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Evidence for positive selection in phycoerythrin genes
of red algae and cyanobacteria Prochlorococcus and Synechococcus
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Abstract

Because of the shortage of phycoerythrin (PE) gene sequences from rhodophytes, peBA encoding B- and a-subunits of
PE from three species of red algae (Ceramium boydenn, Halymenia sinensis, and Plocamium telfariae) were cloned and
sequenced. Different selection forces have affected the evolution of PE lineages. 8.9 % of the codons were subject to
positive selection within the PE lineages (excluding high-irradiance adapted Prochlorococcus). More than 40 % of the
sites may be under positive selection, and nearly 20 % sites are weakly constraint sites in high-irradiance adapted Pro-
chlorococcus. Sites most likely undergoing positive selection were found in the chromophore binding domains, sug-
gesting that these sites have played important roles in environmental adaptation during PE diversification. Moreover, the
heterogeneous distribution of positively selected sites along the PE gene was revealed from the comparison of low-irra-
diance adapted Prochlorococcus and marine Synechococcus, which firmly suggests that evolutionary patterns of PEs in
these two lineages are significantly different.
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Introduction

Phycobiliproteins are light-harvesting antenna proteins
found in cyanobacteria and certain eukaryotic algae be-
longing to Rhodophyta, Cryptophyta, and Glaucophyta
(Zuber 1986, Glazer 1988, Bryant 1991, MacColl 1998).
Phycoerythrin (PE) is one kind of phycobiliproteins
which is found in all rhodophytes, some species of cyano-
bacteria and cryptophytes, and Prochlorococcus popula-
tions (Hess et al. 1996). Wilbanks et al. (1991) first re-
ported the second type of PE (PE II) derived from the ma-
rine cyanobacterium Synechococcus sp. WH8020, which
carries six bilin chromophores per o,B-unit. Normally,
fresh water and terrestrial PEs (PEI) carry only five
bilins per a,B-unit. A novel type of PE (PE III) was found
in Prochlorococcus CCMP1375 (Hess et al. 1996), which
utilizes chlorophylls @ and b as major photosynthetic pig-
ments. In the high-irradiance (HI) adapted Prochlo-
rococcus, PE (HI-PE) mutated at multiple sites and had
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lost two of the four conserved cysteines for chromophore
binding (Steglich et al. 2003b). Ting et al. (2001) suggest
that within the Prochlorococcus lineage the selective for-
ces affecting the evolution of the PE gene have not been
uniform and PE genes show genetic heterogeneities be-
tween Prochlorococcus and Synechococcus lineages.

The specific goals of this study were to identify
whether PE has been subject to positive selection in the
process of evolution and to use recently developed
likelihood methods to identify specific positively selected
sites. By comparing the sites for positive selection be-
tween different lineages, it should be possible to gain ad-
ditional insight into the potential selective mechanisms in
PE evolution. The prefixes C-, B-, R- of PEs discussed
below only designate the type of source organism, i.e.
Cyanophyta, Bangiaceae, and Rhodophyceae (or Flori-
deophyceae), respectively.
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Materials and methods

DNA extraction, amplification, cloning, and sequen-
cing: Three red algae species Ceramium boydenn, Haly-
menia sinensis, and Plocamium telfariae were collected
from Shilaoren, Qingdao. 2—4 g fresh tissue was frozen
with liquid nitrogen and ground to powder with pestle.
DNA was extracted from the powdered tissue using a
lysis buffer (100 mM Tris-HCI, pH 8.0, 20 mM EDTA,
1.4M NaCl, 3% trimethyl ammonium bromide, and
0.2 % (v/v) B-mercaptoethanol. After centrifugation, the
top aqueous layer was collected and then mixed with phe-
nol : chloroform : isoamyl alcohol (25:24:1). Finally,
nucleic acids in the extracted aqueous phase were
precipitated with two volumes of cold ethanol and 1/10
volume of 3 M Na-acetate at —20 °C for 1 h or overnight.
PCR amplification of peBA used a forward primer (pl:
5’-AGAATTCAATGCTTGAYCW-3’, an EcoR I enzyme
site at 5° end is shown in italics) and a reverse primer (p2:
5’-CCGTTAGSDTARDGMRTTD-3") derived from the
reported sequences (Roell and Morse 1993, Bernard et al.
1996, Sui and Zhang 2000). Amplification reactions were
performed in a PTC-150 MiniCycler (MJ Company,
USA). Reaction parameters were: 94 °C for 5 min, then
94 °C for 1 min—45-55°C per | min—72°C per
1.5 min for 35 cycles before performing a prolonged in-
cubation at 72 °C for 10 min. PCR products were reco-
vered using low-melting point agarose gel method, and
then cloned into the pMD18-7 vector according to the
manufacturer’s instructions (TAKARA, Dalian, China).
Plasmids with right inserts were prepared using standard
method (Sambrook et al. 1989) before attempted
sequencing double strands from both 5’ and 3’ ends.

Sequence alignment and phylogenetic analyses: The
following PE genes were retrieved from the GenBank:
Ane (Aglaothamnion neglectum, Z11907), Pbo (Polysi-
phonia boldii, Z14904), Syl (Synechocystis sp. BO8402,
AAF89673), Sy2 (Symechocystis sp. PCC 9413,
AAF99685), Sy3 (Synechocystis sp. PCC6701, P20778),
Fdi (Fremyella diplosiphon, P05097), So2-1 (Synech-
ococcus sp. WH7803, Q08086), So3-1 (Synechococcus
sp. WH8102, ZP_00116179), So4-1 (Synechococcus sp.
WHS8020, Q02180), Sol-2 (Synechococcus sp. WH8103,
P37721), So03-2  (Synechococcus sp. WHS8102,
ZP 00116179), So04-2 (Synechococcus sp. WH8020,
P27647), Med4 (Prochlorococcus mar. MEDA4,
CAE18764), As (Prochlorococcus sp. AS9601,
AJ304837), Pmi (Prochlorococcus marinus MIT 9313,
CAE21857), Pcc  (Prochlorococcus =~ CCMP1375,
NP _874731), Pacl (Prochlorococcus sp. PACI,
CAB75589), and Pac2 (Prochlorococcus sp. PAC2,
CABS82771). Med4 and As are referred to HI-adapted
Prochlorococcus strains while Pmi, Pcc, Pacl, and Pac2
are referred to low-irradiance (LI) adapted Prochloro-
coccus strains.

Amino acid alignments of PE were carried out using
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CLUSTAL W software with the default settings
(Thompson et al. 1994). The nucleotide sequences were
then aligned following the same gap patterns. Further
analyses were all performed on this set of aligned nucleo-
tide sequences. The gaps in the alignment were excluded
and only 165 codons were used in the latter calculation.

All phycobiliproteins are considered to be evolved
from the same ancestor through gene duplication (Apt
et al. 1995), so we use the phycocyanin gene from Nostoc
sp. PCC7120 as an out-group to examine the relation-
ships among different PEs. A phylogenetic tree made by
the maximum parsimony method was constructed using
PROPARS program from a PHYLIP software package
(Felsenstein 1989). The reliability of the tree was eva-
luated by the bootstrap method (Felsenstein 1989) with
1 000 replications.

Estimation of dy/ds ratios and selected sites: The non-
synonymous/synonymous  substitution  rate  ratio
(o = dn/ds) provides an effective tool to identify selective
pressure at the protein level. The relative rate of non-sy-
nonymous of substitutions (dy) to synonymous substitu-
tions (ds) provides an indication of the presence and type
of selection acting on a protein-coding sequence. For the
majority of proteins over the majority of evolutionary
time, dy/ds is expected to be below one, indicating that a
gene evolves with constraint on amino acid replacements
and is therefore functional. On the other hand, a dy/ds
value greater than one is commonly taken as evidence
that the protein is undergoing diversification selection for
increased amino acid diversity. Finally, a dy/ds equal to
one is consistent with neutral evolution. This research
uses the site-specific models (Nielsen and Yang 1998,
Yang et al. 2000) to calculate ® detecting positive
selection at individual sites. This method compares a null
model with a more general one.

To reduce calculation time, two sequences from each
group of PE were randomly chosen to reconstruct the
phylogenetic trees for further calculation (Fig. 1B8). In this
study we compared model MO (one-ratio) with model M3
(discrete) and model M7 (beta) with model M8 (beta&)
(Nielsen and Yang 1998, Yang et al. 2000). However,
this method only allows the ® ratio to vary among sites
but not among different lineages. Consequently, we
firstly performed the calculation with all lineages of PEs,
and then certain lineage (HI-PEs, As, and Med4) was ex-
cluded to reduce the level of sequence divergence in the
site-specific analyses. A new model, i.e. the branch-site
model developed by Yang and Nielsen (2002) which
allows the ® ratio to vary both among sites and among
lineages was also used in this study to detect molecular
adaptation along certain branches based on the phylo-
genetic tree. The computation was completed using the
PAML software package version 3./4 (Yang 1997) and
the posterior probability that a particular codon site is



EVIDENCE FOR POSITIVE SELECTION IN PHYCOERYTHRIN GENES

positively selected can be estimated using the empirical
Results

Amplification of PE genes from the three species of
red algae: The primers contained redundancies and had
theoretical annealing temperature 45-55 °C. Optimal
PCR conditions were found at a primer-template annea-
ling temperature at 47 °C in amplifying peBA from Cera-
mium boydenn. A single DNA fragment with an approxi-
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mate size expected for peB4 was amplified (data not
shown). Using the similar PCR conditions, peBA from
genomic DNAs of Halymenia sinensis and Plocamium
telfariae were amplified. Sequences have been deposited
to GenBank (AF526383, AY502053, AY502054).
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Fig. 1. Phylogenetic trees inferred from phycoerythrin amino acid sequences using maximum parsimony method and Nostoc sp. PCC
7120 (accession: NC_003272) as an out-group. Numbers at the nodes indicate bootstrap values. Scale bars represent level of sequence
divergence. (4) The tree used for phylogenetic analyses. (B) The tree used for dy/ds calculation.

Multiple sequence alignment and phylogenetic analy-
ses: Results of amino acid sequence alignment of PE
genes (data not shown) are in accordance with former stu-
dies (Apt et al. 1995, Ting et al. 2001). Several residues
known for their functional importance, such as residues
related to chromophore attachment, are conserved in the
alignment.

To examine the relationships among different types of
PE genes, phylogenetic trees were constructed using ami-
no acid sequences of phycocyanin genes from Nostoc sp.
PCC7120 (Cyanophyta) as an out-group. Maximum par-
simony method (Fig. 14) and maximum likelihood
method (data not shown) were used. The sub-topologies
of the evolutionary trees obtained by these two methods

were nearly identical and the topologies were reliable by
the criteria of bootstrap. Maximum parsimony analyses of
the 27 sequences identified two monophyletic groups
with 100 % bootstrap values: one consisted of Med4 and
As (HI-PE from HI-adapted Prochlorococcus), and the
other includes C-PE I, C-PEII, LI-PE, and R (B)-PE.
Within the second group, the high level of sequence con-
servation observed in comparisons among R (B)-PEs was
reflected in the tight clustering in the phylogenetic tree
(with 100 % bootstrap value). Obviously, PEs in red
algae form a monophyletic family, which comprises two
separate clades, i.e. Florideophyceae and Bangiophyceae
(bootstrap support >70 %). Moreover, species in Porphy-
ridiales, an order usually designated as the ancestor in red
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algae (Gabrielson and Garbary 1986, 1987), disperse on
different branches. Rvi strain of Porphyridiales (red
algae) is basal to the red algae clade, while Pso and Pcr
strains of the same order are in the more recently evolved

branch (bootstrap support 100 %). This finding suggests
that Porphyridiales should be polyphyletic, which is con-
sistent with previous studies (Oliveira and Bhattacharya
2000).

Table 1. Parameter estimates for the phycoerythrin gene (branch 1). p is the number of free parameters for the o distribution. Sites
potentially under positive selection are identified using Aglaothamnion neglectum sequence as the reference.

Models Branches p LnL Estimates of parameters Positively selected sites
Site-specific models MO: one ratio 1 -3289.09 ®=0.059 None
M3: discrete (K=2) 3 -3225.00 po=0.671, (p;=0.329) None
®o=0.016, ®»;=0.171
M3: discrete (K=3) 5 -3221.06 pe=0.156, p;=0.578, (p, = 0.266) None
®o=0.000, ®;= 0.028, @,= 0.203
M7: beta 2 -322245 p=0.560,q=7.106
M8: beta&® 4 322245  pe=1.000,p=0.560,q="7.103 None
(p; = 0.000), » = 0.753
Branch-site model B Branch 1 5 -3219.28  pe=0.397,p=0.197, (ps+ps= 0.406) 5F 86Y 90A 118T 147C

®o=0.016, ;= 0.167,
0,=5.164

(at p>0.95)
44C 65G 71R 101D 1208 157Y
(at p>0.90)

Table 2. Parameter estimates for the phycoerythrin gene (branches 2 and 3). p is the number of free parameters for the o distribution.
Sites potentially under positive selection are identified using Aglaothamnion neglectum sequence as the reference.

Models Branches p LnL Estimates of parameters Positively selected sites
Site-specific models MO: one ratio 1 -3191.51 ©=0.021 None
M3: discrete (K=2) 3  -3155.05 po=0.911, (p;=0.089) 8V 11Q 26S 119N 144A 160K
o= 0.012, ®;=21.08 (at p>0.99)
43S 149A 163S
(at p>0.95)
Branch-site model B Branch 2 5  -3094.06 po=0.623, p;=0.244, (ps+ps=0.133) 541 64G 66N 67C 72R
o= 0.006, ;= 0.087, (at p>0.99)
®>=999.00 9V 15K 53M (at p>0.90)
Branch 3 5 -3097.10 po=0.608, p;=0.264, (ps+ps=0.128) 35V 40S 120S 148S

®o=0.006, m;=0.080,
o, =715.78

(at p>0.99)
23T 28G 32L 46V 47S 142Q
(at p>0.95)

Positive selection of PE gene: Three branches that se-
parate HI-PE (Med4 and As), PE II (Sol-2, So4-2), and
LI-PE (Pmi, Pac2) from other PE lineages were labelled
in Fig. 1B. Two pairs of models: M0 (one-ratio) vs. M3
(discrete), and M7 (beta) vs. M8 (beta&kw) were used to
estimate dy/ds ratios but results showed that none of the
calculation results (Table 1) suggests the presence of a
site with @>1. Result of one-ratio model (M0) gave an es-
timate ® =0.02-0.06 (Tables 1 and 2), which indicated
that the PE gene family is under strong selective con-
straints in evolution. When HI-PEs were excluded from
the test, result of model M3 (K = 2) suggested that 8.9 %
of sites are under positive selection with ®=21.08
(Table 2). Result of model M3 (K = 2) was significantly
better than that of the model MO, with
2ALnL =2%36.46 = 72.92, p<<1 %, df = 2.
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Branch-site model is an extension to the M3 (discrete)
model with K =2 site classes (Yang and Nielsen 2002).
Results using branch-site model showed that 40.6 % of
sites are under positive selection along branch 1 (Table 1,
®;=5.164) and that 2ALnL =2x5.72=11.44, with
p<0.01 and df=2. Table 2 shows that about 13.3 % of
the codons along branch 2 were subject to positive selec-
tion, with 2ALnL =2x61 =122, and p<<0.01. The esti-
mates of the proportion of neutral or weakly constraint
sites and sites subject to strong constraint were 24.7 and
60.5 %, respectively. LI-PEs along branch 3 also exhibit
strong positive selection among 12.8 % of sites, and four
amino acid sites were identified at the 99 % cut-off in this
research.

The distribution of the inferred positively selected
sites (Fig. 2) shows that some codons along PE genes
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Fig. 2. Posterior probabilities (>50 %) for sites under positive selection. X-axis denotes position in the amino acid alignment. Y-axis
denotes posterior probability of sites under positive selection. (4) Sites inferred from branch 1 (above X-axis) and sites inferred from
site-specific model (below X-axis). (B) Sites inferred from branch 2 (above X-axis) and branch 3 (below X-axis).

have undertaken positive selection during evolution.
These sites are mostly located in the chromophore bin-
ding domains. However, PE genes in Hl-adapted Pro-
chlorococcus lineage show a different evolutionary pat-
tern with the other lineages, with 40.6 % of positively se-
lected sites distributing more evenly along the whole se-

Discussion

The types of PEs used in this paper belong to five catego-
ries: PEI, PEII, HI-PE, LI-PE, and R-PE (from red
algae). We demonstrated that specific sites of the PE gene
have evolved rapidly under positive selection, and that PE
genes derived from Prochlorococcus and marine Syne-
chococcus showed different evolutionary patterns.

PE gene has been used as a sensitive molecular
marker to identify the natural populations of Prochloro-
coccus (Steglich et al. 2003b), and some other phycobili-
protein genes (such as cpcAB) have also been used to in-
vestigate relationships between closely related picocyano-
bacteria isolates (Robertson et al. 2001, Janson and
Graneli 2002). In our studies, PEs from red algae form a
monophyletic family, and comprise two separate clades,
Florideophyceae and Bangiophyceae, with the bootstrap
support value >70 %. In addition, the nucleotide se-
quences of PE, which are more divergent than their
amino acid sequences, can be also used to evaluate the
phylogenetic relationships. The above observations on the
phylogeny of peBA, as more information is gathered, will
contribute to systematics of red algae.

Our results firmly support the inference that the selec-
tive pressures affecting the evolution of PE genes have
not been uniform in Prochlorococcus strains, as was put
forward by Ting et al. (2001). As shown in Table 1, more
than 40 % of sites may be under positive selection, and
nearly 20 % are weakly constraint sites in Hl-adapted
Prochlorococcus strains. PE genes in Ll-adapted Pro-
chlorococcus, however, are still under strong purified
selection with 12.8 % of positively selected sites.

Some marine Synechococcus species contain PE II

quence. Similarly, heterogeneous distribution of positive-
ly selected sites was found from the comparison of LI-
adapted Prochlorococcus and marine Synechococcus
(Fig. 2B), although several functionally important amino
acids are still conserved in both lineages.

besides PE 1. Table 2 shows that about 13.3 % of the
PEIl codons are detected by dy/ds analyses, which
indicates that positive selection has occurred along the
marine Synechococcus lineage right after PE gene dupli-
cation. The newly replicated PE in marine Synechococcus
can be strongly adapted for the absorption of blue-green
radiation, with the combination of phycourobilin (PUB)
chromophores (Wilbanks ez al. 1991). The PUB-attached
peptide is located from site-40 to site-70 along the align-
ment as suggested by Swanson et al. (1991). Our results
(Table 2) suggest that five amino acids (53M, 541, 64G,
66N, and 67C), adjacent to PUB binding site, are under
strong positive selection in PE II. These possible posi-
tively selected sites may be related to environmental
adaptation. Interestingly, the distributions of possible po-
sitively selected sites between marine Synechococcus and
Prochlorococcus are different. A possible reason may be
that PE genes in these two lineages evolve in two diffe-
rent ways because of the diverse selection forces. Marine
Synechococcus lineages modified their phycobiliproteins
for environmental adaptation, with the duplication of PE
genes and the presence of R-phycocyanin. Prochlorococ-
cus, however, possesses chlorophyll b as the principal
light-harvesting pigment and lost most of its phycobili-
proteins (Hess et al. 1996). Although experimental evi-
dence suggests that PE in Prochlorococcus marinus
CCMP1375 could transfer energy to chlorophylls
(Lokstein et al. 1999), the effective contribution to total
light-harvesting capacity was less than 1.8 % and its ac-
curate role remains unknown (Steglich et al. 2003a). We
argue that adaptive changes in different linecages of PE
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have been important for their functional divergence and
the selection forces exerted on chromophore binding do-
mains should be mostly irradiation-related factors, such
as irradiance and quality of radiation.

Our results revealed that 8.9 % of the codons are
subject to positive selection within the PE lineages
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