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Abstract

Despite the unprecedented development in identification and characterization of prophenoloxidase (proPO) in commercially
important decapods, little is known about the evolutionary relationship, rate of amino acid replacement and differential selection
pressures operating on proPO of different species of decapods. Here we report the evolutionary relationship among these nine deca-
pod species based on proPO gene and types of selective pressures operating on proPO codon sites. Our analyses revealed that all the
nine decapod species shared a common ancestor. The mean percentage sequence divergence at proPO gene was 34.4 £ 0.6%. Pair-
wise estimates of nonsynonymous to synonymous ratio (w) for Homarus americanus—H. gammarus is greater than one, therefore
indicating adaptive evolution (functional diversification) of proPO in these two species. In contrast, strong purifying selection
(w < 1) was observed in all other species pairs. However, phylogenetically closely related decapods revealed relatively higher
w value (w = 0.15 =£ 0.3) than the distantly related species pairs (w = 0.0075 £ 0.005). These discrepancies could be due to higher
fixation probability of beneficial mutation in closely related species. Maximum likelihood-based codon substitution analyses re-
vealed a strong purifying selection operating on most of the codon sites, therefore suggesting proPO is functionally constrained
(purifying selection). Codon substitution analyses have also revealed the evidence of strong purifying selection in haemocyanin
subunits of decapods.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The prophenoloxidase [proPO: zymogen of phenol oxidase (PO; monophenol, L-dopa: oxygen oxidoreductase,
EC1.14.18.1)] plays crucial role in innate immunity of invertebrates, for example, sclerotization of arthropod cuticle,
pigmentation, wound healing and humoral immune defence [1]. Due to the lack of adaptive immunity in invertebrates,
the focus has been towards enhancing innate immune system in many of the cultured species, especially crustaceans
[2—7]. Despite the unprecedented development in identification and characterization of proPO (e.g. [2—7]), little is
known about the evolutionary relationship of proPO present in different species of arthropods, especially in decapods
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except the fact that phylogenetically it belongs to the arthropod haemocyanin super-family [8—10]. Although based on
its activity proPO is similar in all species, the expression of proPO is species specific [2—7] and influenced by both
intrinsic (cellular) and extrinsic environmental factors [11]. Based on this, one might expect that differential selective
pressure is operating on the protein-coding region of proPO during the evolutionary time scale. The selective pressure
in the protein-coding gene can be measured by comparing the number of nonsynonymous substitutions per nonsynon-
ymous site (dy) with the number of synonymous substitutions per synonymous site (ds) [12]. The mutational change
that resulted in a change of amino acid is known as nonsynonymous substitution, whereas in synonymous substitution,
amino acid remains unchanged even though there is a change in nucleotide. There are three different types of selective
pressures that can be detected from dy and dg ratio (hereafter referred as w). If the protein-coding gene is functionally
constrained, that is, if most nonsynonymous mutations are deleterious, then the rate of nonsynonymous change will be
lower than neutral rate resulting in w < 1 and the gene is subject to be under strong purifying selection [13]. If non-
synonymous mutations are beneficial, average rate of nonsynonymous changes is expected to be higher than neutral
rate, resulting in w > 1, indicating functional diversification of the gene and subject to positive selection. The evolu-
tion of pseudogenes is attributed to the lack of functional constraint on the protein coding genes and is referred to as
neutral evolution (w = 1).

Many of the adaptive and innate immunogenic genes are reported to be under the influence of positive selection
(e.g. [14]). It could be possible that selective pressure might also be operating on the entire coding region of proPO.
However, if the entire coding region of proPO is not under the influence of positive selection, it is possible that positive
selection might be operating on a few codon sites of proPO. The aim of the present study is to investigate the type
of selective pressure operating on codon sites of proPO of nine commercially important decapods using maximum
likelihood-based codon substitution analyses [15]. From the proPO nucleotide sequence data of these nine decapods,
the evolutionary relationship and degree of genetic divergence among these decapods are also estimated using
maximum likelihood, Bayesian, maximum parsimony and distance based phylogenetic methods [16—18].

2. Materials and methods
2.1. Phylogenetic analyses

2.1.1. Amino acid phylogeny

To infer evolutionary relationship between arthropod proPO and haemocyanin, we reconstructed maximum likeli-
hood (ML), Bayesian inference (BI) and neighbour joining (NJ) phylogenies based on the amino acid sequence data.
A total of 55 amino acid sequences representing Crustacea and Insecta haemocyanin and proPO genes were retrieved
from the GenBank ([3—5,19—48], Table 1). All the amino acid sequences were aligned using DAMBE ver. 4.5.2
[49,50]. The unrooted ML and BI amino acid phylogenies were reconstructed using PHYML ver. 2.4.4 [51] and
MrBayes 3.04 [16] programs, respectively. Amino acid ML analyses were performed using an input tree generated
by BIONIJ [52]. The JTT model of sequence evolution was used in both ML and BI analysis. NJ tree was performed
with Poisson correction amino acid model using MEGA 2.0 [17]. The nodal support for NJ tree was estimated with
10,000 bootstrap replicates using MEGA 2.0 [17]. PHYML bootstrap trees were constructed using the same param-
eters as the ML trees. The amino acid BI analyses were performed by running four simultaneous chains for 1.5 x 10°
generations and sampling every 1000 generations. All trees below the observed stationary level were discarded,
resulting in a “burn-in” of 15,000 generations. As noted above, the fluctuating value of log likelihood was plotted
in Tracer ver. 1.3.1 [53] to verify that convergence was reached. The 50% majority-rule consensus tree was used
to calculate the posterior probabilities for each node.

2.1.2. proPO nucleotide phylogeny

A total of 11 published proPO and 2 haemocyanin nucleotide sequences representing nine species of decapods
were obtained from the GenBank ([3,5,19,20,30,45], Table 1). As described by Burmester [8], haemocyanin se-
quences were used as out-group in proPO phylogeny. After alignment of all the 11 proPO sequences, a 2085 base pairs
(bp) sequence length was produced. When the out-group sequences were included, the total length of all 13 species
became 2178 bp as there were several inserts in the haemocyanin gene. All sequences were aligned using MacClade
4.03 [54] and DAMBE ver. 4.5.2 [49,50].
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Table 1
Sequences and species used in the study

Protein (DNA) accession number Code Species aa® Source

Crustacea proPO
AAD45201 (AF099741)
AAM77689 (AF521948)
AAM77690 (AF521949)
AAT73697 (AY655139)
CAE46724 (AJ581662)
ABA60740 (DQ182596)
ABB59713 (DQ230981)
ABD90511 (DQ435606)
BAB83773 (AB065371)
BAB70485 (AB073223)
CAA58471 (X83494)

Insecta proPO
AAC27383
AAC34251
AAC34256
AAC69182
AAD45526
AAD45527
AAF70320
AAG02218
AAG02219
AAG09304
AAK64363
AA022166
AARB4669
AAU29555
AAW?22859
AAZ52554
ABC59699
BAA75470
BAC15602
NP_001011627

Crustacea haemocyanin
AAB22190

AAF59175 (DQ230983)
AAF64305 (AF249297)
AAL27460 (AF431737)
CAB75960 (AJ272095)
CAC69243 (AJ344361)
CAC69244 (AJ344362)
CAC69245 (AJ344363)
CADS56697 (AJ516004)
CAI78901 (AJ937836)
AA047336 (AY193781)
AAMS8I1357 (AF522504)
AAW57889 (AY861676)
AAW57891 (AY861678)
AAW57892 (AY861679)
AAWS57893 (AY861680)
AAA96966 (U48881)
CAA57880 (X82502)

Insecta haemocyanin
AAC16760
CAB89497

PENMONI1
PENMON2
PENSEM
HOMAME
HOMGAM
MACROS
CANMAG
SCYSER
MARIJAP1
MARIJAP2
PACLEN

ANOGAM
HYPCUNI
HYPCUN2
ANOSTE
SARBULI1
SARBUL2
ARMSUB
AEDAEGI
AEDAEG2
BOMMOR
GALMEL
ANOCUL
MUSDOM
PLOINT
SPOLIT
HELARM
OSTFUR
TENMOL
HOLDIO
APIMEL

PANINT-hc3
CYASCA-hc
CALSAP-hc
PENMON-hc
HOMAME-hcl
PALVUL-hcl
PALVUL-hc2
PALVUL-hc3
PALELE-hc4
GAMROE-hcl
PACKEN-hc2
PACLEN-hc
CANMAG-hcl
CANMAG-hc3
CANMAG-hc4
CANMAG-hc5
CANMAG-hc6
LITVAN-hc

SCHAME-hc
EURCAL-hc7

Penaeus monodon
Penaeus monodon
Penaeus semisulcatus
Homarus americanus
Homarus gammarus

Macrobrachium risenbergii

Cancer magister

Scylla serrata
Marsupenaeus japonicus
Marsupenaeus Japonicus
Pacifastacus leniusculus

Anopheles gambiae
Hyphantria cunea
Hyphantria cunea
Anopheles stephensi
Sarcophaga bullata
Sarcophaga bullata
Armigeres subalbatus
Aedes aegypti

Aedes aegypti
Bombyx mori
Galleria mellonella
Anopheles culicifacies
Musca domestica
Plodia interpunctella
Spodoptera litura
Helicoverpa armigera
Ostrinia furnacalis
Tenebrio molitor
Holotrichia diomphalia
Apis mellifera

Panulirus interruptus
Cyamus scammoni
Callinectes sapidus
Penaeus monodon
Homarus americanus
Palinurus vulgaris
Palinurus vulgaris
Palinurus vulgaris
Palinurus elephas
Gammarus roeseli
Pacifastacus leniusculus
Pacifastacus leniusculus
Cancer magister
Cancer magister
Cancer magister
Cancer magister
Cancer magister
Litopenaeus vannamei

Schistocerca americana
Eurpelma californicum

688
686
684
683
683
671
670
673
681
688
706

683
681
697
686
685
691
684
685
684
685
683
686
684
681
697
698
739
684
684
693

661
674
676
449
672
684
684
685
685
672
687
660
662
669
675
676
676
662

674
629

[5]
GenBank
GenBank
GenBank
[30]

(3]

[45]
GenBank
[19]
GenBank
[20]

[48]
[41]
[41]
[26]
[24]
[24]
[25]
[44]
[44]
[44]
[38]
GenBank
GenBank
[29]
GenBank
GenBank
GenBank
[34]
[31]
[39]

[40]
[45]
[23]
[37]
[32]
GenBank
GenBank
GenBank
GenBank
[27]
[35]
[36]
[46]
[45]
[45]
[45]
[45]
[43]

[42]
[47]
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Table 1 (continued)

Protein (DNA) accession number Code Species aa® Source
CAC44750 CUPSAL-hc2 Cupiennius salei 626 [22]
CAC69246 SCUCOL-hcl Scutigera coleoptrata 656 [33]
CADG68053 NEPINA-hc2 Nephila inaurata madagascariensis 628 [21]
CAD87763 PERMAR-hc2 Perla marginata 671 [28]

Suffix hc indicates haemocyanin sequences.
# Amino acid sequence length.

To infer the evolutionary relationship among proPO of nine decapod species, phylogenetic analyses were carried
out using ML, BI and maximum parsimony (MP) methods. A best-fit nucleotide substitution model was selected by
Akaike Information Criterion (AIC [55]) implemented in Modeltest 3.5 [56]. MP analysis was conducted using the
heuristic search option, implementing stepwise addition with 100 random addition replicates and TBR branch swap-
ping using PAUP* 4.0b10 [18]. PHYML ver. 2.4.4 [51] was used for ML analyses and MrBayes 3.04 [16] was used for
BI. Nodal support for the MP and ML trees were estimated using 1000 nonparametric bootstrap replicates. MrBayes
was used to conduct a Bayesian approach to phylogenetic inference by running 20 million generations (10,000 burn-
in) with four Metropolis coupled MCMC to optimize efforts to find peaks in tree-space. Parameters were set to nst = 6
and rates = invgamma and one tree was sampled in every 100. The convergence was checked using Tracer 1.3.1 [53].
The resulting trees were used to generate a majority consensus tree with posterior probability values.

2.2. Sequence divergence

The uncorrected pairwise distances (p-distance) among proPO sequences (9 species) were estimated using MEGA
2.0 [17]. Using the same program, standard errors for the distance estimates were calculated with 1000 bootstrap
replicates.

2.3. Pattern of nucleotide substitution and tests for selection

2.3.1. proPO

After alignment gaps were removed, a total of 1830 bp was produced that resulted in 610 codons. P. monodon and
M. japonicus each represented by two individuals were included in pairwise comparison. For codon substitution anal-
yses of proPO gene, we chose nine sequences each representing a single species. The inclusion of either of the indi-
viduals of P. monodon and M. japonicus in codon substitution analyses did not alter the results. The two out-group
haemocyanin sequences were excluded from the analyses. Pattern of nucleotide substitution and tests for positive se-
lection were carried out using the maximum-likelihood (ML) approach implemented in PAML 3.14b [57]. In order to
account for uncertainty regarding the true topology, we repeated the tests for positive selection using the trees from
ML, BI and MP analyses.

We performed two different types of analyses; first, we estimated the pairwise dy and dg among all the 11 proPO
sequences for the entire coding region and for each functional region [Copper binding site-A (Cu-A); Copper binding
site-B (Cu-B) and proteolytic activation site] using a maximum-likelihood (ML) approach described by Goldman and
Yang [58] implemented in CODEML in the PAML program. Second, to account for among-site variations and to test
for positive selection on different codon sites, we estimated parameters under six different codon substitution models
[15] and their performances were evaluated using likelihood ratio tests (LRTs). These six codon substitution models
are: MO: one-ratio; M1a: nearly neutral; M2a: positive selection; M3: discrete; M7: beta; and M8: beta + w > 1: con-
tinuous [15]. The LRTs between nested models were conducted by comparing twice the difference in log-likelihood
values (2InA/) against a x -distribution, with degrees of freedom (df) equal to the difference in the number of param-
eters between models [15]. Four likelihood ratio tests (LRTs) were conducted. First comparison was made between
MO, a model that fits a single w for all sites with M2a which allows three site classes (0 < w < 1, w = 1l orw > 1). The
second comparison was between M0 and M3. Third comparison was between M1a, which allows for two site classes
(0 < w < 1, w = 1) with M2a. The last comparison was between a model of beta distributed selective pressures which
allows for 10 site classes, each with w < 1 (M7) and M8, which has 11 site classes, one of them allowed for w > 1.
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2.3.2. Haemocyanin

To know the types of selective pressure operating on the different subunits of decapod haemocyanin, we performed
both pairwise comparison and codon substitution analyses as described for proPO. A total of 17 decapod haemocyanin
nucleotide coding sequences [23,27,32,35—37,40,43,45,46] representing 10 species and different subunits were used
in the analyses (Table 1).

3. Results
3.1. Phylogenetic analyses

3.1.1. Amino acid phylogeny

The phylogenetic relationship between different groups of proPO and haemocyanin is shown in Fig. 1. The amino
acid phylogeny revealed that proPO from Insecta and Crustacea are closely related and their relationship is strongly
supported. Insecta and Crustacea proPO each form a separate monophyletic group (Fig.1), therefore allowing us to
perform codon substitution analyses for the group in question. The amino acid phylogeny also demonstrated that Crus-
tacea haemocyanin are not closely related to Crustacea proPO, but ancestral to both Insecta and Crustacea proPO.

3.1.2. proPO nucleotide phylogeny

The general time reversible model (GTR) with invariable site model (I = 0.1126) and gamma distribution shape
parameter G (= 1.6455) was the best-fit model selected by AIC. The transition to transversion ratio (73/T,) and the
log likelihood score (—InL) were 1.434 and 19412.7363, respectively. The substitution rate matrix for the data was
A C=18092, A« G=33549, A >T=1.7322,C < G=14542, C & T=3.8913, G & T = 1.00. The
nucleotide base frequencies for A, C, G and T were 0.2497, 0.2868, 0.2542 and 0.2094, respectively. The inferred
proPO phylogenies among nine taxa are shown in Fig. 2A and B. The proPO phylogeny (proPO gene tree) revealed
sister-group relationship between Penaeus monodon and Penaeus semisulcatus, indicating recent divergence at proPO
gene. P. monodon—P. semisulcatus clade and Marsupenaeus japonicus diverged from a common ancestral proPO.
Both Homarus species showed sister-group relationship with Pacifastacus leniusculus. Similarly, Scylla serrata
and Cancer magister showed close relationship in their proPO gene with strong nodal support. Among decapod
proPO, Macrobrachium rosenbergii emerged from the base of proPO phylogeny; however, the relationships among
proPO genes of all nine decapods was strongly supported.

3.2. Sequence divergence

The mean percentage of sequence divergence among nine species at the proPO is 34.4 4+ 0.6%. The pairwise un-
corrected distance among all nine species are given in Table 2.

3.3. Pattern of nucleotide substitution and tests for selection

3.3.1. ProPO

Pairwise estimates of dy and ds among eleven proPO sequences for the entire coding region revealed that the non-
synonymous rates ranged from 0.022 to 0.38, whereas the synonymous rates ranged from 0.018 to 78.63 (Fig. 3A).
Pairwise w-ratios (w = 1.2) between H. gammarus and H. americanus indicated evidence of positive selection on
the proPO gene of these two species. However, pairwise comparisons among the remaining species indicated strong
purifying selection (Fig. 3B). Pairwise comparisons within genus Penaeus, between genus Penaeus and Marsupe-
naeus, between genus Scylla and Cancer and between genus Homarus and Pacifastacus indicated elevated w ratios
(ranged from 0.11 to 0.19) with mean w = 0.15 & 0.3, whereas remaining species pairs indicated reduced w ratios
(ranged from 0.003 to 0.025) with mean w = 0.0075 £ 0.005 (Fig. 3B). Distribution of pairwise estimates of w for
Cu-A, Cu-B and proteolytic activation sites of proPO are shown in Fig. 4A, B and C, respectively. Pairwise w-ratios
(w = 1.36) between H. gammarus and H. americanus indicated evidence of positive selection on the proteolytic ac-
tivation site of proPO in these two species. Although Cu-A and Cu-B indicated evidence of purifying selection
(w < 1), the elevated w values (Cu-A: w = 0.676; and Cu-B:w = 0.814) for this species pair indicated less function-
ally constrained (reduced level of purifying selection) than the remaining species pairs (Fig. 4A and B).
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Fig. 1. Phylogenetic relationship between proPO and haemocyanin genes of Insecta and Crustacea based on neighbour joining tree inferred from
the amino acid sequence data. Nodal support (ML/BI/NJ) > 80 is indicated by asterisk. See Table 1 for taxon abbreviations.

The model parameters for w estimated using MP, ML and BI trees were identical. Parameter estimates and log like-
lihood values under models of variable w ratios among codon sites of proPO and their likelihood ratio statistic (LRTSs)
are shown in Tables 3A and 4A, respectively. Although MO—M3 and M0—M?2a indicated significant among-site var-
iation (p = 0), the LRT's of more stringent models (M1a vs. M2a and M7 vs. M8) failed to support positive selection on
codon sites of proPO. However, M8 model detected 11 codon sites (of the total 610) that are positively selected with
posterior probabilities greater than >50%, but not significant at 95%.
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Fig. 2. Phylogenetic relationship among decapod taxa inferred from proPO nucleotide sequence data. (A) ML tree rooted with haemocyanin se-
quence. Nodal supports (ML/BI/MP) are given. (B) Unrooted phylogram inferred from proPO sequences representing nine species used for codon
substitution analyses using PAML.

Table 2
Uncorrected pairwise distances among nine species of decapods analysed in this study

Species 1 2 3 4 5 6 7 8 9
1. MARIJAP2 0.008 0.009 0.01 0.01 0.011 0.011 0.011 0.010
2. PENMON2 0.188 0.006 0.009 0.009 0.01 0.01 0.010 0.010
3. PENSEM 0.199 0.071 0.01 0.01 0.01 0.01 0.010 0.010
4. HOMGAM 0.378 0.355 0.353 0.003 0.011 0.011 0.010 0.010
5. HOMAME 0.379 0.355 0.353 0.021 0.01 0.01 0.010 0.010
6. CANMAG 0.392 0.392 0.386 0.383 0.382 0.008 0.010 0.010
7. SCYSER 0.4 0.393 0.39 0.37 0.365 0.183 0.010 0.011
8. PACLEN 0.377 0.353 0.362 0.303 0.3 0.383 0.373 0.011
9. MACROS 0.402 0.398 0.396 0.396 0.401 0.418 0.414 0.406

Lower diagonal values are distances and upper diagonal values are standard errors estimated with 1000 bootstrap replicates.



A. Padhi et al. | Fish & Shellfish Immunology 22 (2007) 628—640 635

A 05
0.4 . .o
L4
03+ e I AN
% . 3 * $ *%s
0.2
01§
4
0 T T T T
0 20 40 60 80 100
ds
MARJAP1-MARJAP2
B 30- SCYSER-CANMAG
) - . . PENSEM-PENMON1
Remaining species pairs PENSEM-PENMON?2
25 4 PACLEN-HOMAME

PACLEN-HOMGAM
PENMON2-MARJAP2
20 4 PENMONI1-MARJAP2
PENSEM-MARIJAP1

PENMON2-MARJAP1 [ll
PENMONI1-MARJAP1
PENSEM-MARIJAP2

Frequency
[

PENMONI-PENMON2

HOMGAM-HOMAME
5 I IJ] s
()-—r—r—r—r—r—. . . . .NVWV\_NVWV\L -
ST S S s & S S G
FFHFFF S &S R o3 3

Fig. 3. (A) Estimates of dy and dg inferred from pairwise comparison among proPO gene. (B) Distribution of pairwise estimates of w-ratios
among proPO gene inferred from 11 taxa using maximum likelihood approach [58] implemented in PAML [57].

3.3.2. Haemocyanin

Pairwise estimates of dy and ds among 17 haemocyanin sequences for the entire coding region revealed that the
nonsynonymous rates ranged from 0.0069 to 0.4399, whereas the synonymous rates ranged from 0.0078 to 86.6702
(Fig. 5A). Pairwise w-ratios (w = 1.25) between Palinurus elephas-hc4 and P. vulgaris-hc3 indicated evidence of pos-
itive selection on the haemocyanin subunits of this species pair. However, pairwise comparisons among the remaining
species indicated strong purifying selection (Fig. 5B).

Parameter estimates and log likelihood values under models of variable w ratios among codon sites of haemocyanin
and their likelihood ratio statistic (LRTs) are shown in Tables 3B and 4B, respectively. MO—M3 and MO0—M2a showed
significant among-site variation (p = 0). Although the LRT of M1a vs. M2a indicated evidence of positive selection
across the codon sites of haemocyanin subunits, LRT of more stringent models (M7 vs. M8) failed to support positive
selection on codon sites of haemocyanin.

4. Discussion

The topological placement of genus Penaeus and Marsupenaeus in proPO phylogeny is consistent with mitochon-
drial DNA phylogeny [59,60]. However, the topological placement of penaeids and Macrobrachium in proPO gene is
not consistent with the gene tree inferred from the combined data of 16S, 18S, 28S and histone (H3) genes [61]. This
discrepancy could be associated with the differential evolutionary rates of each gene in different species. In contrast,
the divergence of two Homarus species in proPO phylogeny is consistent with their morphological classification as
well as with the phylogenetic analyses of 16S, 18S, 28S and H3 genes [61]. Similarly, the sister-group relationship
between Homarus (lobster) and Pacifastacus (Cray fish) in proPO gene tree is consistent with their topological place-
ment based on morphology (species tree) and molecules (gene tree) [61]. Both crab species (Scylla and Cancer) also
revealed a similar sister-group relationship in proPO gene tree. The tree revealed that proPO for all the nine decapod
species analysed in this study diverged from a common ancestor. Despite the ambiguities in divergence time and
evolutionary relationship between proPO and haemocyanin [8,10], it is unequivocal that both genes belong to the
arthropod haemocyanin super-family.
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Fig. 4. Distribution of pairwise estimates of w-ratios for different regions of proPO gene inferred from 11 taxa using maximum likelihood
approach [58] implemented in PAML [57]. (A) Cu-binding site A; (B) Cu-binding site B; (C) proteolytic activation site.

From the phylogenetic analyses of proPO, it appeared that all decapods share a common ancestor. However, it is
unclear whether this evolutionary relationship is strongly influenced by any types of selection pressure across the cod-
ing region of proPO—in other words, whether the divergence that we see among decapods is functionally constrained
or diversified. Differential expression of proPO in different species [2—7] of decapods could either be due to adaptive
evolution (rapid fixation of beneficial mutations; dy is expected to be higher than ds) or it could be by chance due to
the stochastic nature of the mutational process (ds is expected to be higher than dy). In the latter case, the probability
of deleterious mutation being wiped out from proPO-coding region is higher than that of fixation of beneficial muta-
tions and proPO might be accumulating more silent substitutions than that of nonsynonymous substitutions and evolv-
ing in a nearly neutral fashion [13]. With the exception of gammarus—americanus species pairs, all the other species
pairs are shown to have » < 1, indicating strong purifying selection. The greater w value (w > 1) between two species
of Homarus indicated that probabilities of fixation of advantageous mutations are higher than the wiping out of the
deleterious mutations. The possible explanations for such a scenario are: (1) these two species diverged recently
from their common ancestor and have relatively small effective population size (IV,), therefore the impact of genetic
drift is more significant in fixation of advantageous mutations with a probability (P) greater than 1/2N, (P = 1/2N,, if
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Table 3

Parameter estimates and log-likelihood values under models of variable w-ratios among sites: (A) proPO; (B) haemocyanin

Model Free Parameter estimates Likelihood Positively selected

parameters scores sites®

A. proPO

MO: one-ratio 1 w =0.1228 —12531.68266

MIla: nearly neutral 1 w =0.088, w; =1, (po =0.77, p; = 0.23) —12322.95109

M2a: positive selection 3 wo=0.088, w1 =1, w, =1, (po=0.77, —12322.95109
p1=0.17, p, = 0.063)

M3: discrete 5 wo = 0.014, w; =0.17, w, = 0.58, (pp = 0.41, —12199.00992
p1 =043, p, =0.16)

MT7: beta 2 p=048,4g=2.28 —12199.99655

MS: beta + wg > 1 4 po=10.99,p;=001,p=05,¢g=254, 0w=17 —12199.03585 16, 34, 38, 88, 110, 131,

248, 407, 437, 479, 530

B. Haemocyanin

MO: one-ratio 1 w =0.1356 —18001.68746

Mla: nearly neutral 1 wo = 0.083, w; =1, (pp =0.72, p; = 0.28) —17500.7268

M2a: positive selection 3 wo=0.083, w; =1, w, =8.6; (p; =0.72, —17493.8713 413**, 510, 513**, 515, 535
p1=0.275, p, = 0.005)

M3: discrete 5 wo = 0.087, w; = 0.138, w, =0.525, —17275.85504
(po=10.38, p; =0.38, p, =0.24)

MT7: beta 2 p=0.397,¢g=174 —17269.2122

MB8: beta + wg > 1 4 Ppo=10.996, p; =0.004, p = 0.397, ¢ = 1.74, —17269.41499  413%*, 444, 482, 510, 513*,
w =305.19 515, 534, 545, 629

*Sites with posterior probability >95%, **sites with posterior probability >99%.
 Sites with a posterior probability >50% of having w > 1.

w = 1); (2) the two species apparently diverged very recently from a small effective population size and accumulated
more number of advantageous mutations [13]; or (3) both explanations are also possible. Nevertheless, the high
w-ratio (w > 1) between H. americanus and H. gammarus clearly indicates positive selection is operating and there-
fore indicates rapid functional diversification (adaptive evolution) of proPO gene in these two species. However, com-
parison between phylogenetically more closely related species revealed a relatively higher «w value, whereas
comparison between distantly related species revealed a very low w value. Although both groups indicated strong pu-
rifying selection operating on proPO coding regions, discrepancies between the two groups could be due to the dif-
ferential rate of fixation of beneficial mutations and wiping of deleterious mutations [13]. Therefore, during the
evolutionary time scale more synonymous changes accumulated than the nonsynonymous changes.

From the pairwise estimates of w ratio, it is difficult to detect whether positive selection is operating on a few codon
sites when more than 90% of codon sites are under the influence of strong purifying selection (for example, our data
show that most of the species pairs revealed a strong purifying selection on the proPO gene). In such a situation,

Table 4

Likelihood ratio statistics (LRTs) among different model given in Table 3A and B

Comparison 2InAl df p
A. proPO

MO vs. M2a 417.463 2 0.00
MO vs. M3 665.345 4 0.00
Mla vs. M2a 0 2 1.00
M7 vs. M8 1.9214 2 0.38

B. Haemocyanin

MO vs. M2a 1015.6323 2 0.000
MO vs. M3 1451.6649 4 0.000
Mla vs. M2a 13.710994 2 0.001
M7 vs. M8 0.40559 2 0.816
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Fig. 5. (A) Estimates of dy and ds inferred from pairwise comparison among haemocyanin sequences. (B) Distribution of pairwise estimates of
w-ratios among haemocyanin genes inferred from 17 taxa using maximum likelihood approach [58] implemented in PAML [57].

pairwise estimates of the w value will obviously be <1 [62] and differential selection pressure operating on each codon
site is underestimated. Maximum likelihood based analyses under different models of codon substitutions is more
powerful in detecting positive selection among codon sites [15]. Although MO—M3 and M0O—M2a supported the
fact of variation among codon sites of proPO gene, this is not supported by Mla—M?2a. The M8 model detected
1.8% of codon sites that are positively selected with posterior probabilities greater than 50%, but not significant at
95%. However, this result is supported neither by M1a—M?2a (nearly neutral vs. positively selected model) nor by
a more stringent model (M7 vs. M8), which is more powerful in detecting positive selection. These lines of evidence
suggested no sign of a significant level of positive selection on proPO genes of decapods. Thus, the proPO coding
region is functionally constrained and evolving in a nearly neutral fashion.

Consistent with the results of proPO, our results demonstrated that the coding regions of haemocyanin subunits are
also under the influence of strong purifying selection. The different subunits of haemocyanin that might have evolved
by gene duplication events appeared to be functionally more constrained.
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