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A gene phylogeny provides the natural historical order to classify genes and to understand their func-
tional, structural, and genomic diversity. The gene family of endothelin receptors (EDNR) is responsible
for many key physiological and developmental processes of tetrapods and teleosts. This study provides
a well-defined gene phylogeny for the EDNR family, which is used to classify its members and to assess
their evolution. The EDNR phylogeny supports the recognition of the EDNRA, EDNRB, and EDNRC subfam-
ilies, as well as more lineage-specific duplicates of teleosts and the African clawed frog. The duplications
for these nominal genes are related to the various whole-genome amplifications of vertebrates, jawed
vertebrates, fishes, and frog. The EDNR phylogeny also identifies several gene losses, including that of
EDNRC from placental and marsupial (therian) mammals. When coupled with structural and biochemical
information, site-specific analyses of evolutionary rate shifts reveal two distinct patterns of potential
functional changes at the sequence level between therian versus non-therian EDNRA and EDNRB (i.e.,
between groups without and with EDNRC). An analysis of linkage maps and tetrapod synteny further sug-
gests that the loss of therian EDNRC may be related to a chromosomal deletion in its common ancestor.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Phylogenies track the interrelationships among descendants
and ancestors and thereby the transmission of heritable traits
across evolutionary lineages and time (Cracraft and Donoghue,
2004; Judd et al., 2008). Thus, as for a human pedigree or geneal-
ogy, phylogenies offer the natural historical framework for the def-
inition, classification, and naming of groups and for the fuller
understanding of the origins, context, and meaning of their herita-
ble diversity. This central importance of phylogenies is as relevant
to the study of genes and proteins as to a comparison of organismal
groups (Thornton and DeSalle, 2000; Holland and Takahashi,
2005). Thus, a gene phylogeny or tree provides the proper setting
for the taxonomic, functional, and genomic studies of a gene or
protein family.

Endothelins (EDN) are small peptide paracrines and autocrines
of tetrapods and teleosts, which are involved in many diverse
physiological and developmental processes. These functions in-
clude the regulation of vascular tone (Yanagisawa et al., 1988a,b;
La and Reid, 1995), alteration of ion transport (Zeidel et al., 1989;
Garvin and Sanders, 1991; Prasanna et al., 2001; Evans et al.,
2004), and migration of neural crest cells during craniofacial devel-
opment (Kurihara et al., 1994; Clouthier and Schilling, 2004). The
ll rights reserved.
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majority of current EDN research remains focused on biomedicine
and mammalian model species, because numerous human pathol-
ogies have been linked to problems with EDN signaling (Kirby
et al., 2008), including hypertension, atherosclerosis (Shreenivas
and Oparil, 2007), congestive heart failure (Angerio, 2005), and glo-
merulonephritis (Richter, 2006).

Specifically, EDN operate through a signaling cascade that is ini-
tiated by a family of G-protein-coupled receptors for these secreted
peptides (Hosoda et al., 1992; Arai et al., 1993). Traditionally, re-
search on these membrane-bound, EDN receptors (EDNR) has fo-
cused on the EDNRA and EDNRB1 proteins that are encoded by
two, unlinked, duplicate (paralogous) genes in humans and other
known tetrapods and teleosts (Stenslokken et al., 2006; Scarparo
et al., 2007). Since then, a number of additional EDNR genes has
been reported and subsequently related to EDNRA, EDNRB1, and
each other according to their overall sequence similarities and
pharmacological properties (Karne et al., 1993; Kumar et al.,
1994; Lecoin et al., 1998). However, this reliance on simple similar-
ity measures and pharmacological features, rather than on a de-
tailed gene phylogeny, has resulted in a confusing array of
different gene designations and characterizations with limited
explanatory and predictive power about the evolution, function,
and structure of the EDNR family.

This study provides a well defined phylogeny for the EDNR fam-
ily, which documents its history of gene duplications and losses.
The gene duplications form the foundation for a revised taxonomy
of its members, including the recognition of the EDNRA, EDNRB,
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and EDNRC subfamilies. The gene losses include the absence of
EDNRC among placental and marsupial (therian) mammals, which
remains of interest because of the known functional differences be-
tween therian versus non-therian EDNRA and EDNRB. In light of
this interest, a series of site-specific analyses of evolutionary rate
shifts is coupled with structural and biochemical information to
test for potential functional changes at the sequence level between
therian versus non-therian EDNRA and EDNRB (i.e., between
groups without and with EDNRC). A comparison of linkage maps
and tetrapod synteny is then combined with MEGABLAST searches
to assess the potential role of chromosomal rearrangements in the
loss of therian EDNRC.

2. Materials and methods

2.1. Nomenclature

Except where otherwise noted, the names and symbols of the
EDNR family refer to those recommended by this study, as devel-
oped from its gene phylogeny. More generally, the names and sym-
bols of this study also follow the guidelines of the HUGO Gene
Nomenclature Committee (Wain et al., 2002). Thus, gene symbols
are italicized, whereas gene names and protein symbols and names
are not. Furthermore, ‘‘L,” ‘‘P,” and ‘‘U” are included as suffixes of
the gene or protein symbols to designate distant (‘‘like”) relatives
of an extended phylogenetic group, pseudogenes, and known but
unidentified gene loci, respectively.

2.2. Datasets and multiple sequence alignment

EDNR were retrieved from the protein, genomic, and nucleotide
databases of GenBank (release 164, February, 2008) and Ensembl
(e! 44, April, 2007) by BLAST searches (Hubbard et al., 2007; Spud-
ich et al., 2007; Wheeler et al., 2007). Seven EDNR from human,
platypus, chicken, and killifish served as the query sequences in
these BLAST retrievals (Table S1, available as Supporting Materials
online). The killifish EDNR represent new sequences that were
determined by this study (Appendix A). The initial EDNR from
the BLAST searches were refined such that multiple alleles for a
species were restricted to their single curatorial RefSeq sequence
and alternative splice variants for a gene were limited to their lon-
gest transcript. Furthermore, EDNR for the more thoroughly sam-
pled placental mammals were restricted to those of species with
both complete EDNRA and EDNRB. These refinements resulted in
a more taxonomically balanced EDNR sample that allowed for
more thorough phylogenetic and evolutionary analyses.

A multiple sequence alignment was generated for the final
EDNR set with Clustal X, version 2.0 (Larkin et al., 2007). This align-
ment was manually edited to move a few short gaps from inside to
outside of the seven transmembrane domains (TMD) and other
known structural regions of EDNR (Pollock and Highsmith, 1998).
As the first 275 and last 58 positions of the final edited alignment
included many gaps, we analyzed our aligned EDNR both with and
without the inclusion of these gapped terminal regions (Swofford
et al., 1996). However, as these two approaches supported the
same conclusions, only those results for the full alignment are re-
ported below.
2.3. Phylogenetic analysis

The EDNR alignment was analyzed with both maximum likeli-
hood (ML) and Bayesian phylogenetics (BP) approaches. The evolu-
tionary model for these analyses included the empirical rate matrix
for amino acid replacements of Whelan and Goldman (2001). Their
WAG matrix was adopted, because of its use of ML and a larger
protein database to estimate the replacement rates. A series of like-
lihood ratio tests (LRT) was then conducted to verify that a gamma
distribution for rate heterogeneity among sites (C) was also appro-
priate, whereas an invariable sites parameter was not (Huelsen-
beck and Rannala, 1997). Thus, the final model for the ML and BP
analyses consisted of WAG + C, with eight rate categories for the
gamma distribution (Yang, 1996).

The ML (WAG + C) analysis of the EDNR alignment was per-
formed with PHYML, version 2.4.4 (Guindon and Gascuel, 2003).
This analysis was initiated from a BIONJ tree and group support
for its final optimal solution was evaluated with nonparametric
bootstrapping (1000 pseudoreplicates). The BP (WAG + C) analysis
of EDNR was conducted with MrBayes, version 3.1 (Ronquist and
Huelsenbeck, 2003). This analysis relied on Metropolis-coupled
Markov chain Monte Carlo sampling with one cold chain and three
heated chains that were run for 20 million generations. After a
burn-in of 2 million steps, samples were taken every 500 genera-
tions, with the final set of sampled phylogenies (36,000) summa-
rized as an extended majority-rule consensus tree. Group support
for this solution was assessed with its bipartition posterior proba-
bilities. This BP analysis was independently replicated three times
to ensure the convergence of the final results.

A previous phylogenetic study suggested that the G-protein-
coupled receptor 37 (GPCR37) and G-protein-coupled receptor
37-like 1 (GPCR37L1) proteins comprise the closest outgroup to
the EDNR family (Fredriksson et al., 2003). Thus, a set of proteins
for them was compiled, refined, aligned, and phylogenetically ana-
lyzed with ML as described for EDNR, except for the use of human
GPCR37 and GPCR37L1 as the query sequences in the database ret-
rievals. The final ML solution for the outgroup was then separately
added to the different stem lineages of the three EDNR subfamilies
according to the two-step Lundberg (1972) method. In this way,
we first established the robustness of the major EDNR groups with-
out interference from the highly diverged outgroup.

2.4. Site-specific evolutionary rate and statistical analyses

A series of LRT for evolutionary rate shift and conserved posi-
tions was performed to test for potential functional divergence at
the sequence level between therian versus non-therian EDNRA
and EDNRB. These tests were conducted with the Rate Shift Analy-
sis server for type I, type II, and conserved positions (Knudsen and
Miyamoto, 2001; Knudsen et al., 2003). A type I position is one
whose site-specific evolutionary rate differs between two groups
(Gu, 1999, 2001). The most obvious example of a type I site is a
homologous position that is fixed for a specific amino acid in the-
rians but is highly variable in non-therians (or vice versa). A type II
position is one whose site-specific evolutionary rate is accelerated
along the basal internode that interconnects the two most recent
common ancestors of the two groups. The most obvious example
of a type II position is one that is fixed for radically different amino
acids between therians and non-therians. In contrast, a conserved
position is one with a constant site-specific rate between the two
groups, which is significantly slower than the average for the entire
protein.

The rule of functional constraint in molecular evolution states
that functionally important sites are under strong purifying selec-
tion and thereby evolve slowly (Kimura, 1983; Li, 1997). Thus,
according to this rule, a type I position can be interpreted as of
greater functional importance in the protein group with the slower
site-specific rate (Knudsen and Miyamoto, 2001; Knudsen et al.,
2003). In contrast, a type II position can be interpreted as one with
equal functional significance in the two groups (Gu, 1999, 2001,
2006). A type II position then contributes to the functional differ-
ences between groups via the physicochemical properties that dis-
tinguish their specific amino acids. In these ways, type I and II
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positions point to those sites that are most likely responsible for
the functional differences between protein groups (Gaucher
et al., 2002).

In the LRT of site-specific evolutionary rates, the aligned EDNRA
and EDNRB for all species were separately removed from their full
multiple sequence alignment and then individually analyzed with
the WAG + C model of the Rate Shift Analysis server (Knudsen
et al., 2003). The phylogenies for these LRT consisted of the sepa-
rate EDNRA and EDNRB subtrees, as reproduced from the full ML
phylogeny for all EDNR. These EDNRA and EDNRB subtrees were
rerooted such that their therian and non-therian groups were
now both monophyletic. Such rerooting is allowed, given the time
reversibility of the WAG + C model (Felsenstein, 2004).

The potential functional importance of the identified rate shift
and conserved sites was assessed against the known positions of
EDNRA and EDNRB for EDN binding. The EDN family consists of
the EDN1, EDN2, and EDN3 duplicates of tetrapods and teleosts
(Inoue et al., 1989; Hyndman and Evans, 2007). EDNRA selectively
binds to EDN1 (Arai et al., 1993), whereas EDNRB binds equally
well to all three EDN (Hosoda et al., 1992). Correspondingly, EDN-
RA and EDNRB rely on different structures and residues to interact
with their endogenous ligands (Adachi et al., 1993; Breu et al.,
1995; Wada et al., 1995). EDNRA relies on 26 contiguous positions
of its extracellular N-terminal head (its EDN1 binding domain) and
on five additional ones of its TMD I–III and V for its EDN1 interac-
tions. In contrast, EDNRB depends on 60 contiguous positions of its
first extracellular loop and adjacent TMD II and III for its EDN bind-
ing. These 31 and 60 functionally important sites of EDNRA and
EDNRB were determined with site directed mutagenesis, EDN
binding assays, and other such laboratory experiments.

The potential functional importance of the type I and type I and
II (I/II) positions was also assessed against whether therians or
non-therians were the more slowly evolving group for these rate
shift sites. A type I/II position is a site with different evolutionary
rates in the two groups, as well as one with an accelerated rate
along the basal branch that interconnects their two most recent
common ancestors (Knudsen et al., 2003).

The LRT approach of Knudsen and Miyamoto (2001) and Knud-
sen et al. (2003) was chosen instead of other methods for this study
(e.g., Gu and Vander Velden, 2002) on the basis of its successes in
both evolutionary simulations and with real empirical datasets
(e.g., Knudsen and Farid, 2004; Blouin et al., 2005; Godard et al.,
2005; da Fonseca et al., 2006; Franchini and Elgoyhen, 2006; Gold-
stone et al., 2007). In particular, the simulations by Blouin et al.
(2005) document that this LRT approach is excellent at recovering
the true rate shift sites within a dataset. Furthermore, this power is
achieved without an excessive inflation in the frequency of type I
errors (i.e., the false positive rate remains less than 9% according
to their simulations).

2.5. Chromosomal analyses

To assess the potential role of chromosomal rearrangements in
the loss of therian EDNRC, linkage maps for the trimethyllysine
hydroxylase, epsilon (TMHLE) and synaptobrevin-like 1 (SYBL1) loci
of vertebrates were compiled from the April, 2008 builds of Entrez
Gene (Maglott et al., 2005) and then compared for their patterns of
synteny. These loci were targeted, since they belong to a single
linkage group that includes EDNRC in non-therian tetrapods (see
below). This single linkage group of non-therian tetrapods shares
considerable synteny with those of therians, but not with those
of teleosts. Thus, our analyses of the TMHLE and SYBL1 regions
were limited to tetrapods. As a part of these comparisons, a series
of BLAST searches of the protein, genomic, and nucleotide dat-
abases in GenBank (version 164) was conducted with the inferred
polypeptides of the unidentified ‘‘LOC” loci of the tetrapod linkage
groups as the query sequences. These BLAST searches resulted in
the identification of five previously unnamed loci.

As a follow-up to these linkage map comparisons, the nucleo-
tide and genomic databases in GenBank (version 164) were
searched for therian EDNRC genes and pseudogenes with discontig-
uous MEGABLAST. The seven exons of platypus EDNRC (Ensembl
accession number ENSOANP00000013874) were used as the query
sequences in these searches. Discontiguous MEGABLAST is de-
signed to find more distantly related sequences within the dat-
abases (National Center for Biotechnology Information, 2002) and
the platypus belongs to the monotreme sister group of therians
(Warren et al., 2008). The power of these MEGABLAST searches
was enhanced by allowing for mismatches to occur at the rapidly
evolving, third codon positions of the platypus queries with the
database sequences (Ma et al., 2002).
3. Results

3.1. Gene phylogeny

The ML and BP phylogenies for the EDNR alignment are identi-
cal in their branching patterns, except for three rearrangements of
weakly supported species groups within two of the major dupli-
cate EDNR clusters (Fig. 1 and Fig. S1 Supporting Materials online).
Otherwise, these two solutions converge onto the same gene phy-
logeny that consists of three major groups of duplicate EDNR and a
traditional higher-level arrangement for each of (((((placental
mammals, marsupial), monotreme), birds), frogs) teleost fishes).
The three major EDNR groups are well defined by ML bootstrap
scores and BP posterior probabilities of P99%. They are the prod-
ucts of two older gene duplications and are hereafter referred to
as the EDNRA, EDNRB, and EDNRC subfamilies.

The ML and BP gene phylogeny reconfirms that therians are
missing EDNRC (Fig. 1). Thus, this phylogeny reinforces the initial
BLAST searches of the GenBank and Ensembl databases with platy-
pus, chicken, and killifish EDNRC, which found no therian EDNRC.
These searches were successful in their recovery of non-therian
EDNRC and of therian EDNRA and EDNRB. However, even searches
of the primate, rodent, and opossum genome databases failed to
recover EDNRC from therians.

The gene phylogeny also supports two additional duplications
of EDNRA and EDNRB among teleosts and EDNRA and EDNRC with-
in African clawed frog (Fig. 1). The placement of the EDNRA and
EDNRB duplications within the teleost common ancestor is well
defined by bootstrap scores and posterior probabilities of 90–
100%. The assignment of the EDNRA and EDNRC duplications to
the African clawed frog is also strongly supported by values of
96–100%, except for the weak bootstrap score of only 60% for its
EDNRA amplification.

Locating the root for a phylogeny is often the most difficult part
of a phylogenetic investigation, because of the greater divergence
between a study group and its outgroup (Swofford et al., 1996;
Shavit et al., 2007). EDNRA, EDNRB, and EDNRC of the study group
share amino acid identities of 48–76% with each other, but only
16–25% with their GPCR37 and GPCR37L1 outgroup. In recognition
of this greater divergence, we separately added the ML subtree for
the outgroup to the stem lineages of the three EDNR subfamilies
and then recalculated the log likelihood of the EDNR phylogeny
(Fig. 1). Unfortunately, little resolution about the location of the
root is provided by this Lundberg (1972) rooting method, as indi-
cated by the similar log likelihoods for these alternative place-
ments. Thus, even though the three EDNR subfamilies are well
defined, their exact order of gene duplications remains uncertain
due to the extensive divergence with their closest known
outgroup.
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Fig. 1. EDNR gene phylogeny, as obtained from the ML (WAG + C) analysis. A directory of GenBank and Ensembl accession numbers is provided for these proteins in Table S1
(available as Supporting Materials online), along with the scientific names of their species. This ML phylogeny has the same branching pattern as that of the extended,
majority-rule, consensus, BP tree for EDNR, except for three weakly supported groups that are demarcated with hyphens after the slashes along their stem branches. For all
other groups (i.e., those recovered by both approaches), the numbers before and after these slashes correspond to their ML bootstrap scores and BP posterior probabilities.
Diamonds refer to ancestral gene duplications within the EDNR subfamilies, whereas branch lengths are drawn proportional to their expected numbers of replacements per
site. The dotted branches and question marks highlight the absence of therian EDNRC. Arrows refer to the log likelihood scores of this phylogeny after the separate addition of
the GPCR37 and GPCR37L1 outgroup to the stem lineages of the three EDNR subfamilies. In light of the similar log likelihoods for these alternative rootings, the base of this
EDNR gene phylogeny is left as an unresolved trichotomy among its three well-supported subfamilies.
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3.2. Site-specific evolutionary rate and statistical results

A total of 21 type I, 14 type II, and 119 conserved positions are
recovered in the LRT of therian versus non-therian EDNRA. Of the
21 type I positions, therians are more slowly evolving at 10 of these
sites, whereas the same is true of non-therians at the other 11. In
turn, a total of 40 type I, 26 type II, four type I/II, and 236 conserved
positions are recovered in the LRT of therian versus non-therian
EDNRB. Of the 40 type I sites, therians are more slowly evolving
at 35 of these positions, whereas the same is true of non-therians
at the other five. Of the four type I/II positions, therians are the
more highly conserved group at three of these sites, whereas the
same applies to non-therians at the remaining position.

The expected number of false positives for type I positions of
EDNRA is calculated as 21.2; i.e., the length of this protein (425
sites) multiplied by the nominal significance level of a = 0.05. This
estimate of 21.2 is also the expected number of false positives for
type II positions of EDNRA. In turn, the expected false positive rate
for either the type I or type II positions of EDNRB is 31.0 (620 sites �
0.05). The expected number of false positives for type I/II sites can-
not be directly calculated as the product of EDNRB length times
0.05 (Knudsen et al., 2003). However, this number is expected to
be few according to the evolutionary simulations of these authors.

The observed numbers of type I and type II positions for EDNRA
(21 and 14) and of type II sites for EDNRB (26) are less than their
expected counts of 21.2 and 31.0, respectively. Nevertheless, the
biological importance of these rate shift positions is validated by
their nonrandom distributions among the known functionally
important sites of EDNRA and EDNRB for EDN binding and between
therians versus non-therians as the more highly conserved group
(Table 1 and Fig. 2). Such nonrandom distributions are unlikely
to arise, if the rate shift sites of EDNRA and EDNRB are primarily
due to the type I errors.

The nonrandom distributions of the rate shift and conserved
sites for EDNRA and EDNRB follow two different patterns. The type
Table 1
Results from the evolutionary rate shift and statistical analyses of therian versus non-
therian EDNRA and EDNRB.

A EDNRA Type I and/or II sites Non-rate shift sites Total sites

EDN1 binding sites 6 (2.6) 25 (28.4) 31
Other EDNRA sites 29 (32.4) 365 (361.6) 394
Total sites 35 390 425

B EDNRB Type I and/or II sites Non-rate shift sites Total sites

EDN binding sites 1 (6.8) 59 (53.2) 60
Other EDNRB sites 69 (63.2) 491 (496.8) 560
Total sites 70 550 620

C EDNRB Conserved sites Non-conserved sites Total sites

EDN binding sites 50 (22.8) 10 (37.2) 60
Other EDNRB sites 186 (213.2) 374 (346.8) 560
Total sites 236 384 620

D EDNRB Type I and I/II sites

Therians slower 38 (22)
Non-therians slower 6 (22)
Total sites 44

EDN binding positions include those sites of EDNRA and EDNRB, which have been
shown experimentally to be important in their EDN interactions (see text). (A)
Overrepresentation of type I and type II sites among the EDN1 binding positions of
EDNRA (Fisher’s exact test of independence, P = 0.032). (B) Under-representation of
type I and/or II positions among the EDN binding sites of EDNRB (G-test of inde-
pendence, P = 0.003). (C) Enrichment of conserved sites among the EDN binding
positions of EDNRB (G-test of independence, P << 0.001). (D) Overrepresentation of
therians as the more conserved group among the type I and type I/II positions of
EDNRB (G-test of goodness-of-fit, P << 0.001). Expected counts (in parentheses) are
calculated for Table 1A, 1B, and 1C from their marginal totals, whereas those for
Table 1D are based on an equal 1:1 ratio.
I and type II positions of EDNRA are overrepresented among its
known functionally important sites for EDN1 binding (Table 1A
and Fig. 2A). In contrast, the rate shift positions of EDNRB are
underrepresented by only a single type I site among its known
EDN binding residues (Table 1B and Fig. 2B). Instead, the EDN bind-
ing positions of EDNRB are enriched for conserved sites that com-
prise nearly 85% of these residues (Table 1C). Furthermore, therians
are the more slowly evolving group at 38 of the 44 type I and type
I/II positions for EDNRB (Table 1D). Collectively, these different dis-
tributions of rate shift and conserved sites point to two separate
patterns of functional divergence between therian versus non-the-
rian EDNRA and EDNRB.
3.3. Chromosomal results

The TMLHE and SYBL1 loci belong to a single linkage group in all
included tetrapods, except in rat (Fig. 3). EDNRC lies within this
syntenic block just upstream of RNA-polymerase 1, 16 kDA in all
non-therian tetrapods. In contrast, EDNRC is missing from the
TMLHE and SYBL1 regions of all therians, including rat. In all theri-
ans except rat, the single TMLHE-to-SYBL1 group is found on the X
chromosome. In rat, these two regions are divided between its
autosomes 12 and 20.

No therian EDNRC gene or pseudogene is retrieved in the dis-
contiguous MEGABLAST searches of the nucleotide and genomic
databases with the seven protein-coding exons of platypus EDNRC
as the query sequences. In contrast, EDNRA and EDNRB are consis-
tently recovered from therians in these searches, along with EDN-
RA, EDNRB, and EDNRC from non-therian tetrapods and teleosts.
Thus, these discontiguous MEGABLAST searches are consistent
with the linkage map comparisons in their support for a missing
EDNRC gene as well as EDNRC protein in therians.

4. Discussion

4.1. Gene taxonomy, duplications, and losses

The ML and BP gene phylogeny supports the recognition of
three ancient EDNR subfamilies that are well defined by bootstrap
scores and posterior probabilities of P99% (Fig. 1). The EDNRA sub-
family directly corresponds in name and group membership to its
previous references (Arai et al., 1990). Similarly, the EDNRB sub-
family involves only a minor nominal change from its earlier
EDNRB1 designation. In contrast, the EDNRC subfamily represents
major changes in both name and group membership (Lecoin et al.,
1998). This duplicate gene was initially referred to as ‘‘bird EDNR,”
because it was first isolated and characterized from the chicken
and quail. This designation became more widely used after further
studies failed to identify a related therian sequence (Pla et al.,
2005; Scarparo et al., 2007). Today, it is known as ‘‘bird EDNRB2”
in recognition of its greater sequence identity and pharmacological
similarities with placental mammal EDNRB (Miwa et al., 2006,
2007).

However, biological similarity is often not a reliable indicator of
historical relationships due to the prevalence of parallel and back
changes and unequal evolutionary rates among lineages (Swofford
et al., 1996; Felsenstein, 2004). By relying on full model-based ap-
proaches that account for these complicating factors, the ML and
BP gene phylogeny offers the appropriate historical foundation to
verify that ‘‘bird EDNRB2” is actually a shared duplicate of tetra-
pods and teleosts, which has been secondarily lost by therians.
Thus, this gene is as phylogenetically ancient, widespread, and dis-
tinct as are EDNRA and EDNRB. Like them, it thereby warrants its
own specific designation as EDNRC, as was first used by Karne
et al. (1993).
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Fig. 2. Amino acid sequences of human EDNRA (A) and EDNRB (B), as drawn according to their extracellular and intracellular regions and seven TMD. The distribution of type
I and/or II sites and conserved positions is presented relative to these structural features and their functionally important domains and residues for EDN binding. The GenBank
accession numbers for these EDNR are given in parentheses.
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As for its EDN family of ligands (Hyndman and Evans, 2007), the
EDNR family of receptors has only been recovered so far from rep-
resentatives of tetrapods and teleosts. Thus, the two gene duplica-
tions that underlie the three EDNR subfamilies may have occurred
as recently as within the common ancestor of these two groups. In
contrast, the genomes of lower vertebrates (i.e., sharks, lampreys,
hagfishes, and their relatives) have not been nearly as well studied
as those of tetrapods, teleosts, and non-vertebrate chordates (e.g.,
sea squirt and amphioxus) (Dehal et al., 2002; Volff, 2006; Putnam
et al., 2008). Thus, EDNRA, EDNRB, and EDNRC may be more widely
distributed phylogenetically than currently known and their gene
duplications may therefore be considerably older than the tetra-
pod/teleost common ancestor. Indeed, the three EDNR subfamilies
may be the products of the two rounds of whole genome duplica-
tions, which have been proposed for the common ancestors of ver-
tebrates and jawed vertebrates (Dehal and Boore, 2005; Kasahara,
2007; Lynch, 2007; Putnam et al., 2008). If so, then these whole
genome duplications were followed by the subsequent loss of
one of the four original duplicates, thereby resulting in the three
EDNR subfamilies that are currently known only for tetrapods
and teleosts.

The ML and BP gene phylogeny also allows for the renaming of
the additional duplicate genes of African clawed frog and teleosts
according to their evolutionary histories (Fig. 1). The two EDNRA
and two EDNRC of African clawed frog are now designated as EDN-
RA1/EDNRA2 and EDNRC1/EDNRC2, respectively. Similarly, the
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two EDNRA and two EDNRB of teleosts are now referred to as EDN-
RA3/EDNRA4 and EDNRB1/EDNRB2. The use of these different des-
ignations with their Arabic numeral suffixes is necessary to
distinguish each pair of lineage-specific duplicates from the other
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members of their subfamilies. These designations are particularly
critical for distinguishing among the unrelated EDNRA duplicates
of African clawed frog versus teleosts.

As suggested for the three EDNR subfamilies, these additional
gene duplications may be part of the more recent whole-genome
amplifications that have been supported for African (but not wes-
tern) clawed frog (Evans, 2008) and the teleost common ancestor
(Hoegg et al., 2004; Jaillon et al., 2004; Volff, 2005). If so, then
the absence of EDNRB within the known genome of African clawed
frog is ascribable to the loss of its ancestral EDNRB prior to its
whole genome duplication. Similarly, the lack of a second EDNRC
among the known genomes of zebrafish, medaka, and pufferfishes
is attributable to the loss in the teleost common ancestor of one of
its two duplicate EDNRC. This loss was followed by a second, more
recent one in the zebrafish, which resulted in the complete absence
of EDNRC in its known genome. A similar loss is also most likely
responsible for the missing zebrafish EDNRA4.

4.2. Potential functional changes at the sequence level

The most common evolutionary fate for a duplicate gene is gene
loss (Lynch and Conery, 2000; Walsh, 2003; Lynch, 2007). This typ-
ical fate is the result of the greater frequency of deleterious muta-
tions and relaxed purifying selection due to the co-occurrence of
alternative genes for the same or similar functions. Such losses
have occurred several times within the EDNR family, as docu-
mented above for therians, African clawed frog, and teleosts
(Fig. 1). Nevertheless, the loss of therian EDNRC remains of special
interest, because of the known functional differences of EDNRA and
EDNRB among model species of groups with and without EDNRC
(e.g., birds and therians) (Pla and Larue, 2003). For example, EDNRA
is first expressed in neural crest cells at an earlier developmental
stage in mouse than in quail (Kempf et al., 1998; Nataf et al.,
1998). In turn, EDNRB mediates the dorsolateral migration of neu-
ral crest cells in mouse (Pla and Larue, 2003), whereas EDNRC ful-
fills this role in chicken and quail (Lecoin et al., 1998). This latter
difference between mice and birds exists, despite the overlapping
co-expression of EDNRB and EDNRC in the neural crest cells of
quail (Pla et al., 2005).

The LRT and statistical analyses of EDNRA provide evidence of
functional divergence between therian and non-therian EDNRA
due to changes in their EDN1 binding (Table 1 and Fig. 2). This
implication of EDN1 binding as central to these biological differ-
ences is not too surprising, given that the functions of all EDNR
are dependent on their interactions with their EDN (Arai et al.,
1990; Sakurai et al., 1990; Schneider et al., 2007). In light of this
fact, of greater significance is that the six recovered type I and type
II positions from the larger set of EDN1 binding sites comprise a
collection of specific targets for future functional experiments of
therian versus non-therian EDNRA (Golding and Dean, 1998; Gau-
cher et al., 2002; Dean and Thornton, 2007). These future experi-
ments will rely on site directed mutagenesis, EDN binding assays,
yeast 2-hybrid systems, and other such laboratory approaches to
more directly test the biological roles of these recovered rate shift
sites.

In contrast, the LRT and statistical analyses of EDNRB provide
evidence of functional divergence between therian and non-theri-
an EDNRB, which is not related to EDN binding (Table 1 and Fig. 2).
Unlike EDNRA, EDN binding is highly conserved between therian
and non-therian EDNRB. Thus, the biological differences between
therian and non-therian EDNRB are more likely due to changes in
their interactions with their other cell-signaling partners
(Clouthier and Schilling, 2004). Furthermore, therian EDNRB is
under stronger functional constraints for these other interactions.
As for EDNRA, the recovered type I and I/II positions for EDNRB
provide a set of specific candidates for future functional experi-
ments of the biological differences between therian versus non-
therian EDNRB.

4.3. Potential loss of therian EDNRC by chromosomal deletion

In humans, the TMLHE-to-SYBL1 linkage group lies just up-
stream of and within the pseudoautosomal region 2 (PAR2) at
the end of the long arm of the X chromosome (Blaschke and Rap-
pold, 2006). Similar to human PAR1 at the tip of the short arm of
the X chromosome, this syntenic block has undergone numerous
chromosomal rearrangements among both closely and distantly
related mammalian groups, as well as other tetrapods (D’Esposito
et al., 1997; Graves et al., 1998; Charchar et al., 2003; Waters
et al., 2005). In particular, these rearrangements include the fol-
lowing, more recent, chromosomal mutations that have occurred
over shorter periods of evolutionary time: (1) the loss of >70% of
the intervening segment between TMHLE and SYLB1 in the single
linkage group of mouse, (2) the translocation of the TMHLE and
SYBL1 regions to two different autosomes in rat, and (3) the dupli-
cation of PAR2 onto the end of the long arm of the Y chromosome
by XY recombination in human (Fig. 3). These chromosomal
changes are most likely driven by the greater tendency of the un-
paired ends of sex chromosomes and/or rearranged autosomes to
interact non-homologously during meiosis (Charchar et al., 2003).

In light of these trends, we hypothesize that the loss of therian
EDNRC is due to a chromosomal deletion of its gene within the the-
rian common ancestor. Unfortunately, this hypothesis remains dif-
ficult to test, because of the uncertainties with searching for a
putative, ancestral, EDNRC pseudogene within the therian genome.
After >140 million years of rapid divergent evolution, an ancestral
therian pseudogene is expected to show <45% nucleotide identity
with the functional ortholog of platypus and other monotremes.
This calculation assumes: (1) that the ancestral therian pseudo-
gene was non-functionalized 140 million years ago (i.e., just prior
to the split of eutherians and marsupials), (2) that therians and
monotremes diverged 190 million years ago, (3) that the therian
pseudogene is evolving under the Jukes/Cantor model at the aver-
age pseudogene rate of 3.87 � 10�9 substitutions per site per year,
and (4) that the functional copy is changing 55% slower under the
Jukes/Cantor model than the pseudogene (Li, 1997; Donoghue and
Benton, 2007). Under these conditions, an ancestral therian pseu-
dogene is expected to show limited sequence similarity to its other
family members, thereby making its identification and recovery
problematic.

5. Conclusions

This study combines a well supported phylogeny for the EDNR
family with well established knowledge from molecular evolution
(e.g., the rule of functional constraint and the frequent loss of
duplicate genes). By relying on this integrative approach, our final
biological statements are rooted in both the phylogenetic history
and the known molecular evolutionary processes that underlie
the diversity within a gene family. In particular, this integrative ap-
proach allows for the recognition of a natural phylogenetic classi-
fication for EDNR, for the design of additional experiments to test
candidate protein positions for their functional significance, and
for the generation of new hypotheses about the potential roles of
chromosomal mutations in gene family evolution. In light of these
successes, we recommend the use of this integrative approach for
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the greater resolution of the taxonomy, evolution, function, and
structure of gene families.
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Appendix A. Amplification, sequencing, and tissue expression
analyses of the three new killifish EDNR

The killifish, Fundulus heteroclitus, is a non-traditional model
species that is abundant in estuaries along the eastern coast of
the United States and Canada (Bigelow and Schroeder, 2002). This
fish is an ideal subject for physiological, toxicological, behavioral,
ecological, and evolutionary studies, because of its abundance,
small size (�8 cm), and easy laboratory maintenance (Marshall,
2003; Burnett et al., 2007).

Three new EDNR were amplified, cloned, and sequenced from
the total cDNA of the killifish gill, as previously described (Hynd-
man and Evans, 2007). The primers for these amplifications and
sequencing are given in Fig. S2 Supporting Materials online. These
new EDNR were first identified on the basis of BLAST comparisons
of their inferred polypeptides to the protein databases of GenBank
(release 164) and Ensembl (e! 44). These initial designations were
then confirmed by the ML and BP phylogenetic analyses (Fig. 1).
Killifish EDNRA3 (GenBank accession number EU391601), EDNRB1
(EU391602), and EDNRC (EU391603) are 2543, 1629, and 1470
base pairs (bp) in length. Their inferred polypeptides align to posi-
tions 366-1643, 270-1520, and 162-1403 of human EDNRA,
EDNRB, and quail EDNRC to which they share 63, 70, and 68% iden-
tity (Fig. S1 available as Supporting Materials online).

EDNR expression was examined in seven tissues of the adult kil-
lifish by semi-quantitative duplexing PCR, as previously described
(Hyndman and Evans, 2007). The three new EDNR are expressed in
all examined tissues, with the exception of no observed EDNRB1
expression in the heart (Fig. S3, available as Supporting Materials
online). All three are most strongly expressed in the kidney, with
EDNRA3, EDNRB1, and EDNRC also showing strong expression in
the heart, brain and gill, and brain and heart, respectively.

Appendix B. Supplementary data

Supplementary Table S1 and Figs. S1–S3 are available at Molec-
ular Phylogenetics and Evolution online. Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.ympev.2009.04.015.
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