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a b s t r a c t
The discovery of genes related to gonadotropin-releasing hormones (GnRH) and their receptors from
diverse species has driven important advances in comparative endocrinology. However, our view of
the evolutionary histories and nomenclature of these gene families has become inconsistent as several
different iterations of GnRH and receptor relationships have been proposed. Whole genome sequence
data are now available for most of the major lineages of animals, and an exhaustive view of the
phylogenies of GnRH and their receptors is now possible. In this paper, we leverage data from publically
available whole genome sequences to present a new phylogenomic analysis of GnRH and GnRH receptors
and the distant relatives of each across metazoan phylogeny. Our approach utilizes a phylogenomics
pipeline that searches data from 36 whole genome sequences and conducts phylogenetic analyses of gene
trees. We provide a comprehensive analysis of the major groupings of GnRH peptides, related hormones
and their receptors and provide some suggestions for a new nomenclature. Our study provides a framework for understanding the functional diversification of this family of neuromodulatory peptides and
their receptors.
Ó 2016 Published by Elsevier Inc.

1. Introduction
The synthesis and secretion of gonadotropin-releasing hormone
(GnRH) is key to the activation of the pituitary–gonadal axis in vertebrates. In jawed vertebrates, GnRH binds to GnRH receptors
(GnRHRs) and triggers the release of gonadotropins (GTH),
luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
from the pituitary gland, which in turn regulates gametogenesis
and steroidogenesis. To date, as many as three GnRH paralogs have
been identified from representative species of all classes of vertebrates (Gorbman and Sower, 2003; Guilgur et al., 2006; Kah
et al., 2007; Kavanaugh et al., 2008; Okubo and Nagahama, 2008;
Decatur et al., 2013; Roch et al., 2014) and evidence from these
and other studies show that the majority of vertebrates synthesize
at least two forms of GnRH in the brain (Dubois et al., 2002; Silver
et al., 2004; Guilgur et al., 2006; Kah et al., 2007; Kavanaugh et al.,
2008; Okubo and Nagahama, 2008).
With the continued discovery of additional GnRH peptides from
various species, phylogenetic and functional studies have yielded
various groupings of GnRHs (Grober et al., 1995; Fernald and
White, 1999; Parhar, 2002; Morgan and Millar, 2004; Silver et al.,
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2004; Guilgur et al., 2006; Kah et al., 2007; Zhang et al., 2008;
Decatur et al., 2013; Roch et al., 2014) (Table 1). Early analyses
by Grober et al. (1995) and Fernald and White (1999) suggested
that three paralogous groups of GnRH were expressed in gnathostome brains. In later reviews of GnRH and their respective receptors, various scenarios on the phylogenetic relationships among
gnathostome GnRHs and their receptors were suggested (Guilgur
et al., 2006; Kah et al., 2007; Okubo and Nagahama, 2008). In
2004 and 2008, analysis of all available GnRH sequences including
lamprey GnRH-I, -II and -III cDNAs showed that the vertebrate
GnRHs grouped into four paralogous lineages: GnRH 1, 2, 3 and 4
(Silver et al., 2004; Kavanaugh et al., 2008). This result was based
on phylogenetic analyses, biochemical function, neural distribution
and developmental origin and supported the earlier model of three
GnRH lineages in the gnathostomes with the agnathan peptides
forming a fourth group. The identification of additional protostome
GnRHs from mollusks and annelids suggested a fifth grouping of
protostome GnRHs and supported the previous placement of lamprey GnRHs (Tsai and Zhang, 2008; Zhang et al., 2008). However,
the relationship of the lamprey type 4 paralog (lamprey GnRH-I
and -III) to the gnathostome GnRHs was unclear from these studies. With the availability of whole genome sequences and subsequent syntenic analysis, a new view of the vertebrate GnRH
relationships emerged that included four paralogy groups with
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Table 1
Previously Proposed Nomenclature/Groups of the GnRH and GnRH Receptor Families.
Authors

Technique

Summary

Grober et al. (1995) (GnRH)
Fernald and White (1999)
(GnRH)
Troskie et al. (1998) (GnRHR)

Cladistic analysis
Phylogenetic analysis and brain region

Gnathostome only: three paralogous groupings of GnRHs
Gnathostome only: GnRH1, hypothalamic; 2, mesencephalic; 3, telencephalic

Phylogenetic relationships of the GnRHR
extracellular domain 3 (EC3)

Phylogenetic analysis
Simplified phylogenetics
Analysis of gene structures

Gnathostomes: two main types: type I, which has IA and IB subtypes, grouped with the
mammalian GnRH pituitary receptors and included GnRHRs from tetrapod and teleost
species. Type II included only receptors from tetrapods.
Gnathostomes: three paralogous groups based on the overall sequence similarity and the
presence or absence of the C-terminal tail and absence of intron in the N-terminal tail
Gnathostome only: GnRH-II, midbrain; GnRH-I, olfactory to diencephalon; GnRH-III,
olfactory to telencephalon; GnRH-IV, within diencephalon
Gnathostome and lamprey GnRH-I: three groupings of GnRH: I, II and III;
Gnathostome GnRHR: three main groupings: types I, II and III
Vertebrates: Four paralogs of GnRHs: GnRH-I (mammal GnRH and orthologs); GnRH-II
(chicken GnRH-II); GnRH-III (Salmon GnRH) and GnRH-IV (lamprey GnRH-I and -III)
Gnathostomes: two major groupings of GnRH
Gnathostomes: three groups: type 1, 2 and 3
Gnathostomes: three groups: 1, 2 and 3

Phylogenetic analysis

Vertebrates: Four groups: type I, II III and IV

Phylogenetic analysis

Deuterostomes and Protostomes: 5 groupings of GnRH: GnRH-I, mammalian GnRH and
orthologs; GnRH-II, chicken GnRH-II; GnRH-III, salmon GnRH and tunicate GnRHs; GnRHIV, lamprey GnRH-I and -III, GnRH-V, Aplysia. Annelid, limpet and octopus GnRH
Gnathostomes: three types of GnRH
Gnathostomes: four vertebrate GnRHR lineages proposed—three for nonmammalian
GnRHRs and mammalian GnRHR2 as well as one for mammalian GnRHR1: GnRHRn1,
GnRHRn2, GnRHrn3/m2, and GnRHRm1
Deuterostomes and protostomes: AKH, invertebrate GnRH and GnRH are related

Okubo et al. (2001) (GnRHR)

Phylogenetic analysis

Parhar (2002) (GnRH)

Sites of origin, migration and final location
of GnRH in the midbrain and forebrain
Phylogenetic analysis

Millar et al. (2004) (GnRH and
GnRHR)
Silver et al. (2004) (GnRH)
Guilgur et al. (2006) (GnRH)
Kah et al. (2007) (GnRH)
Okubo and Nagahama (2008)
(GnRH)
Kavanaugh et al. (2008)
(GnRH)
Tsai and Zhang (2008) and
Zhang et al. (2008) (GnRH)

Phylogenetic analysis

Kim et al. (2011) (GnRH and
GnRHR)

Genome analysis

Lindemans et al. (2011)
(GnRH)
Joseph et al. (2012) (GnRHR)

Phylogenetic analysis

Decatur et al. (2013) (GnRH)

Syntenic analysis

Williams et al. (2014)
(GnRHR)
Roch et al. (2014) (GnRH and
GnRHR)

Bayesian analysis

Hauser and
Grimmelikhuijzen (2014)
(GnRH and GnRHR)

Phylogenetic analysis

Phylogenetic analysis

Phylogenetic analysis

Vertebrates: three main groupings: lamprey GnRH-R-2 and R-3 are considered type III
receptors; lamprey GnRH-R-1 is related to the type II receptors
Vertebrates: four types of GnRH; type 4 lost in the vertebrate lineage; lamprey GnRH-I
and -III group with Type 3 and lamprey GnRH-II groups with Type 2
Vertebrates: classified into five subfamilies
Deuterostomes and protostomes: three types of vertebrate GnRHs (1, 2 and 3);
invertebrate GnRHs (protostomes and deuterostomes); and the protostomes AKH, ACP
and CRZ
Vertebrates: Receptors are classified into three groupings: I (includes mammalian and
nonmammalian receptors), IIa and IIb;
Protochordate GnRH receptors
Protostomes: AKHR; ACPR; CRZ/Invertebrate GnRHR
An ancestral GnRH-like gene gave rise to a corazonin and AKH and ACP ligands
An ancestral GnRHR gave rise to CRZR and AKHR

type 4 being lost in the vertebrates, lamprey GnRH-II grouping
with the type 2 GnRHs and lamprey-I and -III grouping with type
3 GnRHs (Decatur et al., 2013; Roch et al., 2014).
GnRH action is mediated through high-affinity binding with the
GnRH receptor, a rhodopsin-class seven-transmembrane G
protein-coupled receptor. The evolutionary history of the GnRH
receptors has been also controversial, and numerous formulations
of GnRH receptor nomenclature have been proposed (Table 1).
Troskie et al. (1998) first proposed three GnRH receptor subtypes
based on phylogenetic and sequence analysis of the extracellular
loop 3 (EC3). This analysis suggested three subtypes: IA, IB, and
II. Most of the mammalian GnRH receptors fell into the type I category, all containing the PXML/IXXXXE/D motif in EC3, whereas all
of the receptors from teleost fishes formed two subgroups within
type I; subgroups IA and IB (Troskie et al., 1998). It was suggested
that type I and II receptors arose from an ancestral locus that
underwent duplication, with the type I receptor undergoing further gene duplication to produce the IA and IB receptor subtypes.
This particular classification scheme, however, failed to account
for sequence variation throughout the receptor and the pharmacological characteristics of the various GnRH receptors. In 2001,
Okubo et al. suggested a phylogenetic scheme dividing the known
gnathostome GnRH receptors into three paralogous groups based

on overall sequence similarity, the presence or absence of an additional intron in the N-terminal tail and the lack of a C-terminal tail.
In 2004, Millar et al. (2004) proposed a phylogenetic classification
in which three distinct classes of GnRH receptors from the vertebrate lineage grouped into separate clusters: type I, type II, and
type III GnRH receptors. Vertebrate type I GnRH receptors are represented in teleosts, amphibians, reptiles, birds, and mammals. The
type II receptors include receptors from amphibians, reptiles, and
mammals; however, type II receptors are nonfunctional in most
mammals (Stewart et al., 2009). The type II GnRH receptors are
more closely related to type III GnRH receptors than to type I
receptors, and it has been suggested that these two GnRH receptor
types may have arisen from a whole genome duplication in the lineage leading to vertebrates (Millar et al., 2004). Unlike the type II
GnRH receptors, the type III GnRH receptors were identified in teleost fishes, amphibians, reptiles, and birds but not in mammals.
Following the identification of three GnRH receptors (lGnRH-R-1,
-2, and -3) in lampreys, a sister group to gnathostomes, phylogenetic analysis adopting the classification of Millar et al., 2004 led
to the proposal that lamprey lGnRH-R-1 evolved from a common
ancestor of all other vertebrate GnRH receptors, and lamprey
lGnRH-R-2 and lGnRH-R-3 likely originated due to a lineagespecific gene duplication (Joseph et al., 2012). These novel GnRH
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receptors share the structural features and amino acid motifs common to other known gnathostome type II/III GnRH receptors.
lGnRH-R-2 and lGnRH-R-3 were neatly clustered among the type
III GnRH receptors and were therefore both termed ‘‘type III” GnRH
receptors. More recently, Kim et al. (2011), Roch et al. (2014) and
Williams et al. (2014) have provided new syntenic and phylogenetic analyses proposing additional designations in the nomenclature of the GnRH receptors.
Although both GnRH and related peptides, and their receptors,
have been analyzed using the diverse approaches mentioned
above, significant confusion remains regarding their relationships
and nomenclature. Moreover, previous analyses have not utilized
data from early branching metazoans, so their deeper origins could
not be addressed. The goal of the present study is to clarify the evolutionary histories of both GnRH and GnRH receptors across animals using a phylogenomic approach. We employ a data
assembly pipeline that screens whole genome sequence data from
a selection of 36 taxa with stable phylogenetic relationships
(Borowiec et al., 2015) that represent most of the major lineages
in animals and two choanoflagellate animal outgroups. Our analyses provide an exhaustive view of the GnRH and GnRH receptor
complements, and their closest gene family relatives, across the
animal tree of life. We find that both GnRH and related peptides,
and their receptors, are restricted to Bilateria, a clade of animals
that includes deuterostomes and protostomes. In addition,
deuterostome GnRHs are orthologous to protostome corazonin
(CRZ) and CRZ-like peptides such as adipokinetic hormone (AKH)
and adipokinetic hormone/corazonin related peptide peptides
(ACP). Similarly, GnRH receptors are present only in deuterostomes
where they underwent a complicated history of gene duplication
and loss. We find that protostome CRZ and related receptors are
restricted to protostomes and represent the orthologs of deuterostome GnRH receptors. The analyses presented here force a reevaluation of current models for the evolution and functional
diversification of GnRHs and their receptors. Our findings also have
implications for the current nomenclature practices for describing
GnRHs in bilaterian animals (e.g. deuterostomes and protostomes)
and beyond.

2. Methods
Our phylogenomic pipeline is based on publically available
whole genome data from 36 phylogenetically informative metazoan taxa and two choanoflagellate outgroups (Table S1
(Plachetzki et al., 2016)). The phylogenetic relationships of the taxa
in our phylogenomics pipeline are described in Borowiec et al.
(2015) and redrawn in Fig. 1. The pipeline includes the following
steps: First, all genomes were searched individually with BLAST
(Altschul et al., 1997) using the bait sequences given in Dataset
S1 (Plachetzki et al., 2016) and indicated in Figs. 1 and 2. BLAST
searches retained the top 50 genes that met a low stringency
acceptance threshold of 10 2. Data were then concatenated into
a single file and redundant sequences were removed using cdhit
(Fu et al., 2012). Sequences were then aligned using MAFFT
(Katoh and Standley, 2013) and those that were shorter than 40%
of the mean sequence length were additionally removed using custom scripts. Sequences were then subjected to another round of
alignment and gaps with fewer than 20% data occupancy were
removed using trimAI (Capella-Gutierrez et al., 2009). The data
matrices for GnRH, the larger gene family containing GnRH
receptors and other related receptors, and the restricted dataset
containing GnRH and CRZ-like receptors are reported in Datasets
S2, S3 and S4 respectively (Plachetzki et al., 2016). Phylogenetic
analyses were then conducted under the best fitting model, which
in all cases was determined empirically to be JTT with

gamma-distributed rates and empirical residue frequencies, using
RAxML 8.0 (Stamatakis, 2014). For GnRH and restricted GnRH
receptor phylogenies, analyses were conducted 20 times with random starting trees and the best scoring of these trees is reported
here. Bootstrapping support for all trees was conducted with
1000 bootstrap replicates. Resulting trees were visualized in FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).
For GnRH sequences, no manipulations other than that stated
above were required (Fig. 2). GnRH receptors, however, are part
of a larger and more diverse group of rhodopsin-class GPCRs. Our
initial phylogenetic results from exhaustive searches for GnRH
receptors across animal phylogeny revealed a large superfamily
phylogeny consisting of 663 loci that included GnRH receptors
and many other related gene families (Fig. 3; see also Fig. S1
(Plachetzki et al., 2016)). In order to focus our analyses on the
orthology group that included GnRH receptors, we selected all of
the raw sequences subtended by the node joining the clade of
deuterostome GnRH and protostome CRZ and CRZ-like receptors.
In addition we selected two outgroup sequences (vasopressin
and neuropeptide S) for rooting. Sub-selected raw sequences were
then subjected to alignment, trimming and phylogenetic analysis
as above. This restricted GnRH receptor phylogeny is shown in
Fig. 4. Additional details of the analyses, the datasets and all bioinformatics scripts used to conduct this study are in the Data in Brief
that accompanies this article (Plachetzki et al., 2016).
3. Results
3.1. The phylogenetic history of gonadotropin-releasing hormones and
their relatives
Our phylogenomic approach recovered 36 unambiguous GnRH
sequences, in addition to query sequence, from the gene models
of 34 animal genomes and two animal outgroups (Fig. 2). GnRH
and related loci were recovered from representatives of the major
lineages of both deuterostome and protostome clades, but several
genome sequences from taxa within these clades lacked GnRHs
(Fig. 2). Furthermore, some known GnRH loci from Ciona were
not recovered by our searches. GnRH loci are relatively short and
their conserved regions are limited to a 40 amino acid region of
their N terminus. We attribute our failure to recover several known
GnRH sequences to difficulties in ascertaining significant similarities between short sequences in our sequence search strategy and
to the reduced likelihood of short loci being recovered in gene
model predictions during genome annotation. Still, our results
unequivocally support the hypothesis that the last common ancestor to GnRH, CRZ, AKH and ACP was present prior to the deuterostome/protostome split (Fig. 2). By extension, vertebrate GnRH and
the other protostome peptides are orthologous.
Our searches failed to recover GnRH like loci from any of the
genome sequences of early-branching, non-bilaterian taxa including ctenophores, sponges, cnidarians and placozoans. This is true
even under exceedingly low stringency searches (data not shown).
For several reasons, we feel that this finding reflects a true lack of
GnRH-like peptides from non-bilaterian genomes. First, while our
searches failed to recover a few known GnRH sequences from bilaterian genomes, most of the known GnRH sequences were recovered from these taxa, indicating that if non-bilaterian genomes
did contain GnRH like sequences, we should have recovered at
least a subset of them. Second and more importantly, we show
below that non-bilaterian genomes contain only distant relatives
to GnRH receptors (Fig. 3), and we would therefore not predict that
GnRH peptides should be present in non-bilaterian genomes. The
gene family of peptide hormones including GnRH, CRZ, AKH and
ACP appear to be bilaterian innovations with no close relatives outside of this clade.
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Fig. 1. Phylogenetic relationships of the taxa with completed whole genome sequences utilized in this study. This topology is taken from Borowiec et al. (2015) and
represents most of the major lineages of animals including animal outgroups. Genomic databases and additional details are described in Table S1 (Plachetzki et al., 2016).

3.2. The phylogenetic history of gonadotropin-releasing hormone
receptors and their relatives
Our searches for GnRH receptors and their relatives across
Metazoa provide a view of the deep phylogenetic relationships of
this family of receptors (Fig. 3, see also Fig. S1 (Plachetzki et al.,
2016)). These analyses allow us to place the clade of GnRH, CRZ
and CRZ-like receptors within a larger radiation of GPCRs encoding
vasopressin receptors, neuropeptide S receptors and GPCR 150.
Each of these receptor families is present in the major lineages of

bilaterians but all lack non-bilaterian representatives. This suggests that these distinct receptor families diversified by gene duplication in the lineage leading to bilaterians. We do recover two
sequences from cnidarian genomes that represent the sister group
to the aforementioned clade.
Looking to the deeper past, the next group of GPCRs includes
receptors for bombesin, galanin and GPCR 183. As with the GnRH,
vasopressin and neuropeptide S receptor clade, the bombesin, galanin and GPCR 183 receptors are bounded by an outgroup clade of
receptors from cnidarian genomes that we refer to as Bombesin/
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Fig. 2. The phylogeny of GnRH and related peptides. We recovered 36 GnRH/CRZ peptides from BLAST searches of bilaterian genomes. Our topology represents the maximum
likelihood tree from 20 random starts under the best-fit model. Bootstrap support is given in percentage and is derived from 1000 replicates. Tree is rooted between
deuterostome (blue branches) and protostome (green branches) peptide sequences. Branch colors reflect the species tree in Fig. 1. Scale bar indicates the number of
substitutions per branch length. Query sequences are indicated in red and given in Dataset S1 and the alignment used to estimate this phylogeny is given in Dataset S2
(Plachetzki et al., 2016).

Galanin/GPCR 183-like. Our results suggest that bombesin and
galanin receptors diversified within the bilaterian lineage and are
absent from non-bilaterian genomes.
The most distant relatives of GnRH receptors in our phylogeny
are members of a clade of receptors including, neuropeptide FF,
orexin and RFamide. RFamide receptors are present in all eumetazoan (placozoans, cnidarians and bilaterians) genomes but are
lacking from sponge and ctenophore genomes. Neuropeptide FF
and orexin receptors are present only in bilaterians. Our analyses
also revealed a large radiation of presumed receptor genes that
are populated largely by sequences form non-bilaterian taxa that
we refer to as Neuropeptide FF/RFamide-like. These genes

represent sister group to neuropeptide FF, orexin, and RFamide
receptors.
We note that ctenophore and sponge genomes are depauperate
of all of the gene families discussed in this section, with only a
single, long branched sequence from the ctenophore Mnemiopsis
leidyi being present in the GPCR 183 clade and no sequences being
recovered from the gene models of the sponge Amphimedon
queenslandica.
Our phylogenetic analyses for the sub-selected clade of GnRH
receptors (Fig. 4) largely recapitulated our findings on the
phylogeny of GnRH and related peptides (Fig. 2) with the exception
that our analysis of the receptors recovered loci for most bilaterian
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Fig. 3. The global phylogeny of GnRH/CRZ receptors and their distant relatives recovered from exhaustive BLAST searches of metazoan genomes. For simplicity, species and
gene names and not shown. Each bilaterian clade includes all of the previously annotated loci from the genomes of Homo sapiens and Drosophila melanogaster, indicating a
degree of completeness. GnRH and related receptors are members of a much larger family of neuromodulatory receptors and several receptor classes originated within the
bilaterian lineage. These include named receptor classes consisting of exclusively blue and green branches. Our topology represents the maximum likelihood tree from 20
random starts under the best-fit model. Branch colors reflect the species they are derived from in Fig. 1. Scale bar indicates the number of substitutions per branch length.
Query sequences used to estimate this phylogeny are indicated in red in Fig. 4 and given in Datasets S1 and Fig. S1 shows this tree with taxa and gene names (Plachetzki et al.,
2016).

taxa included. We did not recover GnRH receptor loci from the
rapidly evolving genome of the larvacean deuterostome Oikopleura
(Denoeud et al., 2010). Taken together, our results strongly support
the presence of an ancestral receptor locus in the lineage leading to
bilaterian animals that gave rise to GnRH receptors in deuterostomes and CRZ and related receptors in protostomes. In addition,
several rounds of gene duplication and loss are required to explain
the current diversity of GnRH receptors among deuterostomes. We
also point out the unexpected and recently described (Roch et al.,
2014) placement of a subset of receptor sequences from the

lancelet Branchiostoma floridae, a deuterostome, that fall firmly
within the otherwise protostome CRZ receptor clade.

4. Discussion
4.1. GnRH/CRZ peptide phylogeny
The present study provides a first look at the origins and deep
evolutionary histories of GnRH, their related peptides and their
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Fig. 4. The phylogeny of the GnRH/CRZ receptor clade. Raw sequence data used in this analysis were selected based on the phylogeny in Fig. 3 and reanalyzed (see methods).
Our topology represents the maximum likelihood tree from 20 random starts under the best-fit model. Bootstrap support is given in percentage and is derived from 1000
replicates. Branch colors reflect the species they are derived from in Fig. 1. Tree is rooted with vasopressin and neuropeptide S outgroup sequences. We adopt the
nomenclature for vertebrate loci of Roch et al. (2014) and Williams et al. (2014). Scale bar indicates the number of substitutions per branch length. Query sequences are
indicated in red and given in Datasets S1 and S4 (Plachetzki et al., 2016).

receptors across metazoan phylogeny. Previous studies have
addressed this question within Bilateria, a clade comprised of
deuterostomes (including humans and other chordates, echinoderms and hemichordates) and protostomes (including ecdysozoans and lophotrochozoans) and we extend these analyses to
include non-bilaterian, early branching metazoan taxa. The nonbilaterian taxa included in our phylogenomics pipeline include
the ctenophore (comb jelly) M. leidyi (Ryan et al., 2013), the poriferan (sponge) A. queenslandica (Srivastava et al., 2010), the placozoan Trichoplax adhaerens (Srivastava et al., 2008) and a selection
of cnidarian species including the Hydra magnipapillata
(Chapman et al., 2010), the anemone Nematostella vectensis

(Putnam et al., 2007) and the coral Acropora digitifera (Shinzato
et al., 2011) (Fig. 1). Because our analyses are based exclusively
on whole genome sequence data, we expected to recover a relatively complete assessment of the gene complements of interest
from the taxa included.
Our findings for GnRH are consistent with previous analyses
showing that deuterostome GnRH and the CRZ and CRZ-like peptides from protostomes are orthologs, and we were unable to
recover clear homologs of these peptide hormones outside of
bilaterian animals. Previous workers have advanced the term
‘‘invertebrate GnRH” to describe a subset of protostome and nonchordate GnRH-like peptide hormones, but in light of current
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Table 2
Newly Proposed GnRH-GnRHR Nomenclature. Our data show that deuterostome
GnRH and protostome GnRH-like peptide hormones are orthologs and are restricted
to bilaterian animals. In addition, because protostomes lack gonadotropins, we
propose that protostome GnRHs be classified as corazonin (CRZ)-like (or ACP/AKHlike) peptides. We find that GnRH and CRZ/ACP/AKH receptors are orthologs and
propose a nomenclature of GnRH receptors for deuterostome loci and CRZR (or ACPR/
AKHR)-like receptors for protostome loci.

Protostome

Deuterostome

GnRH and Related Peptides

GnRH Receptors and
Related Receptors

Current

Proposed

Current

Proposed

AKH
CRZ
ACP
GnRH

Corazonin-like
(or AKH/ACPlike) peptides

CRZR
ACPR
AKHR
GnRHR

CRZR-like
(or
ACPR/AKHR)

GnRH

GnRH

GnRHR

GnRHR

analyses, we suggest that protostome peptide hormones be classified as CRZ-like (or ACP/AKH-like) peptides, while all deuterostome
peptides be classified as GnRHs (Fig. 2, Table 2).
We note that the multiple sequence alignment for the peptide
hormone is relatively short (134 amino acids) and it is therefore
difficult to ascertain nodal support for our hypothesis on GnRH/
CRZ peptide phylogeny. In order to ameliorate this difficulty, we
initiated our tree searches from 20 random start trees in maximum
likelihood tree estimation and base our analyses on the best scoring tree. In addition we rooted our phylogeny for GnRH/CRZ peptides at the deuterostome/protostome split, which is consistent
with previous studies that have examined sequences that were
cloned individually.
4.2. GnRH receptor phylogeny
Our data show that GnRH receptors are members of a large class
of primarily peptidergic neuromodulatory GPCRs that trace back at
least to the last common ancestor of eumetazoans. Like GnRH
receptors, many of the classes of receptors resolved in our global
phylogeny (Fig. 3) are restricted to bilaterian taxa, but a single
receptor class, RFamide receptors, has representation in both bilaterian and non-bilaterian lineages. This finding is consistent with a
wealth of previous data showing the prevalence of peptidergic
transmitters in cnidarian nervous systems (Grimmelikhuijzen
et al., 1996; Grimmelikhuijzen and Westfall, 1995) and is also
intriguing in light of the fact that the placozoan Trichoplax adhaerens lacks neurons altogether. Interestingly, the two earliest
branching taxa in our genomic pipeline, the sponge A. queenslandica, which lacks neurons, and the comb jelly M. leidyi, which
possess neurons Moroz et al. (2014), both lack RFamide receptors
in our analyses. This finding supports the hypothesis that the use
of peptidergic neurotransmitters like RFamide was an innovation
of eumetazoan nervous systems. Our analyses of deep receptor
phylogeny did recover a single sequence from the comb jelly genome in the GPCR 150 clade, however we are skeptical of its placement due to its unusual position, falling out within chordates, its
relatively long branch length, and because no other GPCRs in this
vicinity to GnRH receptors were identified from either ctenophore
or sponge genomes; however, both taxa are known to possess
other more distantly related rhabdomeric class GPCR loci
(Srivastava et al., 2010; Schnitzler et al., 2012).
Focusing more closely on the GnRH receptor clade, we find that
the GnRH and CRZ-like receptors form a monophyletic group that
originated in the lineage leading to Bilateria. Our analyses are consistent with previous analyses of GnRH receptor phylogeny, however we find that GnRH receptors and CRZ receptors are sister
groups, as apposed to GnRH receptors and AKH receptors being
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sisters (Roch et al., 2014). While we recover with strong support
the placement of a subset of GnRH receptor sequences from the
lancelet B. floridae (a deuterostome) within the otherwise protostome CRZ clade, in contrast to Roch et al. (2014), our analyses support the placement of the sequences from the sea urchin
Strongylocentrotus purpuratus among the other deuterostome
GnRH receptors. Together with previous analyses (Roch et al.,
2014; Williams et al., 2014) our results suggest a complicated history of gene duplication and loss in the early evolutionary history
of the GnRH/CRZ-like receptor clade.
4.3. Implications for nomenclature
For decades, the presence of GnRH was thought to be restricted
to Phylum Chordata. In 2002, the first protostome GnRH-like molecule was isolated from a cephalopod, Octopus vulgaris, by biochemical purification and molecular cloning and was subsequently
named octopus GnRH (oct-GnRH) (Iwakoshi et al., 2002). Despite
some exotic characteristics, oct-GnRH possesses features universal
to all chordate GnRHs, including the pyroglutamyl N-terminal,
amidated C-terminal glycine residues and an achiral amino acid
such as Gly in the middle of the GnRH peptide (Millar et al.,
2004). At that time, no phylogenetic analysis was performed on
oct-GnRH because no other protostome GnRHs existed for comparison. Six years later, a second form of protostome GnRH-like molecule was isolated from a gastropod mollusk, Aplysia californica. This
peptide was determined to be an ortholog of oct-GnRH and was
named ap-GnRH (Zhang et al., 2008). Additional homologs of protostome GnRH-like molecules continued to emerge after 2008,
allowing a rudimentary assessment of their phylogenetic relationships with chordate GnRH based on their preprohormone
sequences (Tsai and Zhang, 2008). This analysis suggested that protostome GnRHs diverged from an ancestor that also gave rise to
type 2 and 4 vertebrate GnRHs and named this protostome
GnRH-like clade type 5 GnRH; however, the sequences available
for comparison were sparse. Between 2008 and 2015, the discovery
of additional molluscan and annelid GnRH-like molecules as well
as the regrouping of lamprey GnRHs (see Introduction) suggested
that the classification of protostome GnRH as type 5 GnRH was
no longer appropriate. In fact, a recent analysis by Roch et al.
(2014) suggested that deuterostome GnRHs formed a monophyletic clade, but protostome GnRH-like molecules, including
AKH, CRZ, and ACP, have a paraphyletic relationship with deuterostome GnRHs.
The functions of most of the protostome GnRHs have not been
elucidated. The native protostome GnRH in octopus and scallop,
respectively, have been shown to activate reproduction-related
functions (Iwakoshi et al., 2002; Treen et al., 2012) and possess
other neuromodulatory activity (Minakata et al., 2009). ap-GnRH
does not activate reproduction in A. californica, but instead controls
motor, feeding, and central nervous system activity (Tsai et al.,
2010; Sun et al., 2012). Based on our analysis and the fact that protostome GnRH-like molecules have no functional connection to the
stimulation of gonadotropins, we propose that these molecules be
referred to as CRZ-like peptides and that GnRHs found in the
deuterostome invertebrates retain their current status as GnRHs.
As partly reviewed in the introduction and in Table 1, various
nomenclature schemes have been proposed for the GnRH receptor
family. Based on our analyses, we propose that protostome GnRHlike receptors be classified as CRZ-like (or ACP/AKH-like) receptors
while the term GnRH receptors be applied only to deuterostome
homologs (Table 2). In recent studies, Kim et al. (2011) reported
based on genome synteny and phylogenetic analyses that four
GnRH receptor lineages were likely generated by two rounds of
genome duplication and proposed these clades be referred to as
GnRHRn1, GnRHRn2, GnRHrn3/m2, and GnRHRm1. Subsequently,
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Roch et al. (2014) performed extensive phylogenetic and syntenic
analysis as well as comparisons of the seven-transmembrane
domain and presence or absence of the C–terminal tail and proposed that the vertebrate GnRH receptors form three distinct subgroups: type 1 GnRHR, type IIa GnRHR and type IIb GnRHR. In this
classification scheme, the three lamprey receptors fall into the type
IIa GnRH receptors grouping. All GnRH receptors with a C-terminal
tail fall into the type II receptors. Unlike the previous studies,
Williams et al. (2014) classified the vertebrate GnRH receptors into
five subfamilies based on their Bayesian analyses. These authors
followed the convention introduced by Roch et al. (2014) and
demonstrated that the most ancestral node within the type II
receptor clade separates into two large clades, which Roch et al.
(2014) designated type IIa and IIb. Williams’s et al. (2014) analyses
indicated that the type IIa receptors were further subdivided into
three distinct clades, which were called type IIa-1, IIa-2 and IIa3. The results from the Williams et al. (2014) also suggested that
vertebrate GnRH receptor genes form a strongly supported monophyletic clade that excludes all invertebrate homologs, including
some that had previously been identified as GnRH receptors.
5. Conclusions
Our data from 36 animal and animal-outgroup genomes provides an in depth analysis of the evolutionary histories of GnRH,
GnRH-related peptides, and their receptors. The phylogenetic
depth of our selected genomes also allows the origins of these
and other gene families to be determined. Consistent with recent
analyses, we show that an ancestral GnRH-like peptide was present prior to the split between deuterostomes and protostomes,
and that GnRH peptides in deuterostomes and CRZ, ACP and AKH
peptides in protostomes are the descendants of this ancestral peptide hormone. A similar evolutionary history is evident in the
receptors for these peptide hormones, reflecting the common
ancestry of these receptor-peptide pairs. Our analysis has implications for the nomenclature of GnRH-like peptides and their receptors and we propose a nomenclature scheme that is consistent
with this phylogenetic understanding while accommodating
important functional differences between the different peptidereceptor pairs across bilaterians.
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