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ABSTRACT: The tissue-specific expression and differential function of the crustacean hyperglycemic hormone (CHH) in
Carcinus maenas indicate an interesting evolutionary history. Previous studies have shown that CHH from the sinus gland X-
organ (XO-type) has hyperglycemic activity, whereas the CHH from the pericardial organ (PO-type) neither shows hyperglycemic
activity nor it inhibits Y-organ ecdysteroid synthesis. Here we examined the types of selective pressures operating on the
variants of CHH inCarcinus maenas. Maximum likelihood-based codon substitution analyses revealed that the variants
of this neuropeptide inC. maenas have been subjected to positive Darwinian selection indicating adaptive evolution and
functional divergence among the CHH variants leading to two unique groups (PO and XO-type). Although the average ratio
of nonsynonymous to synonymous substitution (ω) for the entire coding region is 0.5096, few codon sites showed significantly
higherω (10.95). Comparison of models that incorporate positive selection (ω > 1) with models not incorporating positive
selection (ω < 1) at certain codon sites failed to reject (p = 0) evidence of positive Darwinian selection.

KEYWORDS: Molecular evolution, crustacean hyperglycemic hormone, positive Darwinian selection, synonymous and
nonsynonymous substitution,Carcinus maenas

INTRODUCTION

Crustacean hyperglycemic hormone (CHH), a polypeptide neurohormone, plays a crucial role in
regulating carbohydrate metabolism [Santos and Keller, 1993] and in other physiological processes
including reproduction [Khayatet al., 1998], osmoregulation [Serranoet al., 2003], lipid metabolism
[Santoset al., 1997] and molting [Chunget al., 1999]. Phylogenetic and structural analyses of CHH, molt-
inhibiting hormone (MIH), vitellogenesis-inhibiting hormone (VIH) and mandibular organ-inhibiting
hormone (MOIH) revealed high structural similarities among these neuropeptides [Keller,1992; Lacombe
et al., 1999; Chanet al., 2003; Chenet al., 2005], thus suggesting that these neuropeptides diverged from
a common ancestor. The CHH/MIH/GIH gene family in crustaceans has an interesting evolutionary
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history, as it contains several isoforms that are expressed in different tissues (e.g. reviews in Chanet
al., 2003; Fanjul-Moles, 2006). Chanet al., 2003, proposed that like prolactin and growth hormone
gene family in vertebrates [e.g. Ohta, 1993; Walliset al., 2005; Walliset al., 2001; Wallis and Wallis,
2001], the crustacean CHH/MIH/GIH gene family might have also diverged from a common ancestral
gene through multiple gene duplication events. However, the pattern of nucleotide substitution among
the duplicated genes is unclear. Gene duplication followed by functional divergence of duplicated genes
is one of the most important underlying mechanisms for the evolution of novel gene function [Ohno,
1970; Zhanget al., 1998]. Many genes in vertebrates [e.g. Ohta, 1993; Zhanget al., 1998; Goldstone
and Stegeman, 2006; Kitanoet al., 2006; Shiuet al., 2006] are shown to have accelerated amino acid
substitutions following gene duplication and positive Darwinian selection is the likely cause of such
accelerated amino acid substitutions among the duplicated genes.

In decapods, although the sinus gland X-organ (XO) is considered as the main locus for neuropeptide
production [Fanjul-Moles, 2006], CHH/MIH has also been detected in other sites of the crustacean
organs. For example, CHH has been detected in paraneurons of the fore and hind gut [Chunget al.,
1999; Websteret al., 2000], the abdominal pericardial peripheral neurons [Chung and Webster, 2004]
and in the pericardial organ (PO) of green shore crabCarcinus maenas [Dircksen and Heyn, 1998;
Dircksenet al., 2000]. It has been proposed that the non-eyestalk CHH could correspond to a different
form of CHH than that produced in the X-organ of the sinus gland [Fanjul-Moles, 2006]. Dircksenet
al., 2001, reported production of two types of peptides from the neurosecretory cells of PO, which lack
hyperglycemic activity. We hypothesized that following gene duplication positive Darwinian selection
could be the likely cause of the rapid functional diversification resulting in different variants of CHH in
C. maenas.

Neutral theory predicts that most variations in the genes/genome are the outcome of the stochastic
nature of the mutational process (purifying selection) [Kimura, 1983]. However, many of the functional
proteins in all living forms are influenced by natural selection (positive Darwinian selection) [e.g.,
Ford, 2002], therefore proven to be highly adaptive. Thus, detecting positive Darwinian selection
in functionally important genes is important towards understanding the molecular evolution. While
purifying selection (functionally constrained) favors the preservation of existing phenotypes, positive
selection causes functional diversification of protein coding genes. A number of statistical approaches
have been developed to detect positive selection of protein-coding genes [Yang and Bielawski, 2000;
Nielsen, 2001; Ford, 2002]. One of the most widely used approaches to detect positive selection is by
comparing the number of nonsynonymous substitution per nonsynonymous site (dN ) with the number
of synonymous substitution per synonymous site (dS) [Kimura, 1983; Hughes and Nei, 1989]. Mutation
at a codon site that results in an amino acid change is known as nonsynonymous substitution, whereas
in synonymous substitution amino acid remains unchanged. If the protein-coding gene is functionally
constrained, then the rate of nonsynonymous changes will be lower than neutral rate resulting inω < 1,
and the gene is considered to be subjected to strong purifying selection [Kimura, 1983]. Alternatively, if
nonsynonymous mutations are beneficial, then the average rate of nonsynonymous changes is expected
to be higher than the neutral rate resulting inω > 1, which indicates functional diversification of the gene
and the possibility that it has been subjected to positive selection [Hughes and Nei, 1989; Ford, 2002].

Like many functional genes [e.g. Ford, 2002], positive selection might also have caused functional
differences in XO-type and PO-type CHH inC. maenas. Although all amino acid differences between
these two forms of CHH might not be adaptive, the functional differences between these two forms
could be due to adaptive evolution of certain amino acids. Therefore, identifying the amino acid site on
which positive selection has been operating would gain insight into understanding the evolution of XO



A. Padhi et al. / Positive Darwinian Selection on Crustacean Hyperglycemic Hormone (CHH) 357

and PO-type CHH inC. maenas. Maximum likelihood (ML)-based codon substitution models [Yanget
al., 2000] that account for variableω among codon sites have been commonly used [e.g. Swansonet al.,
2001; Swanson and Aquadro, 2002] to detect positive selection. Based on the phylogenetic perspective
of evolution, here we report the types of selective pressures operating on the variants ofC. maenas. We
used ML-based codon substitution models of Yanget al., 2000, and random effects likelihood (REL)
method of Kosakovsky Pond and Frost, 2005, to detect positive Darwinian selection across the codon
sites of CHH variants ofC. maenas.

MATERIALS AND METHODS

Phylogenetic Analyses

To infer evolutionary relationship among 23 CHH variants/isoforms representing six crab species,
nucleotide coding sequences were retrieved from GenBank (Table 1). Sequences were aligned using
Mesquite ver. 1.11 [Maddison and Maddison, 2006] and DAMBE ver. 4.5 [Xia, 2000; Xia and
Xie, 2001]. Aligned amino acid sequences were mapped to corresponding codons using DAMBE.
Phylogenetic relationships among these six species representing 23 CHH variants/isoforms were inferred
from maximum likelihood (ML), Bayesian inference (BI), maximum parsimony (MP) and neighbor-
joining (NJ) methods. As described by Chenet al., 2005, CHH-A of lobsterH. americanus was chosen
as out-group. Kimura-2-parameter (K80) with the proportion of invariable site (I = 0.161) gamma
distribution shape parameter (G = 2.8284) was the best-fit model selected by hierarchical likelihood
ratio tests (hLRTs) implemented in Modeltest ver. 3.5 [Posada and Crandall, 1998]. MP analysis was
conducted using heuristic search option, implementing stepwise addition with 100 random addition
replicates and TBR branch swapping using PAUP* 4.0b10 [Swofford, 2002]. PHYML ver. 2.4.4
[Guindon and Gascuel, 2003] was used for ML analyses and MrBayes 3.04 [Huelsenbeck and Ronquist,
2001] was used for BI. The resulting trees were drawn using TreeView [Page, 1996]. Nodal support for
MP and ML trees were estimated using 1000 non-parametric 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 Markov chain Monte Carlo to optimize efforts to find peaks in
tree-space. Parameters were set as:nst = 2 andrates = invgamma, and one tree was sampled in every
100. Convergence of tree was checked using Tracer ver.1.3.1 [Rambout and Drummond, 2003] and
resulting trees were used to generate a majority consensus tree with posterior probability values. NJ trees
based on Kimura-2-parameter with gamma corrected model and based on uncorrected pairwise distance
methods were also reconstructed using MEGA ver. 3.1 [Kumaret al., 2004]. Using the same program
nodal supports were estimated with 10 000 bootstrap replicates.

We reconstructed unrooted ML, BI, MP and NJ phylogenies among the variants ofC. maenas and
these inferred trees were independently used to tests for selection using PAML program [Yang, 1997].
To account for uncertainty regarding the true topology, we repeated the tests for positive selection using
trees from ML, BI, MP and NJ analyses.

Tests for Selection

To account for among-site variations and to test for positive selection on different codon sites, we
performed tests for positive selection using two approaches; (1) ML-based codon substitution analyses
[Yanget al., 2000] and (2) random effects likelihood method of Kosakovsky Pond and Frost, 2005.
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Table 1
GenBank accession number, species, product, code and amino acid sequence length of the taxon used in the study

Accession number Species Product Code aa* Source
AF286081 Carcinus maenas CHH (PO-type) variant 1 CM-PO1 139 Dircksenet al., 2001
AF286082 ,, CHH (PO-type) variant 2 CM-PO-2 139 Dircksenet al., 2001
AF286083 ,, CHH (PO-type) variant 3 CM-PO-3 139 Dircksenet al., 2001
AF286084 ,, CHH (PO-type) variant 4 CM-PO-4 137 Dircksenet al., 2001
AF286085 ,, CHH (PO-type) variant 5 CM-PO-5 137 Dircksenet al., 2001
AF286086 ,, CHH (PO-type) variant 6 CM-PO-6 139 Dircksenet al., 2001
AF286092 ,, CHH (PO-type) variant 11 CM-PO-11 128 Dircksenet al., 2001
AF286093 ,, CHH (PO-type) variant 12 CM-PO-12 125 Dircksenet al., 2001
AF286094 ,, CHH (PO-type) variant 13 CM-PO-13 137 Dircksenet al., 2001
AF286078 ,, CHH (XO-type) variant 1 CM-XO-1 112 Dircksenet al., 2001
AF286079 ,, CHH (XO-type) variant 2 CM-XO-2 112 Dircksenet al., 2001
AF286080 ,, CHH (XO-type) variant 3 CM-XO-3 112 Dircksenet al., 2001
X17596 ,, CHH CM-XO-5 142 Weidemannet al., 1989
AY372181 Scylla olivacea CHH SO 141 GenBank
AY180334 Pachygrapsus marmoratus CHH-B (XO-type) PM-XO-B 150 Toullecet al., 2006
AY094983 ,, CHH PM 150 GenBank
AY180333 ,, CHH-A (XO-type) PM-XO-A 150 Toullecet al., 2006
AY180335 ,, CHH-B (PO-type) PM-PO-B 145 Toullecet al., 2006
DQ176431 Potamon ibericum CHH (XO-type) PI-XO 147 Toullecet al., 2006
DQ176432 ,, CHH (PO-type) PI-PO 142 Toullecet al., 2006
AY536012 Callinectes sapidus CHH-1 CS-1 139 Choiet al., 2006

,, CHH-2 CS-2 135 GenBank
AF241264 Bythograea thermydron CPRP/cHH BT 147 Toullecet al., 2002
DQ181791 Homarus gammarus CHH-A HG-A 134 GenBank

*Amino acid sequence length.

ML-Based Codon Substitution Analyses

We estimated parameters under seven different codon substitution models [Yang,et al., 2000] and
their performances were evaluated using likelihood ratio tests (LRTs). LRTs were used to compare
models that assume no positive selection (ω < 1) with those that assume positive selection (ω > 1). The
seven codon substitution models are: M0 (one-ratio), M1a (nearly neutral), M2a (positive selection), M3
(discrete), M7 (β- distribution; 0� ω � 1), M8 (β + ω >1: continuous) [Yanget al., 2000] and M8a
(β + ω = 1) [Swansonet al., 2003]. The M1a model estimates a single parameterp0, the frequency of
conserved sites withω0 = 0 and the remaining sites with frequencyp1 (p1 = 1 − p0) assumingω1 = 1.
The M2a model adds a class of positively selected sites with frequencyp 2 (wherep2 = 1−p1−p0), with
ratio ω2 estimated from the data. Thus, whereas M1a estimates a single parameter (p0), M2a estimates
three parameters (p0, p1, andω2). In the M7 model,ω follows a beta distribution such that 0� u ω � 1
and the two parameters (p andq) of the beta distribution are estimated from the data. In the M8 model,
a proportionp0 of sites haveω drawn from the beta distribution. The remaining sites with proportion
p1 are positively selected and haveω1 > 1. Thus, M7 estimates two parameters (p andq), while M8
estimates four parameters (p, q, p0, andω1).

The LRTs between nested models were conducted by comparing twice the difference in log-likelihood
values ( 2ln∆l) against aχ2− distribution, with degrees of freedom equal to the difference in the number
of parameters between models [Yanget al., 2000]. Five LRTs were conducted. The first comparison was
made between M0, a model that fits a singleω for all sites with M2a, which allows three site classes (0
< ω < 1,ω = 1 orω > 1). The second comparison was between M0 and M3. The third comparison was
between M1a, which allows for two site classes (0< ω < 1, ω = 1) with M2a. The fourth comparison
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was between M7, a model of beta-distributed selective pressures that allows for 10 site classes, each
with ω < 1 and M8, which has 11 site classes, one of them allowed forω > 1. The last comparison was
between M8 and M8a, in which an additional parameter was constrained to haveω = 1 [Swansonet al.,
2003]. In all LRTs good evidence for positive selection is found if the LRT indicates that models that
allow for positive selection (i.e. M2a and M8) are significantly better than their respective null models
(M1a, M7 and M8a) without positive selection (ω < 1) [Yanget al., 2000]. M1a-M2a comparison is a
simplified version with fewer parameters than M7-M8, and M8-M8a comparisons.

Random Effects Likelihood (REL)

The REL method of Kosakovsky Pond and Frost, 2005, implemented in HyPhy package (http://
www.datamonkey.org), was used to detect codon sites that are under positive and negative selection. We
applied a hierarchical model selection procedure [Kosakovsky Pond and Frost, 2005] to choose a model
of nucleotide substitution. F81 (matrix: 111111) was selected as the optimal nucleotide substitution
model using the implementation in the HyPhy package. Independent rate distribution fordN anddS

were obtained by crossing MG94 [Muse and Gaut, 1994] model and the nucleotide substitution model
fitted to the data [Kosakovsky Pond and Muse, 2005]. Using these parameters with an initial NJ tree, the
program computed two Bayes factors, one for the event thatdN < dS at that site (negative selection),
and another for the event thatdN > dS (positive selection). When these Bayes factors are sufficiently
large (100 or more), the sites are said to be selected [Kosakovsky Pond and Frost, 2005]. The REL
method is least conservative than the other methods implemented in HyPhy package [Kosakovsky Pond
and Frost, 2005]. However, since our sample size is less than 25, we performed REL analyses to detect
positively and negatively selected sites in CHH variants ofC. maenas.

Protein Structure of C. maenas CHH

We used Geno3D version 2 (http://geno3d-pbil.ibcp.fr), an automated web server for protein molec-
ular modeling [Combetet al., 2002] to predict the structure of XO-type CHH ofC. maenas. The
MIH crystal structure of kuruma prawn (Protein Data Bank number= 1J0T; Katayamaet al., 2003;
http://www.rcsb.org/pdb/) was used as reference point to predict the CHH structure ofC. maenas. The
structure was displayed and positively selected sites were mapped using Chimera software (available
at http://www.cgl.ucsf.edu/chimera, Pettersenet al., 2004). Amino acid variable sites among 12 CHH
variants ofC. maenas were detected using MEGA 3.1 [Kumaret al., 2004].

RESULTS

Phylogenetic Analyses

Phylogenetic analyses revealed that both XO-type and PO-type variants ofC. maenas CHH are mono-
phyletic (Fig. 1) with strong nodal support, thus allowing us to perform subsequent codon substitution
analyses to detect positively selected sites. The CHH gene tree also revealed thatCallinectes sapidus,
Scylla olivacea andCarcinus maenas shared a common ancestor. However, the divergence ofScylla
olivacea andC. sapidus occurred after the divergence ofC. maenas from Scylla olivacea andC. sapidus
(Fig. 1). It appeared that both types of CHH inC. maenas diverged from their common ancestor rel-
atively more recently. Although all the four variants of CHH inPachygrapsus marmoratus formed a
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Fig. 1. Neighbor joining tree inferred from CHH variants of six crab species. The tree is rooted with CHH-A of lobsterHomarus
gammarus (GenBank No.DQ181791). Nodal support (ML/BI/MP/NJ)> 70 is indicated by asterisk. CM:Carcinus maenas
(GenBank No.AF286078 – AF286086, AF286092 – AF286094, X17596), CS:Callinectes sapidus (AY536012, DQ343306),
PM: Pachygrapsus marmoratus (AY180333 – AY180335, AY094983), SO:Scylla olivacea (AY372181), PI:Potamon ibericum
(DQ176431, DQ176432), BT: Bythograea thermydron (AF241264).

monophyletic group, a relatively very small sample size (< 8), did not allow us to perform codon substi-
tution analyses. Simulation studies showed that a minimum of 8 sequences are required for maximum
likelihood codon substitution analyses [Anisimovaet al., 2001; Anisimovaet al., 2002; Wonget al.,
2004].

Tests for Selection

ML-Based Codon Substitution Analyses
Parameter estimates and log likelihood values under models of variableω among codon sites and their

LRTs are shown in Table 2a and 2b, respectively. Under the simplest model, which allows for only a
singleω across all codon sites (M0), the ML estimate ofω was 0.5096. This estimate is statistically
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Fig. 2. Posterior probabilities for each codon of CHH (M2a) ofCarcinus maenas. Theω values with standard errors are shown
for each site.

indistinguishable fromω = 1, the expected value under a completely neutral model of sequence evolution.
However, a model allowing for variation among sites (M3) provides a significantly better fit to the data
showing that there is variation among sites in the strength of selection. However, M0 is a highly
unrealistic model and the M0/M3 comparison thus provides a test for variation inω among sites rather
than variation in strength of selection among sites [Yanget al., 2000]. Comparison of models M7 and
M8 is a more stringent test to detect positive selection [Anisimovaet al., 2001]. The LRT comparing M7
and M8 provides strong evidence for positive selection (Table 2b;p = 0). Similar results were obtained
using models M1a and M2a. There is a large degree of overlap in the positively selected sites identified
from models M2a and M8. [Yang, 1997], (in PAML ver. 3.15) reported that the M1a/M2a comparison
seems more robust than the M7/M8 pair. If the true null model assumes several classes of conserved
sites withω < 1 as well as neutral sites withω = 1, the M7/M8 comparison may often be significant,
and among half of such cases, theω estimate under M8 will be>1, and will produce false positives
[Yang, 1997] (PAML ver. 3.15). In such cases, the M8a/M8 comparison or M1a/M2a comparison
may be more robust than M7/M8 comparison. Nevertheless, our analyses showed that all the models
revealed consistent results (p = 0; Table 2b), indicating evidence of positive Darwinian selection across
the codons of CHH variants inC. maenas. The posterior probability along withω of each positively
selected codon sites identified by M2a model is shown in Fig. 2. All the positively selected codon sites
haveω ranged from 8.091 to 9.015 with posterior probabilities greater than 0.89. The sites (identified
by M2a/M8 model) predicted to be subjected to positive Darwinian selection are plotted on the PDB
structure (Fig. 3).
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Table 2
Maximum likelihood-based codon substitution analyses. (a) Parameter estimates and log-likelihood values under models of
variableω-ratios among sites. (b) Likelihood ratio statistics among different models

Table 2a
Model Free Parameter estimates Likelihood scores Positively selected sitesa

Parameters
M0: One-ratio 1 ω = 0.5096 −642.239453 None
M1a: Nearly neutral 1 ω0 = 0,ω1 = 1, (p0 = 0.84,

p1 = 0.16)
−628.765617 Not allowed

M2a: Positive selection 3 ω0 = 0, ω1 = 1, ω2 =
10.95; (p0 = 0.92,p1 = 0,
p2 = 0.08)

−616.425383 20, 30, 57, 66,76, 107, 111

bM3: discrete 5 ω 0 =0,ω1 =0,ω2=10.95,
(p0 = 0.38,p1 = 0.54,p2 =
0.08)

-616.425367 20, 30, 57, 66, 76, 107,110, 111

M7: β 2 p = 0.005, q = 0.047 −629.399197 Not allowed
M8: β+ ωs > 1 4 p0 = 0.92, p1 = 0.08, p =

0.005, q = 99, ω = 10.95
−616.425352 20, 30, 57, 66, 76, 107, 111

M8a: β + ωs = 1 3 p0 = 0.84, p1 = 0.16, p =
0.005, q = 2.88, ω = 1

−628.765603 Not allowed

Positively selected sites with posterior probability�95 are in bold, 0.9–0.95 are underlined, 0.8–0.9 in italics, and 0.5–0.8 in
plain text. M0: one-ratioω value is the average for all codon sites, whereas M2a, M3 and M8ω values are the estimated values
for the positively selected codon sites under respective models.
aSites with a posterior probability> 50% of havingω > 1.
bModel detected posterior probabilities based on Naive Empirical Bayes (NEB) analysis.

Table 2b
Comparison 2∆ l dfa p

M0 vs M2a 51,628 2 0.0000
M0 vs M3 51,628 4 0.0000
M1a vs M2a 24,680 2 0.0000
M7 vs M8 25,948 2 0.0000
M8 vs M8a 24,681 1 0.0000
aDegrees of freedom.

REL

The positively and negatively selected codon sites detected by REL method are shown in Table 3a
and 3b, respectively. Based on this method there are 30 amino acid sites in CHH variants ofC. maenas
are positively selected with posterior probability= 100 (Table 3a), whereas only 4 sites are negatively
selected (Table 3b). All the codon sites that were positively selected by ML-based codon substitution
models were also positively selected by REL methods.

Positively selected amino acid sites
The positively selected amino acid sites by M2a/M8a model are mapped in the predicted 3D-protein

structure of XO-type (Fig. 3). While serine, a less polar amino acid, is found at both sites (107 and 111)
in XO-type, the polar amino acids asparagine and glutamic acid are unique to positions 107 and 111 in
PO-type, respectively (Figs 2 and 3). We speculate that these changes at amino acid sites 107 and 111 in
PO-type might have caused the loss of CHH activity. However, further study is needed to validate this
hypothesis.
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Fig. 3. The three-dimensional structure ofCarcinus maenas XO-type CHH predicted based on molting inhibiting hormone
PDB structure (Protein Data Bank number: 1J0T, http://www.rcsb.org/pdb/). Sites shown are those sites predicted to be under
positive selection with posterior probability>95%. Ribbon colors in Fig. 3a are corresponding to the amino acid sites positively
selected sites highlighted with same color in Fig. 3b.

DISCUSSION

Phylogenetic analyses revealed that PO-type and XO-type are monophyletic forC. maenas. It could
be possible that these two groups inC. maenas might have diverged from a common ancestor through
gene duplication. Chanet al., 2003, also postulated that the neuropeptides of CHH/MIH gene families
diverged as a result of mutations and gene duplication events. Dircksenet al., 2001, reported XO-
type and PO-type CHH inC. maenas to have differential function. In contrast to XO-type, PO-type
neither exhibits hyperglycemic activity, nor does it inhibit Y-organ ecdysteroid synthesis [Dircksenet
al., 2001]. Thus, the question of what factors are responsible to promote functional diversification
of these neuropeptides remains unclear. We suggest that the positive Darwinian selection (adaptive
evolution) is a likely cause for the accelerated rate of amino acid substitutions in the CHH variants of
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Table 3
Positively and negatively selected codon sites identified by REL method implemented
in HyPhy package. (a) Positively selected sites. (b) Negatively selected sites

Codon E [dN – dS] Posterior probability [dN> dS] Bayes factor [dN> dS]
(a)
20 14.863 1 1.00E+ 26
30 14.0969 1 1.00E+ 26
57 14.0476 1 1.00E+ 26
66 13.8381 1 1.00E+ 26
76 14.5913 1 1.00E+ 26
107 12.4321 1 1.00E+ 26
110 8.40389 1 3.83E+ 10
111 13.2026 1 1.00E+ 26
113 13.8242 1 1.00E+ 26
116 12.2199 1 1.00E+ 26
117 9.65145 1 1.00E+ 26
119 14.0375 1 2.05E+ 11
120 13.9851 1 3.40E+ 11
121 13.3325 1 1.00E+ 26
123 13.2951 1 1.00E+ 26
124 13.1607 1 1.00E+ 26
125 12.1609 1 1.00E+ 26
126 13.672 1 1.69E+ 11
127 13.249 1 1.00E+ 26
128 12.812 1 1.00E+ 26
129 13.3127 1 1.15E+ 11
130 13.3931 1 1.00E+ 26
131 12.1786 1 1.00E+ 26
132 14.1751 1 1.00E+ 26
133 13.4525 1 9.59E+ 10
134 13.8724 1 1.74E+ 11
135 12.7321 1 3.61E+ 11
136 9.03004 1 1.00E+ 26
137 12.476 1 3.75E+ 11
138 12.6408 1 1.00E+ 26

(b)
10 −10.0919 0.0293342 50.7165
24 −10.1194 0.0275895 54.0206
109 −10.0893 0.0243621 61.3802
112 −10.0416 0.0242983 61.5453

C. maenas. Irrespective of variant types (XO or PO), the majority of the amino acid sequences inC.
maenas variants are longer (112–139 aa) than those of the other isoforms in the CHH/MIH/GIH family
(72–87aa; 8 to 11kDa) [Chenet al., 2005]. Dircksenet al., 2001, proposed that these discrepancies
in the length of amino acid sequences among all the variants ofC. maenas are possibly the outcome
of alternative splicing. Nevertheless, both PO and XO types are reported to have differential function
[Dircksenet al., 2001; Fanjul-Moles, 2006]. Thus, it is unequivocal that positive Darwinian selection
is the likely explanation for the accelerated amino acid substitution rate. Although our analyses showed
discrepancies in the positively selected sites identified by REL and ML-based codon substitution models,
both methods are consistent with the fact that CHH variants inC. maenas are under the influence of
positive Darwinian selection, therefore indicating rapid functional diversification (adaptive evolution).
However, codons that are identified as positively selected sites by ML-codon substitution analyses [Yang
et al., 2000] are also identified by REL method. Nevertheless, our results showed evidence of adaptive
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Table 4
Amino acid variable sites in CHH variants ofCarcinus maenas

Amino acid variable sites 

           1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

  2 3 5 6 7 0 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3

Code 0 0 7 6 6 7 0 1 3 6 7 9 0 1 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8

 

CM-PO1 A P H R V N F E E D V V Y E Y F P D H E E Y L R S R D G L K

CM-PO-2 . Q . K A . . . . . . . . . . . . . . . . . . . . . . . . .

CM-PO-3 P . . K . . . . . N . . . . . . . . . . . . . . . . . . . .

CM-PO-4 T Q . . . . . . . . . . . Q . . . N . . . . . . . . . . . -

CM-PO-5 . Q . K . . . . . . . . . . . . . . . . . . . . . . . . . -

CM-PO-6 . . . K . . . . . . . . . . . . . . . . . . . . . . . . . .

CM-PO-
13 

. Q N . . . . . . . . . . Q H . . . . . . . . . . . . . . -

CM-PO-
12 

P . . K . . . . . . . . . . . . . - - - - - - - - - - - - -

CM-XO-1 . Q . K . S Y S - - - - - - - - - - - - - - - - - - - - - -

CM-XO-2 P . . K . S Y S - - - - - - - - - - - - - - - - - - - - - -

CM-XO-3 . Q . . A S Y S - - - - - - - - - - - - - - - - - - - - - -

CM-XO-5 . Q N . . S Y S L R Q M D D L M M . E F D Q Y A R K V Q M V

Positively selected sites (M2a; Tab. 2a) are shaded. Amino acid sites 1 - 26: signal peptide, 27- 64: CPRP (corazonin-
precursor-related peptide), 65- 66 cleavage sites, and 67 - 138: mature peptide. 

evolution. This line of evidence is consistent with the evolutionary patterns that are seen in prolactin and
growth hormone gene families in vertebrates. The duplicated genes in prolactin [Ohta, 1993; Walliset
al., 2005; Kitanoet al., 2006] and growth hormone [Wallis and Wallis, 2001; Walliset al., 2001] gene
family are also under the influence of positive Darwinian selection.

Thus, our results present the convincing evidence that multiple copies of CHH inC. maenas have
evolved by gene duplication, and positive Darwinian selection (adaptive evolution) is the likely cause of
accelerated rate of amino acid substitutions among these duplicated genes.
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