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Abstract

Prochlorococcus is a marine cyanobacterium of global significance. Two ecotypes are adapted to either high-light (HL) or low-light
(LL) conditions. The ratio between chlorophyll (Chl) a and b is a distinguishing characteristic of these two ecotypes. However, how this
ratio evolved in Prochlorococcus during this ecotype differentiation remains unclear. Our analyses reveal that the ancestor of Prochloro-
coccus was typically low-light adapted. The LL ecotype showed a stagnant evolution, and the HL ecotype was recently diverged. There
was an adaptive radiation after directional evolution in the Chl b/a ratio regulation. Recombination in chlorophyllide @ oxygenase (CAO)
and positive selection on Clp protease contributed to the directional evolution of Prochlorococcus. The recombinant fragments of CAO
were correlated with a large group of shared coevolving sites. Evidence of positive selection was found in both subunits of Clp. Chl b/a
ratio evolution, as annotated by molecular evidence, appears to be among the crucial reasons that explain how Prochlorococcus has
become the dominant photosynthetic organism in the ocean.
© 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Plants and algae can potentially use the reactions of the
chlorophyll (Chl) cycle to adjust the Chl b/a ratio to their
particular needs under various physiological and environ-
mental conditions [1].

Prochlorococcus is a marine cyanobacterium of global
significance and is the most abundant photosynthetic
organism on earth. It inhabits the ocean within the 40° N
to 40° S latitudinal bands, and its high density and photo-
tropic metabolism make it accountable for an important
part of the primary production of the world’s oceans. Its
vertical distribution spans from the surface to a depth of
200 m, where the light level can be as low as 0.1% of surface
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irradiance. Prochlorococcus possesses a remarkable pig-
ment complement, which includes divinyl derivatives of
Chl q and Chl b [2]. Its contribution as a major component
of the carbon cycle is at least partly due to its unique pig-
ment systems. Divinyl Chl b is especially important for
enabling Prochlorococcus to live and thrive within its spe-
cialized niche [3].

Prochlorococcus exhibits unusually large changes in Chl
bla ratio with depth [4]. There are at least two ecotypes of
Prochlorococcus that coexist in the oceans; these are distin-
guished not only by their photophysiology but also by their
molecular phylogeny [5]. One ecotype (LL) is adapted to
the low light of the deep euphotic zone, while the other
(HL) is adapted to the high light at the surface. The two
ecotypes are characterized in vivo by high Chl b/a ratios
(LL ecotype) and low Chl b/a ratios (HL ecotype). The
ratio of Chl b/a increases as irradiance decreases, but at
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any particular growth irradiance, the HL isolates will
always have significantly lower Chl b/a ratios than the
LL isolates (P <0.01) [2,4].

The reduction of Chl b to Chl a (and its hydrolysis to
chlorophyllide a) and the biosynthesis of Chl b from chlo-
rophyllide a can be considered to operate as a cycle that
starts and ends with chlorophyllide a. Biosynthesis of both
Chls begins with chlorophyllide a. Completion of Chl a
biosynthesis needs only the step of esterification catalyzed
by Chl synthase, while Chl » biosynthesis includes a two-
step reaction catalyzed by chlorophyllide a oxygenase
(CAO) and a subsequent esterification step [1,6,7). The
pathway of Prochlorococcus chlorophyll synthesis is essen-
tially the same as the known pathways in other algae and in
higher plants. The pathway is illustrated in Fig. 1, which
was revised from Kettler et al. [8] and generated by Path-
way Tools [9]. It is reasonable to consider that the biosyn-
thesis of chlorophyll a and b is tightly regulated [10].

Biochemical and genetic evidence has shown that CAO
is the only enzyme necessary for the transition of a-type
to b-type chlorophyll pigments [1]. The CAO gene is a
unique gene in the synthesis of Chl & and has recently been
identified in Prochlorococcus [3,11]. CAO protein levels
correlate with changes in Chl b levels and with the Chl &/
a ratio [12]. Regulation is thought to occur via interaction
between Lhcb apoproteins and the CAO protein, as sug-
gested by the enhanced Chl b synthesis that has been shown
in cyanobacteria that coexpress both CAQO and Lhcb
[12,13].

A second key enzyme that responds to Chl b/a ratio reg-
ulation is Clp protease that consists of two subunits, ClpCl
and ClpP. This enzyme regulates the level of CAO through
destabilization of the CAO protein in response to the accu-
mulation of Chl b [10]. Clp is widely distributed in cyano-
bacteria and chloroplasts. The CAO in Prochlorococcus
contains AB domains that are Clp signal sequences and
that lead to CAO degradation by Clp [3,14,15].

The level of transcripts encoding Clp proteins and the
chlorophyll fluorescence per cell both vary with the light
intensity in Prochlorococcus [16] in conjunction with the
changes in Chl b/a ratio [4]. These same phenomena are
seen in Arabidopsis thaliana [10]. Clp protease has been
shown to control chlorophyll b synthesis by regulating
the level of CAO in Arabidopsis thaliana [10].

The reverse pathway, the transition of the b-type to
a-type Chl pigments, seems to play a role in the degradation
of Chl & and operates during acclimation of plants to differ-
ent light regimes. However, this transition has so far been
characterized only by activity tests, which point to two dif-
ferent enzymes for this transition, and this type of enzyme
activity has not been detected in algae [1]. Therefore, chlo-
rophyll b reductase was not examined in the present study.

Other pigments, such as phycoerythrin (PE) [17,18], also
show different patterns of expression in HL and LL Pro-
chlorococcus. In addition, the phycoerythrin content of
Prochlorococcus is extremely low (PE/DV-Chl b ratio of
about 1:330 while the typical phycobilin/Chl ratio is
about 1:2 for a cyanobacterium). Thus, the capacity of

chlorophwllide 2 biosynthesis

chiorophyliide HADPH
> 8\_\
phytyl-PP L . Qz
-~ \‘\ chlorophyllide a oxygenase: CAQ
h iy naDP*
diphosphat g 3
w \\\\_‘V’r’ Hy0
",
chlorophyll synthetase: G4 \
2.5.1862 \
chloraphylt a ?-hydmchh\lomphy"ide a
NADPH NADPH
(¢ _,/' 02
chlorophyllide a oxygenase: CAQO
NADP' . NADP
H,0 / 2H,0
7-hydrexy-chlorophyll a chlomp}wllide b
chlorophyll 3ynthetase: G4/
AN 251~ ‘/‘
Vs
NADPH o~ /’ T phytyl-PP
0
S N
NADP* \-\ r,,-/' diphosphate
2 HyO “———chlorophyll b

Fig. 1. The chlorophyll cycle of Prochlorococcus. If an enzyme name is shown in bold, there is experimental evidence for this enzymatic activity.
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phycoerythrin to function primarily as a photosynthetic
light-harvesting pigment in Prochlorococcus is also extre-
mely low (less than 1.8%) [19].

Taken together, the available information on the photo-
physiology of Prochlorococcus suggests that this is quite
unique. Of equal interest, it also appears to be different
in the HL and LL ecotypes. Therefore, in this study, we
further examined the ecological significance of the Chl 4/
a ratio and how it is maintained in the two ecotypes of this
species, by exploring the evolutionary history of Prochloro-
coccus at the molecular level.

2. Materials and methods
2.1. Sequence collection and alignment

Our exploration was based on the work of Moore and
Chisholm [4] that focused on the photophysiology of ten
different Prochlorococcus isolates from diverse oceano-
graphic locations. Satoh and Tanaka [3], who identified
CAO in Prochlorococcus, also pointed out that CAO is
the only non-heme oxygenase in Prochlorococcus genomes.
Therefore, we retrieved gene and protein sequences of the
CAO cluster (CLS1023049) from the NCBI database
(http://www.ncbi.nlm.nih.gov/). This cluster includes the
Rieske iron-sulfur protein 2Fe-2S subunit sequences
(namely CAO) of ten Prochlorococcus strains that belong
to two ecotypes (HL: AS9601, MIT 9301, MIT 9312,
MIT 9515, MED4; LL: MIT 9303, MIT 9313, SS120,
NATLIA and NATL2A). We also retrieved gene and pro-
tein sequences of ClpCl and ClpP in protein clusters
(CLS1105073 and PRKO00277) of the same 10 isolates.
These strains have been isolated both at the surface and
at depth from various sites in oceans around the world
[2,4], which makes the sample sufficiently representative
and randomized for molecular population analyses.

Amino acid alignments were carried out using CLUS-
TAL W software with the default settings [20]. The nucle-
otide sequences were then aligned following the same gap
patterns using Tranalign online (http://embossgui.source-
forge.net/demo/tranalign.html).

2.2. Analyses of evolutionary traits

Recent progress on methods for studying trait evolution
has inspired new insights, built on a solid statistical foun-
dation. BayesTraits [21] is a computer package for per-
forming analyses of trait evolution among groups of
species for which a phylogeny or sample of phylogenies is
available, including MultiState, MultiAns, Discrete and
Continuous. It uses Markov chain Monte Carlo (MCMC)
methods to derive posterior distributions and maximum
likelihood (ML) methods to derive point estimates, log
likelihoods, the parameters of statistical models and the
values of traits at ancestral nodes of phylogenies. In this
study, BayesMultiState was used to reconstruct how the
ecotypical traits of Prochlorococcus may have evolved on

phylogenetic trees. This is useful for reconstructing ances-
tral states and for testing models of trait evolution [22).
Many phylogenetic trees (proteins of CpeB, CIpCl, ClpP,
CAOQ, 16S RNA, etc.) obtained by three methods (neigh-
bor-joining, maximum parsimony and maximum likeli-
hood) were used, and the two traits were encoded.
Hypotheses were tested by using BayesContinuous [23,24]
about models of evolution, ancestral states and correla-
tions among pairs of traits. Four likelihood ratio tests were
taken: (1) Influence of Phylogeny; (2) Drift versus Direc-
tional Models of Evolution; (3) Punctional and Gradual
Traits Evolution; and (4) Adaptive Radiation versus Spe-
cies Adaptation. All data for the computation are derived
from Moore and Chisholm [4] and are listed in Table 1.

2.3. Neutrality tests

To collect any evidence in response to Chl b/a ratio evo-
lution at the molecular level and investigate how natural
selection plays its role, the following analyses were carried
out.

To expediently compare with previous work regarding
positive selection constraints on phycoerythrin in Prochlo-
rococcus [18], we adopted the same neutrality tests, param-
eters and software. Two measures of diversity were
computed for the population samples: (1) =, the direct esti-
mate of per-site heterozygosity derived from the average
number of pairwise sequence differences in the sample
[25]; (2) Watterson’s fy, based on the number of segregat-
ing sites in the sample, which is an estimate of the expected
per-site nucleotide heterozygosity, theoretically equal to
the neutral mutation parameter: 4Neu [26]. To test whether
the frequency spectrum of mutations conformed to the
expectations of the standard neutral model, we calculated
the values of the following statistics using the total number
of segregating sites: Tajima’s D statistic [27], Fu and Li’s
D and F” statistics [28]. Significance values for each of
the above three test statistics were estimated by means of
10,000 coalescent simulations of a Wright-Fisher equilib-
rium model that was conditioned on the sample size and

Table 1

Traits and states of 10 Prochlorococcus isolates.

Isolate State I(k, g) R— Kk, g) R — [(30)
MED4 H 45 0.14201 0.16864
MIT 9201 H 40 0.23077 0.23077
MIT 9215 H 59 0.26627 0.27515
MIT 9202 H 59 0.28402 0.30178
MIT 9302 H 56 0.38166 0.44379
MIT 9312 H 36 0.44379 0.46154
MIT 9313 L 25 0.84320 0.79882
MIT 9303 L 22 1.03846 0.95858
MIT 9211 L 23 1.42899 1.34911
SS120 L 27 1.43787 1.38462

The states H and L stand for the ecotype High-light adaptive and Low-
light adaptive, respectively; J(k, g) is irradiance at which growth is satu-
rated, in units of pmol Qm 257!, R — [k, g) and R — [(30) are the Chl &/

a ratios in response to irradiances of /(k, g) and 30 umol Q m 25\
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level of polymorphism of the observed data, with no
recombination [29], using DnaSP version 4.0 software
[30]. Statistical significance for all of the above tests was
established using 1000 permutations.

In addition, other neutrality tests were carried out using
NeutralityTest [31]. Zeng-Fu-Shi-Wu’s E test, a statistical
test for detecting positive selection by utilizing high-fre-
quency variants, showed the most power in detecting the
recovery phase after the loss of genetic diversity, which
includes the postselective sweep phase [32]. Afterwards,
we used Fay-Wu's H test to detect whether there was
any hitchhiking under positive Darwinian selection by
measuring an excess of high compared to intermediate fre-
quency variants [33]. A McDonald and Kreitman test of
neutrality [34] was employed by comparing the distribution
of synonymous and non-synonymous (replacement) varia-
tion within and between species. These tests were per-
formed using the default parameters set of NeutralityTest
with the purpose of testing for an excess of recent muta-
tions or rare alleles (Left-side test). Critical points of the
tests were based on 5000 simulated samples.

2.4. Recombination and coevolution analyses

The evolutionary pattern of CAO was further analyzed
with possible recombination taken into account. The nucle-
otide substitution bias model was selected by referring to
the result of HyPhy package [35]. GARD [36] implemented
within the HyPhy software package was used to screen the
sequences for recombination breakpoints, to identify non-
recombinant regions and to allow each to have its own
phylogenetic tree. PARRIS [37], a robust inference of posi-
tive selection from recombining coding sequences, was then
used to deal with recombinant data. The significance level
of the p value was limited to 0.1. CAPS [38] was used to
measure the intramolecular coevolution between amino
acid sites belonging to different recombinant segments (Sig-
nificance test: random sampling = 10,000, threshold alpha
value = 0.001; weight correlation by the divergence time
between sequences using synonymous distances by Li
1993; minimum R = 0.1 GrSize = 5). The sample size of
10 was sufficient for accurate results by CAPS analysis [38].

3. Resuits
3.1. Analyses of trait evolution

The BayesMultiState result suggested that the ancestor
of Prochlorococcus is likely the LL ecotype, and the likeli-
hood value reached its minimum (—0.966807) using the
phylogenetic tree based on CpeB by the Neighbor-Joining
method (Table 2). BayesContinuous also indicated the
ancestor to be a typical LL ecotype and estimated the
ancestral states I(k,g) and 1(30) to be 1.13587 and
1.12172, respectively (Fig. 2). The covariance between these
two traits was 0.119913. In the Influence of Phylogeny
analysis, the parameter A, which assesses the contribution

Table 2

BayesMultiState result estimating ancestral state.

Tree no. Lk gHL 4gLH Root P(H) Root P(L)
1 —0.966807 0 1.662426 0 1
2 —0.967289 0 1.645328 0 1
3 —1.532260 0.839656 0.959389 0.472147 0.527853
4 —1.532260 0.839656 0.959389 0.472147 0.527853
5 —1.532260 0.839656 0.959388 0.472147 0.527853
6 —2.069781 7.337113 2.05701  0.677228 0.322772
7 —2.073936  7.191661 2.111109 0.665518 0.334482
8 —2.176884 5201918 3.431442 0.386856 0.613144
9 —2.400973 0 0.959375 0 1

10 —-2.413757 0O 0.957907 0 1

11 —2.579437 0O 0.949009 © 1

Lh are the likelihood values of 11 tested phylogenetic trees; gHL and gLH
are the transition rates between the state HL and LL adaption. Root P(H)
and Root P(L) are the values of the reconstructed probabilities of the two
states at the root of the tree.

of phylogeny, was equal to 1. This indicated that the phy-
logeny fit the default hypothesis that any sort of phyloge-
netic correction was unnecessary, and the phylogenetic
history had no minimal effect. By comparing Model A to
Model B using the LR test, the model of directional evolu-
tion had the most significant likelihood (L#A) value (random
walk: 22.829971; directional: 23.182243; regression:
19.309152. All of these allowed covariance to be non-zero).
This means that Prochlorococcus underwent a directional
evolution rather than a random walk or regression.

In the model of Punctional versus Gradual Trait Evolu-
tion, the former was comparatively significant, with a like-
lihood value of 22.409401 to 21.715087. The parameter x
was estimated to be 0.39447. This implied some form of
gradualism and stasis in the longer branches, namely the
LL ecotype clade. Moreover, in the model of Adaptive
Radiation versus Species Adaptation, the former was com-
paratively significant, with the likelihood value of
21.42714-21.40913. The parameter 0 was estimated to be
0.813327, which suggests that adaptive radiation has been
dominant in Prochlorococcus.

3.2. Neutrality tests

Results of nucleotide diversity and neutrality tests are
listed in Table 3. Overall, estimates of nucleotide diversity
(7) and the numbers of segregating sites (8y) for the HL
population were higher than those for the LL population,
but they were lower than those for the collectivity, espe-
cially for CAO. This is because rare variants in HL contrib-
uted more to x than to #y. From another angle, this means
that CAO has more significant = and 0y than do the two
genes encoding the Clp protease.

Coincidentally, Fay and Wu’s H and revised H indicated
that there might be hitchhiking in all three of these genes.
McDonald and Kreitman’s G tests, which proposed a
two-by-two contingency test using the numbers of non-syn-
onymous and synonymous polymorphisms within species
and the numbers of non-synonymous and synonymous dif-
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Fig. 2. Chl b/a ratios of 10 Prochlorococcus isolates and their inferred ancestor. R — I(k, g) and R — [(30) are the Chl b/a ratios in response to trradiances

of I(k, g) and 30 pmol Qm~%s7".

Table 3
Results of nucleotide diversity and neutrality tests.

*

*

Gene Ecotype n Oy D D F G H Revised H E

CAO

1404 bp HL ecotype 0.18740 0.16255 1.16800 0.18500 0.55248 50.05200 ~139.500 -1.297 —1.539
LL ecotype 0.32082 0.26344 1.66558 0.17804 0.51879 —215.800 -1.264 —1.326
Collectivity 0.33737 0.23566 2.16502 0.55516 1.42504 - —-279.022 -1.194 -1.319

clpCl

609 bp HL ecotype 0.12786 0.11224 1.05996 —0.23405 0.02695 12.83600 —47.000 —1.326 -1.771
LL ecotype 0.20267 0.16160 1.93825 0.52232 0.87753 —59.300 —1.188 -0.912
Collectivity 0.20633 0.14257 2.23404 0.44049 1.00646 - —82.667 -1.231 —1.147

clpP

2580 bp HL ecotype 0.15600 0.13660 1.08629 -0.17395 0.08520 114.13500 —235.300 -1.331 -1.731
LL ecotype 0.21472 0.17349 1.81745 0.45634 0.79495 —276.900 -1.221 —1.059
Collectivity 0.22664 0.15444 2.34605 0.25817 0.88434 - —368.089 —1.187 —1.138

7 is the mean number of pairwise differences per site. §y indicates Watterson’s estimator. D, D*, F*, G, H and F indicate the tests of Tajima’s D,
McDonald and Kreitman’s G, Fay and Wu’s H and Zeng-Fu-Shi-Wu's E, respectively. Significant results at the 5% level or less are in bold font.

ferences between species, indicated that all three genes were
experiencing selective constraints between the HL and LL
populations. Tajima’s D tests, which evaluate the normal-
ized difference between 7 and 8y of the three genes in the
Prochlorococcus strains as a whole, showed significant posi-
tive values. This indicated that there were balancing selec-
tions in the three genes as a complete unit of
Prochlorococcus. In addition, Tajima’s D value of LL-
clpCl was significant as well, because 7 and - of the LL
were higher than those of the HL population, and the
two genes are much shorter than the others. Among Taj-
ima’s D and Fu-Li’s tests, the D* of ¢IpC1 and clpP in
the HL population had conspicuous negative values,
although these were not sufficiently significant.

Fu and Li’s D test shares much information with Taj-
ima’s D test. However, for certain population genetic sce-
narios, particularly selective sweeps, this test is more
sensitive than Tajima’s D test [28]. Due to the selective
sweeps of LL-c/pCI and LL-clpP detected by McDonald
and Kreitman’s G tests, we accepted the results of Fu
and Li’s D*, which then indicated potential positive selec-
tion (selective sweep) or an expanding population. To con-
firm the selection on the two Clp genes and to avoid the

disturbance of a selective sweep, we a priori used Zeng-
Fu-Shi-Wu’s E Test, a recently developed statistical test
for detecting positive selection by utilizing high-frequency
variants. This test is most powerful in detecting the recov-
ery phase after loss, which relies on the difference between
0y and Watterson’s 8y, genetic diversity, and which
includes the postselective sweep phase [32]. Zeng—Fu-Shi-
Wu’s E tests were carried out with the purpose of testing
for an excess of recent mutations or rare alleles (Left-side
test), because the HL was the later diverged population.
These tests verified the logical reasoning and showed that
these two HL-Clp genes had significant values, which indi-
cated recent positive selection not only on clpCi
(p =0.033, alpha 0.05= —1.662) but also on clpP (p=
0.042, alpha 0.05 = —1.653). Nevertheless, the other genes,
including LL-Clp genes, showed no significant E values
because they had a longer evolutionary history, while E
tests lack power under a balancing selection condition [32].

Little evidence was found to support the hypothesis of
positive selection on CAO. Both HL- and LL-CAO show
a neutral evolution, but CAO seems to be a balancing selec-
tion when viewed from the angle of genus level. We
assumed that recombination might have promoted the
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divergence of HL- and LL-CAO. This hypothesis was ver-
ified as described later.

3.3. Recombination and coevolution tests

Adopting the optimal model (001232) with AIC of
18458.8, GARD found evidence of four breakpoints on
CAO with c-AIC = 18415.1. All of these breakpoints are
located in the C domain. The Rieske center is comprised
of a fragment (F2) and the non-heme iron-binding motif
region is another individual fragment (F4). Inferred seg-
ment topologies showed that the LL strains always formed
a clade that separated them from the HL strains, although
the phylogenies and evolutionary rates of these fragments
were different from each other (Fig. 3). These phylogenetic
topologies are in accordance with previous research [39].
However, there was no evidence of positive selection in
these segments at p < 0.1 (Null model, log(L) = -8398.99;
Alternative model, log(L)= —8398.99; LRT=0, p
value = 1). Therefore, it can be concluded that recombina-
tion contributed to the adaptive evolution of CAO. Coevo-
lution analysis showed a large group including a great
number of coevolving sites on CAO. These sites were inter-
spersed among the five fragments. Accordingly, these frag-
ments were intensively correlated to each other during
recombination (Fig. 4).

4. Discussion

The evolutionary history of Prochlorococcus, based on
analyses of the Chi b/a ratio evolution, can be outlined
here. The ancestor of Prochlorococcus was typically low-
light adapted. Afterwards, Prochlorococcus gradually
evolved and diverged. Some of the forms continued to
accommodate to the environment of low light and these
appeared to be in evolutionary stasis. On the other hand,
the others began to carve out the competitive high-light
environment. In this process, Prochlorococcus adapted to

different irradiance conditions and formed a directional
evolution. As a result, Prochlorococcus presents adaptive
radiation along the vertical water columns of gradations
in irradiance and formed two main ecotypes.

CAO had a more significant n and 6y than the two
genes encoding Clp protease. This may possibly be attrib-
utable to different evolution rates under different selective
constraints during a similar period among the three genes.
Therefore, Clp might have an excess of recent mutations or
rare alleles. These results also suggest that the geographical
differentiations within both lineages, if they exist, are much
weaker than those between them. In addition, this would
be in accordance with the evolutionary history and phylo-
genetic analyses speculated earlier, which suggests that the
HL population diverged later.

Most substitutions that have occurred in Prochlorococ-
cus have to be selectively neutral, as the large size of pop-
ulations imposes low genetic drift and strong purifying
selection [40]. The Prochlorococcus group is not currently
experiencing higher levels of genetic drift [41]. As a result,
CAO evolution is neutral and Clp protease is in the recov-
ery phase after the loss of genetic diversity for either eco-
type. However, there is remarkable recent evidence for
positive selection of the Clp genes in HL Prochlorococcus.

Recombination in chlorophyllide a oxygenase (CAO)
and positive selection for Clp protease contributed to the
directional evolution of Prochlorococcus. The recombinant
fragments of CAO are correlated with a large group of
shared coevolving sites. CAO consists of A, B and C
domains. The C domain alone has the catalytic function,
and all of the breakpoints are located in the C domain. Evi-
dence for positive selection is found in both subunits of Clp
in high-light-adapted strains.

It would be expected that HL- and LL-phycoerythrin
would be under different selective patterns [17,18], but phy-
coerythrin had lower genetic polymorphism in comparison
with CAO and Clp protease. We assumed that CAO
changed its catalytic function by recombination during

Fig. 4. Intramolecular analyses of Prochlorococcus CAO. (left) The relationship network of coevolving pairs of sites; (right) 3D display of coevolutionary
sites on the CAO peptides, balls of the same color stand for coevolving pairs of sites in the same group.
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directional evolution and that Clp protease evolved along
with the structural changes in CAO. Due to the significance
of Chl b to Prochlorococcus and of the Chl b/a ratio to its
vertical ecological distribution in the euphotic layer [2,3],
the molecular evidence for Chl b/a ratio evolution shows
that this was one of the crucial reasons that explains how
Prochlorococcus became the dominant photosynthetic
organism in the ocean.
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