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a b s t r a c t
Gonadotropin-releasing hormone (GnRH) and its G protein-coupled receptor, GnRHR, play a pivotal role
in the control of reproduction in vertebrates. To date, many GnRH and GnRHR genes have been identiﬁed
in a large variety of vertebrate species using conventional biochemical and molecular biological tools in
combination with bioinformatic tools. Phylogenetic approaches, primarily based on amino acid sequence
identity, make it possible to classify these multiple GnRHs and GnRHRs into several lineages. Four vertebrate GnRH lineages GnRH1, GnRH2, GnRH3, and GnRH4 (for lamprey) are well established. Four vertebrate GnRHR lineages have also been proposed—three for nonmammalian GnRHRs and mammalian
GnRHR2 as well as one for mammalian GnRHR1. However, these phylogenetic analyses cannot fully
explain the evolutionary origins of each lineage and the relationships among the lineages. Rapid and vast
accumulation of genome sequence information for many vertebrate species, together with advances in
bioinformatic tools, has allowed large-scale genome comparison to explore the origin and relationship
of gene families of interest. The present review discusses the evolutionary mechanism of vertebrate
GnRHs and GnRHRs based on extensive genome comparison. In this article, we focus only on vertebrate
genomes because of the difﬁculty in comparing invertebrate and vertebrate genomes due to their marked
divergence.
Ó 2010 Elsevier Inc. All rights reserved.
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1. Introduction
Neuropeptides and their receptors originating from a common
ancestral gene have become diversiﬁed through evolutionary processes, such as gene/chromosome duplication and gene modiﬁcation, generating families of related yet distinct peptides and
receptors [3,9,20]. The hypothesis for two rounds of large-scale
genome duplication in an early vertebrate ancestor has been proposed: however the timing of these duplications is controversial
[6,8,14,17,18,31,48]. These events have resulted in the formation
of up to four copies of each gene followed by gene modiﬁcation
or loss. In ﬁsh, a teleost ﬁsh-speciﬁc third-round genome duplication occurred after the divergence of ﬁsh and land vertebrates, theoretically producing eight copies of a gene family [19]. Genome
duplication events have produced paralogous chromosomal regions, also called paralogons, providing a basis for tracing gene
relationships and origins [23]. Currently, the large accumulation
of genome sequence information for various vertebrate species,
combined with recent advances in bioinformatic tools, has allowed
large-scale genome comparisons [47].
The neuropeptide gonadotropin-releasing hormone (GnRH) and
its G protein-coupled receptor GnRHR play a pivotal role in vertebrate reproduction. Since the initial isolation of mammalian GnRH
from the porcine and ovine hypothalamus [2,24], a number of
GnRH isoforms and their genes have been characterized in vertebrates and invertebrates [16,26,34,42,51–53]. To date, 25 unique
chordate GnRH forms have been identiﬁed, all with a similar
molecular architecture [15,16]. Most vertebrate species have two
or three forms of GnRH in the brain: GnRH1, GnRH2, and GnRH3
[4] with lampreys having three GnRHs, one GnRH2 and two
GnRH4. Despite variations in the amino acid sequences of the
GnRH1 decapeptide, primarily at positions 5 and 8, vertebrate
GnRH1s are orthologous to one another because of their conserved
expression patterns and functions [15,32,37,52]. The amino acid
sequence of the GnRH2 decapeptide (also called cGnRH2) is fully
conserved in almost all vertebrates with the exception of the lamprey GnRH2 that has one amino acid difference to gnathostome
GnRHs [4,16,51]. GnRH3, also called salmon GnRH, is a teleost
ﬁsh-speciﬁc form that is generated by gene/genome duplication
of either the GnRH1 or GnRH2 gene [15].
GnRHR is a member of the rhodopsin-like G-protein-coupled
receptor family. It took ﬁve years after the ﬁrst isolation of a cDNA

encoding the mammalian GnRHR [35,46], before nonmammalian
GnRHR cDNAs were identiﬁed [13,44,45,50], likely because of the
occurrence of large structural differences among mammalian and
nonmammalian GnRHRs. In particular, nonmammalian GnRHRs
contain a C-terminal cytoplasmic tail, unlike mammalian GnRHRs.
Nonmammalian GnRHRs have conserved Asp2.50/Asp7.49 residues,
whereas mammalian GnRHRs contain Asn2.50/Asp7.49 residues at
these positions [13,50]. With regard to function and ligand afﬁnity,
most nonmammalian GnRHRs respond much better to GnRH2 than
GnRH1, but mammalian GnRHRs have a higher afﬁnity for GnRH1
than GnRH2 [13,49,50]. After the discovery of nonmammalian
GnRHRs, a second form of mammalian GnRHR was identiﬁed in a
monkey species, the marmoset [25,30]. This mammalian type-II
GnRHR closely resembles nonmammalian GnRHRs in structure
and function. Single vertebrate species are known to express multiple forms of GnRHR [25,43,50]. Classiﬁcation of multiple forms of
GnRHR is more complicated than that of GnRH because most vertebrate species express more GnRHRs than GnRHs. For example,
teleost ﬁsh express four or ﬁve isoforms of GnRHRs [11,21,27],
while amphibian and reptilian species have three forms of GnRHR
[10,50]. Phylogenetic analyses of GnRHRs have generally revealed
that four lineages of GnRHR exist, though the tree patterns slightly
differ and the relationships among lineages have been explained
differently [5,11,29,43].
In spite of the extensive phylogenetic analyses of GnRHs and
GnRHRs largely based on amino acid sequence identity, the evolutionary origin of each lineage and/or the relationship among lineages remains unclear. For example, the lineages from which
teleost ﬁsh-speciﬁc GnRH3 have originated are still unclear. The
evolutionary relationship among the four lineages of GnRHR needs
to be further clariﬁed. Availability of genome information from
various vertebrate species has allowed large-scale genome comparisons to explore the origin and relationship of gene families of
interest [47]. As the function and molecular interaction of GnRH–
GnRHR pairs have been largely discussed elsewhere [3,22,32,36],
the present article focuses on the evolutionary history of GnRHs
and GnRHRs in vertebrates, primarily based on extensive genome
comparison. This article does not cover the evolution of invertebrate GnRHs and GnRHRs, since invertebrate and vertebrate genomes are markedly divergent and cannot be compared.

LIX1L, Lix1 homolog (mouse)-like; LNPEP, leucyl/cystinyl aminopeptidase; MCTP1, multiple C2 domains, transmembrane 1; MCTP2, multiple C2 domains, transmembrane 2;
MEOX2, mesenchyme homeobox 2; MGMT, O-6-methylguanine-DNA methyltransferase; MKI67, antigen identiﬁed by monoclonal antibody Ki-67; MRPS26, mitochondrial
ribosomal protein S26; MTFMT, mitochondrial methionyl-tRNA formyltransferase; MYL2, myosin light chain 2; MYO5A, myosin VA (heavy chain 12, myoxin); NEFL,
neuroﬁlament light polypeptide; NEFM, neuroﬁlament medium polypeptide; NKX2-3, NK2 transcription factor related, locus 3; NKX2-5, NK2 transcription factor related, locus
5; NKX2-6, NK2 transcription factor related locus 6; NKX3-1, NK3 homeobox 1; NOP56, small nucleolar RNA, C/D box 86; NR2F1, nuclear receptor subfamily 2, group F,
member 1; NR2F2, nuclear receptor subfamily 2, group F, member 2; NR2F6, nuclear receptor subfamily 2, group F, member 6; NUDT17, nudix (nucleoside diphosphate linked
moiety X)-type motif 17; NUP155, nucleoporin 155 kDa; OEP, one-eyed pinhead; OXT, oxytocin; PARP6, poly (ADP-ribose) polymerase family, member 6; PARP8, poly (ADPribose) polymerase family, member 8; PARP16, poly (ADP-ribose) polymerase family, member 16; PEX11A, peroxisomal biogenesis factor 11 alpha; PEX11B, peroxisomal
biogenesis factor 11 beta; PGPEP1, pyroglutamyl-peptidase I; PGPEP1L, pyroglutamyl-peptidase I-like; PI4KB, phosphatidylinositol 4-kinase, catalytic, beta; PLIN1, perilipin 1;
PMVK, phosphomevalonate kinase; PNOC, prepronociceptin; POLR3G, polymerase (RNA) III (DNA directed) polypeptide G (32kDa); POLR3GL, polymerase (RNA) III (DNA
directed) polypeptide G (32kDa)-like; PPP2R2B, protein phosphatase 2, regulatory subunit B, beta; PPP2R2D, protein phosphatase 2, regulatory subunit B, delta isoform;
PRUNE, prune homolog; PTPRA, protein tyrosine phosphatase receptor type A; PTPRE, protein tyrosine phosphatase receptor type E; RBM8A, RNA binding motif protein 8A;
RFESD, Rieske (Fe-S) domain containing; RGMA, RGM domain family, member A; RGMB, RGM domain family, member B; RHBG, Rh family, B glycoprotein; RHCG, Rh family, C
glycoprotein; RHOBTB2, Rho-related BTB domain containing 2; RNF115, ring ﬁnger protein 115; SEMA4A, sema domain, immunoglobulin domain (Ig), transmembrane domain
(TM) and short cytoplasmic domain, (semaphorin) 4A; SEMA4B, sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and short cytoplasmic domain,
(semaphorin) 4B; SGSM1, small G protein signaling modulator 1; SLC25A28, solute carrier family 25, member 28; SLC25A37, solute carrier family 25 member 37; SLCO3A1,
solute carrier organic anion transporter family, member 3A1; SLCO4C1, solute carrier organic anion transporter family, member 4C1; SMAD4, SMAD family member 4; SNAPIN,
SNAP-associated protein; SNRPB, small nuclear ribonucleoprotein polypeptides B and B1; ST8SIA2, ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2; ST8SIA4,
ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 4; STAP1, signal transducing adaptor family member 1; STC1, stanniocalcin 1; STC2, stanniocalcin 2; TCF12,
transcription factor 12; TMEM106B, transmembrane protein 106B; TMPRSS11A, transmembrane protease, serine 11A; TMPRSS11B, transmembrane protease, serine 11B;
TMPRSS11E, transmembrane protease, serine 11E; TUFT1, tuftelin 1; TXNIP, thioredoxin interacting protein; UACA, uveal autoantigen with coiled-coil domains and ankyrin
repeats; UBA6, ubiquitin-like modiﬁer activating enzyme 6; UBAP2, ubiquitin associated protein 2; UBOX5, U-box domain containing 5; UGT2A3, UDP glucuronosyltransferase
2 family, polypeptide A3; UNC119B, unc-119 homolog B; UNC13A, unc-13 homolog A; UNC13C, unc-13 homolog C; VPS16, vacuolar protein sorting 16 homolog; WDR70, WD
repeat domain 70; WDR93, WD repeat domain 93; YTHDC1, YTH domain containing 1; ZNF366, zinc ﬁnger protein 366; ZNF710, zinc ﬁnger protein 710.
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2. Evolution of GnRH peptides
The cDNA sequences corresponding to the GnRH precursor
polypeptide have been isolated in a limited range of vertebrate
species, enabling the construction of a phylogenetic tree in 1999
[4]. Subsequently, as more GnRH sequences were identiﬁed, the
phylogenetic analyses supported this hypothesis that these cDNA
sequences represent the division of the GnRH peptide into three
distinct branches, GnRH1, GnRH2, and GnRH3 in addition to a
new lineage, GnRH4 [39,41]. GnRH4 represents two GnRHs, lamprey GnRH-I and -III that are only found in the most basal vertebrate, the sea lamprey [39]. A novel form of GnRH, GnRH2, was
discovered in lampreys [16]. In vertebrates and likely due to a genome/gene duplication event, an ancestral gene gave rise to two lineages of GnRHs—the gnathostome GnRH and lamprey GnRH-II
[16,41]. The gene duplication events that generated the different
ﬁsh and tetrapod paralogous groups likely took place within the
gnathostome lineage, after its divergence from the ancestral agnathans. Lamprey GnRH-I and -III (type 4) can be identiﬁed now as
paralogous homologs of gnathostome GnRH and lamprey GnRH-II
group, resulting from a duplication within the lamprey lineage.
This implies that there probably was a genome/gene duplication
event that gave rise to all forms of vertebrate GnRH affecting the
common ancestor of lamprey and gnathostome isoforms. The gnathostome branch of the lamprey GnRH-I and -III orthologous group
was probably lost during evolution.
The teleost ﬁsh and tetrapod GnRH1 genes are positioned in
genomic regions containing common loci including BIN3, RHOBTB2,
SLC25A37, NKX3-1, NKX2-6, STC1, NEFM, NEFL, DOCK5, KCTD9,
CDCA2, EBF2, and GOLGA7, exhibiting well conserved synteny
(Fig. 1a and b). Thus, all GnRH1 genes considered in the present
study are orthologous to one another. Synteny analysis data combined with BLAST search results suggest that zebraﬁsh does not
contain the GnRH1 gene, though its neighboring genes are present
in the corresponding genome region (Fig. 1b). A BLAST search indicates the presence of a GnRH1 gene in stickleback that might produce a novel GnRH decapeptide form with Asn at position eight
(unpublished data).
For GnRH2 genes, SNRPB, NOP56, IDH3B, and PTPRA are common
GnRH2 neighbors across vertebrate species (Fig. 1c and d). In tetrapods, GnRH2 genes are located in the genomic region comprising
common loci such as EBF4, CPXM1, C20ORF141, FAM113A, VPS16,
PTPRA, MRPS26, OXT, AVP, UBOX5, DDRGK1, ITPA, and C20ORF194
(Fig. 1c). It is noteworthy that EBF4, a paralog of EBF2 that is found
near GnRH1, resides near GnRH2, exhibiting a relationship between
GnRH1- and GnRH2- containing genome fragments. In teleost ﬁsh,
GnRH2 genes are surrounded by RFESD, UBAP2, KIAA1161,
C9ORF25, UNC119B, CRYBB3, MYL2, and GOLGA7. Notably, these ﬁsh
GnRH2-neighboring genes are also located near the ﬁsh GnRH1
gene (Fig. 1b and d). Treefam (http://www.treefam.org/) and
ENSEMBL (http://www.ensembl.org) database analyses reveal that
these teleost GnRH1/GnRH2-neighboring genes were likely generated by the teleost ﬁsh-speciﬁc third round genome duplication
while the precise mechanism how these genes located near GnRH1
and GnRH2 needs to be further investigated.
Fish GnRH3 genes reside within a gene cluster that commonly
includes INA, DHX32, ADAM12, FAM196A, MGMT, EBF3, PPP2R2D,
ADRA2A, ADD3, SLC25A28, and NKX2-3 (Fig. 1f). The similar gene
arrangement is found in the tetrapod genomes while ﬁsh GnRH3
orthologs are absent in these genomes (Fig. 1e), indicating that tetrapod GnRH3 has been lost after divergence of ﬁsh and tetrapod
lineages. Interestingly, ﬁsh and tetrapods have fourth paralogons
related to three GnRH-containing paralogons. These paralogons
found in the tetrapod and ﬁsh genomes contain PPP2R2B, ADAM19,
EBF1, DOCK2, FAM196B, NKX2-5, and STC2 that are paralogous to

genes found in GnRH-containing genome fragments (Fig. 1g). This
result suggests two rounds of GnRH-containing genome duplication in early vertebrates, resulting in four copies of paralogon
where the fourth GnRH gene has been completely lost either in ﬁsh
or tetrapod lineages.
Comparison of gene arrangement of these four paralogons
found in tetrapods reveals that EBF1/2/3/4 are common for all paralogons. Three paralogons, GnRH1- and GnRH3- containing paralogons and the fourth paralogon share paralogous genes one another,
while the GnRH2-containing paralogon shares paralogous genes
such as EBF3/4, CPXM1/2, and PTPRA/E only with the GnRH3-containing paralogon, indicating closer relationship of the GnRH2-containing paralogon with the GnRH3-containing paralogon than with
other paralogons. It is also noteworthy that GnRH2 is closely linked
to PTPRA (5–6 kb upstream) such that these two genes have moved
together during the massive chromosome rearrangement. Likewise, PTPRE is also located 2 kb upstream of GnRH3 in medaka,
tetraodon, stickleback and fugu genomes except for zebraﬁsh genome (Fig. 1e). This observation may revive an old question as to
where the GnRH3 gene has evolved. Genome synteny and close
localization of PTPRA/E with GnRH2/3 may suggest that GnRH3 arose by a duplication of a GnRH2/GnHR3 common ancestor. However, we cannot exclude the possibility of generation of GnRH3
from a GnRH1/GnRH3 common ancestor, as GnRH1 and GnRH3 also
share EBF2/3, SLC25A28/37, NKX2-3/6, NEFL/INA, DOCK1/5, and
MKI67/CDCA2 as neighbors. Further, phylogenetic analysis shows
the closest relationship between EBF2 (GnRH1-linked) and EBF3
(GnRH3-linked) among the EBF family. In addition, because of the
similarity in distribution of GnRH1 and GnRH3 neurons and their
embryonic origin in teleost ﬁsh, the GnRH1 and GnRH3 genes are
believed to have a common ancestor [15]. Indeed, GnRH3 likely replaces function of GnRH1 when the latter is lost (e.g. Cypriniformes
and most Salmoniformes) and vice versa when GnRH3 is lost (e.g.
catﬁsh and eel) [15,32]. These genome surveys of teleost ﬁsh and
tetrapods suggest that two rounds of genome duplication from
an ancestral GnRH gene produced three GnRH genes, GnRH1,
GnRH2, and GnRH3, while the precise evolutionary mechanism is
not yet conclusive (Fig. 1h). Further, until the lamprey genome
has been annotated and until GnRH genes are identiﬁed in chondrichthyes and hagﬁsh, the origins of the GnRH family in vertebrates will remain unresolved.

3. Evolution of GnRH receptors
Like GnRHs, multiple forms of GnRHR exist in a single vertebrate species. According to published articles and bioinformatic
search data, bony ﬁsh likely have four or ﬁve isoforms of GnRHRs
[27]. Lampreys have three functional pituitary GnRHRs, one that
has been published [40]; the other two have not (unpublished,
Sower). The amphibian species bullfrog (S. catesbeina) and Dybowski’s frog (R. dybowskii) have three forms of GnRHR: frog GnRHR1,
GnRHR2, and GnRHR3 [36,50]. On the other hand, the African
clawed frog (X. laevis) is known to have two forms corresponding
to frog GnRHR2 and GnRHR3 [45]. Recently, updated genome sequence information for the Western clawed frog (X. tropicalis or
S. tropicalis) revealed the presence of a X. tropicalis GnRHR form
(NP_001107547) corresponding to frog GnRHR1. Thus, amphibian
species likely harbor three forms of GnRHRs. The reptilian leopard
gecko has three forms of GnRHR: GnRHR1/III, GnRHR2, and
GnRHR2/II which are orthologous to frog GnRHR1, GnRHR2, and
GnRHR3, respectively [10,11]. A TBLASTN genome search of the anole lizard genome, however, revealed the presence of only one
form of GnRHR corresponding to leopard gecko GnRHR2. The lack
of other forms of GnRHR may be due to insufﬁcient genome infor-
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Fig. 1. Synteny for the genomic regions comprising GnRH1 (a), ﬁsh GnRH1 (b), GnRH2 (c), ﬁsh GnRH2 (d), GnRH3 (e), ﬁsh GnRH3 (f) and the lost GnRH4 (g) as well as the
proposed evolutionary history of these genes (h). Gene loci organization in the genomic region containing the GnRH gene was obtained from the Ensembl Genome Browser
(http://www.ensembl.org). The direction of each chromosome (Ch) and scaffold (Sf) is indicated with line arrows. The direction of each gene is represented by a pointed box.
Numerics in the pointed box are given when genes in the individual chromosomes are largely reshufﬂed. Numerics below the gene indicate the location in the chromosome.
An absence of the GnRH gene is indicated by an ‘‘X’’ in an open rectangle. Reversed triangles (.) indicate the common paralogous genes across paralogons found in other
chromosomes. Name of paralogous genes are presented in parentheses. The numbers in open circles indicate common neighboring genes found across vertebrate genome
fragments containing the GnRH form of a given type. , Common loci in ﬁsh GnRH1- and GnRH2-containing genome fragments. h, Genome duplication.
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mation for anole lizard species. Avian species possess two forms of
GnRHR, namely GnRHR1/III and cGnRHR [38]. For some mammals
such as monkeys and platypuses, two forms of GnRHR exist: mammalian GnRHR1 and GnRHR2. Because mammalian GnRHR2 exhibits a close similarity to nonmammalian GnRHRs in structure,
function, tissue expression, and ligand selectivity, mammalian type
II and nonmammalian GnRHRs have been grouped together
[22,25]. However, in many mammals (e.g. human, chimpanzee,
sheep, cow, rat, and mouse), the GnRHR2 gene has been inactivated
or deleted [7].
Phylogenetic analyses based on amino acid sequence identity
categorize known GnRHRs into four lineages of GnRHR or two major
groups that branch into several lineages [5,11,43]. However, such
classiﬁcation of proteins does not fully explain the evolutionary
relationship of each GnRHR lineage. Thus, additional data from genome synteny analysis are necessary to fully explore the evolutionary
history of GnRHR lineages. We have classiﬁed vertebrate GnRHRs
into the following four groups based on genome synteny: nonmammalian type I (GnRHRn1), nonmammalian type II (GnRHRn2),
nonmammalian type III/ mammalian type II (GnRHRn3/m2), and
mammalian type I (GnRHRm1). We used three X. tropicalis GnRHRs
for comparison of the genome structure across vertebrate species
for two reasons. (1) This species has three distinct forms of GnRHR,
each belonging to the GnRHRn1, GnRHRn2, or GnRHRn3/m2 group,
while other tetrapod species have one or two forms or genome information is not sufﬁcient. (2) X. tropicalis is a diploid species, avoiding
genome complexity caused by teleost ﬁsh-speciﬁc genome duplication. The GnRHRm2 lineage belongs to the amphibian GnRHR3
group based on a high degree of sequence similarity. GnRHRm1 is
a group independent of the three nonmammalian GnRHR groups.

3.1. Evolution of GnRHRn1 and GnRHRn2 lineages
Genome synteny analysis, combined with phylogenetic analysis,
indicates that the GnRHRn1 group includes X. tropicalis GnRHR1,
chicken GnRHR1/III, and several GnRHR forms identiﬁed in ﬁsh
species such as zebraﬁsh GnRHR4, medaka GnRHR3, tetraodon
GnRHR1/III-3, a fugu GnRHR found in scaffold_217 (ENSTRUP
00000019152), and a stickleback GnRHR found in group_XIX (ENSGACP00000014249) (Table 1, Fig. 2a and b). X. tropicalis GnRHR1 is
arranged among the RHCG, KIF7, PLIN1, PEX11A, WDR93, ANPEP,
AP3S2, ZNF710, IDH2, and SEMA4B loci in scaffold_22. Although most
of these neighboring genes are also clustered in human, marmoset,
and mouse chromosomes, X. tropicalis GnRHR1 orthologs are not
found in these species (Fig. 2a). In the avian species chicken and zebra ﬁnch, X. tropicalis GnRHR1 orthologous genes are found in chromosome 10 and chromosome 10_random, respectively. We could
not ﬁnd the X. tropicalis GnRHR1 orthologous gene in a reptilian species, the anole lizard. However, because the reptilian leopard gecko
harbors a GnRHR gene, GnRHR1/III [12] exhibiting a high degree of
sequence similarity to X. tropicalis GnRHR1, we believe that the X.
tropicalis GnRHR1 ortholog in the anole lizard will be found after
genome sequencing of this species has been completed. In teleost
ﬁsh, two forms of GnRHR orthologous to the X. tropicalis GnRHR1
are found. They are referred to as ﬁsh GnRHRn1 (Fig. 2b) and
GnRHRn1b (Fig. 2c) here. The ﬁsh GnRHRn1-containing genome fragments have a large array of common neighboring genes including
IDH2, ZNF710, SEMA4B, PEX11A, SLCO3A1, RGMA, ST8SIA2, NR2F2,
MCTP2, RHCG, and ANPEP which are orthologous to genes found in
tetrapod GnRHR1-containing genome fragments (Fig. 2b). These
genome fragments also include PARP16, CGNL1, TCF12, MYO5A,

Table 1
Classiﬁcation of vertebrate GnRHRs based on genome synteny combined with phylogenetic analysis.
Vertebrate species

Receptor Classiﬁcation*
GnRHRn1

Zebraﬁsh
(D. renio)
Medaka
(O. latipes)
Green pufferﬁsh
(T. nigroviridis)
Fugu
(T. rubripes)
Stickleback
(G. aculeatus)
European seabass
(D. labrax)
Bullfrog
(R. catesbeina)
Western clawed frog
(X. tropicalis)
African clawed frog
(X. laevis)
Chicken
(G. gallus)
Zebra ﬁnch
(T. guttata)
Anole lizard
(A. carolinensis)
Leopard gecko
(E. macularius)
Platypus
(O. anatinus)
Mouse
(M. musculus)
Marmoset
(C. jacchus)
Human
(H. sapiens)
*

GnRHR4
NP_001091663
GnRHR3
NP_001098393
GnRHR1/III-3
BAE45698
GnRHR (UA)
ENSTRUP00000019152
GnRHR (UA)
ENSGACP00000014249
GnRHR2B
CAE54807
GnRHR1
AAG42575
GnRHR1/III
NP_001107547

GnRHR1/III
NP_001012627
GnRHR1/III
NP_001012627

GnRHR1/III
ABB89900

GnRHRn1b

GnRHR1
NP_001098352
GnRHR1/III-1
BAE45694
GnRHR (UA)
ENSTRUP00000018665
GnRHR (UA)
ENSGACP00000019583
GnRHR2C
CAE54805

GnRHRn2

GnRHRn3/m2

GnRHRn3b

GnRHR2
NP_001138451
GnRHR (UA)
ENSORLP00000015859
GnRHR1/III-2
BAE45696
GnRHR (UA)
ENSTRUP00000014430
GnRHR (UA)
ENSGACP00000021774
GnRHR
CAD11992
GnRHR2
AAG42949
GnRHR2/nml
NP_001107548
GnRHR1
NP_001079176
cGnRH-R
NP_989984
GnRHR (UA)
NP_001116830
GnRHR2
ENSACAP00000004352
GnRHR2
BAD11150

GnRHR3
XP_693111
GnRHR2
NP_001098392
GnRHR2/nmI-2
BAE45702
GnRHR (UA)
ENSTRUP00000014399
GnRHR (UA)
ENSGACP00000004101
GnRHRII
AAS49921
GnRHR3
AAG42574
GnRHR3/II
NP_001107549
GnRHR2
NP_001079211

GnRHR1
NP_001138452

GnRHR3/II
ABB89901
GnRHR (UA)
ENSOANP00000020534

GnRHR2
AAK60927
GnRHR2
NR_002328

Accession numbers for NCBI GenBank or ENSEMBL are given below the names of the receptors. UA, unannotated.

GnRHRm1

GnRHR2/nmI-1
BAE45700
GnRHR (UA)
ENSTRUP00000005457
GnRHR (UA)
ENSGACP00000000651
GnRHR1A
CAE54804

GnRHR
NP_001116830
GnRHR
NP_034453
GnRHR
XP_002745835
GnRHR
AAI13547
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Fig. 2. Synteny for the genomic regions comprising GnRHRn1 (a), ﬁsh GnRHRn1 (b), ﬁsh GnRHRn1b (c), GnRHRn2 (d), and ﬁsh GnRHRn2 (e). Gene loci organization in the
genomic region containing the GnRHR gene was retrieved from the Ensembl Genome Browser (http://www.ensembl.org). The direction of each chromosome (Ch), contig (Ct),
group (Gp), and scaffold (Sf) is indicated with line arrows. The direction of each gene is represented by a pointed box. Numerics below the gene indicate the location in the
chromosome. An absence of the GnRHR gene is indicated by an ‘‘X’’ in an open rectangle. Genes located in different genome fragments are indicated with diagonals.
Pseudogenes are depicted as dashed boxes. Reversed triangles indicated the common paralogous genes across paralogons. Open circles containing numbers indicate common
neighboring genes found across vertebrate genome fragments containing GnRHR forms of any given classiﬁcation. , Common loci between ﬁsh GnRHRn1- and GnRHRn1b- or
between ﬁsh GnRHRn1- and GnRHRn2-containing genome fragments.

GNB5, CLPX, UACA, ELL3, ITGA11, and PARP6 that are present in tetrapod GnRHRn2-containing genome fragments, which will be further
discussed. The ﬁsh GnRHRn1b are surrounded by ST8SIA2, RGMA,
AP3S2, ANPEP, SLCO3A1, NR2F2 and MCTP2 which are also shown in

tetrapod GnRHRn1-containing genomes (Fig. 2c). As these genes
are found in both GnRHRn1- and GnRHRn1b-containing ﬁsh genomes, they including GnRHRn1 and GnRHRn1b have been likely generated by the teleost-speciﬁc third round genome duplication.
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Fig. 3. Local duplication of GnRHRn1 and GnRHRn2. Location of GnRHRn1 and GnRHRn2 in the same chromosomes of human, chicken, and stickleback (a). The representative
teleost-speciﬁc third round duplication of stickleback GnRHRn1- and GnRHRn2-containing genome fragments is shown (b). A proposed model showing local duplication of
GnRHRn1 and GnRHRn2 in vertebrate species (c). The local GnRHRn1 gene duplication is depicted by ‘‘X’’ in the open circle.

The GnRHRn2 group comprises X. tropicalis GnRHR2, chicken
cGnRHR, anole lizard GnRHR2 (ENSACAP00000004352), and several ﬁsh GnRHRs (Table 1, Fig. 2d and e). The X. tropicalis GnRHR2
gene is found in the genomic region containing the MTFMT, CLPX,
CILP, PARP16, IGDCC3, IGDCC4, and C15ORF44 loci. The X. tropicalis
GnRHR2 ortholog in mammalian species such as human, marmoset,
mouse, and platypus has not been found in the corresponding
genomic region. In the chicken and anole lizard, genome fragments
containing X. tropicalis GnRHR2 orthologs exhibited good synteny
with that of X. tropicalis. In ﬁsh species, MTFMT, ITGA11, UACA,
IGDCC3, CILP, GRINL1A, CGNL1, TCF12, ELL3, GNB5, MYO5A, IGDCC4,
and PARP6 genes are common in tetrapod genomic regions containing GnRHRn2.
It is of interest to note that the ﬁsh GnRHRn2-containing fragments also share RHCG, IDH2, ZNF710, SEMA4B, ANPEP, AP3S2,
SLCO3A1, NR2F2 and MCPT2 that are found either in GnRHRn1- or
GnRHRn1b-containing genome fragments (Fig. 2b, c and e). How-

ever, careful comparison of gene arrangement of individual ﬁsh
species reveals that there are no overlapping genes between
GnRHRn1b- and GnRHRn2- containing fragments, and that neighboring genes in GnRHRn1b- plus GnRHRn2-containing fragments
well pair with those in GnRHRn1-containing fragments (Fig. 2b, c
and e). There would be one possible scenario accounting for this
phenomenon. GnRHRn1 and GnRHRn2 were closely localized within
the same genome before teleost-speciﬁc third round genome
duplication and GnRHRn2b has been then deleted after third round
duplication of this genome. The close localization of GnRHRn1 and
GnRHRn2 are supported by ﬁnding that GnRHRn1- and GnRHRn2containing genome fragments locate in close vicinity within the
same chromosome with a 25 mb distance on human chromosome
15, with a 3 mb distance on chicken chromosome 10, and with a
10 mb distance on stickleback group_II (Fig. 3a). Thus, it is likely
that GnRHRn1 and GnRHRn2 were generated by a local gene duplication within the paralogon before divergence of tetrapods and tel-
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eost ﬁsh. The neighboring genes in this paralogon have split into
two fragments either within the same chromosome (for human,
chicken and stickleback) or on different chromosomes (for other
species) by chromosome rearrangement. This may explain the reason why tetrapod GnRHRn1- and GnRHRn2-containing genome
fragments do not share any common neighboring genes. The split
of neighboring genes in the paralogon is further evidenced by comparison of gene arrangement of human genome fragments
(Fig. 3b). Human chromosome 15 has GnRHRn1 neighbors in
90–96 mb region and GnRHRn2 in 44–73 mb region. Paralogous
genes for these GnRHRn1 and GnRHRn2 neighbors are reshufﬂed
in 145–158 mb region of chromosome 1 where the GnRHRm2
pseudogene is localized, in 50–115 mb region of chromosome 5,
and in 17–20 mb region of chromosome 19 (Fig. 3b). Thus, it is
likely that GnRHRn1 and GnRHRn2 have been generated by a local

75

duplication before divergence of tetrapods and ﬁsh. For ﬁsh, third
round genome duplication produced a copy of GnRHRn1 and
GnRHRn2 followed by gene loss of one copy of GnRHRn2 (Fig. 3c).
3.2. Evolution of GnRHRn3/m2 and GnRHRm1 lineages
The GnRHRn3/m2 group includes human GnRHR2 (which is a
pseudogene because of the early introduction of a stop codon
[28]), marmoset GnRHR2, platypus GnRHR2, and X. tropicalis
GnRHR3 (Table 1). The marmoset GnRHR2 gene is located in the
genome fragment of chromosome 18 containing the common loci
HFE2, TXNIP, POLR3GL, ANKRD34A, LIX1L, RBM8A, PEX11B, ITGA10,
ANKRD35, NUDT17, RNF115, PRUNE, PI4KB, CGN, TUFT1, SNAPIN,
PMVK, SEMA4B, RHBG, and IQGAP3. While a similar gene arrangement exists in human chromosome 1 and mouse chromosome 3,

Fig. 4. Synteny for the genomic regions comprising GnRHRn3/m2 (a), ﬁsh GnRHRn3 (b), ﬁsh GnRHRn3b (c), GnRHRm1 (d), ﬁsh GnRHRn3b (e) and proposed evolutionary history
of GnRHRs (f). Open circles containing numbers or ‘‘m’’ indicate common neighboring genes found across vertebrate genome fragments containing GnRHR forms of any given
classiﬁcation. +, Common loci in ﬁsh GnRHRn3- and GnRHRn3b-containing genome fragments.
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these chromosomes have a pseudo GnRHR2 gene for human or lack
the GnRHR2 gene for mouse, respectively. The platypus and X. tropicalis genomes harbor a marmoset GnRHR2 orthologous gene, as
they demonstrated a higher degree of amino acid sequence identity with marmoset GnRHR2 than other GnRHR types examined.
Synteny data is missing because of insufﬁcient genome information for these species. We could not ﬁnd marmoset GnRHR2 orthologs in avian and reptilian species using BLAST searches (Fig. 4a
and Table 1). In ﬁsh such as zebraﬁsh, stickleback, fugu, and tetraodon, two copies of the marmoset GnRHR2-like gene have been
identiﬁed and are referred to as GnRHRn3 (Fig. 4b) and GnRHRn3b
(Fig. 4c) lineages here. In the ﬁsh genome containing GnRHRn3,
marmoset GnRHR2-neigboring genes such as PMVK, ANKRD34A, IQGAP3, IGDCC3L, POLR3GL, PRUNE, PI4KB, HFE2, and NUDT17 are clustered. Fish genome fragments containing GnRHRn3b share IGDCC3L,
TXNIP, SNAPIN and PEX11B with those of human and marmoset.
These genome fragments also share common TMEM106B, MEOX2
and SMAD4 genes with those containing GnRHRn3 in ﬁsh (Fig. 4b
and c), indicating that GnRHRn3 and GnRHRn3b genes have been
derived from a common origin and were likely generated during
ﬁsh-speciﬁc genome duplication.
Mammalian GnRHR1 genes are surrounded by EPHA5, CENPC1,
STAP1, UBA6, TMPRSS11A, TMPRSS11B, YTHDC1, TMPRSS11E2, and
UGT2A3 on chromosome 4 in humans and on chromosome 5 in
mice. Similar gene locations are observed for marmoset chromosome 3 and platypus contig_214. Although many GnRHRm1-neighboring genes are also clustered in the genome fragment of chicken
(chromosome 4), zebra ﬁnch (chromosome 4), anole lizard (scaffold_316), and X. tropicalis (scaffold_333), GnRHRm1 orthologous
genes are missing in these species (Fig. 4d). This gene cluster has
diverged in ﬁsh species such as fugu and zebraﬁsh. The BLAST
search also revealed that the GnRHRm1 orthologous genes were absent in all ﬁsh species examined. Thus, the structural and functional origin of GnRHRm1 is uncertain. In mammals, GnRHR1containing genome fragments have common YTHDC1 and UGT2A3
genes, while no ﬁsh GnRHR genes are present in the genome fragment containing these two genes. The YTHDC1 and UGT2A3 genes
localize with APC near the C3AR, GDNF, WDR70, SGSM1, and/or

NUP155 genes within a 6 mb distance. Very interestingly, in zebraﬁsh chromosome 10, a GnRHRn3 form exists within this cluster
that lacks the YTHDC1 and UGT2A3 genes (Fig. 4e), raising the possible relationship between GnRHRm1 and GnRHRn3.
We propose a possible evolutionary history for GnRHR as shown
in Fig. 5. The presence of third and fourth paralogons sharing paralogous genes in the GnRHR-containing genome fragments (Fig. 3b)
suggests two rounds of large-scale genome duplication occurred
during early vertebrate evolution. GnRHRn1 and GnRHRn2 are likely
generated by local gene duplication within a paralogon before
divergence of ﬁsh and tetrapod lineages. Later then, neighboring
genes within this paralogon have split into two fragments on different chromosomes in some species. The GnRHRn3/m2-containing paralogon shares paralogous genes with either GnRHRn1- or
GnRHRn2-containing paralogon, indicating GnRHRn3/m2 arose by
ﬁrst or second round genome duplication from a common ancestor.
The third and fourth paralogons lost the GnRHR gene. Origin of
GnRHRm1 is currently uncertain. GnRHRm1 might translocate from
either the third or fourth paralogons to other chromosomes before
or after divergence of tetrapod and ﬁsh lineages. GnRHRm1 then
survived only in mammalian species. In addition, ﬁsh have two
additional GnRHR lineages known as GnRHRn1b and GnRHRn3b
that might have been produced by ﬁsh-speciﬁc genome duplication of the GnRHRn1 and GnRHRn3 lineages, respectively.

4. Concluding remarks
Genome synteny, combined with phylogenetic analyses of teleost ﬁsh and tetrapods, revealed that two rounds of genome duplication events may have generated three vertebrate lineages of the
GnRH peptides GnRH1, GnRH2, and GnRH3. The GnRH3 gene has
been lost in the tetrapod. The presence of lamprey-speciﬁc
GnRH-I and -III (GnRH4 group), however, reveals more complicated evolutionary scenario of the GnRH gene during early vertebrate evolution. This issue will be further disclosed when
genome data of agnathan and chondrichtyan species are available.
For GnRHRs, four GnRHR lineages have most likely been generated

Fig. 5. Proposed evolutionary history of GnRHRs. Ofﬁcial gene names provided by NCBI (http://www.ncbi.nlm.nih.gov/) or Ensembl Genome Browser (http://
www.ensembl.org) are presented in each box of the lineage. Accession numbers for the indicated genes are shown in Table 1. Two rounds of duplication of an ancestral
GnRHR-containing genome fragments have resulted in the generation of four GnRHR lineages: GnRHRn1, GnRHRn2, GnRHRn3/m2, and GnRHRm1. GnRHRn1 and GnRHRn2 are
likely generated by a local gene duplication just before divergence of ﬁsh and tetrapod lineages. GnRHRn3/m2 arose by ﬁrst or second round genome duplication from a
common ancestor. The third and fourth genome fragments lost the GnRHR gene. GnRHRm1 likely translocated from either the third or fourth genome fragments to other
chromosomes. Teleost-speciﬁc genome duplication has produced the ﬁsh-speciﬁc GnRHR lineages, GnRHRn1b and GnRHRn3b. An absence of the GnRHR gene in a given lineage
is shown by an ‘‘X’’ in a white box. The pseudogene is marked with a dashed box. The ‘‘?’’ mark in the box indicates the possible presence of the GnRHR gene in the indicated
lineage. This is because the gene could not be identiﬁed due to insufﬁcient genome information. , Genome/gene duplication.
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by two rounds of genome duplication as four copies of paralogons
sharing paralogous genes one another exist in tetrapod genomes
while two paralogons lost GnRHR after or before divergence of ﬁsh
and tetrapod. Currently, most known GnRHRs have been named
numerically in the order of their discovery or based on phylogenetic relationships [1,33]. Alternatively, ligand afﬁnity toward the
three different forms of GnRH, expression patterns such as brain
and pituitary distribution, or a speciﬁc domain (SD/EP, PEY, and
PPS) at the extracellular loop 3 has been used for classiﬁcation
[5,49,50]. However, the nomenclature for GnRHRs provided by previous annotation strategies do not correlate well with those given
by the combination of genome synteny and phylogenetic analyses
performed here, underscoring the need for intensive reannotation
of vertebrate GnRHR genes. Together, GnRH and GnRHR provide
an excellent model for understanding the molecular evolution of
peptide ligands and their receptor pairs at the genome level.
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