genome
sequences from 1,500 human H1N1pdm sequences from the
United States. Reassorted swine or human viruses contain-
ing H1IN1pdm virus genes were excluded from this analysis.
Our final dataset included the full genomes of 35 human and
26 swine samples from Sri Lanka and a global sample of
1,057 human and 82 swine virus sequences.

The single breakpoint recombination and genetic al-
gorithm for recombination detection methods (3) excluded
the presence of reassortants in our dataset; hence, we used
concatenated genomes of 8 gene segments for all subse-
quent analyses. We conducted multiple-sequence align-
ment using MUSCLE (4) and optimized the sum of all of
the pairs of characters manually. Phylogenetic trees and
bootstrap supports were estimated by using the GTR+I+T
nucleotide substitution model as identified by using JMod-
eltest (5) and the maximum likelihood method in RaXML
(6). We inferred dates of introduction of major Sri Lankan
human and swine lineages using the relaxed clock method
under a Bayesian Markov chain Monte Carlo approach
(BEAST v1.7) (7).

Figure 1 illustrates independent introductions of at least
8 H1N1pdm sublineages into Sri Lanka during 2009-2012.
Six of these were exclusively detected in humans: hul
(2009), hu2 (2009), hu3 (2009), hu5 (2010/11), hu6 (2011),
and hu7 (2011). One was exclusively from swine (swi;
2009/10) and 1 sublineage was detected in both humans
(hu4; 2011) and swine (sw2; 2011) (Figures 1, 2). Similar
multiple discrete introductions of human H1N1pdm viruses
have been reported in the United Kingdom and India (8,9).

In Sri Lanka, swine HIN1pdm clusters sw1 (2009/10)
and sw2 (2011) were genetically distinct from each other
and from other swine viruses isolated globally, indicating 2
separate introductions to local swine that circulated among
swine for 11 and 4 months, respectively, for each cluster.
The sw1 and sw2 lineages did not appear to establish long-
term sustained transmission within pigs. However, the

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014



Molecular Epidemiology of Influenza A(H1N1)pdmO09 Virus, Sri Lanka

Figure 1. Phylogenetic relationships
of influenza A H1N1pdm viruses
isolated from human and swine
during 2009-2012 in Sri Lanka. (A)
Maximum likelihood tree generated
from a concatenated dataset of 8
gene segment sequences from 1,057
human and 82 swine H1N1pdm
viruses isolated globally during
2009-2012, and 35 human and 26
swine H1N1pdm viruses isolated in
Sri Lanka in 2009-2012. Red and
green branches represent human
(hu) and swine (sw) viruses isolated
in Sri Lanka, respectively; gray and
blue branches represent globally
sampled human and swine viruses,
respectively. Highlighted regions
(gray) are shown with virus names
in (B) and (C), respectively. Support
values estimated from 500 maximum
likelihood bootstrap replicates are
shown along the node for each swine
and human clusters identified in Sri
Lanka in (A) and for each node with
>70% support for (B) and (C).

reduced surveillance of farms during the period 2012-2013
(online Technical Appendix Table 1) means that this con-
clusion has to be qualified in regard to the sw2 lineage.
We did not identify ancestors of swl in Sri Lanka, how-
ever sw2 appears to have been directly derived from hu4,
which included the majority of the human viruses (20/35)
sequenced from Sri Lanka. The lack of identification of a
human ancestor for swl may be related to insufficient hu-
man influenza genomic data obtained from Sri Lanka dur-
ing 2009-2010 (Figures 1, 2). Although the 11 sw2 viruses
were isolated from pigs on farms A, C, and G, which were
separated by >25 km from each other (Table, Figure 2),
they form a monophyletic clade with no human isolates
within this cluster. Even though the paucity of human vi-
ruses sampled is a limitation in this study, the data suggest
a single introduction of human viruses into swine followed
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by transmission within and between swine farms for >4
months (Figure 2).

To clarify transmission patterns between affected swine
farms in Sri Lanka, we obtained contact patterns by inter-
viewing pig farmers using a structured questionnaire (online
Technical Appendix) with approval from the Ethics Review
Committee, Faculty of Medicine, Ragama, Sri Lanka. There
was no evidence of movement of persons or fomites between
farms. However, during the peak demand period (Novem-
ber—-December) of each year that surveillance was per-
formed, a common truck owned by farm M (Table), driven
by a single driver and an assistant, provided transportation
from multiple farms to the abattoir, including from affected
farms A, C, and G (Table). On some occasions, animals
taken to the abattoir for slaughter were returned to the farm.
Pools of water or body fluids were often noted within this
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Figure 2. Phylogeny and divergence times of the concatenated
whole genome of 2 swine pandemic influenza A(H1N1)
(H1N1pdm) virus clusters (sw 1 and 2) detected in Sri Lanka (A,B)
and distribution of swine farms yielding H1N1pdm virus isolates
during 2009-2013. Gray branches represent global H1N1pdm
viruses and black branches represent human and swine
H1N1pdm viruses isolated in this study. Farm of origin is provided
for all swine isolates. Gray bars on the tree nodes represent
95% highest posterior density intervals of divergence times. The
maximum clade credible tree is summarized from 2 runs of 20
million generations (after the removal of the first 10% as burnin),
using the uncorrelated lognormal relaxed clock model, the SRD06
codon based nucleotide substitution model and an exponential
coalescent population size, in BEAST (7). The number of swine
H1N1pdm viruses isolated in the farm is provided in brackets (C).
The farms from which H1N1pdm viruses were isolated in 2011
are farms A, C, and G. The common transportation truck is the
property of the farm M owner. Approximate locations are given.

truck, and it is possible that viable swine influenza viruses
may have survived for varying periods. We did not test these
fluids from the common transportation truck for influenza
viruses; this is also a limitation of the study.

Of the 15 farms on which the common truck was used,
swine on 3 (20%) were infected by a sw2 clade virus; on 2
farms on which the common truck was not used, no swine
were infected. This association was not statistically signifi-
cant (p = 1.0), however, given the small numbers of farms
investigated. Our findings are consistent with dispersal of
sw2 clade viruses in association with the truck to infect
multiple farms that were geographically distant, but this
remains unproven. It was previously documented that in-
fluenza viruses can remain viable for prolonged periods of
time in water at a temperature of ~28°C (comparable ambi-
ent temperature in the Western Province, Sri Lanka) (10)
and are reported to survive longer periods on nonporous
surfaces (11). Influenza virus has been detected in air sam-
ples from rooms of experimentally infected pigs (12) and
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in the exhaust air samples collected up to 1 mile away from
the index farm (13), indicating the possibility of aerosol
transmission for some distance. Notably, studies of the
swine populations in the United States have demonstrated
spatial dissemination of swine influenza viruses of human
origin to match long-distance swine movements (14).

Despite widespread inter-farm transmission of swl and
sw2, our results show that only animals on farm C were in-
fected in both spillover events. Farms A and G, on which
swine were infected by sw2 in 2011, appeared not to have had
infected swine during 2009-2010, as shown by both virus iso-
lation and serologic testing (online Technical Appendix Table
1). Maternally derived antibodies transferred through colos-
trum from dams infected during 2009-2011 may have pro-
vided passive protection to offspring born in 2010-2011. On
swine farms in Sri Lanka, female swine are used for breeding
for ~2-3 years. In experimental challenge, maternally derived
antibodies provided some protection against disease, but not
complete protection from infection (15).
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Table. Demographic data, internal and external biosecurity measures practice by swine farms, Sri Lanka, 2009-2013*

Dedicated  Type of truck
Used Used employees used to Cats and/or
Pig specific disinfectants  for fattening transport Visitor Service dogs

replacement clothing and for wheel and and nursery  pigs tothe restriction provider allowed in  H1N1pdm
Farm source footwear foot baths units GSHD grade visits the facility  detection
A Internal No Yes Yes Hired/farm M M Nil Yes Clade 2
B Internal Yes Yes Yes Dedicated A No Yes Clade 1
C Internal No No No Hired/farm M N Occasionally Yes Clades1/2
D Internal No No Yes Dedicated M Occasionally Yes Nil
E Internal No No No Hired/farm M N Occasionally Yes Nil
F Internal No No No Hired/farm M M Nil Yes Nil
G Internal No No No Hired/farm M M Nil Yes Clade 2
H Internal No No No Hired/farm M M Nil Yes Nil
| Internal No No No Hired/farm M M Occasionally Yes Clade 1
J Internal No No No Hired/farm M N Occasionally Yes Clade 1
K Internal No No No Hired/farm M M Nil Yes Nil
L ND No ND ND Hired/farm M ND ND ND Nil
M External No No No Self-owned M Yes Yes Nil
N Internal No No No Hired/farm M N Nil Yes Nil
ot NA No No No NA N Nil Yes Nil
P Internal No No No Hired/farm M N Nil Yes Nil
Qf Internal Yes No Yes NA A Yes Yes Nil
R Internal No No No Hired/farm M M Occasionally Yes Nil
S Internal No No No Hired/farm M N Occasionally Yes Nil

*None of the swine farms housed domestic poultry in the facility. Farms are listed in alphabetical order, A being in the northernmost location and S the
southernmost farm in this study. GSHD, Government Slaughter House Dematagoda. The common transportation truck is the property of the farm M
owner. Visitor restriction is scored as M-moderate, and A-absolute restriction, N-nil, on the basis of level of visitor restrictions (absolute/moderate/nil) and

selection of veterinary surgeons (designated/freelance); service providers are veterinary surgeons, drug, and vaccine providers. NA, not applicable; ND,

no data available.
tBackyard slaughterhouse.
$Pigs not slaughtered at the GSHD.

Conclusions

This study demonstrates natural independent spill-
over events of HINIpdm influenza viruses from humans
to swine. HIN1pdm viruses appear to be spread by mul-
tiple, discrete introductions to swine, after which clonal
expansion occurs within the swine. The spread of such
virus lineages across multiple farms is consistent with
virus dispersal by breaches of external biosecurity mea-
sures, including the manner of swine transportation, al-
though this remains unproven given the small sample
size. Unlike classical swine influenza, North American
triple reassortant, and European avian swine viruses that
have persistently circulated among swine for several de-
cades in other countries (15), HLIN1pdm does not appear
to establish long-term lineages in swine in the absence of
further reassortment. This observation requires confirma-
tion in other geographic settings.
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A new amdoparvovirus, named raccoon dog and fox
amdoparvovirus (RFAV), was identified in farmed sick rac-
coon dogs and arctic foxes. Phylogenetic analyses showed
that RFAV belongs to a new species within the genus Am-
doparvovirus of the family Parvoviridae. An RFAV strain was
isolated in Crandell feline kidney cell culture.

mdoparvoviruses, members of the autonomous par-

voviruses, belong to the genus family Parvovirdae,
subfamily Parvovirinae, genus Amdoparvovirus (1). Only
2 distant species have been reported: Carnivore amdopar-
vovirus 1, which comprises only Aleutian mink disease vi-
rus (AMDV), and C. amdoparvovirus 2, which comprises
only gray fox amdovirus (1,2). Natural AMDV infection
mainly occurs in the Mustelidae family (3) and causes
immune complex—mediated disease (4). However, to our
knowledge, natural amdoparvovirus infection in raccoon
dogs or arctic foxes has not been reported. We describe the
identification, isolation, and infection of a novel amdopar-
vovirus in canids, which represents a new viral species (C.
amdoparvovirus 3), named raccoon dog and fox amdopar-
vovirus (RFAV), within the Amdoparvovirus genus.

The Study

During July-December 2012 and 2013, sick rac-
coon dogs and arctic foxes, which were farmed for fur
products on 6 farms (farms A-F) in Jilin and Liaoning
provinces, China, were received for quarantine inspec-
tion at the Fur Animal Disease Laboratory, Institute of
Special Animal and Plant Sciences, Chinese Academy of

Author affiliations: State Key Laboratory for Molecular Biology of
Special Economical Animals, Institute of Special Animal and Plant
Sciences, Chinese Academy of Agricultural Sciences, Changchun,
China (X.Q. Shao, Y.J. Wen, H.X. Ba, X.T. Zhang, Z.G. Yue, C.Y. Li,
F.H. Yang); State Key Laboratory of Marine Environmental Science,
Xiamen University, Xiamen, China (K.J. Wang); and University of
Kansas Medical Center, Kansas City, Kansas, USA (J Qiu)
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Agricultural Sciences. Several infant raccoon dogs from
1 litter became ill 40 days after birth, and the numbers of
sick animals increased by the time they were 3 months
of age. Clinical signs included anorexia, emaciation,
growth retardation, thirst, chronic diarrhea, and unkempt
fur; necropsy often revealed cyanosed splenomegaly, en-
largement of mesenteric lymph nodes, and renal cortex
congestion and brittleness. For the raccoon dogs showing
similar clinical signs, rate of illness was 4%-8%; death
rate was ~60% before the age of 4 months; and rate of
illness increased by years on the farms that initially had
sick animals. Among arctic foxes, signs varied: emacia-
tion and growth retardation in 3-month-old cubs with
pale and swelling kidneys in dead foxes; and severe diar-
rhea or intermittent tar-like feces in 3—7-month-old cubs.
Antibacterial drug treatment was ineffective in these dis-
eased animals.

Because signs in the sick animals sent for quarantine
inspection were similar to those in Aleutian mink disease,
we first used AMDV-specific counter-immunoelectropho-
resis (CIEP) (5) to test serum samples of six 3-month-old
sick raccoon dogs from farm A. All 6 were positive. Next,
we designed conserved amdoparvovirus primers (AV7;
Table 1) for PCR detection. Viral nucleic acids were ex-
tracted by using a MiniBest Viral RNA/DNA Extraction
Kit (TaKaRa, Dalian, China). DNA extracted from spleen,
kidney, mesenteric lymphonodus, and mucosal tissue and
blood of the 4 sick raccoon dogs was all RFAV DNA posi-
tive. After 10 days, the 4 raccoon dogs remained RFAV
DNA PCR positive in blood and CIEP positive in serum.
DNA extracted from blood of two 3—7-month-old sick rac-
coon dogs from farm C was RFAV DNA PCR positive,
and serum samples from these animals were CIEP posi-
tive. Two 7-month-old raccoon dogs from farm D appeared
healthy but on necropsy showed cyanosed splenomegaly.
Their blood and spleens were RFAV DNA positive, and se-
rum was CIEP positive. The overall positive rates of RFAV
DNA and CEIP antibody in sick raccoon dogs were 90%
and 100%, respectively.

Serum iodine agglutination test (IAT) (6) was positive
or strongly positive in 20 sick raccoon dogs that were 7
and 19 months old but was negative in healthy animals.
Of the 29 sick raccoon dogs, two 3—7-month-old animals
were both canine parvovirus 2 and RFAV DNA positive by
PCR in blood or spleen samples. However, canine distem-
per virus was not detected in spleen samples from any sick
raccoon dogs.

In arctic foxes raised together with sick raccoon dogs
on farm B, intestinal mucosa samples from 3 of 7 foxes
that died of diarrhea-associated dehydration were RFAV
DNA PCR positive. One kidney sample from a 3-month-
old fox of 3 tested on farm F showed renal enlargement and
was RFAV DNA PCR positive. Blood, urine, and feces of
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Table 1. Oligonucleotide primer pairs used for PCR amplification of amdoparvovirus*

Gene, name Primer (§' — 3') Ta,T amplicon Use
VP2
AV7-F CCAACAAGTAATGACACCTTGGT 52°C Detection
AV7-R CCTGCTGGTATTATCCATTCAGGA ~786 bp Sequencing
AV3-F CCAACAAGTAATGACACCTTGGT 53°C Detection
AV3-R GGTTGGTTTGGTTGCTCTCCAAGGA 316 bp
NS1
ANS-F GTAACATGGCTCAGGCTCA 52°C
ANS-R CTCATGCCGAGGTCTCTTGTG 2,008 bp Sequencing
VP1
AVP-F1 CACAAGAGACCTCGGCATGAGTA 52°C
AVP-R1 CCTGCTGGTATTATCCATTCAGGA ~1,297 bp Sequencing
AVP-F2 GGCTTTGTTCCTTGGAGAGCAAC 52°C
AVP-R2 TGGTAGAATRAGGAAGTACACAK ~1,443 bp Sequencing

*NS, nonstructural protein; VP, viral structural protein.
tAnnealing temperature.

two 7-month-old arctic foxes on farm C, which had tar-like
feces, were RFAV DNA PCR positive. Serum samples of
these 2 foxes were CIEP positive. Both PCR and CIEP re-
mained positive for at least 2 months. Results of all samples
tested by PCR, CIEP, and IAT are summarized in Table 2.

We next applied a semiquantitative PCR to quantify
the level of RFAV DNA in the blood and spleens of four
7-month-old sick raccoon dogs (3 from farm D, 1 from farm
C). Briefly, DNA samples were diluted from 10* to 107 vi-
ral genomic copies (vgc)/mL by using a quantified RFAV
DNA template and were amplified by using AV3 primers
with the detection threshold of ~100 vgc in a volume of 15
mL. Virus titer was determined on the basis of the maxi-
mum dilution at which viral DNA was detected by agarose
gel electrophoresis. RFAV DNA ranged from ~2 x10° to
~5 x10” vge/mL in blood and ~7 x 107 vgc/g in spleen.

In spleen and kidney tissues of 2 raccoon dogs euthanized
at 3 months of age (from farm A) and four 7-month-old
sick raccoon dogs (from farm D), bacterial infections, per-
formed by standard methods, were not found. Collectively,
these results demonstrate that blood or tissues from the 2
sick animals contained RFAV DNA, and the DNA levels
were high in some samples.

We used indirect immunofluorescence assay (IFA) to
probe RFAV antigens in spleen and kidney of the 2 RFAV
PCR—positive 3-month-old sick raccoon dogs from farm A.
Tissues of the sick raccoon dogs were AMDV-G antigen
IFA positive, but the healthy animal tissues were not (Fig-
ure 1, panel A). This result indicates that the spleen and
kidney of the sick raccoon dogs contained viral antigens
that share immunogenicity with AMDV-G. More impor-
tantly, we isolated an RFAV strain, named XQ-JLR, by

Table 2. Detection of raccoon dog and fox amdoparvovirus in sick and healthy animals using PCR, CIEP, and IAT, China*

Rate
Animal, health status  Age, mo Year Farmt No. PCR+f CIEP+ IAT+ CIEP+PCR+
Raccoon dog
Diseased 3-7 Total 10 8/10 8/8 2/2 6/8
2012 A 6 4/6 6/6 ND 4/6
2012 B 2 2/2 ND ND NA
2013 C 2 2/2 2/2 2/2 2/2
7,19 Total 18,1 18/19 18/18 18/18 17/18
2013 D 12,1 12/13 13/13 13/13 12/13
2012 A 5 5/5 5/5 5/5 5/5
2012 E 1 11 ND ND NA
Healthy§ 3 2013 Total 10 0/10 0/10 ND 0/10
7 2013 Total 5 0/5 2/5 0/5 0/5
Arctic fox
Diseased 3 Total 10 4/10 ND ND NA
2012 B 7 3/7 ND ND NA
2012 F 3 1/3 ND ND NA
7-9 2012 C 2 2/2 2/2 ND 2/2
Healthy 7 2012 Total 5 0/5 0/5 0/5 0/5

*CIEP, counter-immunoelectrophoresis; IAT, serum iodine agglutination test; NA, samples not available; ND, assays not done; +, positive.

tFarm: A, Heishan County; B, Qian’an County; C, Jilin County; D, Panjin County; E, Haicheng County; F, Nong'an County. Qian’an, Jilin, and Nong'an
are located in Jilin province; Heishan, Panjin and Haicheng are located in Liaoning province.

FFor raccoon dogs, PCR+ for all the tested tissues (blood, spleen, kidney and mesenteric lymphonodus). For arctic foxes, PCR+ results only for 1 of the

tested tissues (blood, kidney, or intestinal mucosae).

§Blood and spleen samples were tested separately by PCR from healthy animals except for the blood samples from the 3-month-old healthy raccoon

dogs.
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Figure 1. Detection of amdoparvovirus antigens in sick raccoon dogs and infected cells. A) Detection of amdoparvovirus antigens in tissues of
sick raccoon dogs. Tissue smears, as described below, were prepared from spleen and kidney samples of sick raccoon dogs and detected with
a control mouse serum or anti-AMDV-G serum by using an IFA (8). (a) Mock smear of a spleen tissue from a sick raccoon dog, detected with
normal mouse serum as a primary antibody; (b) Control smear of a spleen tissue from a healthy raccoon dog; (c,d) amdoparvovirus antigen-
positive smears of spleen tissue (c) and kidney tissue (d) from a sick raccoon dog, detected with anti-AMDV-G serum. Original magnification
x200. B,C) Detection of amdoparvovirus antigens and virions in infected CrFK cells. B) One miilliliter filtered (0.22 um) pathological spleen
samples collected from a sick raccoon dog that had a virus titer of =7 x 107 vgc/mL, was inoculated to confluent CrFK cells in a T25 flask. Infected
cells of the fourth passage were fixed and analyzed with IFA by using anti-AMDV serum (mock- or RFAV-infected CrFK cells). C) Twenty-five
milliliter supernatant (=2 x 10° vgc/mL) of RFAV(XQ-JLR)-infected CrFK cell cultures were concentrated. Virions were agglutinated with an anti-
RFAV raccoon dog serum and were visualized under a transmission electron microscope (TEM). AMDV, Aleutian mink disease virus; RFAV,

raccoon dog and fox amdoparvovirus; IFA, indirect immunofluorescence assay; vgc, viral genome copies. Scale bar = 50 nm.

infecting CrFK cells. IFA using anti-AMDV serum showed
positive green cells in RFAV-infected CrFK cells but not
in mock-infected cells (Figure 1, panel B). Under a trans-
mission electron microscoe, virus particles at ~23 nm in
diameter were visualized in a concentrated supernatant of
infected CrFK cells (Figure 1, panel C).

We further proved that RFAV is the predominant virus in
the lesion tissues of sick animals. A modified SISPA (7) was
performed for high-throughput sequencing with mixed lesion
tissues of 3 spleens and 3 kidneys from 3 sick raccoon dogs.
By using lllumina MiSeq sequencing (lllumina, San Diego,
CA, USA), we obtained 478,813 high-quality reads, and 668
contigs were assembled, including 17 contigs for new am-
doparvovirus. Amdoparvovirus sequences, except for a diffi-
cult-to-sequence high guanine—cytosine nucleotide content of
62-bp gap, were recovered, which are consistent with the se-
quences acquired by Sanger sequencing of viral DNA ampli-
fied from tissues. There were 865 reads, by BLASTn (http://
www.blast.ncbi.nlm.nih.gov/Blast.cgi), in alignment with
amdoparvovirus sequences but only 16 reads with sequences
of other non-mammal viruses, such as phage and baculovirus.
The identities were <91% of the reads aligning with AMDV
sequences in GenBank by BLASTn (E value <10%).

We sequenced AV7 primer-amplified PCR products
of RFAV DNA from the tissues of 32 animals (GenBank
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accession nos. KJ396347- KJ396358). Four representa-
tive strains of nearly full-length genome sequences (Gen-
Bank accession nos. KJ396347-KJ396350) only share a
similarity of 82% and 76.7% in the nonstructural protein
(NS) 1-encoding sequence and NS1 aa sequence, respec-
tively, with AMDV. Phylogenetic analyses of 2 neighbor-
joining trees of either NS1 or major structural protein
(VP2) strongly suggest that RFAV strains cluster into a
unique clade between AMDV and gray fox amdovirus
species (Figure 2).

Conclusions

We identified a new virus species, RFAV, from farmed
raccoon dogs and arctic foxes in Jilin and Liaoning provinces,
China. Raccoon dogs are naturally susceptible to RFAV in-
fection, and RFAYV is most likely the etiologic agent respon-
sible for the disease manifestations of the sick raccoon dogs.

The study was supported by the Special Fund for Public Wel-
fare Technology Research of Agricultural Industry (200903014)
and the Agricultural Science and Technology Innovation Fund
(2014) from the Ministry of Agriculture of China, and the Special
Economic Animal Germplasm Resources of Domesticated Ani-
mal Germplasm Platform (2013) from the National Science and
Technology Infrastructure Foundation.
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Figure 2. Phylogenetic analyses of amdoparvoviruses. A) Phylogenetic tree based on the viral NS1 gene. B) A phylogenetic tree based on
the major capsid VP2. RFAV and other published amdoparvovirus sequences were aligned by using the MUSCLE program in MEGAS5.2
(9), which used a P-distance model with 1,000 bootstrap replicates to generate phylogenetic trees of NS1 and VP2 aa sequences.
GenBank accession numbers of isolates or strains are shown on the tree. Canine parvovirus was used as an outgroup. AMDV, Aleutian
mink disease virus; GFAV, gray fox amdoparvovirus; RFAV, raccoon dog and fox amdoparvovirus; NS, nonstructural protein; VP, viral
structural protein. Sequences obtained from this study are shown in bold. Scale bars indicate nucleotide substitutions per site.

Dr Shao is an associate professor in the Division of Spe-
cial Animal Infectious Disease, Institute of Special Animal and
Plant Sciences, Chinese Academy of Agricultural Sciences. His
research interests include epidemiology of animal infectious dis-
eases and novel pathogens.
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Novel Porcine
Epidemic Diarrhea
Virus Variant

with Large
Genomic Deletion,
South Korea

Seongjun Park, Sanghyun Kim, Daesub Song,!
and Bongkyun Park!

Since 1992, porcine epidemic diarrhea virus (PEDV)
has been one of the most common porcine diarrhea—asso-
ciated viruses in South Korea. We conducted a large-scale
investigation of the incidence of PEDV in pigs with diarrhea
in South Korea and consequently identified and character-
ized a novel PEDV variant with a large genomic deletion.

Porcine epidemic diarrhea virus (PEDV) (family Coro-
naviridae, subfamily Coronavirinae, genus Alphacoro-
navirus) is an enveloped, positive-sense, single-stranded
RNA virus. PEDV causes an acute and highly contagious
enteric disease characterized by severe diarrhea, dehydra-
tion, and a high death rate in pigs that results in substantial
economic losses in the swine industry (1). PEDV was first
reported in Belgium and the United Kingdom in 1978; since
then, it has been identified in many swine-raising countries
in Europe and Asia, notably Belgium, Hungary, Italy, South
Korea, Thailand, Japan, and China (1,2). PEDV was not
reported in North and South America until 2013, when it
was officially confirmed in the United States; it is spread-
ing rapidly across the country (3). We report the emergence
and genetic characterization of a novel PEDV variant with
a large genomic deletion, which was serendipitously recog-
nized in fecal and intestinal samples of suckling pigs with
diarrhea in South Korea as a result of a systematic surveil-
lance program to monitor activity for porcine diarrhea—
associated viruses.

The Study

A total of 2,634 fecal and intestinal samples were
collected from pigs exhibiting diarrhea from 569 swine
farms in all 9 provinces of South Korea, during January 1-

Author affiliations: Korea Research Institute of Bioscience and
Biotechnology, Daejeon, South Korea (S. Park, S. Kim, D. Song);
National Forensic Service, Chilgok, South Korea (S. Park); and
Seoul National University, Seoul, South Korea (B. Park)
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December 31, 2008; age groups of the pigs are defined in
the Table. All samples were processed as 10% (vol/vol)
suspensions with phosphate-buffered saline (PBS; 0.1 M,
pH 7.2), and viral RNA was extracted from them. Sub-
sequently, reverse transcription PCR (RT-PCR) was per-
formed by using 3 primer pairs as described previously
(4). To determine complete spike (S) gene sequence, we
purified, cloned, and sequenced PCR products on an au-
tomated DNA sequencer by using T7, SP6 primers, and
newly designed S gene—specific primers (primer sequences
available on request). Sequences were analyzed by Clust-
alX version 1.83 program (http://www.clustal.org) and
MegAlign software (DNAStar Inc., Madison, WI, USA),
and compared with those of reference strains in GenBank.
Phylogenetic analysis was conducted with MEGA version
5.22 (5). The complete S gene sequence of the PEDV vari-
ant with a large genomic deletion (strain MF3809/2008/
South Korea) described here has been deposited in Gen-
Bank under accession no. KF779469.

Of the 2,634 samples, 205 (7.8%; 49/569 [8.6%]
farms) were positive for PEDV: 116 (16.8%) of 692, 12
(2.4%) of 504, 29 (3.6%) of 808, 34 (24.1%) of 141, 1
(16.7%) of 6, and 13 (2.7%) of 483 samples from the 6
age groups tested (Table); however, when SF2/SR2 prim-
ers were subjected to PCR, a strong and single band of un-
expected size (~1,000 bp) was found in each PCR product
from 3 diarrhea samples of the suckling pigs on 1 farm.
Exact length of the band was 981 nt, and the band was
much shorter than that of intact fragment because of 612-
nt deletion at positions 22777-23388 (1,593 vs 981 nt for
PEDV reference strains and PEDV variant, respectively;
online Technical Appendix Figure 1, http://wwwnc.cdc.
gov/ElD/article/20/12/13-1642-Techappl.pdf). Sequence
similarity of the 981-nt fragment of MF3809 was found to
be in PEDV S gene region in GenBank by BLAST analy-
sis (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The complete
S gene (3549-nt segment, corresponding to 1182 aa) of
MF3809 had high (93.3%-98.5% nt, 92.0%-98.0% aa)
sequence identity to all known PEDV strains for which
full-length S gene sequences were available in GenBank,
except that MF3809 has the large deletion in its S gene.
Phylogenetic analysis confirmed that MF3809 belonged
to a cluster containing a PEDV reference strain, not a
cluster that included any other coronaviruses, and showed
the closest genetic relationship with PEDV strains from
South Korea in 2009 (Figure).

MF3809 had numerous sequence variations in the S
protein (online Technical Appendix Table). Besides a large
(204-aa) deletion at positions 713-916, a 2-aa (D/NI) de-
letion was identified at positions 163—-164. We also dis-
covered 2 separate insertions: a 4-aa (QGVN) insertion at

These authors were co-principal investigators for this study.
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Table. Incidence of PEDV RNA in diarrhea samples from pigs, South Korea, January 1-December 31, 2008*

No. specimens positive/no. tested (%).

Pig age Feces Intestine Total
Suckling pigs, <3 wk 90/526 (17.1) 26/166 (15.7) 116/692 (16.8)
Weaned pigs, >3 wk to 6 wk 12/388 (3.1) 0/116 (0) 12/504 (2.4)
Growerl/finisher pigs, >6 wk to 22 wk 29/600 (4.8) 0/208 (0) 29/808 (3.6)
Sows, >1y 34/140 (24.3) 0/1 (0) 34/141 (24.1)
Boars, >8 mo 1/6 (16.7) 0 1/6 (16.7)
Unknown 13/402 (3.2) 0/81 (0) 13/483 (2.7)
Total 179/ 2062 (8.7) 26/572 (4.5) 205/2634 (7.8)

*All animals showed signs of diarrhea at the time of sample collection. The PEDV variant with a large deletion in the S gene was found in 3 samples (2
fecal and 1 intestinal) of the suckling pigs with diarrhea at 1 farm in Chungnam Province. Other pigs on the same farm were infected with PEDV with the
full-length S gene; however, in no instance were both the PEDV variant and PEDV with the full-length S gene observed in 1 pig. PEDV, porcine epidemic

diarrhea virus; S gene, spike gene.

positions 59-62 and a 1-aa (N) insertion at position 140. A
total of 15 separate substitutions were identified, and the
number(s) of replaced amino acids ranged from 1 through
5. These sequence variations were similar to those in high-
ly virulent isolates recently reported in China (6) and the
United States (3), as well as in South Korea.

To further characterize the virus, we conducted RT-
PCR with respect to the membrane (M) gene using the
protocol described previously (7). The complete M gene

with the complete S gene sequence, to GenBank under ac-
cession no. KF779470. The entire M gene of MF3809 had
96.6%-100% nt (96.0%—-100% aa) sequence identity to all
known PEDV strains available in GenBank, and phyloge-
netic analysis showed that MF3809 belonged to a cluster
containing PEDV reference strain and showed the closest
genetic relationship with 2007 Korean PEDV strains (data
not shown).

The filtered samples positive for PEDV variant were

sequence was determined and then submitted, together inoculated onto Vero cells. After 3 serial passages, no

Figure. A) Relationships between the PEDV variant (MF3809/2008/South Korea) and other coronaviruses based on the full-length spike
gene. PEDV, porcene epidemic diarrhea virus; TGEV, transmissible gastroenteritis virus; PRCV, porcine respiratory coronavirus; CCoV,
canine coronavirus; FCoV, feline coronavirus; HCoV, human coronavirus; Mi-batCoV, Miniopterus bat coronavirus; Sc-batCoV, Scotophilus
bat coronavirus; HECoV, human enteric coronavirus; BCoV, bovine coronavirus; PHEV, porcine hemagglutinating encephalomyelitis virus;
EqCoV, equine coronavirus; CrCoV, canine respiratory coronavirus; MuCoV, murine coronavirus; Pi-BatCoV, Pipistrellus bat coronavirus;
Ro-BatCoV, Rousettus bat coronavirus; SARSr-CoV, severe acute respiratory syndrome-related coronavirus; Ty-BatCoV, Tylonycteris bat
coronavirus; IBV, infectious bronchitis virus; TuCoV, turkey coronavirus; BWCoV, Beluga whale coronavirus; BuCoV, bulbul coronavirus;
ThCoV, thrush coronavirus; MunCoV, munia coronavirus. B) Phylogenetic tree of the entire spike genes of the PEDV variant and all known
PEDV strains available in GenBank. The phylogenetic tree was constructed using the neighbor-joining clustering method in MEGA version
5.22 with a pairwise distance (5). Bootstrap values (based on 1,000 replicates) for each node are given if >60%. Scale bar indicates
nucleotide substitutions per site. PEDV strains isolated from various countries are marked with colors as follows: Europe (black), China
(red), Japan (olive green), USA (bright magenta) and South Korea (blue). PEDV, porcine epidemic diarrhea virus.
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obvious cytopathic effect in Vero cells was noted. Cells
and supernatants in every passage were collected sepa-
rately for RNA extraction and used to detect the virus
and determine the amount of the viral RNA in the me-
dium with real-time RT-PCR (8). The cells and superna-
tants of the 3 passages were positive for the virus, and
the control inoculated with PBS was negative; however,
the amount of viral RNA in the medium decreased with
each passage. Whether the positive result was attributed
to residual viruses of the initial inoculation or to the de-
creased propagation of the virus in the cells is not clear.
Further studies, such as continuous serial passages and
neutralization assays, are needed to determine the final
activity of the virus in Vero cells.

Conclusions

Our large-scale study of the incidence of PEDV in
pigs with diarrhea in South Korea found that 7.8% of ani-
mals were infected with the virus. Moreover, our investi-
gation identified and characterized a new PEDV variant
with a 612-nt deletion in S gene, corresponding to a 204-
aa deletion. The coronavirus S protein plays a pivotal role
in regulating interactions with specific host cell receptor
glycoproteins to mediate viral entry and stimulate induc-
tion of neutralizing antibodies in the natural host (1,2,9).
Mutations or deletions in the coronavirus S gene affect its
pathogenicity and tissue tropism (10-12). Porcine respira-
tory coronavirus (PRCV), a naturally occurring deletion
mutant of transmissible gastroenteritis virus (TGEV), is
an example of pathogenic change and tropism switch-
ing, apparently associated with S gene change. PRCV
has a 224-aa deletion at positions 21-244 in the N ter-
minal region, which is needed for the enteric tropism of
TGEV and comprises antigenic sites C and B (13-15),
of S1 compared with TGEV. In other words, TGEV, a
highly enteropathogenic porcine coronavirus, is turned
into PRCV, a respiratory pathogen with reduced pathoge-
nicity, as a consequence of a large deletion in the S gene.
Unlike PRCV, the PEDV variant has a 204-aa deletion
at positions 713-916 in the C-terminus of S1 and N ter-
minus of S2, destroying 4 N-linked glycosylation sites at
positions 728, 745, 783, and 875, as well as 2 neutraliz-
ing epitopes, SS2 (753-760) and SS6 (769-776) (online
Technical Appendix Figure 2). These amino acid muta-
tions might cause the conformational change of S pro-
tein and result in antigenicity/immunogenicity alteration
of the PEDV variant. However, how the PEDV variant
was generated and has evolved is not clear. Further stud-
ies should be conducted to analyze extensive genomic
sequences and determine biological properties, such as
pathogenicity, tissue tropism, and transmissibility of the
new PEDV variant.
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MERS Coronavirus
Neutralizing
Antibodies In
Camels, Eastern
Africa, 1983-1997

Marcel A. Muller,* Victor Max Corman,*
Joerg Jores, Benjamin Meyer, Mario Younan,
Anne Liljander, Berend-Jan Bosch, Erik Lattwein,
Mosaad Hilali, Bakri E. Musa, Set Bornstein,
and Christian Drosten

To analyze the distribution of Middle East respiratory
syndrome coronavirus (MERS-CoV)-seropositive drome-
dary camels in eastern Africa, we tested 189 archived serum
samples accumulated during the past 30 years. We identified
MERS-CoV neutralizing antibodies in 81.0% of samples from
the main camel-exporting countries, Sudan and Somalia,
suggesting long-term virus circulation in these animals.

Since 2012, a newly emerged human pathogenic coro-
navirus (CoV) has caused an ongoing epidemic on the
Arabian Peninsula. The designated Middle East respira-
tory syndrome (MERS)-CoV belongs to the Betacorona-
virus genus lineage C and causes severe respiratory dis-
ease in humans (1). As of July 2, 2014, MERS-CoV has
caused ~842 human infections, including 322 deaths (2).
Dromedary camels are a putative source for MERS-CoV
infection in humans. Dromedaries from countries in Af-
rica (Egypt, Tunisia, Nigeria, Sudan, Ethiopia, and Kenya)
and Arabia (United Arab Emirates, Saudi Arabia, Oman,
Qatar, and Jordan) have shown high rates of MERS-CoV
seropositivity in serum samples collected during the past
2 decades (3-9). In addition, MERS-CoV nucleotide se-
quences and virus were detected in respiratory swab sam-
ples, predominantly from juvenile dromedaries (5,10).
Transmission between humans and camels has been
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described in Qatar and Saudi Arabia (11,12). No autochtho-
nous MERS-CoV infections in humans have been reported
in Africa. Most dromedary camels traded in the Middle East
are bred in the Greater Horn of Africa, primarily in Ethio-
pia, Sudan, Somalia, and Kenya (13). To further analyze
the spatial and temporal distribution of MERS-CoV-sero-
positive camels, we tested archived camel serum samples
originating in Egypt, Sudan, and Somalia, accumulated
during the past 30 years, for MERS-CoV antibodies.

The Study

A serum sample from each of 189 dromedary camels
was collected by trained personnel as previously described
(14). Blood samples were taken by jugular vein puncture.
The blood was allowed to clot and subsequently centri-
fuged to obtain serum, or serum was separated from the
coagulated blood during slaughter. All serum samples were
heat-inactivated at 56°C for 30 min (14). Serum from So-
malia was collected during 1983 and 1984; samples from
Sudan were collected during June and July 1984, and
samples from Egypt were collected during June and July
1997. All camels from Sudan were female (>6 years of age)
and belonged to the Anafi breed. They were kept locally
and used as a means of transport and a source of milk. The
camels from Somalia were sampled at slaughterhouses in
Afgoi and Mogadishu. Most camels were adults; however,
detailed information about sex and age was not available.
The camels from Somalia were bred predominantly for
milk and meat. No background information was available
for the camels from Egypt. Our study fully complied with
national regulations and was approved by the ethics com-
mittee of the International Livestock Research Institute ac-
credited by the National Council of Science and Technol-
ogy in Kenya (approval no. ILRI-IREC2013-12).

We tested all serum samples for MERS-CoV antibod-
ies at a 1:100 dilution by a recombinant MERS-CoV spike
protein subunit 1-based ELISA (rELISA) as previously de-
scribed (3,12). To determine the assay-specific cutoff value,
we tested 124 confirmed MERS-CoV antibody—negative and
106 MERS-COV antibody—positive camel serum samples
from previous studies (3). For inter-assay calibration, we
used the same selected positive serum samples in all appli-
cations. The optical density (OD) was measured at 450/605
nm. We determined the OD ratio by dividing the OD of each
sample by the OD of the positive serum. The cutoff was de-
fined as the 3-fold mean OD ratio of all tested MERS-CoV
antibody—negative serum samples (online Technical Appen-
dix Figure 1, http://wwwnc.cdc.gov/ElD/article/20/12/14-
1026-Techappl.pdf). To confirm antibody specificity and
rule out possible cross-reactivity with other livestock-asso-
ciated CoVs, we conducted a highly specific MERS-CoV

1These authors contributed equally to this article.

2093



DISPATCHES

microneutralization test (3,6). All serum samples were tested
at a 1:80 dilution and at a 1:800 dilution to identify MERS-
CoV neutralizing antibodies. Serum without neutralizing ac-
tivity at 1:80 was rated MERS-CoV antibody negative.

A total of 159 (84.1%; range among countries 80.0%—
86.7%) of 189 dromedary camels were positive for MERS-
CoV antibodies in the rELISA (Figure, Table 1). The highly
specific neutralization test confirmed that 153 (81.0%; range
68.0%—86.9%) of camels had neutralizing activity with re-
ciprocal titers of >80 (Table 1). Whereas most samples (124
[65.6%; range 56.0%-73.8%]) had reciprocal neutralizing
titers of 80—-800, we detected high neutralizing titers of >800
in 29 (15.3%; range 11.6%—21.7%) samples (Table 2). Neu-
tralizing titers correlated significantly (p<0.001, Kruskal-
Wallis 1-way analysis of variance) with the determined OD
ratios of the rELISA. The rELISA was 99.0% specific when
correlated with the results of the microneutralization test
(online Technical Appendix Figure 2).

MERS-CoV antibody—carrying dromedaries were
present in all 3 countries in 1983, 1984, and 1997 (Figure;
Tables 1, 2). The high seropositivity in camels from Egypt
(35 [81.4%] of 43), a country that imports camels from
Sudan and Somalia, was consistent with previous studies
(7,10). Strikingly, camels sampled in Somalia and Sudan
>30 years ago were identified as MERS-CoV antibody pos-
itive with seropositivity of up to 86.7% in Sudan in 1983.

Figure. Arabian Peninsula and neighboring countries of the Greater
Horn of Africa in 2014. The study sites Egypt, Sudan (separated into
Sudan and South Sudan), and Somalia are in dark orange and labeled
with the year the camels were sampled, the number of samples, and
the percentage of samples that were reactive in the MERS-CoV
ELISA. Countries with previously reported MERS-CoV seropositive
dromedaries are in light orange (overlap shown in stripes).
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Conclusions

Our study complements and supports the latest findings
on long-term and widespread circulation of MERS-CoV or
MERS-like CoV in dromedaries in Africa (3,7,9,10). By
identifying neutralizing antibodies for MERS-CoV in So-
malia dromedaries, we provided data for the country lodg-
ing the world’s largest camel population and from which
many camels are exported to Saudi Arabia (13). The large
proportion of adult animals tested in this study explains
the high seropositivity (>80%) and agrees with previous
observations (3,6,12). Earlier reports provided evidence
for seropositive camels in Kenya and Saudi Arabia dating
to the early 1990s (3,4). Here we describe the presence of
anti-MERS-CoV antibodies in archived serum collected
>30 years ago, increasing the timescale for detection by an
additional decade. Long-term circulation of MERS-CoV or
MERS-like CoV in dromedaries can therefore be hypoth-
esized. As suggested, an important factor possibly contrib-
uting to continuous virus maintenance in camels could be
a high camel population density combined with nomadic
husbandry, including frequent contact among camel herds
in the Greater Horn of Africa (3).

MERS-CoV sequences from camels in Saudi Arabia
and Qatar were closely related to sequences found in hu-
mans and did not show major genetic variability that would
support long-term evolution of MERS-CoV in camels
(10,11). The MERS-CoV sequence from a camel in Egypt
was phylogenetically most distantly related to all other
known camel-associated MERS-CoVs but closely related
to the early human MERS-CoV isolates (10). An urgent
task would be to characterize the diversity of MERS-relat-
ed CoV in other camels in Africa to elucidate whether the
current epidemic MERS-CoV strains have evolved toward
more efficient human transmissibility.

The existence of unrecognized human infections in Af-
rican or Arabian countries in the past cannot be ruled out.
Resource-limited African countries that have been exposed
to civil unrest, such as Somalia and Sudan, are not likely to
diagnose and report diagnostically challenging infections

Table 1. MERS-CoV antibodies in dromedary camels from
eastern Africa*

No. No. rELISA No. mNT
Country, date samples positive (%)t positive (%)+
Egypt, 1997 Jul 43 35 (81.4) 34 (79.1)
Somalia
1983 Jan—-Nov 25 20 (80.0) 17 (68.0)
1984 Feb-Dec 61 52 (85.2) 53 (86.9)
Sudan, 1983 Jun 60 52 (86.7) 49 (81.7)
Total 189 159 (84.1) 153 (81.0)

*MERS-CoV, Middle East respiratory syndrome coronavirus; mNT,
microneutralization test; rELISA, recombinant ELISA based on the MERS-
CoV subunit 1 spike protein.

TSerum was tested at a dilution of 1:100.

FmNT for MERS-CoV was done in a microtiter plate format in duplicate at
dilutions 1:80 and 1:800. Serum with reciprocal titers >80 were considered
MERS-CoV antibody positive.
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Table 2. MERS-CoV neutralizing antibody titers in dromedary
camels from eastern Africa*

No. mNT titer, no. (%) samplest
Country, date samples <80 80-800 >800
Egypt, 1997 Jul 43 9(20.9) 29(67.4) 5(11.6)
Somalia
1983 Jan—-Nov 25 8(32.0) 14(56.0) 3(12.0)
1984 Feb-Dec 61 8(13.1) 45(73.8) 8(13.1)
Sudan, 1983 Jun 60 11(18.3) 36 (60.0) 13 (21.7)
Total 189 36 (19.0) 124 (65.6) 29 (15.3)

*MERS-CoV, Middle East respiratory syndrome coronavirus; mNT,
microneutralization test.

TmNT for MERS-CoV was done in a microtiter plate format in duplicate at
dilutions 1:80 and 1:800. Serum with reciprocal titers >80 were considered
MERS-CoV antibody positive.

resembling other diseases. The lack of MERS-CoV anti-
bodies in a small cohort serosurvey in Saudi Arabia did not
suggest the long-term circulation of MERS-CoV in humans
on the Arabian Peninsula (15). Large serosurveys in coun-
tries where camels are bred and traded, especially in eastern
Africa, are needed to explore the general MERS-CoV sero-
prevalence in camels and humans, particularly humans who
have close contact with camels. Such serosurveys could
provide the data needed to ascertain whether MERS-CoV
has been introduced into, but unrecognized in, the human
population on the African continent.
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Equine Influenza
A(H3NS8) Virus
Infection in Cats

Shuo Su,! Lifang Wang,* Xinliang Fu, Shuyi He,
Malin Hong, Pei Zhou, Alexander Lai,
Gregory Gray, and Shoujun Li

Interspecies transmission of equine influenza A(H3N8)
virus has resulted in establishment of a canine influenza vi-
rus. To determine if something similar could happen with
cats, we experimentally infected 14 cats with the equine in-
fluenza A(H3N8) virus. All showed clinical signs, shed virus,
and transmitted the virus to a contact cohort.

Equine influenza A(H3N8S) virus (EIV) remains a ma-
jor cause of acute respiratory infections in horses (1).
Epizootics are highly explosive and spread rapidly within
and among equine premises. Virus transmission is by di-
rect contact and inhalation. First isolated in 1963, EIV has
evolved and diverged into American and Eurasian lineages
(2,3). The American lineage has further diverged into mul-
tiple clades: Florida-1 clade predominates in North Ameri-
ca and Florida-2 clade in Eurasia (4).

In Florida, USA, the etiologic agent of an outbreak of
acute respiratory disease among greyhounds in 2004 was
identified as EIV. Virologic and serologic analyses indicated
that this virus had been circulating among greyhounds for
several years before. Serologic evidence of infection was
also found for pet dogs (5). In Great Britain, retrospective
analysis showed that an outbreak of respiratory disease
among English foxhounds in 2002 was caused by an EIV
(6). Likewise, this virus was found to have circulated among
greyhounds in the United States before 2004 (7). The virus
has now been established as canine influenza virus and has
spread to other breeds and pet dogs; the virus evolved inde-
pendently from EIV as a monophyletic lineage (8).

During the 2003-2004 outbreak of highly pathogenic
avian influenza virus (H5N1) infection in Asia, infections
in feline species, including cats, were reported. (9). Previ-
ously, given the lack of circulating feline influenza virus,
feral cats had been believed to be resistant to influenza

Author affiliations: South China Agricultural University, Guangzhou,
China (S. Su, L. Wang, X. Fu, S. He, M. Hong, P. Zhou, S. Li);
Kentucky State University, Frankfort, Kentucky, USA (A. Lai);
University of Florida, Gainesville, Florida, USA (G. Gray); and Key
Laboratory of Comprehensive Prevention and Control for Severe
Clinical Animal Diseases of Guangdong Province, Guangzhou
(S. Su, M. Hong, P. Zhou, S. Li)

DOI: http://dx.doi.org/10.3201/eid2012.140867

2096

virus, although an earlier report described susceptibility to
A/Hong Kong/68 (H3N2) virus infection and prolonged
virus shedding (10). Recent serologic and virus isolation
studies have shown that cats are susceptible to multiple in-
fluenza viruses, e.g., avian-origin canine influenza (H3N2)
(11), seasonal influenza A(HIN1), and influenza A/HIN1)
pdm09 (12) viruses. To investigate cats’ susceptibility to
EIV infection and virus transmissibility among cats, we
conducted an infection and transmission experiment.

The Study

During 2013-2014, a total of 14 specific pathogen—
free domestic shorthair cats, 9-12 weeks of age, were
purchased and housed in an accredited Biosafety Level 2
facility at South China Agricultural University, Guang-
zhou. Results of virus isolation in eggs (nasal and rectal
swab samples) and serologic testing determined that these
cats were influenza virus free. Experiments were approved
by the Institutional Animal Care and Use Committee and
monitored by veterinarians.

The virus used was A/equine/Heilongjiang/SS1/2013,
which had been isolated from a mule in northern China
(S. Su et al., unpub. data). For virus inoculation, 6 cats
were anesthetized with xylazine hydrochloride (30 mg/kg
intraperitoneally), after which they were inoculated with
virus (10 TCID,, [median tissue culture infective dose]) in
1.0 mL of phosphate-buffered saline (0.5 mL in each nos-
tril). One day after inoculation, 5 specific pathogen—free
cats (contact cohort) were introduced into the same cages.
Three noninfected cats (control cohort) were housed in a
different room. Clinical monitoring began 1 day before
virus inoculation and continued daily for the next 14 days.
Nasal swab samples were collected daily for virus titration
in MDCK cells. Serum was collected on postinoculation
days 5, 7, 9, 12, and 14 and titrated by hemagglutination-
inhibition assay with a 1% horse erythrocyte suspension.
On postinoculation day 5, a total of 2 cats from the inocu-
lated group were euthanized by intravenous pentobarbital,
and on postinfection day 7, another 2 cats from the inocu-
lated group plus 2 cats from the contact cohort were euth-
anized. Necropsies were performed, and trachea and lung
sections were stained with hematoxylin and eosin and by
an immunocytochemistry technique that involved a mu-
rine monoclonal antibody specific to EIV hemagglutinin.

The cats were susceptible to EIV infection; they showed
overt clinical signs, virus shedding, and corresponding histo-
pathologic changes in trachea and lung. Infected cats trans-
mitted the virus to cats in the contact cohort. Overt clinical
signs characteristic of acute influenza infection developed
in inoculated cats during postinfection days 2-9 (peaking at
day 4) and in contact cohort cats during days 4-9 (peaking at

1These authors contributed equally to this article.
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day 5); however, average clinical scores were lower for cats
in the contact cohort than in the inoculated cohort (Table).
Virus shedding was detected for cats in the inoculated group
on days 2-5 and in the contact cohort on days 5-6 (Figure
1). This shift of virus shedding correlated with the shift in
clinical signs, suggesting that the cohort group was infected
by the virus shed from inoculated cats. Likewise, an anti-
body response was detected for cats in both groups, again
2-3 days later for the contact cohort.

Productive viral infection was evidenced by histo-
pathologic and immunocytochemical examinations. Char-
acteristic lymphocytic infiltration was observed in samples
from cats in the inoculated and contact cohorts; intensity
was less for cats in the contact cohort (Figure 2). Likewise,
EIV antigen was detected in cats in the inoculated and con-
tact cohorts but not in the control cohort. These results in-
dicated productive viral infection in cats in both cohorts.
Because specimens were obtained from euthanized animals
on the same date (postinfection day 7), the lower intensity
of lymphocyte infiltration corresponded to the shift in virus
titer (Figure 1) and clinical signs (Table).

Conclusions

That cats are susceptible to EIV by direct inoculation is
notsurprisingbecause infection of cats with various influenza
A viruses has been reported. Feline respiratory tract epithe-
lial cells contain sialic acid a-2,3-galactose -1,3-N-acetyl
galactosamine (SA a2,3 gal) receptors for avian and equine
influenza viruses and SA 02,6 gal receptors for mammalian
influenza virus (13). However, our finding of horizontal
transmission of EIV among cats is significant. If transmis-
sion occurs outside the laboratory, and if the basic repro-
duction rate is higher than 1.0, then EIV could potentially

Equine Influenza A(H3N8) Virus Infection in Cats

establish itself and circulate in this new host species. Why
it has not yet happened naturally, as it did for canine influ-
enza virus (H3N8), remains to be determined. Possibilities
include lower transmission efficiency, lower probability of
horse—cat contact, less virus shedding than in a laboratory,
or feline behavior (less social contact than dogs).

Because cats in the inoculated and contact cohorts
were housed in the same cages, our study could not delin-
eate the route of transmission (direct contact or inhalation).
Experiments to elucidate the transmission mechanism are
being conducted.

Because we had used a contemporary strain of EIV,
to rule out the possibility that the ability to cause clini-
cal infection is unique to this strain, we repeated the ex-
periment with the prototype EIV, Alequine/Miami/63
(H3NS8). Although 6 of 6 infected cats showed no overt
clinical signs, and virus shedding was not detectable
(<1:10), susceptibility was evidenced by seroconversion
for 2 of the 6 inoculated cats, although at a low hemagglu-
tination-inhibition titer (1:40 on postinoculation day 14),
thereby ruling out the possibility that A/equine/Heilongji-
ang/SS1/2013 is an aberrant virus. None of the 3 cats in
the contact cohort showed clinical signs, shed virus, or
had detectable hemagglutination-inhibition titers. This
strain-dependent variation in virulence is not unusual for
influenza virus. Interspecies transmission of EIV to dogs
and establishment of a new lineage of equine influenza
virus in dogs were probably a function of that particular
EIV strain, as evidenced by finding that so far only 1 EIV-
originated canine influenza virus lineage is circulating.
However, transmission of EIV to dogs has occasionally
occurred, including during the epizootic of EIV in Aus-
tralia (14). Of note, the prototype canine influenza virus

Table. Clinical progression for cats in experimental equine influenza A(H3N8) virus inoculation study*

Cohort, No. days after inoculation
cat -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Inoculated
Al 0 0 0 2 25 35 0.5 T
A2 0 0 0.5 25 25 3 2 1.5 0.5 0.5 0.5 0 0 0 0 0
A3 0 0 0 2 25 25 2 0.5 0 T
A4 0 0 1 2 2 25 1.5 0.5 0.5 T
A5 0 0 0 2 25 3 2 T
A6 0 0 0 2.5 3 3 1 1.5 1.5 0.5 0 0 0 0 0 0
Contact
B1 0 0 0 0 0 0 25 3 2.5 T
B2 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0
B3 0 0 0 0 0 1.5 25 1.5 1.5 1 1 0 0 0 0 0
B4 0 0 0 0 0 0.5 3 25 1.5 T
B5 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0 0
Control
C1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cc2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

*Data indicate the sum of clinical scores, as follows: ocular and nasal discharge (0 = no discharge, 0.5 = serous, 1.0 = mild mucopurulent, 2.0 = severe
mucopurulent); cough (0 = absent, 0.5 = mild, 1.0 = moderate, 1.5 = persistent, 2.0 = severe with choking or retching); sneezing, dyspnea, and
depression (0 = absent, 2 = present); and body temperature (0 = <39.58°C, 2 = >39.58°C). Shading indicates days on which some animals had a clinical

score >1, showing the shift between the 2 cohorts.
tEuthanized on the dav indicated.
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Figure 1. Results of virus titration and hemagglutination-inhibition
assay for the cohort of cats inoculated with equine influenza
A(H3N8) virus and the contact cohort. Virus shedding was titrated
in MDCK cells. Virus titer is shown as log,, median tissue culture
infective dose (TCID,,) (solid line and circles, inoculated cohort;
dashed line and triangles, contact cohort). Hemagglutination-
inhibition assay of serum samples was conducted by using 1%
horse erythrocytes (black bars, inoculated; white bars, contact
cohort). Error bars indicate SEM.

is phylogenetically related to the Florida-1 clade of EIV.
Whether viruses in this clade have characteristics consid-
ered to be “promiscuous” and “plastic” (15) remains to be
determined. On the basis of our results, we conclude that
cats are susceptible to EIV and that the infection can be
transmitted by close contact.

Acknowledgment
We thank Wenhua Xiang for providing EIV Alequine/Mi-
ami/63 (H3N8) virus and monoclonal antibodies for this study.

2098

This project was supported in part by the National Natural
Science Foundation of China (grant no. 31372448), the National
Key Basic Research Program (project 973) of China (grant no.
2011CB504700-G), the Natural Science Foundation of Guang-
dong Province (no. 8251064201000008, S2012020011111), the
Basic Conditions for Science and Technology Projects of Guang-
dong Province (no. 2011B060400015), and the Special Fund
for Agro-Scientific Research in the Public Interest (grant No.
201303042).

Dr Su is a researcher at the College of Veterinary Medicine,
South China Agricultural University. His research interests in-
clude the epidemiology of acute respiratory infections, influenza,
and porcine viruses.

References

1. Cullinane A, Newton JR. Equine influenza—a global perspec-
tive. Vet Microbiol. 2013;167:205-14. http://dx.doi.org/10.1016/
j.vetmic.2013.03.029

2. Daly JM, Lai AC, Binns MM, Chambers TM, Barrandeguy M,
Mumford JA. Antigenic and genetic evolution of equine H3N8
influenza A viruses. J Gen Virol. 1996;77:661-71. http://dx.doi.
0rg/10.1099/0022-1317-77-4-661

3. Lai AC, Chambers TM, Holland RE Jr, Morley PS, Haines DM,
Townsend HG, et al. Diverged evolution of recent equine-2 in-
fluenza (H3N8) viruses in the Western Hemisphere. Arch Virol.
2001;146:1063-74. http://dx.doi.org/10.1007/s007050170106

4. Bryant NA, Rash AS, Russell CA, Ross J, Cooke A, Bowman S, et al.
Antigenic and genetic variations in European and North American equine
influenza virus strains (H3N8) isolated from 2006 to 2007. Vet Microbiol.
2009;138:41-52. http://dx.doi.org/10.1016/j.vetmic.2009.03.004

5. Crawford PC, Dubovi EJ, Castleman WL, Stephenson |, Gibbs EP,
Chen L, et al. Transmission of equine influenza virus to dogs.
Science. 2005;310:482-5. http://dx.doi.org/10.1126/science.1117950

Figure 2. Detection of viral antigens
in the respiratory tract of cats
inoculated with equine influenza
A(H3N8) virus and from a contact
cohort. For each tissue type, the
left column shows incubation
with  a monoclonal antibody
against equine influenza virus
hemagglutinin and the right column
shows hematoxylin and eosin
staining. Arrows indicate detection
of viral antigen (hemagglutinin)
expression (brownish staining).
Original magnification x100.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014



6. Daly JM, Blunden AS, Macrae S, Miller J, Bowman SJ,
Kolodziejek J, et al. Transmission of equine influenza virus to
English foxhounds. Emerg Infect Dis. 2008;14:461-4. http://dx.doi.

0rg/10.3201/eid1403.070643

7. Anderson TC, Bromfield CR, Crawford PC, Dodds WJ, Gibbs EP,
Hernandez JA. Serological evidence of H3N8 canine influenza-like
virus circulation in USA dogs prior to 2004. Vet J. 2012;191:312-6.

http://dx.doi.org/10.1016/j.tvjl.2011.11.010.

8. Rivailler P, Perry IA, Jang Y, Davis CT, Chen LM, Dubovi EJ,
et al. Evolution of canine and equine influenza (H3NS) viruses
co-circulating between 2005 and 2008. Virology. 2010;408:71-9.

http://dx.doi.org/10.1016/j.virol.2010.08.022.

9. Kuiken T, Rimmelzwaan G, van Riel D, van Amerongen G,
Baars M, Fouchier R, et al. Avian H5N1 influenza in cats. Science.

2004,306:241. http://dx.doi.org/10.1126/science.1102287

10. Paniker CK, Nair CM. Infection with A2 Hong Kong influenza virus

in domestic cats. Bull World Health Organ. 1970;43:859-62.

11. Song DS, An DJ, Moon HJ, Yeom MJ, Jeong HY, Jeong WS,
et al. Interspecies transmission of the canine influenza H3N2 virus to
domestic cats in South Korea, 2010. J Gen Virol. 2011;92:2350-5.

http://dx.doi.org/10.1099/vir.0.033522-0.

12.

13.

14.

15.

Equine Influenza A(H3N8) Virus Infection in Cats

McCullers JA, Van De Velde LA, Schultz RD, Mitchell CG,
Halford CR, Boyd KL, et al. Seroprevalence of seasonal and pandem-
ic influenza A viruses in domestic cats. Arch Virol. 2011;156:117—
20. http://dx.doi.org/10.1007/s00705-010-0809-7.

Wang H, Wu X, Cheng Y, An Y, Ning Z. Tissue distribution of human
and avian type sialic acid influenza virus receptors in domestic cat. Acta
Vet Hung. 2013;61:537-46. http://dx.doi.org/10.1556/AVet.2013.030.
Kirkland PD, Finlaison DS, Crispe E, Hurt AC. Influenza
virus transmission from horses to dogs, Australia. Emerg infect
Dis.2010;16:699-702. DOI: 10.3201/eid1604.091489

Gibbs EP, Anderson TC. Equine and canine influenza: a review of
current events. Anim Health Res Rev. 2010;11:43-51. http://dx.doi.
0rg/10.1017/S1466252310000046.

Address for correspondence: Alexander Lai, Kentucky State University,
Math & Sciences, 208D Carver Hall, 400 E. Main St, Frankfort, KY
40601, USA: email: alexander.lai@kysu.edu; Shoujun Li, College
of Veterinary Medicine, South China Agricultural University, 483
Wushan Rd, Tianhe District, Guangzhou, China 510642; email:
shoujunli@scau.edu.cn

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 12, December 2014 2099



DISPATCHES

Echinococcus
ortleppi Infections
in Humans and
Cattle, France

Frédéric Grenouillet,! Gérald Umhang,*
Francine Arbez-Gindre, Georges Mantion,
Eric Delabrousse, Laurence Millon,
and Franck Boué

In 2011 and 2012, liver infections caused by Echino-
coccus ortleppi tapeworms were diagnosed in 2 humans in
France. In 2012, a nationwide slaughterhouse survey identi-
fied 7 E. ortleppi infections in cattle. The foci for these infec-
tions were spatially distinct. The prevalence of E. ortleppi
infections in France may be underestimated.

ystic echinococcosis (CE) is a zoonotic disease caused

by the taeniid tapeworm Echinococcus granulosus
sensu lato (1). This neglected disease is distributed world-
wide and causes illnesses in humans and animals (2). Dur-
ing the past few decades, the taxonomic status of E. granu-
losus has been uncertain; varying classifications have been
proposed for its species, subspecies, and genotypes. This
taxon is now recognized as a complex of at least 5 distinct
species that encompass 10 genotypes with different host
specificities: E. granulosus sensu stricto (genotypes G1-
G3), E. equinus (G4), E. ortleppi (G5), and E. canadensis
(G6-G10) (3). E. ortleppi, first described in South Africa
(4,5), has a dog/cattle life cycle and is reported to have
low pathogenicity for humans. This species is prevalent in
South America but has been reported only sporadically on
other continents (6,7).

In France, the annual incidence rate of CE was stable
during 2005-2012 at ~0.18 cases per 100,000 inhabitants,
or 110 new cases per year (D. Van Cauteren, unpub. data).
A nationwide slaughterhouse survey in 1989 revealed
an average infection rate of 