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Abstract: The Prochlorophytes are a diverse group of photosynthetic prokaryotes which talls within the cyanobacterial lincage, yet
tack phycobilisomes as light harvesting structures. Instead, the Prochlorophytes have a light-harvesting apparatus composed of the
higher plant pigments chlorophylls « and b. This review discusses antenna structures, photosynthetic properties and evolutionary
relationships among these bacteria, with focus on the role of photosynthesis in their natural habitat. Most of the available
information is obtained from studies on Prochlorothrix, the model organism of this group in laboratory studies. Our analysis yields
a consensus from studies on two Prochlorophytes, Prochloron and Prochlorothrix, as to how the thylakoid membrane is organized.
Lack of laboratory studies on an abundant third Prochlorophyte, Prochlorococcus, does not (yet) allow to include this species in the
consensus. Overall, we propose that the structure of the light-harvesting complexes from Prochlorophytes is very different from
those of chloroplast systems, and is evolutionarily very ancient. The light-harvesting apparatus is considered to maintain a strong
structural and functional association with Photosystem 1 in both Prochlorothrix and Prochloron. Photosystem 11 in Prochlorothrix
differs from other photosynthetic systems in structural and functional properties of both donor and acceptor sides of its reaction
center. A demonstrated capacity for Photosystem I-dependent anoxygenic photosynthesis in Prochlorothrix may indicate that there
15 an increased dependence on cyclic photophosphorylation in these organisms. A description of the natural habitats of the
Prochlorophytes has been employed as a jumping board for speculation on the role of the photosynthetic apparatus in occupying,
proliferating and surviving in their ecological niches. Prochlorophytes seem to thrive in stable environments of low light, sufficient
nitrogen supply and possibly the presence of essential organic solutes.
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Introduction the green algae and the higher plants. These
pigments form the core of the light harvesting

The combination of the photosynthetic pig- antenna in these organisms. Nearly all Chl b is
ments chlorophylls (Chl) ¢ and b is common to bound in the light harvesting complex of photo-

system II (LHC ;). Until 1975 one considered the
Chl a /b antenna as property unique to eukary-
* Corresponding author. otic species, not in the least since the genetic
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information for the apoproteins of the antenna is
contained in the nucleus. These so-called Cab
genes and their protein products show a high
degree of homology among the various spccics
[1]. Moreover, eukaryotic antenna structures con-
taining different Chl complements (i.e. from dif-
ferent algal classes) show some degree of struc-
tural similarity to the LHC; [2,3].

During the last two decades we have witnessed
the discoveries of a few photosynthetic prokary-
ote species that carry Chls a and b. Their finding
has triggered a vivid discussion in commentary
articles regarding their possible role in the evolu-
tion of green chloroplasts [4-7]. As if anticipating
this discussion, these organisms were given the
suggestive name of Prochlorophyta (Prochlo-
rophytes) [8] and were even considered to form a
separate taxonomic entity with its own subdivi-
sion [9]). Tronically, most research papers did not
contribute to this discussion, but instead provided
much evidence for phylogenetic linkage between
the Prochlorophytes and the cyanobacteria (sec
below). We will maintain the term ‘Prochlo-
rophytes’, meaning prokaryotes containing
chlorophylls ¢ and b. This name makes no refer-
ence whatsoever to them being prokaryotic
chlorophytes and has no intention to infer any
phylogenetic relationship among these species
distinguishing them from other photosynthetic
prokaryotes. This review focuses mainly on the
current knowledge of thylakoid structure, organi-
zation and functioning in Prochlorophytes. This
focus will be used for a critical review of molecu-
lar phylogeny and the position of Prochlorophytes
among photosynthetic organisms. Special empha-
sis will be put on the properties of the prokary-
otic Chl a /b antenna in comparison to its eu-
karyotic counterparts. Its features are discussed
in relation to the ecological physiology of Pro-
chlorophytes with the aim of providing ¢xplana-
tions on how such features may support competi-
tiveness of Prochlorophytes in their natural envi-
ronments. Some aspects of Prochlorophyte pho-
tosynthetic properties and molecular evolution
are of a more speculative nature. For this reason
wc have separated those aspects from thce main
text and they are being dealt with in separate
sections called intermezzo’s.

History of Prochlorophyte discovery

The Prochlorophyte discoveries were reported
from widcly different cnvironments and they
failed to provide any clue with respect to the
actual number of Prochlorophyte specics, or the
diversity of ecosystems they thrive in. Until now
three genera with each one species have been
described:  Prochloron didemnii, Prochlorothrix
hollandica and Prochlorococcus marinus. Prochlo-
ron didemnii is found in a symbiotic relationship
with marine tunicates in (sub)tropical coastal wa-
ters. Upon its discovery [10] it was at first thought
to be a marine cyanobacterium containing two
distinct Chl types. Identification of these pig-
ments as chlorophyll ¢ and b and the apparent
absence of cyanobacterial antenna phycobilins
[11,12] subsequently formed the basis for the cre-
ation of a new phylum, the Prochlorophyta [8].
For a decade, Prochloron was the only known
photosynthetic prokaryote containing Chl ¢ and
b. and by some it was considered a clear indica-
tion for the correctness of the theory of the
c¢ndosymbiotic origin of plant organelles.

The second Prochlorophyte was discovered
much along the line that characterized the find-
ing of Prochloron. From a series of enrichment
experiments aimed at the isolation of characteris-
tic planktonic photosynthetic organisms in a shal-
low lake in the Netherlands, a light green subcul-
ture lacking phycobilins was obtained. Although
never published under that name, it was at first
identified as Oscillatoria limnetica. After estab-
lishing the prokaryotic naturc of the organisms,
together with the presence of Chls g and b, it
became cvident that a sccond Prochlorophyte was
found [13]. It differs from Prochloron in that it is
filamentous. free-living, and thrives in a freshwa-
ter environment; thus it was described as the new
species Prochlorothrix hollandica in the new fam-
ily of the Prochlorothricaceae, order of the
Prochlorales [5]. With the finding of Prochlo-
rothrix came the realization that the Prochlo-
rophytes may form a group of related Chl a /b-
carrying prokaryotes, whose representatives were
hitherto overlooked due to lack of criteria for
recognition and the apparent difficultics met
when trying to bring these organisms into culture.
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The discovery of a third Prochlorophyte in
part stemmed from work which had described for
over a decade the presence of a distinctly differ-
ent type of Chl in marine waters at various loca-
tions in the Atlantic Ocean [14,15]. The occur-
rence of this Chl species was correlated to the
presence of picophytoplankton. It took the on
board deployment of a flow cytometer capable of
detecting fluorescence emission by individual cells
to detect the smalilest Prochlorophyte so far [16].
They are free-living photosynthetic coccoid cells,
contain divinyl-Chls a and b and are often the
abundant species in picophytoplankton of marine
surface waters. After its isolation this Prochlo-
rophyte was named Prochlorococcus marinus [17).
The discovery of this organism will most probably
effect a shift in the Prochlorophyte research focus
away from the evolutionary origin of the chloro-
plast towards characterization of the photosyn-
thetic apparatus in an ecologically important
group of organisms.

Cell structure and morphology of Prochlorophytes

Light and electron microscopy studies of the
Prochlorophyte (ultra)structure have clearly es-
tablished the prokaryotic nature of the three Pro-
chlorophytes. The various Prochlorophytes differ
considerably in cell size. Prochloron is found as
coccoid cells with a diameter of 9-30 uwm [18].
The spherical cells of Prochlorococcus are 1.2—-1.6
wm in length and 0.6-0.8 pm in width [17]. The
only filamentous species, Prochlorothrix, are cells
of 3-10 wm in length and 0.5-1.5 wm in diameter
during exponential growth [13]. The filaments or
trichomes consist of at least five cells, but may
increase to up to 100 cells or more in undisturbed
cultures. In all three species, the thylakoid mem-
branes lack the phycobilisomes characteristic for
cyanobacteria, and the membranes are found
spread in the cytoplasm, often running parallel to
one another and to the cell wall. Thin sections
show modest membrane stacks seen as parallel
arrays of paired membranes [19,20], but it is
difficult to distinguish well defined stacked granal
and unstacked stromal membranes characteristic
of higher plant chloroplasts. The pairing of pho-
tosynthetic membranes in Prochlorophytes as op-
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posed to the situation in cyanobacteria has been
attributed to the presence of Chl b [5], the pres-
ence of a LHC type antenna [19] and the absence
of phycobilisomes [5].

Prochlorophytes further contain inclusion bod-
ies typical of (cyano)bacteria. Carboxysomes,
which contain the enzymes essential for efficient
photosynthetic carbon fixation, have been shown
to occur in Prochloron [21-23], in Prochlorothrix
[24,25] and in Prochlorococcus [16]. Gas vacuoles
were found at the poles of the longitudinal cells
in the Prochlorothrix filaments [25], but their low
number does not seem to provide buoyancy capa-
bility. The cell wall itself bears great similarity to
that of cyanobacteria. Transmission electron mi-
crographs clearly show a cytoplasmic membrane,
a periplasmic space, an outer membrane and an
outer sheath in all three species [9,13,16,17,23,25].
In summary, Prochlorophytes are morphologically
more similar to cyanobacteria than to chloro-
plasts with limited thylakoid stacking being the
only exception.

As cell morphology already suggested, the
macromolecular building blocks of the Prochlo-
rophyte cell bear much similarity to those of
cyanobacteria. On the outer cell surface of Pro-
chlorothrix one finds an abundant S-layer protein,
which binds the carotenoid zeaxanthin [26]. This
protein has only been observed and characterized
for Prochlorothrix until now, although a similar
carotenoid-protein configuration may exist in
Prochloron based on the observation that Pro-
chloron secretes zeaxanthin into media and
buffers used during physiological determinations
[27]. An antibody raised against this S-layer pro-
tein [26] recognizes proteins of similar molecular
mass in Synechococcus and Synechocystis (Lindell
and Post, unpublished results). The cell wall con-
tains a multilayered Al-y-type peptidoglycan in
both Prochloron [28,291 and Prochlorothrix [30].
Such an outer sheath is very similar to that found
in Gram-positive bacteria and cyanobacteria. Pro-
chlorophyte membranes consist of four major lipid
components, monogalactosyl-diacylglycerol, di-
galactosyl-diacylglycerol, sulfoquinovosyl-di-
acylglycerol and phosphatidylglycerol, but no
phosphatidylcholine, which is specific for the
green chloroplast [31-34]. Like cyanobacteria,
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Prochlorophytes contain monoglucosyl-diacylgly-
cerol, their overall fatty acid compositions are
similar [31-34], and so are the buoyant densities
of both the thylakoids and the cytoplasmic mem-
brane [27]. Major fatty acids in Prochloron and
Prochlorothrix are 14:0, 14:1w5, 16:0, 16: 1w7
and two novel fatty acids unique to Prochlo-
rothrix: 16:1wl2 (hexadec-4-anoic acid) and a
16:2 isomer [31]. The carboxysomes of Prochlo-
rophytes are membraneless [21] protein struc-
tures which contain the enzymes involved in
CO,-assimilation and the CO,-concentrating
mechanism [22-24,37] as we know them from
cyanobacteria [38]. The DNA is generally found
in the central regions of the cell surrounded by
the thylakoid membranes [9,16,23]). Genome sizes
of Prochloron and Prochlorothrix have been esti-
mated at 3.5-4.0 X 10° basepairs [35,36], while
the GC composition of Prochloron and Prochlo-
rothrix DNA is between 40 and 50 percent [9,36].

Phylogeny and molecular genetics

If one reviews the literature on the Prochlo-
rophytes, it becomes clear that taxonomic classifi-
cation and the inferring of relationships between
organisms is not clear-cut. Some researchers have
been eager to show a direct relationship between
Prochlorophytes and the chloroplast, whereas
others were determined to place them among the
cyanobacteria. The underlying problem in such
exercises lies both in the danger of overemphasiz-
ing one aspect while belittling others and in the
import of externally imposed bias into the judge-
ment of a certain property. Study of gene homol-
ogy is presently considered the most powerful
tool for taxonomic and phylogenetic purposes.
Partial 5S rRNA [39] and later 16S rRNA se-
quences [40] established a position for Prochloron
among the cyanobacteria, distant from other eu-
bacteria and the chloroplast. However, these
findings have also been used to correctly support
alternative phylogenies positioning Prochloron as
“comparatively little modified descendant of the
common ancestor of blue-green algae and chloro-
plasts” [41]. The only sequences known for all
three Prochlorophytes are partial sequences of
the genes encoding 16S rRNA and DNA-depen-

dent RNA polymerase, and these have been em-
ployed for phylogenetic study [40,42—-44]. This
work places the Prochlorophytes as a polyphyletic
group in the cyanobacterial radiation, and the
results from these studies led to the conclusion
that Chl b emerged more than once in the evolu-
tion of photosynthetic organisms [43].

Of the three bacteria, the most sequence infor-
mation is available for Prochlorothrix and this has
been used for phylogenetic comparisons to other
phototrophs as well. The cloned genes analyzed
mostly encode different components of the pho-
tosynthetic apparatus. To date, the following gene
sequences arc available: psbA, encoding the DI
protein of PS;; [45], psbB, encoding the PS,,
Chl-protein CP47 [46]; psbH, encoding the 10-
kDa PS,; phosphoprotein [47]; petBD, encoding
apocytochrome b, and subunit 4 of the cyt b, /f
complex [47]; petE, encoding plastocyanin (See-
burg and Bullerjahn, unpublished results); and
rbcl.S, encoding the subunits of rubisco, ribulose
bisphosphate carboxylase /oxygenase [48,49].
While many of these sequence analysis studies
support a close affinity of Prochlorothrix to the
cyanobacteria, analysis of the psb4 gene product
revealed that both the Prochlorothrix and chloro-
plast homologs lack a seven amino acid domain at
the C-terminal end, which is found in all
cyanobacterial pshA sequences [45] and in the
Prochloron psbA sequence [50]. This domain is
pivotal in the assignment of the psbA sequence as
more homologous to either the cyanobacteria or
the green chloroplast [51]. In combination with
other characters, one can ascribe evolutionary
significance to the different primary structures of
the D1 protein [50]. All other gene sequences and
their operon structure reflect that Prochlorothrix
falls within the cyanobacteria. Additionally, while
rbcl.S are linked in cyanobacteria and Prochlo-
rothrix, in eukaryotes rbcl is a plastid gene and
the RuBisCo small subunit is encoded by a nu-
clear multigene family [48,49]. Chloroplasts also
have a conserved operon transcription unit of
psbBHpetBD, but in Prochlorothrix and cyanobac-
teria only petBD are linked in an operon [47].
Sequence data available on the atpBE operon,
encoding the B and e subunits of the thylakoid
CF1 complex, further support the positioning of
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Prochloron within the cyanobacteria [52]. How-
ever, these authors recognized a bias against the
AT-rich chiloroplast plastid when constructing
phylogenetic trees of Prochlorophytes, cyanobac-
teria and the chloroplast [52]. Finally, the pshO
gene of Prochloron has recently be cloned (C.
Howe, personal communication). This gene en-
codes the extrinsic manganese stabilizing protein,
MSP, involved in the oxidizing side of PS,,.

All these data together allow us to position the
Prochlorophytes with confidence outside of the
chloroplast lineage, but more information on
Prochlorococcus and Prochloron is necessary to
establish their relationship to one another within
the cyanobacterial radiation. While it has been
stated that the Prochlorophytes are a diverged
polyphyletic group, some evidence has accumu-
lated to suggest that the apoproteins carrying the
Chl a /b antenna in Prochloron and Prochlo-
rothrix are structurally similar {53}, and thus that
the antennae may share a common origin. A
major emphasis of this review is to provide insight
into the structure and physiological properties of
the Prochlorophyte photosynthetic apparatus and
to relate these to photosynthetic properties which
support Prochlorophyte proliferation in their nat-
ural environment. Particular emphasis will be a
detailed discussion of the antenna/reaction cen-
ter interactions, which so far appear to be unique
among photosynthetic systems.

Intermezzo: Prochlorophytes, phylogeny and the
origin of the plastid
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that the phylogenetic studies among Prochlo-
rophytes, between Prochlorophytes and cyano-
bacteria, and between Prochlorophytes and the
green chloroplast, do not necessarily lcad to for-
gone conclusions. Two points have to be cxperi-
mentally addressed in this context.

(i) If the Chl a /b antenna is found to display a
high degree of homology among the Prochlo-
rophytes, than we have to consider the possi-
blity that Prochlorophytes do after all form a
monophyletic group. In that case, the rRNA
clock of Prochlorophyte evolution apparcntly
runs at a different pace than its cyanobacte-
rial counterpart.

(ii) The odds are that Prochlorophytes arc not
related to the progenitor of the green chloro-
plast, based on studics of gene homology,
thylakoid composition and structure, and
genome size. Howcever, also here the last
word has not becen spoken. The endosymbio-
sis may have caused a loss of the prokaryotic
antenna and a concurrent import of the nu-
cleus cncoded LHC -like antenna apopro-
teins. The genome size of a Prochlorophyte
endosymbiont would be rapidly reduced to
plastid sizc duc to gene transfer to the host
and the loss of redundant genes. Further-
more, a problem remains in explaining the
overall high AT content of organcllar DNA,
while photosynthetic prokaryotes arc, by
comparison, morc GC-rich. It has been ar-
gued that the AT bias has arisen following
endosymbiosis [52,54].

Photosynthetic apparatus of the Prochlorophytes

To date, phylogenetic studies showing Pro-
chlorophytes as being scattered among the
cyanobacteria have prompted the theory that Chl
b arose multiple times during the evolution of
phototrophs. Limited sequence data, immunolog-
ical studies on the Chl a /b antenna apoproteins
and Chl a /b ratios, among other things, show
that the antenna of Prochlorothrix is structurally
different from LHC,; and likely has a scparate
evolutionary origin. While no data are available
on the Prochlorococcus antenna so far, the Pro-
chloron and Prochlorothrix antenna appear to
share a common origin. This observation shows

The thylakoid complexes involved in light har-
vesting, charge separation and electron transport
have been characterized in some detail in Pro-
chloron, but the structure and dynamics of the
photosynthetic mechanism are best understood
for Prochlorothrix. For Prochlorococus little is
currently known, but some initial observations
suggest that this species has similar properties as
found in the other Prochlorophytes. Below we
describe the relevant characteristics of the photo-
synthetic complexes which identify these bacteria
as structurally and possibly functionally distinct
from the green chloroplast and phycobilisome-
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Table 1

Pigment composition of the Prochlorophytes

Organism major Chla/b Chlayb
carotenoid ratio ratio
(cells) (antennae)

B-Carotene, 4-7 2.4
zeaxanthin,

cryptoxanthin,

echinenone,

mutatochrome

B-Carotene, 8-9 2.5
zeaxanthin
a-Carotene,
zeaxanthin
Lutein, 2-3 1.4
violaxanthin,

zeaxanthin,

neoxanthin,

B-carotene

Prochloron

Prochlorothrix
Prochlorococcus <1221 )

Choroplasts

Data compiled from references cited in text [7-9,14-15,43—
48].
? Pigments are the divinyl-chlorophylls @ and b.

containing organisms. The most obvious feature
of the Prochlorophytes is the presence of Chl b
in addition to Chl a. While Chl 4 is an essential
component mediating both light-harvesting and
electron transport functions in all oxygenic pho-
totrophs, Chl b is a pigment dedicated solely to
light-harvesting. Chl a /b pigment-protein com-
plexes, dedicated to light-harvesting, will hence-
forth be referred to as antenna complexes, differ-
ent from the core Chl a complexes that comprise
Photosystems I (PS;) and II (PS;)).

Photosynthetic pigments

Table 1 presents the composition of the Chl
and the carotenoid pigments in Prochloron [11,
12,27,55,56], Prochlorothrix ([13]; Post and
Sukenik, unpublished results) and Prochloroco-
ccus [16,57]. Prochlorococcus is unique among
this group in the fact that it contains divinyl Chl
a [16). Further study of the Chis showed that not
only do these cells contain divinyl Chl a, but also
divinyl Chl b [57]. A characteristic feature of the
divinyl Chls @ and b is seen from the blue ab-
sorption maximum, which is red-shifted 8—10 nm.
The Chl a /b ratios in Prochloron [11,56,58-60]
and Prochiorothrix [13,61] are in general higher

than those found in the chloroplast of higher
plants [61]. In contrast, Prochlorococcus main-
tains an extremely low Chl a /b ratio of <1 in
natural populations and in cultured isolates [16].
These high Chl b contents raise some important
questions with respect to Chl a /b ratios in the
light harvesting antenna(e) and even the possib-
lity of a light harvesting antenna carrying (virtu-
ally) only Chl b. No detailed studies of the
carotenoid composition of Prochlorothrix and
Prochlorococcus have been reported. The
carotenoids apparently do not contribute to light
interception in antenna structures and likely serve
to protect the cells from photoinhibitory damage.
All three Prochlorophytes have a carotenoid com-
position distinct from chloroplasts of green algae
or higher plants [63]. There is no evidence that a
xanthophyll cycle as found in green chloroplasts
[64] operates in the Prochlorophytes.

The light harvesting antenna

An early studied concluded that the Chl a /b
antenna in Prochloron is spectrally and elec-
trophoretically indistiguishable from that of the
chloroplast [56]. Subsequent research on Prochlo-
ron and Prochlorothrix indicates that prokaryotic
Chl a /b antennae are probably different in
structure from their eukaryotic counterparts. The
Chl a /b antenna in Prochloron is bound to a
34-kDa polypeptide [65,66). For Prochlorothrix
three polypeptides of 30, 33 and 35 kDa molecu-
lar mass could be identified in the Chl a/b
antenna [67,68]. The antenna polypeptides of both
Prochloron and Prochlorothrix are hydrophobic
intrinsic thylakoid proteins and their molecular
masses suggest that they may be very different
from LHC,; apoproteins [68]. The antenna pro-
teins appear to form a small, homologous family
of structurally related polypeptides as judged from
immunological studies; an antibody prepared
against the Prochlorothrix 30-kDa antenna
apoprotein cross-reacted with two additional Pro-
chlorothrix proteins of 33 and 35 kDa, and to the
major 34-kDa antenna apoprotein from Prochlo-
ron [53). The antibody did not cross-react with
the chloroplast LHC,; apoproteins, and antibod-
ies against LHC,, failed to identify these Pro-
chloron and Prochlorothrix antenna apoproteins
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[53,66]. These were the first data to suggest that
the Prochlorophyte antenna is structurally dissim-
ilar to that of the green chloroplast. The antibody
to the 30-kDa Prochlorothrix antenna protein was
used to retrieve immunopositive A,,, clones en-
coding fragments of the antenna polypeptides
(Bullerjahn, Krugh and Evans, unpublished re-
sults). Sequence analysis also indicated that these
proteins are structurally dissimilar from the LHC
proteins (Cab polypeptides) of chloroplast sys-
tems; currently it is unclear whether the antenna
proteins have evolved independently from the
LLHC polypeptides encoded by the plant and algal
Cab multigene family [1].

Pigment analysis of purified antenna com-
plexes yields a relatively high Chl @ /b ratio in
comparison to the major green chloroplast an-
tenna, LHC|; (see e.g. [69]). The antenna com-
plex of Prochloron has been shown to have an
a /b ratio of 2.4 [66], whereas a ratio of 2.5 has
been reported for Prochlorothrix [68). Overall,
these ratios account for the high a /b ratio of
whole cells as compared to green algae and higher
plants (see Table 1). Circular dichroism (CD)
studies on the purified pigment-protein com-
plexes also indicate that the organization of Chl b
molecules is different than in LHC ;, as the nega-
tive CD band at 470 nm ascribed to trimeric Chl
b is absent in the Prochlorothrix antenna [70].

Unlike the situation in higher plants, there is
growing evidence that a very significant fraction
of the Prochlorophyte antenna has a structural
and functional association with PS,. A number of
papers from five separate laboratories have re-
ported that the bulk of the antenna apoproteins
and Chl & both co-purify with PS; and that Chl
transfers excitation energy efficiently to PS, in
Prochloron and Prochlorothrix [36,56,66-68,71—
73]. One research group has claimed that the
antenna is largely bound to PS,, particles after
solubilization in Zwittergent 14 [74]. The use of
this harsh detergent [75] was previously recog-
nized to strip the Chl a /b antenna away from
PS, [76]. Furthermore, different publications cite
different protein compositions for the Chl a /b
antenna (compare [74] with [76,77]). There is evi-
dence that the 33-kDa antenna apoprotein pro-
tein of Prochlorothrix is largely associated with
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PS,; [67]. In sum, while the precise partitioning of
these antenna proteins in the photosynthetic
membrane is currently not fully understood, it is
clear that the overall arrangement of the Prochlo-
rothrix antenna is quite different from that in
green chloroplasts. Characterization of the Chl
a /b antenna as being a PS; or PS,; antenna is
less straight forward than in green chloroplasts.
The picture emerges that, functionally, energy
harvested by the Chl a /b antenna is delivered to
both photosystems, whereas its structural associa-
tion is not fully resolved. How the antenna orga-
nization may contribute to the phototrophic
metabolism of the Prochlorophytes will be ad-
dressed later in this section. No detailed informa-
tion is as yet available on the structure and orga-
nization of the light harvesting Cht 4 /b antenna
in Prochlorococcus. Initial analysis of fraction-
ated thylakoids showed that not all Prochlo-
rococcus strains have abundant proteins in the
30-35-kDa range, which could be candidate an-
tenna proteins (Post and Thomas, unpublished
results). Moreover, given the very low Chl a /b
ratio of Prochlorococcus [16,17], we can expect
either a different organization of the (divinyl) Chl
a and b in its antenna or even the presence of a
different antenna type.

Freeze-etch electron microscopy of Prochlo-
rothrix and Prochloron membranes demonstrates
that there is some degree of partitioning between
PS, and PS,; centers in the thylakoid membrane
{19,20]. This feature, termed lateral heterogene-
ity, is a widespread feature of chloroplast systems
in which the PS, centers are located in the
stacked, granal membranes, while PS, is found in
the unstacked, stromal thylakoids. A notable ob-
servation from these studies is that the particles
of the Prochloron and Prochlorothrix EF, (ex-
oplasmic fracture face of stacked thylakoid mem-
brane) fracture face, which have been described
as PS,; plus antenna particles, are about 30%
smaller than those seen in green chloroplasts
[19,201. Overall, EF, (exoplasmic fracture face of
non-stacked thylakoid membrane) EF, and PF,
(protoplasmic fracture face of non-stacked th-
ylakoid membrane) contain smaller particles than
those found in either chioroplasts or cyanobacte-
ria. Hence assigning pigment—protein complexes
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to the various freeze fracture particles in Prochlo-
rophytes is uncertain, especially since the ratio of
PF, (protoplasmic fracture face of stacked th-
ylakoid membrane) to EF, particles is far lower in
Prochlorophytes than in green chloroplasts
[19,20]. However, we would like to note that EF,
and EF, particles in Prochlorothrix and Prochlo-
ron are significantly smaller in diameter than
their chloroplast counterparts. Whereas EF, par-
ticles have been correlated to the presence of
PS§, + LHC,, and EF, to PS£ stripped of its
antenna (see e.g. [78,79]), a similar interpretation
seems troublesome for Prochlorophytes although
it has been attempted [80]. Transmission electron
microscopy of Prochlorothrix and Prochloron
membranes revealed that while some degree of
membrane appression is evident, the degree of
stacking is less widespread than in chloroplast
thylakoids [9,13,16,21,53].

Intermezzo: prokaryotic versus eukaryotic Chl
a /b antenna

A fundamental question which remains con-
cerns the relationship of the Prochlorophyte an-
tenna to other antenna types seen in chloroplasts
and cyanobacteria. Current phylogenctic data
suggest that Chl b evolved more than once, even
among the Prochlorophytes. An argument in fa-
vor of a monophyletic origin for the Prochlo-
rophytce antenna comes from work demonstrating
immunological relationships between the Pro-
chloron and Prochlorothrix antenna apoproteins
[53], and their functional associations with PSI
[66-68,71-73].

The discovery of Prochloron and Prochlo-
rothrix has led to several studies aimed at under-
standing the structure and dynamics of the pho-
tosynthetic apparatus. Such work has provided a
great deal of information on the function of the
antennae complexes and their relationship to the
reaction centers. One conclusion we have drawn
from the accumulated data is the apparent lack
of a chloroplast LHC ;-like complex in these
bacteria. In contrast, the major antenna appears
to have a strong structural and functional cou-
pling to PS,, and the characterization of the
isolated pigment-proteins suggests profound dif-
ferences between LHC and the Prochlorophyte
antennae. Antenna apoproteins, immunological

relationships among antenna proteins, Chl a /b
ratio, Chl organization within the antenna, en-
ergy transfer etc. all distinguish this antenna type
from its cukaryotic counterparts. Thesc struc-
tural and functional differences are particularly
noteworthy as several papers have independently
suggested that Chl b antennac evolved morc
than once [42-44]. In light of all these data, we
would propose that the term ‘LHC’, which has
been used indiscriminately to denote a Chl a /b
antenna, be reserved for antennae types scen in
chloroplast systems only. To resolve beyond all
doubt whether the Prochlorophyte antenna is
cvolutionarily distinct or divergent from the
LHC,, antennac will require more detailed se-
quencing studies examining the primary struc-
ture of the Prochloron, Prochlorothrix and Pro-
chlorococcus antenna apoproteins.

Reaction centers

PS,, and PS, particles have been prepared
from Prochloron and Prochlorothrix which ex-
hibit photochemical activity; immunological anal-
ysis of these particles and whole thylakoid mem-
branes demonstrate the presence of the homolo-
gous reaction center polypeptides found also in
cyanobacteria and chloroplasts. For example, PS,
particles from Prochloron and Prochlorothrix
yield a polypeptide composition very similar to
PS, preparations from higher plants or cyanobac-
teria [67,81]. The composition of PS|; particles is
somewhat less clear, but the major components of
the PS,; complex have been identified. These
include the Chl a-binding polypeptides CP47 and
CP43 (47 and 43-kDa molecular mass chlorophyll
protein, respectively) [46,67]; the reaction center
proteins D1 and D2 ([45,73]; Bullerjahn and
Krugh, unpublished results); the 10-kDa psbH
protein [47]; and the 33-kDa psbO protein in-
volved in stabilizing the donor (water-splitting)
side of PS;, [82,83]. The psbO gene product or
manganese stabilizing protein (MSP) of Prochlo-
rothrix was found to be a hydrophobic protein as
compared contrasting with the morte hydrophilic
MSP found in a green alga and a cyanobacterium
[83]. A possible relation to photosynthetic func-
tions is discussed below. As in cyanobacteria Pro-
chlorothrix lacked the 23 and 17-kDa proteins of
the oxygen evolving complex [83]. Homologs of
the small, functionally enigmatic hydrophobic PS,
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proteins have been found in P. hollandica (Bul-
lerjahn and Krugh, unpublished results); this in-
cludes the so-called PsbJ and PsbK proteins whose
presence in both cyanobacteria and chloroplasts
has been well documented (see e.g. [84]).

Electron carriers

While no active preparations of the cy-
tochrome b, /f complex from Prochlorophytes
have been reported, analysis of whole membranes
by difference spectroscopy and tetramethylbenzi-
dine staining have identified both cytochromes f
and b, in both Prochioron and Prochlorothrix
(Bullerjahn and Sherman, unpublished results).
Furthermore, the petBD genes encoding apocy-
tochrome b, and subunit 4 have been cloned and
sequenced [47]. Lastly, examination of soluble
fractions from Prochlorothrix has shown that the
primary electron donor to PS, is plastocyanin
[36]; this is in contrast to an earlier paper which
stated that a cytochrome c;;; serves this function
in Prochlorothrix [85]. In summary, virtually all of
the components known to be associated with
whole chain electron transport in oxygenic photo-
synthesis have been identified in either Prochlo-
ron or Prochlorothrix, thus it is reasonable to
assume that the overall protein composition of
such complexes is not substantially different than
those reported for cyanobacteria and chloroplast
systems.

Modes of photosynthesis

With the two photosystems and all electron
carriers known from oxygenic photosynthesis in
place, it is hardly surprising that photosynthetic
oxygen evolution and carbon fixation do take
place in the Prochlorophytes at rates which can
support the carbon and energy demands for
growth [9,17,18]. The firm positioning of Prochlo-
rophytes within the cyanobacterial radiation has
also prompted the search for anoxygenic photo-
synthesis as an alternative mode of photosyn-
thetic energy conservation in Prochlorothrix.
Anoxygenic photosynthesis is found among a
number of, mainly filamentous, cyanobacteria and
it involves a dual role for sulfide. Sulfide acts
both as an inhibitor of oxygen evolution at the
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donor side of PS,; [86] and as an electron donor
to the plastoquinone pool mediated through an
inducible sulfide-quinone oxidoreductase [87].
Green chloroplasts are in general very sensitive
to sulfide inhibition and anoxygenic photosynthe-
sis has not been found in these systems. Prochlo-
rothrix was shown to have a constitutive but low
capacity for anoxygenic photosynthesis at 1-5%
of the light saturated oxygenic photosynthesis
rates (Post and Arieli, unpublished results).
Whereas such a low activity is not sufficient to
support significant growth, it may still contribute
to the survival of this organism during extended
periods of anaerobiosis. This capacity for anoxy-
genic photosynthesis was accompanied by a con-
tinued oxygenic photosynthetic activity up to 5
mM sulfide, indicating a high resistance of the
oxygen evolving complex of Prochlorothrix against
sulfide stress (Post and Arieli, unpublished re-
sults). Interesting in this respect is the hydropho-
bic nature of the MSP in Prochlorothrix [82,83],
which we suggest may secure the active site of the
protein from sulfide intrusion. Whereas (partial)
resistance of oxygenic photosynthesis has been
observed in a number of species [89], it has never
been related to biochemical properties of the
MSP.

Photosynthesis—light relationships

The rate of photosynthetic oxygen evolution is
a function of quantum flux impinging on the
photosynthetic apparatus. Photosynthesis-light
relationships have been frequently used to assess
competitiveness of phytoplanktonic species under
a given set of environmental conditions. The ini-
tial slope of the light saturation curve, a, reflects
the light utilization efficiency of photosynthesis
and is directly related to the quantum efficiency
of the photosynthetic process [90]. The maximal
photosynthetic rate is a function of the average
time needed to transfer electrons from H,O to
NADP through both photosystems [90]. The an-
tenna function and the reaction center function
are sometimes fit into photosynthetic units, a
functional definition of the number of chloro-
phylls needed for the production of 1 molecule of
O, following a single turnover, saturating light
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flash [90]. We have summarized the available
data on photosynthetic activity of the Prochlo-
rophyte species Prochloron, Prochlorothrix and
Prochlorococcus in comparison to Chlorella [91-
93] and Oscillatoria [94,95] as representatives of
the green algae and the cyanobacteria respec-
tively (Table 2). Although interpretation of pho-
tosynthetic data should be done with care be-
cause Chl partitioning among the major chloro-
phyll-protein complexes may be very different in
the representatives of the various groups, we can
still make some interesting observations. Firstly,
the range in which «, the light utilization effi-
ciency of photosynthesis, of Chlorella varied was
considerably lower than that for Prochlorothrix.
Minimum quantum requirements in Prochlo-
rothrix were found to be between 10 and 11 [61],
comparable to both Chlorella [92] and marine
phytoplankton species [90]. Hence, differences in
«a may be explained from different light absorp-
tion efficiencies. The absorption cross-section of
Chl was between 2 and 4 times smaller in Chlorella
[92] than in Prochlorothrix {61}. This could be due
to the absence in the latter of densily stacked
grana, in which much of the Chl is shaded by
neighbouring pigment molecules. Prochlo-
rococcus maintained larger absorption cross-sec-
tions of Chl than common marine algae [96].
However, quantum requirements for photosyn-
thetic C-fixation varied between 11-25 mol

Table 2

Photosynthetic characteristics of Prochlorophytes

quanta/mol C in three different strains of Pro-
chlorococcus grown over a range of light intensi-
ties [96]. P, in Prochloron is considerably higher
than in any of the other species and it may be
indicative of its symbiotic lifestyle, which forces it
to optimally utilize high irradiances during day-
time. It is further intcresting to note that the
large photosynthetic units of Chlorella (and other
planktonic algae) are not matched by the Pro-
chlorophytes. As effective PS;; absorption cross-
sections were found to be far smaller in Prochlo-
rothrix (Post, unpublished results) than those re-
ported for other species, this may be diagnostic
for both smaller PS|; antenna sizes and a differ-
ent thylakoid organization in Prochlorophytes as
suggested above. This is in agreement with the
finding that photosynthesis in Prochloron [97] and
Prochlorothrix [61] reaches saturation at light in-
tensities that are high in comparison to those
found for many green algae and cyanobacteria
[91-95].

As is true for most if not all algae and
cyanobacteria, the light intensity range which al-
lows for maximal cell division rates of the Pro-
chlorophytes species is much lower than that for
maximal photosynthesis rates. P. hollandica
reaches maximal growth rates at <80 wpmol
quanta m~2 s~ ' [61]. Current unpublished work
by Moore and Chisholm on Prochlorococcus has
focused on the growth characteristics of the dif-

o Pt I PSU,,, ¢ T
Chlorella [91-93] 1.5-23 110- 425 > 150 1360-5460 5.5-14.2
Oscillatoria [94,54] 24-5.8 313- 680 60-240 9201660 -
Prochloron [97] 1.9-39 815-1062 175-575 1200-3000 "
Prochlorothrix [61] 2.0-3.5 252- 552 > 250 1512-3672 4.2- 44
Prochlorococcus [96] 2.6-88 91- 416 40-340 -

Photosynthetic characteristics of Prochlorophyte species Prochloron, Prochlorococcus and Prochlorothrix as compared to the
common green alga Chlorella sp. and the common cyanobacterium Oscillatoria sp.

* Light utilization efficiency «, umol O, umol Chl ¢ ' h™' wmol ' quantam “ s

" Light saturated rate of photosynthesis P, , wmol O, pmol Chl ' h~".

¢ Saturating light intensity /., wmol quantam % s .

d Photosynthetic unit size PSUg,. mol Chl ¢ per mol O, produced.

“ Minimal turnover time 7, ms.
1

Calculated using the a Chl /Py, unit size of 240 [55] and assuming a PS1/PSII ratio of 1.2-2.5 as observed in Prochlorothrix [61).
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ferent marine isolates. Sargasso Sea strain SS120
yields a maximal growth rate of 0.55 divisions
day~!. Its photosynthesis rate becomes light satu-
rated at 40 pmol quanta m 2 s~'. While this
strain is well adapted for growth in very low light
(3 wmol quanta m 2 s™ 1), it seems to be sensitive
to photoinhibitory damage to PS,, at light intensi-
ties as low as 70 pwmol quanta m ° s~ ' By
comparison, the Mediterranean strain MED4 is
clearly better adapted to higher light environ-
ments; photosynthesis saturates at 60 pmol
quanta m ° s~ ', while the minimum light inten-
sity supporting growth is approximately 16 pmol
quanta m~% s~ !'. MED4 is also comparatively
resistant to photoinhibition (Moore and Chis-
holm, unpublished results). Future work aimed at
understanding antenna structure and function in
Prochlorococcus should identify the physiological
bases for the adaptation to surface vs. deep water
light environments.

The Prochlorophytes Prochloron and Prochlo-
rothrix both showed plasticity in their photosyn-
thetic characteristics as a result of light-shade
adaptation [61,97]. Light-shade adaptation was
apparent as changes in photosystem ratio [61] and
changes in antenna contribution to the pigment
bed as observed from changes in Chl a /b ratio
of cells [56,58,61,97]. Field data based on single
cell fluorescence detection and HPLC pigment
analysis suggest that light-shade adaptation may
further occur in the marine Prochlorophyte Pro-
chlorococcus [98,99]. These observations were
confirmed by culture studies of three strains of
Prochlorococcus grown at different light intensi-
ties [96].

The apparent sensitivity to high light intensi-
ties in Prochlorococcus is compounded by the
observation that Prochlorothrix is much more
sensitive to photoinhibition than green algae
grown under identical conditions [100]. The site
of photoinhibition was found to be located on the
D1 protein of the PS;, reaction center and irre-
versible damage to this protein was followed by
far slower repair than found in green algae [100].
An additional response seen in Prochlorothrix
during long-term adaptation to supersaturating
light is the accumulation of zeaxanthin pigments
at the cell surface [26]. This results in the selec-
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tive screening of wavelengths in the blue region
of the spectrum. The zeaxanthin is bound to a
protein complex which appears to coat the cell
surface, thus this complex has been proposed to
represent an S (surface)-layer which assembles
under light stress. Cultures shifted to high light
exhibit a 2.3-fold increase in the level of this
protein within 24 h [26], and Northern blots
showed that the mRNA levels for this complex is
under transcriptional control by light (Engle and
Bullerjahn, unpublished results). Overall, the ac-
cumulation of this carotenoid-protein layer may
account for much of the 409% decrease in the
quantum efficiency for O, evolution in high-light
adapted cells [61].

Regulation of excitation energy distribution
Light-shade adaptation is responsible for long
term regulation of the light harvesting capacity,
tuning in to the average photon flux impinging on
photosynthetic cells. However, short term changes
in light intensity and spectral quality may be
cause to imbalances in excitation energy supply to
PS|; and PS; and hence in their respective activi-
ties. In both chloroplast and cyanobacterial sys-
tems, mechanisms operate to regulate energy im-
balances between PS,, and PS,. This phe-
nomenon, often termed the state 1 > 2 transition,
acts to maximize linear electron transport should
the wavelength of the ambient light favor absorp-
tion by one photosystem over the other. In a
general sense this is achieved by changes in an-
tenna orientation such that it transfers excitation
energy preferentially towards the photosystem
with the smallest effective absorption cross-sec-
tion. For example, in far-red light preferentially
absorbed by PS|, the light harvesting antenna is
oriented such that the energy harvested by it is
trapped in PS;; (state 1). In a state 2 situation, in
light preferentially absorbed by PS,,, energy is
redistributed to PS1. Such transitions are visual-
ized from changes in PS; fluorescence vyield;
state 1 is the high fluorescence condition. while
adaptation to state 2 results in a marked decrease
in PS,, fluorescence. In green chiloroplasts, the
major antenna LHC,; complex is reversibly phos-
phorylated in a light-dependent fashion by a th-
ylakoid kinase which is activated by sensing the
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redox state of electron carriers between PS,, and
PS, (for reviews see [101,102]). Upon overexcita-
tion of PS, relative to PSI, the kinase becomes
activated, and it phosphorylates the LHC,,
apoproteins. A phosphorylated subset of the an-
tenna then decouples from PS;; and so restores
the balance in energy flows towards PS, and PS,,.
Accompanying these events is the destacking of
the thylakoid granal membranes as a conse-
quence of the movement of phosphorylated LHC
away from PS,;; centers. In the phycobilisome-
containing organisms (cyanobacteria and red al-
gae), state transitions do not occur by this mecha-
nism: instead, reorganization of the photosyn-
thetic apparatus occurs such that energy redistri-
bution is enabled by modulating spillover from
the PS;; Chl a core to PS, [103,104].

An early study on Prochloron reported that
state 1 > 2 transitions may not occur in this
species, based on the presence of a continuously
active thylakoid protein kinase [65]. A similar
situation was cncountered in  Prochlorothrix,
where redox control of a thylakoid protein kinase
could be enforced by the addition of strong re-
ducing or oxidizing agents only [76]. Initially, re-
dox controlled kinase activity was related to state
I > 2 transitions [105], but this suggestion was
discounted in a later publication [76]. Recent
observations on Prochlorothrix show that the op-
posite may be true, and the same findings suggest
that a similar mechanism may operate in Prochlo-
ron [61,68,73]. State | > 2 transitions could be
clearly shown in the latter species from in vivo
measurements of modulated fluorescence [61] and
fluorescence induction [72] after red /far red light
treatment of the cells. Additional work showed
that the 35-kDa Chl a /b antenna protein forms
the major target for the kinase activity located in
the thylakoid membrane [69,70]. Under the proper
experimental conditions the 35-kDa antenna
apoprotein undergoes reversible phosphorylation
in a light and /or redox dependent manner both
in vivo and in vitro [68]. Since it was shown that
the Chl a /b antenna of Prochlorothrix and Pro-
chloron are immunologically related [53], it was
subsequently suggested that a similar situation
may be found in the latter species [68]. White
light at moderate to saturating intensity, and PS,,

light (650 nm) yielded enhanced phosphorylation
at the same timescale (approx. 30 min) as the
state 1> 2 transition [72,73). Another indication
that antenna phosphorylation is related to state
I > 2 transitions comes from the finding that
phosphatase inhibition yielded a highly phospho-
rylated antenna, and that cells treated with in-
hibitor were locked in state 2 in vivo [68]. There
is some evidence suggesting that state 1 > 2 tran-
sitions do not just modulate PS,, absorption
cross-sections, but that in state 2 the Chl a /b
antenna becomes a more efficient PS, antenna.
Monitoring PS, function in vivo by measuring
non-photochemical fluorescence quenching (indi-
cative of a PS,-driven transmembrane pH gradi-
ent), shows that the fluorescence loss following a
transition to state 2 is accompanied by an in-
creased diversion of cxcitation energy towards
PS, [73]. All these data suggest an involvement of
protein phosphorylation in regulating energy dis-
tribution between the photosystems, analogous to
what has been observed in chloroplast systems
[101,102]. However, so far it is unclear whether
protein phosphorylation forms the molecular
mechanism of state 1> 2 transitions or that it is
simply an accompanying process, which in itself
has no bearing on the regulation of excitation
energy distribution. If the former proves to be
true than this would provide strong evidence that
kinase activity played a role in regulating photo-
synthetic activities long before the chloroplast
LHC,, evolved.

Since state transitions have not been reported
for Prochlorococcus and Prochloron, it remains to
be shown that such dynamic short-term responses
occur in other Prochlorophytes. However, as de-
scribed previously, there is a phosphorylation
mechanism acting on the Prochloron antenna [65]
and thus it is possible that state transitions play a
role in antenna orientation in hospite. On the
basis of the information gathered on Prochio-
rothrix, one can now design the experimental
conditions for the study of state transitions in
Prochloron and Prochlorococcus.

Thylakoid organization in Prochlorophytes
Studies in recent years have established that
the organization of the photosynthetic membrane
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Fig. 1. Model for the molecular mechanism of state 1>2

transitions in photosynthetic prokaryotes carrying chlorophyli
a /b antennae. The chlorophyll a /b antenna consists of a
bulk antenna which is located on 30 and 35-kDa apoproteins
and associates preferably with PS I. A minor chlorophyll a /b
antenna is carried by a 33-kDa apoprotein and is found to
co-purify with PS 1. The 35-kDa antenna protein forms the
major target protein of light /redox controlled kinase activity.
Upon phosphorylation, the bulk antenna excludes PS II cen-
ters and enters a more tight association with PS I. Under such
conditions, the energy transfer to PS I is enhanced. This
process reverses to a state of balanced energy transfer by the
bulk antenna following dephosphorylation of the antenna in
either darkness or far red illumination.

in both Prochloron and Prochlorothrix is some-
what different than in cyanobacterial and chloro-
plast systems. As mentioned briefly above, evi-
dence has accumulated indicating that a large
part of the antenna is energy coupled to PS, at
all times. This differs considerably from the situa-
tion in green chloroplasts and cyanobacteria,
where the bulk antennae were identified as light
harvesting antennae of PS|;. Many aspects of the
Prochlorophyte photosynthetic machinery, partic-
ularly with respect to the structure and composi-
tion of PS; and PS;; centers, and the reversible
phosphorylation of the antenna, are structurally
or functionally analogous to other photosynthetic
systems. Other observations, mainly that of a Chl
a /b antenna associated with PS;, have prompted
us to construct the model for thylakoid organiza-
tion in Prochlorothrix [73] as presented in Fig. 1.
The model predicts that a minor Chl a /b an-
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tenna bound to a 33-kDa protein serves a light
harvesting antenna to PS,. However, the bulk of
the Chl a /b antenna is bound to proteins 30 and
35 kDa molecular mass and it is this antenna
which is associated with PS,. Under non-phos-
phorylating conditions (state 1), both PS; and
PS,, share a common light-harvesting antenna
composed largely of the 30/35-kDa Chl a /b
antenna in its dephosphorylated state. This con-
dition exists both in the dark and upon treatment
with far-red (PS,) light. Transfer of cells to either
high light and red light provokes the phosphory-
lation of the 35-kDa protein and the decoupling
of the bulk antenna from PS,; (state 2). This
results in the exclusion of PS,, centers from the
major light-harvesting apparatus in the cell. It is
this situation which we argue results in the lateral
heterogeneity seen in freeze-etch electron micro-
graphs. As mentioned previously, the EF, parti-
cles seen following freeze-etch are smaller than
those in chloroplasts, consistent with our model
stating that the PS,, centers should lack a large
antenna complex. However, the fact that th-
ylakoid membrane stacking occurs in both Pro-
chloron and Prochlorothrix deserves our future
attention. From the limited data available, we
would propose that the degree of stacking and
lateral heterogeneity in Prochloron and Prochlo-
rothrix arises from interactions among the PS
centers excluded from the bulk antenna/PSI
complexes, thus resulting in increased stacking in
a state 2 situation. Ovérall, the lower degree of
stacking in Prochlorophytes can be attributed both
to the lack of an LHC,, complex to stabilize
membrane appression, and a high PS,/PS; ratio
in comparison to chloroplasts [61]. Of course, this
model is speculative, but it is testable and will
help addressing directly the structural and mech-
anistic requirements necessary to drive thylakoid
stacking. E.g. our model predicts that Emerson
enhancement does not occur in Prochlorothrix,
on the basis that action spectra for PS; and PS,
activity are expected to show a strong resem-
blance. Early photoacoustic measurements on
Prochlorothrix indeed revealed that far red illu-
mination did not enhance photosynthetic activity
and that chemical energy storage was consider-
able (Post and Canaani, unpublished results).
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Although the above model is based on infor-
mation obtained on Prochlorothrix, we propose
that it be used as working model for the two
marine Prochlorophytes Prochlorococcus and
Prochloron. Properties in the latter two species,
like the immunological relationship between the
Prochlorothrix and Prochloron antenna [53] and
the dim fluorescence of Prochlorococcus [98],
suggest that they too have a different thylakoid
organization than is found in the green chloro-
plast. It is therefore of utmost importance to
establish whether there is a unifying concept for
thylakoid organization in Prochlorophytes, which
distinguishes them from other photosynthetic sys-
tems. In addition, it should be studied if such a
difference bears consequences on the success of
Prochlorophytes in occupying their ecological
niche(s). The next section addresses the natural
habitats of Prochlorophytes and describes proper-
ties that may relate to their existence, prolifera-
tion and survival stratcgies.

Intermezzo: Why having a light harvesting an-
tenna be energy coupled to PS,?

The presence of the Prochlorophytes within
the cyanobacterial lincage also suggests that both
the  Prochlorothrix / Prochloron antennac and
phycobilisomes are antenna types which could
have arisen from a common ancestral pho-
totroph. Such an ancestor would have both a Chl
a /b PS, antenna and biliprotein PS,; antcnna.
While no such organism has been described so
far, it is consistent with the observation that both
these antennae have ancient origins within a
prokaryotic lincage. Organisms having only ci-
ther phycobilisomes or Chl ¢ /b antennac arosc
by losing one of the two antenna types. With a
mechanism for excitation energy distribution in
place. onc can easily understand that a PS, an-
tenna becomes disposable. However, it is diffi-
cult to imaginc what selective pressures could
result in the loss of the phycobilisome.

The most unusual featurc of Prochloron, Pro-
chlorothrix, and possibly Prochlorococcus, is the
degree of energy coupling between antenna and
PS,. All other cyanobactceria and chloroplast sys-
tems arc arranged such that the major antcnna
complex is tightly coupled to PS,;. This arrangc-

ment evidently results from a strong dependence

on linear electron transport to contribute both to

a proton-motive force and an accumulation of

reducing equivalents. The antenna organization

of Prochloron and Prochlorothrix appears to yicld

a situation in which energy transfer to PS, is

optimized. In order for this to make good biolog-

ical sensc, the demands for reducing equivalents
must be met by other means. We suggest that

Prochlorothrix and other Prochlorophytes may

have evolved from a bacterium thriving in one of

the following environments:

(i) In environment with sources of reduced car-
bon. Oxidation of reduced substrates 1s cou-
pled to NAD(P)H accumulation, Conse-
quently, ATP demands could be met by PS,
activity, and pools of reducing power could
be maintained by both PS,; and oxidative
pathways. Another possibility is that re-
duced carbon is capable of serving as an
alternative clectron donor. Studying the in-
teractions of  Prochlorothrix with reduced
substrates should be an important priority.

(i1) Considering that Prochlorothrix can ¢xhibit
low rates of anoxygenic photosynthesis, it
may maintain itself in the presence of sul-
fide. Moreover, the resistance of PS;, to
sulfide is an indication of the importance of
anoxic environments in the evolution of this
species.

(iii) Prochlorothrix may have evolved in environ-
ments with steep gradients in ambient oxy-
gen  concentrations.  Such  environments
would cnable it to combine propertics like
photohetcrotrophy or anoxygenic photosyn-
thesis with photosynthetic activity involving
both photosystems.

(iv) Lastly, the sensitivity to photoinhibition as
apparent in Prochlorococcus ([96]; Moore
and Chisholm, unpublished rcsults) and as
has been established for Prochlorothrix [100].
may have added selective pressure towards
the development of an antenna with cffi-
cient energy transfer to PS;. This is further
supported by the finding that following a
short period of strong PSII activity, the an-
tenna rcorganizes itself such that PS; cen-
ters are largely excluded from excitation en-
crgy supply. No rigorous experiments have
been undertaken on any of the Prochlo-
rophytes to test the above hypothescs.
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Prochlorophytes in their natural habitat

It is self evident that the photosynthetic appa-
ratus should operate to support cell integrity and
growth of the Prochlorophytes in their natural
environment. Hence, a closer look at the distribu-
tion in nature may give us additional information
on the ecological niche of Prochlorophytes and
the possible contributions of the photosynthetic
apparatus. Ironically, most is known of the ecol-
ogy of the marine planktonic Prochlorophytes
that until recently were not cooperative in labora-
tory studies.

Prochloron is found as an obligate endosym-
biont of marine tunicates, mainly from shallow
(<5 m), warm (20-26°C), (sub)tropical marine
waters [19,52,58-60], although it reportedly
thrives in deeper waters (> 20 m) as well [60,65,
81,106]. Prochloron from deeper waters adapts to
the lower light flux by increasing its light harvest-
ing capacity with a comcomitant loss of maximal
photosynthetic activity [97]. An early study sug-
gested that Prochloron does not function well at
osmolarities met in seawater and that it may
depend on fast diffusing factors from the animal
host into its photosynthetic cell [106]. Doubt was
cast on the former observation, when cells were
shown to maintain high photosynthesis rates in
buffered seawater [97]. Until now, no successful
attempts have been made to characterize the
nature of the symbiotic relationship or to assess
the factors limiting the growth of Prochloron
populations in hospite. A carbon budget of photo-
synthetically fixed carbon showed that 15-20% of
the carbon fixed per day by high light adapted
Prochloron is translocated to the tunicate host
[97]. It is not known whether the symbiosis under
low light conditions involves carbon translocation
to the host.

Prochlorothrix is found in a number of rather
eutrophic, shallow lakes in the center part of the
Netherlands. These wind mixed lakes are charac-
terized by a high turbidity, a relatively high back-
ground extinction due to water colour and hence
light does not penetrate beyond depths of 20-30
cm [107]. Moreover, their water contains consid-
erable amounts of dissolved organic matter [107].
Due to the steep light gradient and possibly activ-
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ity of heterotrophic bacteria, one finds anoxic
conditions at the water-sediment interphase, con-
ditions that may extend into the water column
when mixing is interrupted. Anoxic conditions are
normally accompanied by the appearance of sul-
fide in the water phase [108] and hence the
observed resistance of PS,, to sulfide and the
potential for (low) anoxygenic photosynthetic ac-
tivity [88] may have ecological significance. Pro-
chlorothrix populations build up during the sum-
mer months when water temperatures reach 15—
18°C. [109]. In this respect the population dynam-
ics of Prochlorothrix show similarity to those of
cyanobacteria for which (late) summer blooms
have been ascribed to their favorable light har-
vesting capability [110,111], photosynthesis/
respiration ratio [112,113] and maintenance en-
ergy requirements [114] as compared to eukary-
otic algae.

Prochlorococcus seems to be ubiquitous and
has been reported from temperate and (sub)
tropical climate zones, namely the Sargasso Sea,
North Atlantic [98,99,115,116] and tropical At-
lantic [14,15], the Mediterranean [117], the Red
Sea [118] and the Gulf of Agaba (Post and Lin-
dell, unpublished results), Pacific [119-121] and
the Southern California Bight [16] and finally the
Banda Sea, Indonesia [122]. On a north-south
transect in the eastern North-Atlantic no Pro-
chlorophytes could be found at latitudes above
42°N [123]. Whereas the free-living marine Pro-
chlorophytes are found throughout the photic
zone [98,99,116,117], they seem to dominate the
deep chlorophyll maximum at densities of 10*-10°
cells ml~! [99,116]. The marine Prochlorophytes
seem to position themselves under the Syne-
chococcus population according to some authors
[95,112,113]. This is in itself a surprising observa-
tion since part of the Synechococcus population
possesses phycourobilin enriched phycoerythrin
[124], which is optimally suited for light harvest-
ing of those wavelengths that penetrate deepest
[125], i.e. to those depths where the Prochlo-
rophytes are found. However, it could well be
that the presence of divinyl Chl b, with an ab-
sorption maximum red shifted in the Soret band
by some 8 nm [56], contributes significantly to the
light harvesting capacity of Prochlorophytes at
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great depth. Interesting in this respect arc the
low Chl a /b ratios reported for marine free
living Prochlorophytes [16,99], which underscribes
a strategy of aiming at optimal light harvesting by
these organisms. Culture study showed that ma-
rine Prochlorophytes are better absorbers than
scatterers in the blue part of the spectrum [126].
This is the only example among phytoplanktonic
species so far. There are also indications that
their positioning in the water column is related to
the depth of the nitracline [98], suggesting that
the nitrogen status of the cells is related to their
vertical distribution. Differences in cellular pig-
ment contents of the Prochlorophytes were re-
ported to result from different light history [99].
Since Chl contents are known to react strongly to
the nutrient status of the cell, the observed lower
Chl contents of Prochlorophyte cells from shallow
layers may be explained as well from the different
nitrogen status of these cells as compared to
those thriving in the vicinity of a higher inorganic
nitrogen supply. Nitrogen and light were found to
be the key environmental factors controlling cell
cycling of Prochlorophytes in the western
Mediterranean [127]. Prochlorophyte numbers
dominate the phytoplankton groups [98,115,116]
and they may account for up to 60% of primary
productivity in the deepest layers of the marine
photic zone [16]. Marine free-living Prochlo-
rophytes form about 40% of the phytoplankton
carbon biomass in the Sargasso Sea [115] with an
unkown contribution to the bacterial biomass.

Concluding remarks

Taxonomic studies tell us that the Prochlo-
rophytes are cyanobacteria, although the evolu-
tionary origin(s) of the Prochlorophyte light har-
vesting antenna(e) — the property most distin-
guishing Prochlorophytes from cyanobaceria — is
still unkown. Biochemical /physiological studies
indicate that their photosynthetic apparatus is
organized in an unique way. The special features
of prokaryotic chlorophyll a /b antenna in Pro-
chloron and Prochlorothrix may prove useful in

understanding general rules for how antenna sys-
tems in photosynthetic organisms function and
respond to changes in ambient light and nutrient
conditions. An in depth study of the photosyn-
thetic features of these prokaryotes is necessary
to understand fully both the selective advantage
of a chlorophyll & /b antenna in Prochlorophyte
evolution and the ability of Prochlorophytes to
colonize very specific niches in marine and fresh
water environments,

Much work remains to be done regarding the
Prochlorophytes. Our major interest has been to
examine the structure-function relationships in
the photosynthetic apparatus in an effort to un-
derstand how their different antenna systems
function, and thus how it contributes to the growth
and metabolism of the cell. Two areas need to be
addressed in the ncar future. Firstly, the com-
plete sequence of the Prochlorothrix Chl a /b
binding antenna apoproteins should be obtained
and analyzed for any domains which might coop-
erate in Chl binding. This study is essential in
establishing the degree of divergence from the
antenna apoproteins of grecen chloroplasts. Sec-
ondly, a detailed study on the structure and func-
tion of the Prochlorococcus antenna is necessary
to assess its degree of homology to the Prochlo-
ron and Prochlorothrix antennae. Additional im-
portant studies include examining the molecular
basis for the anoxygenic, sulfide resistant photo-
synthesis; perhaps such work can give clues to-
wards understanding the functional significance
of a PS,/antenna complex and the contribution
of alternative /additional electron donors in pho-
tosynthetic electron transport.
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