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Approximately one-half of the total primary
production on Earth occurs in the oceans [1].
Although hundreds of species contribute to oceanic
productivity, members of two cyanobacterial genera –
Prochlorococcus [2,3] and Synechococcus [4] – are
responsible for a significant fraction of the primary
production in open ocean waters of the subtropical
and tropical Atlantic and Pacific [5,6]. In recognition
of their global significance, the genomes of three
representative isolates of these two groups have
recently been sequenced as part of the DOE 
Microbial Genome Project (http://www.jgi.doe.gov/
JGI_microbial/html/index.html).

A characteristic feature of the majority of extant
cyanobacteria is their supramolecular light-
harvesting antenna, the PHYCOBILISOME (see Glossary).
Although Prochlorococcus and marine A-cluster
Synechococcus form sister clades within the

cyanobacteria [7,8], Prochlorococcus has evolved to
use a chlorophyll a2/b2 (Chl a2/b2) light-harvesting
complex rather than the phycobilisome (Fig. 1; Box 1).
Phylogenetic trees based on 16S rDNA sequences
suggest a rapid diversification of these two genera
from a common phycobilisome-containing ancestor [9].

The close phylogenetic relationship between
Prochlorococcus and Synechococcus combined with the
recent availability of whole genome sequences makes it
possible to examine how the evolution of a key protein
complex – the light-harvesting antenna – has proceeded
along different paths in these two genera and might
contribute to their ability to dominate specific oceanic
habitats. Here, we describe major characteristics of the
two antennas and present a scenario for the evolution of
a Prochlorococcus Chl a/b-based antenna from a Chl a-
binding, iron-stress-induced protein (IsiA or CP43′).
This latter chlorophyll-binding protein might have 
been maintained constitutively in an ancestral
cyanobacterium inhabiting iron-limited oceans if it
provided a selective advantage over the phycobilisome
complex in a particular oceanic environment. We then
focus on the key environmental factors, light and
nitrogen, and examine how differences in the major
light-harvesting antennas of extant Prochlorococcus
and Synechococcus contribute to niche differentiation 
in these cyanobacteria.

Divergent light-harvesting complexes

A diverse set of pigment-protein complexes has
evolved in photosynthetic organisms to absorb light
and transfer excited-state energy to the reaction
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Chromophore: a chemical group capable of light absorption at
selective wavelengths.
CP43 and CP47: proteins encoded by psbC and psbB, respectively,
which bind chlorophyll a and form an antenna associated with PS II
in oxygenic photosynthetic organisms.
Ecotype: within a single genus, a genetically and physiologically
distinct population (or group of isolates) adapted to a particular set
of environmental conditions.
IsiA (or CP43′′): protein encoded by an iron-stress-induced gene (isiA)
in Synechococcus and Synechocystis that binds chlorophyll a and
forms a PSI-associated antenna.
Pcb: protein that binds chlorophylls and possibly carotenoids, 
and forms the major light-harvesting antenna of chlorophyll
a/b-containing cyanobacteria.

Phycobilin: a chromophore consisting of an open-chain tetrapyrrole that
is covalently attached to phycobiliproteins and functions in the selective
absorption of light energy. Examples include phycoerythrobilin (PEB),
phycourobilin (PUB), phycocyanobilin (PCB) and phycobiliviolin (PXB).
Phycobiliprotein: a water-soluble protein that covalently binds
phycobilins and is one of the major structural components of the
phycobilisome. Examples include phycoerythrin (PE), phycocyanin
(PC) and allophycocyanin (APC).
Phycobilisome: a supramolecular light-harvesting complex that
functions as the primary antenna of PSII in red algae and the majority
of cyanobacteria.
Prochlorophyte: original name used to describe chlorophyll
a/b-containing photosynthetic prokaryotes, now known to be dispersed
among three different lineages within the cyanobacteria (Box 1).

Glossary



centers where the photochemical and electron-
transfer reactions of photosynthesis occur. These light-
harvesting antennas increase the effective absorption
cross-section of the reaction centers. Proteins that
constitute antennas do not all belong to the same
family and their associated pigments (PHYCOBILINS,
chlorophylls, bacteriochlorophylls and carotenoids)
absorb light at different wavelength maxima. The
ability to absorb and use efficiently the specific
wavelengths enriched in a particular environment
would provide a photosynthetic organism with a
competitive advantage in that habitat.

Phycobilisomes – major light-harvesting antennas 
of Synechococcus
In the majority of cyanobacteria, the major antenna
complex associated with the Photosystem II (PSII)

reaction center consists of PHYCOBILIPROTEINS, a 
unique family of water-soluble polypeptides that
covalently bind CHROMOPHORES (i.e. pigments). The
phycobiliproteins associate with linker polypeptides
to form a supramolecular antenna, the phycobilisome,
on the outer surface of the intracytoplasmic
membranes (Fig. 2) [10]. Differences in the
chromophore composition of phycobiliproteins result
in wavelength-specific differences in light absorption
among diverse cyanobacteria (Box 2).

The phycobilisomes of marine Synechococcus
(marine A-cluster) are rich in the chromophores
phycoerythrobilin (PEB) and phycourobilin (PUB),
which have absorption maxima in the blue-green
region of the visible spectrum (Fig. 3a; Box 2) [11].
Comparisons between open ocean Synechococcus
WH 8103 and freshwater Synechocystis PCC 6701,
which uses phycocyanobilin (PCB) and PEB as its
major chromophores, suggest that the former is nine
times more effective at absorbing blue-green light
(490 nm) than the latter [12]. Furthermore, marine
Synechococcus, like many cyanobacteria, have the
ability to acclimate to changes in light quantity by
adjusting the pigment-protein content of their
phycobilisomes. For example, when grown at low
irradiance levels, marine Synechococcus increase
their light absorption capacity primarily by
increasing their cellular phycoerythrin levels, rather
than their phycocyanin or chlorophyll content [13].

The Pcb antenna of Prochlorococcus

Pigments and proteins
Prochlorococcus possesses an antenna complex
different from that found in most cyanobacteria
including marine Synechococcus, its close relative. 
It lacks organized phycobilisomes, although it 
still possesses genes (cpeB and cpeA) encoding
phycoerythrin, a phycobiliprotein (Box 2) [14–17]. The
major pigments of Prochlorococcus include divinyl
Chl a (Chl a2) (in vivo Amax =~443–450 nm), and
divinyl (in vivo Amax =~476–480 nm) and monovinyl
(in vivo Amax =~468 nm) Chl b [11,18,19]. Thus, the
Prochlorococcus light-harvesting antenna is better 
at absorbing blue wavelengths of light than green
wavelengths (Fig. 3a). The suite of divinyl Chl a and b
pigments found in Prochlorococcus is unique among
photosynthetic organisms; additional pigments
include zeaxanthin, α-carotene and low levels of a
Chl c-like pigment, which might not contribute
significantly to light harvesting [11,18–20].

The Prochlorococcus antenna proteins (PCB) possess
as many as six transmembrane helices [21]that bind
divinyl chlorophylls a and b. Sequence analyses suggest
that there are at least eight [22] and perhaps as many
as 11 conserved His residues that might participate in
pigment binding (Fig. 4; available as supplementary
information online at http://archive.bmn.com/supp/
tim/chisholm.pdf). This is similar to the number of
conserved His residues associated with the membrane-
spanning regions of CP43 (ten His residues) and
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Fig. 1. A phylogenetic tree constructed from 16S rDNA sequences depicts the close relationship
between Prochlorococcus and marine Synechococcus, which together form sister clades within 
the cyanobacteria. The two other chlorophyll (Chl) a/b-containing cyanobacteria, Prochloron
and Prochlorothrix (shown in bold), form separate lineages and are not as closely related to
Prochlorococcus as marine Synechococcus are. Furthermore, none of the three Chl a/b-containing
cyanobacteria (prochlorophytes) are specifically related to the chloroplasts of higher plants. Within
the Prochlorococcus lineage, a recently arisen clade consists of isolates that are relatively better
adapted for growth at higher irradiance levels than the other isolates. Note, however, that the low-
light-adapted isolates do not form a single clade. The distance tree shown was constructed with
minimum evolution as the objective criterion and logdet (paralinear) distances. The bootstrap values
displayed are also based on these settings and were generated following 100 resamplings.



CP47 (12 His) [23] and additional residues 
(i.e. asparginyl and glutamyl) might also serve as
chlorophyll ligands, as in the higher-plant light-
harvesting complex (LHCII) [23,24]. The Pcb proteins
do not belong to the light-harvesting complex (LHC)
superfamily [21], which includes the membrane-
intrinsic, Chl a/b-binding (Cab) proteins of green algae
and plant chloroplasts, the Chl a/c-binding proteins
and other proteins involved in protection against
photooxidative stress [25,26]. Instead, they are
members of a family that includes the Chl a-binding
proteins CP43 and CP47, which form the core antenna
associated with the PSII reaction center in all oxygenic
photosynthetic organisms, and the cyanobacterial Chl a-
binding IsiA protein (CP43′), which is induced under
conditions of iron stress [21,27,28]. It has been suggested
that the genes encoding the Pcb antenna proteins of
PROCHLOROPHYTES, such as Prochlorococcus (Box 1),
might have evolved independently from ancestral
genes encoding IsiA-like and CP43-like proteins [29].

Evolution
The evolution of a major Prochlorococcus Pcb antenna
from an iron-stress-induced, IsiA-like protein is

plausible, given the role iron could have played over
the course of cyanobacterial evolution. In the reduced
environment of the ancient ocean, iron was highly
soluble and available for uptake and use by
microorganisms. With the advent of oxygenic
photosynthesis approximately 3.5 billion years ago,
however, iron became oxidized and precipitated into
forms that are not readily available. Hence, it is
believed that iron limitation could have been a
selective force in the evolution of cyanobacteria.
Indeed, in today’s oceans, biologically available iron 
is scarce, and has been shown to limit the growth of
phytoplankton, including cyanobacteria [30–32].

A direct link between iron limitation and the light-
harvesting capabilities of phycobilisome-containing
cyanobacteria was established recently by studies
demonstrating that under conditions of iron depletion,
an additional chlorophyll antenna system is
synthesized and associates specifically with
Photosystem I (PSI). When freshwater Synechocystis
PCC 6803 and Synechococcus PCC 7942 are grown
under iron-depleted conditions, cellular levels of PSI
are reduced and the phycobilisome, which functions 
as the major light-harvesting antenna of the PSII
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A distinguishing characteristic of the majority of extant
cyanobacteria is their supramolecular light-harvesting antenna,
the phycobilisome. In fact, this group derives its name from the
blue-green or cyan color of many of its members, which is caused
by the phycobiliprotein chromophore, phycocyanin (Box 2). Thus
the discovery of oxygenic photosynthetic prokaryotes lacking
phycobilisomes and containing chlorophylls a and b (Chl a and b),
a combination previously observed only in eukaryotic green
algae and higher plants, generated much speculation regarding
the endosymbiont theory of chloroplast evolution. The novel
prokaryotes were thought to be the missing link between
cyanobacteria and plant chloroplasts and were thus named
‘Prochlorophytes’.

Despite the apparent similarities in their photosynthetic
antennas, phylogenetic analyses using 16S rDNA and rpoC1
sequence data revealed that the Prochlorophytes do not form a
natural assemblage, but are spread in three different lineages
within the cyanobacteria [a,b]. Furthermore, none of the three is
specifically related to chloroplasts of higher plants (Fig. 1). The
three genera are found in quite different habitats. Prochloron
didemni is a symbiont of a marine ascidian and, despite
considerable efforts, has not yet been brought into culture [c].
Prochlorothrix hollandica is a filamentous organism, isolated
from a freshwater lake [d], and Prochlorococcus is found as single
cells living in open oceans [e]. The independent origins of the
Chl a/b-containing cyanobacteria suggest that the ability to
synthesize Chl b and to bind it in antenna complexes has also
evolved independently at least four times. Recently, Tomitani
et al. [f] put forth an alternative proposal involving an ancestral
cyanobacterium containing both Chl b and phycobilins, and 
they suggested that Chl b was lost in most cyanobacteria 
and phycobilins were lost in the four lines leading to the

prochlorophytes and chloroplasts. This scenario was based on
analyses of Prochloron and Prochlorothrix Chl b synthetase
(or Chl a monooxygenase, cao) gene sequences, which are
related to those of green algae and higher plants. However, 
there are several problems with this scenario. First, it is more
parsimonious to hypothesize acquisition of the cao genes via
lateral gene transfer, rather than via numerous independent
losses among members of the cyanobacterial lineage [g].
Second, the fully sequenced genomes of two strains of
Prochlorococcus contain genes encoding putative Chl a
monooxygenases, whose predicted amino acid sequences share
low (<20%) similarity with the Chl a monooxygenases of other
Chl b-containing cyanobacteria. Thus, in Prochlorococcus, Chl b
is likely to be synthesized using an unrelated monoxygenase [h].
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reaction center, is targeted for rapid degradation
[27,28,33,34]. Concomitantly, a major protein that 
is synthesized is the Chl a-binding IsiA (or CP43′)
polypeptide [27,28,33,34]. In these Synechococcus and
Synechocystis cells, IsiA increases the light-harvesting
capacity of the remaining PSI reaction centers by
forming a ring consisting of 18 molecules and about
180 chlorophylls around the PSI trimer [33,34].

At present, it is not known whether a similar PSI
antenna is formed in extant marine Synechococcus
under iron-depleted conditions. When marine
Synechococcus are grown under conditions of iron
stress, a major protein synthesized is IdiA, which is
localized to the periplasm and is thought to function 
in iron uptake as part of an ATP-binding cassette 
(ABC) transporter [35]. Interestingly, in freshwater
Synechococcus PCC 7942, IdiA might play a role in
protecting PSII from oxidative stress [36]. Thus, the
mechanisms of acclimation to iron limitation could be
very different in marine and freshwater Synechococcus.

Recent structural studies on the PSI antenna of
Prochlorococcus (isolate SS120) indicate that the Pcb
proteins and associated pigments are organized in a
ring around the PSI reaction center [37], and thus
form an antenna with a structure similar to that of
the iron-stress-induced IsiA proteins of freshwater
Synechocystis [33] and Synechococcus [34]. Further
studies are required to determine whether this type 
of antenna organization is associated with PSI in
other Prochlorococcus isolates and to characterize 
the association of the Pcb antenna with PSII.

These structural data lend credence to a model for
the evolution of one of the major Prochlorococcus

antennas from an iron-stress-induced, IsiA-like protein.
In this scenario, an IsiA-like antenna complex could
have been maintained constitutively in an ancestral
cyanobacterium if it provided a selective advantage
over the phycobilisome complex in a particular light or
nutrient regime. The ability to synthesize divinyl Chl a
and both monovinyl and divinyl Chl b must also have
been acquired (Box 1), although the details and
sequence of these events are unknown. As the Chl a/b
antenna became a primary light-harvesting complex,
the genes encoding the phycobilisome proteins
experienced altered selective pressure, resulting in 
the loss of some of these genes from the genome.
Differences in the properties of chlorophyll-based 
and phycobilisome antennas could have led to the
proliferation of this ancestral cyanobacterium in
specific oceanic niches, thus resulting in the
diversification of the Prochlorococcus and marine
Synechococcus lineages from a common,
phycobilisome-containing ancestor.

Niche differentiation in Prochlorococcus and

Synechococcus

In contemporary oceans, many biological and
environmental factors (including surface area to
volume ratios, mortality from grazing and viral lysis,
light intensity and quality, nutrient and/or trace metal
concentration, and temperature) interact to determine
the observed distributions of Prochlorococcus and
Synechococcus. How do differences in the major light-
harvesting antennas of these two cyanobacteria
specifically contribute to niche differentiation between
them? Analysis of their distributions in the oceans,
comparisons of the known functional and/or structural
properties of their antennas, and examination of their
growth responses to two key environmental factors,
light and nitrogen, give us clues.

Prochlorococcus and Synechococcus are easily
identified and differentiated in the field using flow
cytometric techniques, and their global distributions
and seasonal dynamics have been well described
[38,39]. Synechococcus is found in nearly all surface
waters of the ocean, whereas Prochlorococcus
distribution is restricted between 40°N and 30°S 
[38]. In addition, Prochlorococcus is often in low
abundance or absent from coastal waters where
Synechococcus thrives [38,40]. In open ocean regions
where Prochlorococcus and Synechococcus co-occur,
Prochlorococcus has generally been found to extend
deeper in the water column than Synechococcus
and is often present at depths of 100–200 m [38].
Prochlorococcus concentrations frequently reach
105 cells ml−1 or higher and can exceed those of
Synechococcus by an order of magnitude or more
throughout the water column and particularly in
deeper waters (100–200 m ) (Fig. 3b) [38,41,42].

The role of light
In the oceans, the wavelengths of solar radiation
available for fuelling photosynthesis differ from those
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of terrestrial ecosystems. Water rapidly attenuates
longer wavelengths of light, so red light does not
penetrate below ~15 m [43]. In the open ocean, near-
surface waters (i.e. above 30 m) are illuminated
primarily with blue and green wavelengths and deeper
waters (100–200 m) are enriched with blue light
(400–500 nm) [43]. In coastal areas, green wavelengths
generally predominate owing to the composition of the
sea water, which has higher concentrations of humic
materials and phytoplankton [43]. Thus, the ability to
absorb and use efficiently the specific wavelengths
enriching a particular region and depth of the ocean
would provide a photosynthetic organism with a
competitive advantage in that environment.

Prochlorococcus is particularly efficient at
absorbing blue wavelengths of light (Fig. 3a).
Although smaller than Synechococcus (~0.6 µm vs
0.9 µm, average), its absorption cross-section is similar
(~0.1 µm2, blue maximum), and thus it can potentially
achieve a greater photosynthetic rate per unit biomass
[11]. Furthermore, as a result of its unique antenna
pigment content (divinyl chlorophyll) and small 
size, photons of blue wavelengths have a greater
chance of being absorbed rather than scattered by
Prochlorococcus cells, and its average ratio of energy
absorbed to energy striking its geometrical cross-
section is almost twice that of Synechococcus [11].

Prochlorococcus’s advantage in blue light is consistent
with its dominance of deep waters at depths of
100–200 m [38,44], which are enriched with blue light.
In particular, in the Atlantic and Pacific, as well as the
Mediterranean and Arabian seas, Prochlorococcus
populations extend deeper in the water column than
Synechococcus (Fig. 3b), and have been found as far as
230 m below the surface [20,38,41,45].

Although Synechococcus does not absorb blue light
as well as Prochlorococcus, it is capable of absorbing
green wavelengths (~500–550 nm; Fig. 3a) owing to
the PEB pigments of its phycobilisomes [11,12,19].
Thus, marine Synechococcus are equipped for
growing in green light (500–550 nm), which
predominates in coastal waters. In the upper water
column of the open ocean (~0–30 m), green light
penetrates to a similar extent as blue [43], and this
could contribute to the ability of Synechococcus to
proliferate at these depths [11].

The role of nitrogen
Many of the open ocean regions where Prochlorococcus
and Synechococcus co-occur are characterized as
oligotrophic – that is, containing very low levels of
essential plant nutrients such as nitrogen, phosphorus
and iron. Prochlorococcus is particularly abundant in
such waters [38]. For example, in the upper 100 m of
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All phycobiliproteins are thought to have evolved from a common
ancestor, possibly a globin-like protein [a]. Cyanobacterial and red
algal phycobiliproteins are heteromonomers, consisting of two
subunits (α and β) that share similar tertiary structures and bind
chromophores by one or two cysteinyl thioether bonds [a–d].

Phycobiliproteins have been classified based on their
absorption properties and include phycoerythrin (PE;
Amax = ~565–575 nm), phycocyanin (PC; Amax = ~615–640 nm),
phycoerythrocyanin (PEC; Amax ~575 nm) and allophycocyanin
(APC; Amax ~650–655 nm). Two types of PE (PEI and PEII) exist that
differ in the number and type of associated chromophores [e]. In
marine Synechococcus WH 8020 and WH 8103, which possess
both PEI and PEII, the PEI sequences are homologous to well-
characterized rhodophytan (R-PE), Bangiophycean (B-PE) and
other cyanobacterial (C-PE, soil and freshwater) phycoerythrins
[e]. Five chromophores are covalently linked to PEI, two to the
α-subunit and three to the β-subunit [e]. By contrast, PEII binds 
an additional chromophore and is associated with a total of six
pigments, three on each subunit [e]. Chromophores associated
with both PEI and PEII include phycoerythrobilin (PEB; Amax = ~550
nm) and, in several cases, phycourobilin (PUB; Amax = ~490 nm) [e].

Although Prochlorococcus lacks organized phycobilisomes, it
possesses genes encoding phycoerythrin (cpeB and cpeA). These
genes most likely encoded proteins that were remnants of an
ancestral phycobilisome-like complex, rather than having been
acquired de novo by horizontal gene transfer [f,g]. Whole genome
comparisons among Synechococcus WH 8102, Prochlorococcus
MIT 9313 and Prochlorococcus MED4 indicate that there is a
progressive reduction in the number of phycobilisome-related

genes from Synechococcus to the more deeply branching
Prochlorococcus isolate (MIT 9313; Fig. 1) to the more recently
evolved isolate (MED4) [h]. Selective forces shaping the evolution
of the phycoerythrin gene set have not been uniform in the
Prochlorococcus lineage, as illustrated by the loss of cpeA and the
presence of a degenerate form of cpeB in MED4 [g]. Interestingly,
the phycoerythrin genes are expressed at low levels in
Prochlorococcus [f,i], although the functional significance of this
protein, in light-harvesting and/or photoreception, has not been
determined.
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Box 2. Cyanobacterial phycobiliproteins



the North Pacific, although Synechococcus is a minor
contributor, Prochlorococcus contributes a large
fraction (~40%) of the total prokaryotic carbon
biomass [46]. Differences in cellular nitrogen
requirements between the two genera could also be 
a factor in determining their distributions.

Cyanobacterial phycobilisomes represent a 
major cellular investment, with phycobiliproteins
constituting as much as 50%–60% of the soluble

protein of the cell [47,48]. Under conditions of
nutrient (nitrogen or sulfur) or trace metal (iron)
starvation, the phycobilisome is targeted for rapid
degradation [10,47]. As a result, amino acids could
become available for the synthesis of proteins
essential for survival under nutrient stress [47].

Given that both Prochlorococcus and
Synechococcus rely on photosynthesis as their
primary form of energy metabolism, a lower 
protein (nitrogen) investment per tetrapyrrole
(e.g. chlorophyll and phycobilin) in their major light-
harvesting complex could also result in a significant
advantage in nutrient-limited, open oceans. Recent
calculations suggest that phycobilisome-based
antennas have a greater protein investment than
Chl a/b-based antennas [49]: the protein investment
(kDa per tetrapyrrole) of C-phycoerythrin
(cyanobacterial, PEI) is 7.5, whereas for LHCII of
green plants it is 2.25 [49]. For marine cyanobacterial
PEII, which contains an additional bilin molecule,
similar estimates yield a slightly smaller value of
approximately 6.5. A conservative estimate can also
be made for the Prochlorococcus Pcb protein, based 
on the number of highly conserved histidine residues
present in the membrane-spanning regions of the
protein (Fig. 4; available as supplementary
information online at http://archive.bmn.com/supp/
tim/chisholm.pdf). If we assume at least nine
tetrapyrroles are bound to each Pcb protein (average
calculated molecular mass of 39 kDa), a protein
investment of 4.3 is calculated. This suggests that 
the protein investment per tetrapyrrole of the
Prochlorococcus Pcb antenna is approximately
1.5–1.7 times less than that of PEI and PEII of
cyanobacteria. In open oceans, where nitrogen can 
be limiting, this could contribute directly to the
competitive edge of Prochlorococcus.

The specific form of nitrogen present in the
environment could also play a role in the different
distributions of the two genera. In the near-surface,
mixed layers of oligotrophic oceans, although
regenerated forms of nitrogen [i.e. ammonium (NH4

+)]
are available, nitrate (NO3

−) and nitrite (NO2
−) are

often limiting and their concentrations increase only 
in deeper waters (>100 m) [41,50]. By contrast, both
coastal waters and polar oceans contain measurable
concentrations of nitrate and nitrite [50]. Interestingly,
analyses of the complete genome sequences of two
Prochlorococcus isolates (MED4 and MIT 9313)
indicate that both lack several genes required for
nitrate utilization in cyanobacteria, including genes
encoding a nitrate transporter (napA or nrtABC) and
nitrate reductase (narB) [51]. Furthermore, to date,
not a single Prochlorococcus isolate is capable of growth
on nitrate. However, some Prochlorococcus isolates are
capable of growth on nitrite, and analyses of the MIT
9313 genome indicate it possesses a putative nitrite
reductase gene (nirA) [51]. By contrast, the majority of
marine Synechococcus are capable of growth on all
three forms of nitrogen [51], and genes encoding
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Fig. 3. (a) The in vivo absorption spectra of Prochlorococcus MED4
(green) and marine Synechococcus WH8102 (pink) grown under identical
conditions (21°C, 14 hr light/10 hr dark, 30 µmol photons m−2 s−1, blue light)
depict major differences in their absorption of visible light, particularly 
in the green region of the spectrum (~500–560 nm). In Synechococcus, 
the peaks at 493 nm and 544 nm are attributable primarily to the
chromophores phycourobilin and phycoerythrobilin, respectively. The
divinyl chlorophyll (Chl) a and b pigments of Prochlorococcus absorb
maximally in the blue region (447 nm,~485 nm) of the visible spectrum.
Note that the red peak of Prochlorococcus divinyl Chl a (673 nm) is shifted
approximately 7 nm towards the blue region of the spectrum compared
with the monovinyl Chl a (680 nm) of Synechococcus. Both absorption
spectra have been normalized to a value of one at this red peak. 
(b) Typical vertical distributions of Prochlorococcus (orange triangles) 
and Synechococcus (pink squares) at a station in the subtropical 
Atlantic (32°08’ N, 70°02’ W) during the summer (10 June, 1996) shows
Prochlorococcus cell concentrations exceeding those of Synechococcus,
particularly deeper (80–120 m) in the water column. Cell concentrations
were measured by flow cytometry using a modified FACScan (Becton
Dickinson). Approximate depths of the open ocean water column that are
enriched with blue-green and blue wavelengths of light are shown.



putative nitrate and nitrite reductases and proteins
involved in nitrate transport are found in the genome
of Synechococcus WH 8102.

The role of ecotypes
Isolates of Prochlorococcus differ significantly from
one another in their physiology, as do isolates of
Synechococcus, and we refer to genetically and
physiologically distinct groups of isolates that appear
to be adapted to a particular set of environmental
conditions as ‘ECOTYPES’. Differences among ecotypes of
a single genus could also be important in determining
the relative distributions of these cyanobacteria in the
water column and throughout the oceans. The most
striking example is within the Prochlorococcus lineage
(Fig. 1), where 16S rDNA phylogenies have identified
a recently arisen clade whose members are capable 
of growth at greater irradiance levels (>250 µmol
photons m−2 s−1) and possess a lower Chl b:a2 ratio at 
a given light level (and hence are called ‘high-light-
adapted’or ‘low B/A’ecotypes) than members of more
deeply branching clades (‘low-light-adapted’or ‘high
B/A’ecotypes) [9,44,52,53]. The recent divergence of
the Prochlorococcus lineage into a distinct clade that is
better adapted for growth at higher irradiance levels
(Fig. 1) could contribute to the ability of this genus to
dominate at several different depths in the water
column [44,53,54].

High- and low-light-adapted Prochlorococcus
ecotypes differ in the number of genes encoding light-
harvesting antenna proteins (Pcb). Garczarek et al.
[22] have suggested that the presence of multiple pcb
genes in low-light-adapted ecotypes (seven in SS120)
compared with high-light-adapted ecotypes (one in
MED4), could be an important factor in acclimation to

low irradiance levels. However, not all low-light-
adapted isolates possess this many pcb genes, as the
genome of the low-light-adapted isolate MIT 9313 
has only two pcb genes (http://www.jgi.doe.gov/
JGI_microbial/html/index.html). In MIT 9313 the two
pcb genes do not form an operon but are separated on
the chromosome by >500 000 bp, suggesting they
could be differentially expressed. Future work is
necessary on the expression of different pcb genes 
and how expression patterns can vary among high-
and low-light-adapted ecotypes exposed to different
environmental conditions. In SS120, it has been
suggested that the turnover rates of different pcb
transcripts might be dissimilar, although they do not
appear to be regulated differentially by light intensity
[22,55], and in MED4, transcript levels of the single
pcb gene exhibit strong diel variations [56].

Synechococcus also consists of numerous
genetically distinct clades, of which the best
characterized is the motile clade, whose members are
all capable of a unique form of swimming motility [57].
Another genetically distinct clade consists of isolates
that lack the chromophore, PUB, which is present in
members of all other clades [53]. The no-PUB ecotype
might be the dominant phycoerythrin-containing
Synechococcus in coastal waters, whereas the clades
that possess PUB dominate in the open ocean [58].
The relative amounts of PUB and PEB vary among
members of these clades, and some isolates acclimate
to fluctuations in growth light quality by changing 
the ratio of these chromophores [59]. These isolates
increase their PUB:PEB ratios when grown under
blue light compared with white light [59] in an
acclimation process similar to what has traditionally
been called complementary chromatic adaptation in
other cyanobacteria [47]. This acclimation could be
related to differential expression of the two forms of
phycoerythrin, which bind different amounts of PUB
and PEB. The ability of at least some Synechococcus to
acclimate chromatically to fluctuating light regimes
could explain the dominance of Synechococcus over
Prochlorococcus in winter mixed regimes in the
Sargasso Sea [59].

Concluding remarks

Cyanobacteria are one of the most ubiquitous and
diverse groups of photosynthetic organisms, and the
versatility of their light-harvesting systems has
contributed to their ability to proliferate in widely
different environments. Prochlorococcus and
Synechococcus are among the most abundant
members of the cyanobacterial lineage and are
important contributors to primary production in 
the world’s oceans. Given their close phylogenetic
relationship, it is possible to examine how the
evolution of key protein complexes has proceeded
along different paths and contributes to their ability
to dominate specific oceanic regions. Further analysis
of the structural organization of Prochlorococcus Pcb
antennas and their energy-transfer properties will
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• How do the chlorophyll a/b-binding proteins of Prochlorococcus (high-
and low-light-adapted ecotypes) and other prochlorophytes interact
structurally and functionally with the PSII and PSI reaction centers? Is 
the structural organization conserved under different environmental
conditions? Are there differences in the pigment-binding properties 
and structure of the different Pcb proteins?

• Do the multiple pcb genes in low-light-adapted Prochlorococcus MIT
9313 and SS120 differ in their regulation of expression and do their
products differ in their inherent pigment-binding properties or structural
associations? How would the deletion of one or more of the multiple pcb
genes affect their overall photosynthetic capacity and ability to acclimate
to low irradiance levels? Is the possession of multiple pcb genes a
characteristic that is conserved among low-light-adapted
Prochlorococcus isolates?

• What is the function of phycoerythrin in Prochlorococcus? Does this
phycobiliprotein function as a photoreceptor? Is its function conserved
among high- and low-light-adapted Prochlorococcus ecotypes?

• Given the presence of phycobiliprotein genes in chlorophyll a/b-
containing Prochlorococcus isolates, are there extant marine
cyanobacteria that possess both functional Pcb-based antennas and
organized phycobilisomes?

Questions for future research
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provide exciting new information on how this light-
harvesting system enables Prochlorococcus to
dominate regions of the water column characterized
by very low irradiance levels. In addition, with the
completion of whole genome sequencing projects and
progress in transcriptome and proteome analysis,
detailed characterization of the coordinated

expression of these major photosynthetic apparatus
proteins with other cellular components will be
possible. The utilization of vastly different antennas
in two globally significant marine cyanobacteria
provides an important system for understanding the
origins and scope of phylogenetic diversity in ocean
ecosystems.
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