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There are now many known cases of orthologous or unrelated proteins in different species that have undergone parallel
evolution to satisfy a similar function. However, there are no reported cases of parallel evolution for proteins that bind a
common ligand but have different functions. We focused on two proteins that have different functions in steroid hormone
biosynthesis and action but bind a common ligand, androgen. The first protein, androgen receptor (AR), is a nuclear
hormone receptor and the second one, aromatase (cytochrome P450 19 [CYP19]), converts androgen to estrogen. We
hypothesized that binding of the androgen ligand has exerted common selective pressure on both AR and CYP19,
resulting in a signature of parallel evolution between these two proteins, though they perform different functions.
Consistent with this hypothesis, we found that rates of amino acid change in AR and CYP19 are strongly correlated
across the metazoan phylogeny, whereas no significant correlation was found in the control set of proteins. Moreover, we
inferred that genomic toolkits required for steroid biosynthesis and action were present in a basal metazoan, cnidarians.
The close similarities between vertebrate and sea anemone AR and CYP19 suggest a very ancient origin of their
endocrine functions at the base of metazoan evolution. Finally, we found evidence supporting the hypothesis that the
androgen-to-estrogen ratio determines the gonadal sex in all metazoans.

Introduction

Parallel evolution is a common phenomenon in nature
where two evolutionary lineages undergo similar genotypic
and phenotypic modifications under similar environments.
It has been observed among geographically isolated ani-
mals like Australian marsupials that resemble placental
wolves, cats, mice, squirrels, or anteaters. Molecular paral-
lel evolution is manifested by coordinated substitutions of
amino acids in independent proteins to achieve optimal
structural and functional integrity under similar selective
constraints. So far, studies on molecular parallel evolution
have been restricted to genes (proteins) involved in the
same function in different species such as lysozymes in
foregut fermenters (Stewart et al. 1987; Doolittle 1994;
Zhang and Kumar 1997), visual pigments in fish and higher
primates (Yokoyama R and Yokoyama S 1990), and diges-
tive RNases in monkeys (Zhang 2006). However, parallel
evolution between different genes that have different func-
tions but are part of the same physiological function has not
been well documented. Here, we study the parallel evolu-
tion between two nonhomologous proteins with a common
ligand and physiological system in the animal kingdom.

Both proteins play a vital role in the vertebrate endo-
crine system. The first protein is an enzyme, cytochrome
P450 19 (CYP19; EC 1.14.14.1), commonly known as
aromatase, which converts androgens to estrogens in
the steroid biosynthetic pathway. The second protein is a
ligand-activated intracellular transcriptional regulator, the
androgen receptor (AR), which belongs to the nuclear
receptor superfamily. Both proteins bind to androgenic
hormones such as testosterone and dihydrotestosterone to
execute their function. Androgens are sex hormones respon-
sible for expressing male characteristics in vertebrates.

Animal evolution is characterized by the development
of complex nervous and endocrine systems that allow the

organism to coordinate its reaction to the environment, to
regulate its development, and to maintain homeostasis. The
sea anemone Nematostella vectensis (phylum Cnidaria) is
the first basal metazoan animal with available genomic
sequences and endowed with a nervous system in the form
of a nerve net of ectodermal origin (Baguna and Garcia-
Fernandez 2003). However, very little is known about
endocrine-like bioregulation in cnidarians due to lack of
well-organized organs or systems. Several vertebrate hor-
mones including steroid hormones have been identified
in cnidarians (Tarrant 2005). Moreover, aromatase activity
has been demonstrated in coral tissue and found to be
temperature dependent as in reptiles (Twan et al. 2006). Be-
cause cnidarians have an extensive complement of meta-
zoan genetic tools, such as developmental genes (Baguna
and Garcia-Fernandez 2003), it is interesting to identify
the primitive genomic tools for biosynthesis of steroid hor-
mones or for their receptors in cnidarians. Moreover, the
presence of vertebrate-type steroid hormones such as testos-
terone, estradiol, progesterone in insects, crustaceans, mol-
lusks, echinoderms, annelids, and nematodes has raised
speculations about their vertebrate-like biological function
in these organisms (De Loof 2006; Motola et al. 2006;
Barbaglio et al. 2007; Durou and Mouneyrac 2007; Kohler
et al. 2007). To date, few orthologs of genes encoding en-
zymes and receptors involved in the vertebrate endocrine
system have been identified in invertebrates. The ever in-
creasing genomic databases of various invertebrates have
given us an opportunity to investigate orthologs encoding
vertebrate-like endocrine proteins in a basal organism like
the sea anemone and in highly divergent groups like insects
and nematodes. Moreover, protein components having
a shared functional constraint in the form of a common li-
gand in a complex endocrine system are likely to exhibit
parallel evolution in their phylogenetic history.

Thus, this study focuses on detection of parallel
evolution between AR and CYP19 by examining their
correlation in evolutionary distances in 37 vertebrate and
invertebrate species. We also correlate interspecies se-
quence similarity to the human protein sequences between
the two proteins. Similarly, a comparative profiling of the
AR and CYP19 phylogenetic trees will be made using
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topology and branch length information and correlations in
the pairwise matrices of patristic distance derived from the
two phylogenetic trees.

Materials and Methods

Parallel evolution among proteins under a selective
constraint is expected to exhibit similar phylogenetic trees
in terms of topologies and branch lengths along with high
correlation in their maximum likelihood (ML) distances.
The topologies and branch lengths of phylogenetic trees
were compared using K-tree score, Robinson–Foulds
(RF) distance, and patristic distance. Similarly, the mirror
tree approach was used to compute a linear correlation co-
efficient among two ML distance matrices having a com-
mon set of species after a correction for the background
speciation to establish the degree of functional association
between them (Kann et al. 2007).

Database Searches and Alignment

Complete genomic sequences and core nucleotides
available on Ensembl v. 49 and GenBank were searched
for proteins homologous to AR and CYP19A, respectively.
The accession numbers of all gene sequences from the 37
species included in this study are given in supplementary
table 1 (Supplementary Material online). The coding se-
quences of both characterized and putative orthologs of
AR and CYP19 were collected and translated into amino
acid sequences using BioEdit (http://www.mbio.ncsu.edu/
BioEdit/bioedit.html). Amino acid sequences were aligned
using the M-Coffee Web server (Moretti et al. 2007; http://
tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi).
The amino acid sequence alignments of AR and CYP19
are given in supplementary figures 5 and 6 (Supplemen-
tary Material online).

Phylogenetic Analysis

The orthologous relationship between all genes was
tested by most available methods of phylogenetics. The best
model for the AR and CYP19 protein sequences was
selected using ProtTest (Abascal et al. 2005). The Jones–
Taylor–Thornton (JTT) model (Jones et al. 1992) with
the rate heterogeneity among-site model was found to be
most suitable for both AR and CYP19 based on all available
frameworks.

Phylogenetic trees were constructed by the Neighbor-
Joining (NJ), maximum parsimony (MP), ML, and Bayesian
inference (BI) methods for each set of alignments. Sea anem-
one was treated as the outgroup for rooting the tree in all
phylogenies. NJ trees were constructed using the program
MEGA4 (Tamura et al. 2007) with the JTT model of amino
acid replacement. MP trees were constructed using PAUP*
4.0b10 (Swofford 2002). In all, 1,000 bootstrap replicates
were conducted, each composed of 100 random addi-
tions of taxa and a heuristic search using Tree Bisection-
Reconnection branch swapping. ML analyses were also
performed on these data sets, using the program PROML
module implemented in the PHYLIP package (Felsenstein
2004). MrBayes v.3.0b4 (Huelsenbeck and Ronquist
2001) was used for Bayesian Markov chain Monte Carlo
analysis over the JTT model, assuming a four-category
gamma among-site rate variation distribution, with
uniform priors over trees, branch lengths, and the
among-site rate variation alpha parameter. Three indepen-
dent analyses, each with four chains, were run for 106 gen-
erations and sampled every 1,000 generations. The first
250 samples from each run were discarded as burn-in
and all analyses converged on the same consensus tree.
The topologies of various trees were compared using
the one-sided Kishino-Hasegawa (KH) test and the
Shimodaira-Hasegawa (SH) test (Goldman et al. 2000)
as implemented in Tree-Puzzle version 5.2 (Schmidt et al.
2002). Topologies and relative branch lengths of phyloge-
netic trees were compared using Ktreedist (Soria-Carrasco
et al. 2007), for calculating the K-tree score and Robinson
and Foulds (1981) distance. The distribution of sitewise log-
likelihood values was computed using Tree-Puzzle. The
nonparametric Kolmogorov–Smirnov test (Gibbons and
Chakraborti 2003) was performed to test different distribu-
tions among different topologies using R (R Development
Core Team 2008). The images of phylogenetic trees were
created using TreeIllustrator (Trooskens et al. 2005) and
TREEVIEW (Page 1996).

Correlation Analysis

A distance matrix and similarity table of each align-
ment set by pairwise comparisons of the proportion of dif-
ferent amino acids per site was calculated as anML estimate
using the PROTDIST module implemented in the PHYLIP
package (Felsenstein 2004). The mirror tree (Pazos and
Valencia 2001; Kann et al. 2007) approachwith a correction
for the background speciation was used to estimate the
Pearson correlation coefficient between two ML distance
matrices. PATRISTICv1.0 (Fourment and Gibbs 2006)
was used to calculate patristic distances from NJ, MP,
ML, and BI trees and to calculate Pearson correlation
coefficients from distance matrices. Here, the patristic dis-
tance is the sum of lengths of the branches that link two
extant protein sequences in terms of their pathways of evo-
lutionary divergence. R language and environment were
implemented to generate scatter plots from ordered pairs
of ML and patristic distances (R Development Core Team
2008). All distance matrices are included as the supplemen-
tary data file (Supplementary Material online).

Table 1
Parameters Representing Metrics for Comparison of AR and
Aromatase (CYP19) Phylogenetic Trees

Parameters BI Tree ML Tree MP Tree NJ Tree

K-tree score 3.56 4.52 523.61 3.18
RF distance 28 36 38 50
D statistic 0.29 0.29
Pearson correlation

coefficient between
patristic distances 0.98a 0.97a 0.95a 0.95a

a Indicate P , 10�6.
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Results
Comparison of Tree Topologies

The ML topology (supplementary fig. 3, Supplemen-
tary Material online) is the best topology for both AR and

CYP19 proteins as supported by the one-sided KH test and

the SH test, followed by the BI tree (fig. 1) and the MP tree

(supplementary fig. 2, Supplementary Material online).
However, the NJ trees (supplementary fig. 4, Supplemen-
tary Material online) are excluded from the confidence in-
terval at the 5% significance level.

The phenomenon of parallel evolution between the
AR and CYP19 proteins can be revealed using both to-
pology comparison and distance-based approaches. The

FIG. 1.—Phylogenetic trees of AR sequences (A) and aromatase sequences (B) inferred by the BI. The numbers at the nodes represent the posterior
probability that the clade is supported. The unusual position of Caenorhabditis elegans is common in both trees.
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topology-based methods we used include the K-tree score
and the RF distance. The K-tree score takes into account
both topology and branch length information of a phyloge-
netic tree with global evolutionary rates (Soria-Carrasco
et al. 2007). In contrast, the RF metric measures the
symmetric difference in topology of a phylogenetic tree
(Robinson and Foulds 1981). The K-tree score between
AR and CYP19 is the best for the NJ tree, followed by
the BI, ML, and MP trees (table 1). On the other hand,
the RF distance is minimum for the BI tree but much larger
for the ML, MP, and NJ trees.

Among the AR trees, the BI tree is closely similar to
the ML tree in terms of the K-tree score (0.49) and the RF
distance (9) followed by similarity between the NJ–ML
trees (1.25; 30) and the NJ–BI trees (1.45; 25). However,
the MP tree has less similarity to the NJ tree (4.18; 36), the
BI tree (4.60; 23), and the ML tree (5.86; 28). Among the
CYP19 trees, the BI tree is very close to the ML tree (0.39;
13) followed by the NJ tree (1.44; 25) and the MP tree
(2.57; 25). The MP tree exhibits more difference in terms
of branch length and topology with the BI (2.57; 25), ML
(3.51; 28), and NJ trees (5.01; 44) for CYP19.

In the AR topology, the BI tree and the ML tree are
almost identical. It is well supported by the Kolmogorov–
Smirnov test statistic (D 5 0.0051; P 5 1) on the distribu-
tion of sitewise log-likelihood values between the BI and
ML trees. However, the MP tree has some minor differen-
ces such as the clustering of Ciona with Tribolium and the
clustering of hedgehog and shrew. Moreover, the NJ tree
shows an unusual topology for opossum, bush baby, and
cow. For CYP19, the ML tree has few alterations with re-
spect to the position of eel, medaka, guinea pig, and squirrel
in the BI tree. However, the distribution of sitewise log-
likelihood values between the ML and BI trees was closely
similar as supported by the two-sided nonparametric
Kolmogorov–Smirnov test statistic (D 5 0.0108, P 5 1).
The MP tree shows some unusual positions such as separate
branches for Tribolium, Aedes, and silkworm and the clus-
tering of sea urchin with Drosophila. The NJ tree is more
unusual with respect to the known phylogeny in the posi-
tions of cat, shrew, opossum, chicken, Xenopus, and fish.

Because the BI and ML trees have high statistical sup-
port and are close to the known phylogeny, we assume that
the two trees approximately reflect the true evolutionary
history of the AR and CYP19 proteins. The major topolog-
ical conflicts observed between the two protein BI trees are
the altered positions of sea urchin, insects, eel, and medaka
in different clades. The position of sea urchin in the AR tree
is more concordant with the known species tree than in the
CYP19 tree where sea urchin diverged before the insect–
chordate split. Aedes clusters with Tribolium in the
CYP19 tree instead of its dipteran relative, Drosophila.
The position of Caenorhabditis elegans, a nematode, in
both the AR and CYP19 trees is very interesting from
the parallel evolutionary point of view. Instead of clustering
with its close ecdysozoan relative insects, C. elegans forms
a parallel clade alone in AR and with Ciona in CYP19 in
close association with the vertebrate clade. This unusual po-
sition of C. elegans may be due to convergent evolution of
nematode and vertebrate AR and CYP19 proteins after the
divergence of the nematode–insect clade. Medaka AR clus-

tered with two species of puffer fish, Fugu, and Tetraodon
in concordance with the known phylogeny. However, me-
daka CYP19 formed a common separate clade with eel,
a species under a distant order Anguilliformes. Between
the ML trees of AR and CYP19, the observed differences
are similar to the BI trees of respective proteins.

Before concluding that the above observations support
parallel evolution between AR and CYP19, we compare the
variability in the topologies of the AR and CYP19 trees
with respect to random background ML trees, using the
nonparametric Kolmogorov–Smirnov test (Gibbons and
Chakraborti 2003). The background random trees were gen-
erated using TREEVIEW program (Page 1996) based on
ML analysis in PROML program under PHYLIP package
(Felsenstein 2004). Between the AR and CYP19 trees, the
test statistic D is significantly different for BI and ML trees
(table 1). However, the test statistics between AR and
CYP19 (0.29) are much lower than the average value
(D 5 0.425) among the background random trees. This
is well reflected in the topologies of the background random
trees, which are not only incongruent with each other
but also not concordant with the known species phylogeny
(data not shown). Therefore, more similar topologies be-
tween the AR and CYP19 trees in comparison with the
background random trees indicate parallel evolution
of AR and CYP19.

Comparison of Evolutionary Distances

We also study the associated evolution of the AR and
CYP19 genes in various animal genomes using distance-
based approaches. All pairs in terms of their ML genetic
distances in the 37 species are compared between the
AR and CYP19 proteins using the mirror tree approach.
We find a highly significant association (fig. 2; r 5 0.95;
P , 10�6) in the pairwise ML distances of the two protein
sequences. As a background control, we also study six

FIG. 2.—Scatter plot showing correlation (r 5 0.95) between the
ML distances of AR and aromatase (CYP19) protein sequences.
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functionally unrelated proteins, namely erythropoietin,
glucagon receptor, myoglobin, ferritin, glucokinase, and
amylase and find no significant correlation among their
ML distances (table 2). Second, we compare associations
between patristic distances of the two proteins in all 37 spe-
cies in the BI, ML, MP, and NJ trees. The BI tree shows the
strongest correlation between patristic distances followed
by the ML, MP, and NJ trees (fig. 3). The ML distance-
based approach indicates a highly significant association
between the evolution of the AR sequence and the evolu-
tion of the CYP19 sequence. In contrast, the control set of
proteins showed (nonsignificant) low correlations between
ML distances (table 2). In conclusion, rates of amino acid

substitutions in AR and CYP19 are highly correlated across
the metazoan phylogeny.

When the similarities between the AR and CYP19 pro-
tein sequences are compared in terms of similarity index
with their respective orthologous human proteins, there
is a high correlation (r 5 0.98; P , 2.2 � 10�16) in inter-
species variation of the AR and CYP19 protein sequences
(fig. 4). This high correlation in similarity of protein se-
quences supports our hypothesis on parallel evolution of
AR and CYP19.

Discussion

This work demonstrates for the first time a highly
significant parallel evolution between two proteins having
different structures and functions (supplementary figure 1,
Supplementary Material online). The parallel evolution be-
tween AR and CYP19 is well reflected in terms of high cor-
relation between their ML distances and interspecies
similarity to the human sequences and similar topology
of phylogenetic trees in both proteins. The common factor
posing functional constraints on AR and CYP19 is their
ligand, androgen. Therefore, this finding reinforces the no-
tion that functional constraint of a protein is the principal
evolutionary force in its evolution (Li 1997). We also infer

Table 2
Correlation between Background Random Proteins

Protein Pairs
Correlation

Coefficient (r) P Value

Erythropoietin–Glucagon 0.24 0.134
Myoglobin–Ferritin 0.31 0.076
Glucokinase–Ferritin 0.28 0.099
Amylase–Ferritin 0.29 0.091
Glucokinase–Myoglobin 0.18 0.208
Amylase–Myoglobin 0.30 0.078
Amylase–Glucokinase 0.28 0.099

FIG. 3.—Scatter plots of patristic distances between AR and aromatase. (A) Correlation between BI trees (r 5 0.98); (B) correlation between ML
trees (r 5 0.97); (C) correlation between MP trees (r 5 0.95); and (D) correlation between NJ trees (r 5 0.95).
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that genomic toolkits required for steroid biosynthesis and
action were present in a basal metazoan, cnidarians. The
close similarity in vertebrate proteins and sea anemone pro-
teins suggests a very ancient origin of their endocrine func-
tions at the base of metazoan evolution. This suggests that
the origin and evolution of the vertebrate-like endocrine
system started early in the animal kingdom. Possibly, the
endocrine system started its evolutionary journey along
with the nervous system in the last common ancestor of
bilaterians and cnidarians.

This finding of vertebrate-like endocrine components
in invertebrates has given a new impetus to Bogart’s hy-
pothesis that gonadal sex in all animals is determined by
the local gonadal ratio of androgens to estrogens (Bogart
1987). This ratio in turn induces different gene transcription
pathways for sex differentiation in animals. This ratio is
controlled by the activity of aromatase (CYP19), which
converts androgen testosterone to estrogen. The presence
of a temperature-dependent activity (Twan et al. 2003) in
the aromatase of sea anemone suggests the presence of en-
vironmental sex determination in this basal metazoan, such
as that which exists in the reptiles. Therefore, it seems that
endocrine regulation of gonadal sex determination is a ubiq-
uitous phenomenon in the animal kingdom, contrary to the
view that it is only valid in vertebrates.

The parallel evolution of AR and CYP19 from sea
anemone to human is the manifestation of an intimate evo-
lutionary connection between them. It also indicates that
natural selection has resulted in an ordered acquisition of
genes and the progressive buildup of molecular mecha-
nisms that increase coordination among various compo-
nents of the endocrine system in the animal kingdom.
This study is the beginning of an analysis of parallel evo-
lution among functionally related proteins in the endocrine
system. It is expected that many novel parallel evolutionary
trends among various proteins in different physiological
systems will be unveiled in the near future.

Supplementary Material

Supplementary data file, figures 1– 6, and table 1 are
available atMolecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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