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The neuronal and neuroendocrine peptides oxytocin (OT) and vasotocin (VT), including
vasopressins, have six cognate receptors encoded by six receptor subtype genes in
jawed vertebrates. The peptides elicit a broad range of responses that are specifically
mediated by the receptor subtypes including neuronal functions regulating behavior and
hormonal actions on reproduction and water/electrolyte balance. Previously, we have
demonstrated that these six receptor subtype genes, which we designated VTRTA,
VTR1B, OTR, VTR2A, VTR2B and VTR2C, arose from a syntenic ancestral gene pair, one
VTR1/OTR ancestor and one VTR2 ancestor, through the early vertebrate whole-genome
duplications (WGD) called 1R and 2R. This was supported by both phylogenetic and
chromosomal conserved synteny data. More recently, other studies have focused on
confounding factors, such as the OTR/VTR orthologs in cyclostomes, to question this
scenario for the origin of the OTR/VTR gene family; proposing instead less parsimonious
interpretations involving only one WGD followed by complex series of chromosomal or
segmental duplications. Here, we have updated the phylogeny of the OTR/VTR gene
family, including a larger number of vertebrate species, and revisited seven representative
neighboring gene families from our previous conserved synteny analyses, adding
chromosomal information from newer high-coverage genome assemblies from species
that occupy key phylogenetic positions: the polypteriform fish reedfish (Erpetoichthys
calabaricus), the cartilaginous fish thorny skate (Amblyraja radiata) and a more recent
high-quality assembly of the Western clawed frog (Xenopus tropicalis) genome. Our
analyses once again add strong support for four-fold symmetry, i.e., chromosome
quadruplication in the same time window as the WGD events early in vertebrate
evolution, prior to the jawed vertebrate radiation. Thus, the evolution of the OTR/VTR
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gene family can be most parsimoniously explained by two WGD events giving rise to the
six ancestral genes, followed by differential gene losses of VTR2 genes in different
lineages. We also argue for more coherence and clarity in the nomenclature of OT/N/T
receptors, based on the most parsimonious scenario.

Keywords: GPCR, GPCR evolution, oxytocin receptor, vasopressin receptor, isotocin receptor, vasotocin receptor,

whole-genome duplication (WGD)

1 INTRODUCTION

The two mammalian neuronal and neuroendocrine peptides
oxytocin and vasopressin are involved in numerous functions,
some of the most notable of which are reproduction and social
behavior for oxytocin and water/electrolyte balance and social
behavior for vasopressin (1). Their chemical characterization was
awarded the Nobel Prize in physiology or medicine to Vincent
Du Vigneaud in 1955. As related peptides began to be isolated
and characterized in the 1950s, including complete sequencing in
several species, a tradition arose to give each new peptide with a
unique sequence a distinct name (2). This resulted in a plethora
of names, the most commonly used of which are isotocin (ray-
finned fishes), mesotocin (non-eutherian tetrapods) and
vasotocin (non-mammalian vertebrates). The most widespread
vasopressin sequence in mammals was named arginine-
vasopressin when it was discovered that the porcine sequence
had replaced the arginine (Arg) residue on position 8 with lysine
(Lys), thus lysine-vasopressin or lyspressin. This resulted in the
abbreviation AVP for arginine-vasopressin. This can be
misleading because the single-letter abbreviation for arginine is
not A but R. This naming mania arose long before it was possible
to assign orthology between evolutionary lineages with certainty,
and before the importance of orthology and paralogy for gene
naming was realized.

Today, we know that a single common ancestral pre-pro-
peptide gene existed before the origin of vertebrates (3). The
single gene in the vertebrate ancestor underwent a tandem
duplication in the common ancestor of the jawed vertebrates
(Gnathostomata). Rearrangements have subsequently happened
in a few lineages such as placental mammals which have the two
peptide genes in a tail-to-tail configuration (3). Nevertheless, it is
clear that the peptides named oxytocin, isotocin and mesotocin are
orthologous, as are vasopressins and vasotocin. Herein we will use
the names oxytocin (OT) and vasotocin (VT) as recommended in
the recent article by Theofanopoulou et al. (4). A recent peptide
and receptor evolution review described invertebrate homologs
(orthologs) of oxytocin and its receptors (5).

In mammals, the two peptides have four cognate receptor
subtypes encoded by four distinct genes: AVPRIA, AVPRIB,
AVPR2 and OXTR. The actions of OT are mediated by the OT
receptor (OTR) and include both behavioral and gonadal
regulation and, in mammals, the powerful contractions of the
uterus as well as stimulation of milk ejection (6). The responses
to VT are triggered in mammals by three distinct receptor
subtypes (7) and are more complex [see (8), for review]. Two
of these, the V1A and V1B subtypes, are clearly more like OTR

and induce similar signal transduction responses primarily
resulting in the release of Ca** as a second messenger. V1A is
expressed in the brain where it regulates behavior and in
vasculature where it induces vasoconstriction. The V1B
receptor also regulates behavior and is the receptor that
triggers the release of the hormone ACTH from the anterior
pituitary and thereby the adrenal synthesis of cortisol and
aldosterone. The V2 receptor, on the other hand, primarily
stimulates adenylyl cyclase to synthesize cAMP and in kidney
tubules this results in the reabsorption of water that reduces the
volume of urine. V2 also stimulates the synthesis of
coagulation factors.

In the light of the two ancestral vertebrate whole genome
duplication (WGD) events (called 1R and 2R) before the
radiation of jawed vertebrates (9, 10), it seemed likely that the
four receptor genes had arisen from a common ancestral gene via
two rounds of WGD, especially as they are located on four
separate chromosomes in the human genome. However, when
we analyzed the OT/VT receptor family in various jawed
vertebrates, representing the major evolutionary lineages, we
found firstly that jawed vertebrates have at least five OTR/VTR
genes (11). Subsequently we concluded that that there are no less
than six distinct receptor genes, with clear evidence of individual
gene losses in some lineages (12).

The most parsimonious explanation for the extant repertoire
of six OTR/VTR genes in jawed vertebrates that is compatible
with sequence-based phylogeny, species distribution and
chromosomal locations, is that an ancestral syntenic receptor
pair was quadrupled in 1R/2R, whereupon two genes were lost
before the jawed vertebrate radiation (12). This scenario was
strongly supported by the four-fold symmetry of the
chromosomal regions shown by a large number of adjacent
gene families, demonstrating that not only the ancestral
receptor gene pair had been quadrupled, but in fact also a
large chromosomal region harboring a large number of other
gene families. The species distribution and sequence phylogenies
of these neighboring gene families were consistent with this
chromosome quadruplication arising concomitantly with many
other chromosome quartets, thus the two WGD events before
the jawed vertebrate radiation.

Nevertheless, two more recent reports have questioned this
parsimonious double WGD scheme and have proposed other
scenarios. One study that also included lamprey OTR/VTR
sequences concluded that the analyses supported one WGD
event that was followed by “chromosomal or segmental
duplications and translocations” in the jawed vertebrate lineage
(13). This conclusion was repeated more recently in a book
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chapter from the same group (14). The most recent report on the
evolution of OTR/VTR genes favored one WGD event followed
by large segmental duplications (4).

Here, we have extended our previous report (12) including
both OTR/VTR sequence data as well as chromosomal synteny
analyses from newer high-coverage genome assemblies
representing a wider selection of vertebrate lineages. Our
analyses add strong support for four-fold symmetry, that is
chromosome quadruplication, in the same time window as the
two WGD events early in vertebrate evolution. Thus, the
evolution of the OTR/VTR gene family can be most
parsimoniously explained by two WGD events before the
radiation of jawed vertebrates.

2 RESULTS

2.1 Updated Phylogeny of Jawed
Vertebrate OTR/VTR Genes

Our full updated maximum likelihood phylogeny of the OTR/
VTR gene family, including all 88 analyzed species and 519
sequences, has been deposited in Figshare (see Supplementary
Material section). A smaller phylogeny including 55 species
(Table 1) is shown in Figures 1 and 2. The smaller phylogeny,
as well as the alignments underlying both phylogenies, have also
been deposited in Figshare. Our conclusions are supported by
both phylogenies. We have used the gene nomenclature VIRIA
(AVPRIA), VIRIB (AVPRIB), OTR (OXTR), VTR2A (AVPR2),
VTR2B and VTR2C.

The updated phylogenies are consistent with our previously
published analyses (12, 15), showing 6 ancestral subtypes
VTR2A, VTR2B and VTR2C (Figure 1) as well as VTRIA,
VTRIB and OTR (Figure 2) diverging early in jawed vertebrate
evolution. As in previous analyses, the VTR2C genes form a
paraphyletic group, with the VTR2C sequences from teleost
fishes (Teleostei) as well as some shark (Selachimorpha)
VTR2C sequences clustering at the base of the VIR2A, VTR2B
and the main VTR2C branches (Figure 1). Nonetheless,
conserved synteny as well as exon/intron structures and amino
acid sequence features support the identity of this seemingly
basal branch as VTR2C. All other OTR/VTR subtypes are well-
supported and, in general, follow the known and accepted
phylogeny of jawed vertebrate groups. As in previous analyses,
the coelacanth (Latimeria chalumnae) OTR/VTR sequences in
some cases diverge from the expected phylogenetic position, see
the VTRIB and OTR branches in Figure 2. Other discrepancies
in our current phylogenies include the following:

* The two-lined caecilian (Rhinatrema bivittatum) sequences
often cluster at the base of the full tetrapod branches rather
than at the base of the amphibian branches. Additionally, the
amphibian VTRIA branch could not be reconstructed
(Figure 2).

* Our phylogenies often fail to reconstruct Archosauria
(including turtles (16), crocodilians and birds) on one side
and Lepidosauria (tuatara, lizards and snakes) on the other,

with the tuatara (Sphenodon punctatus) and turtle
(Testudines) sequences often occupying ambiguous positions.

* The spotted gar (Lepiososteus oculatus) and bowfin (Amia
calva) (both Holostei) VITRIA and VTR2B sequences do not
cluster together, however they occupy the expected positions
as immediate outgroups to the corresponding teleost
branches.

* The Asian arowana (Scleropages formosus) sequences often
occupy ambiguous positions within teleosts, rather than
diverging at the base of teleosts. For example, the Asian
arowana VTR2C sequence appears within the otocephalan
clade rather than at the base of the teleost branch, likely due to
a long-branch artefact (Figure 1). In general, sequences from
basally radiating teleosts occupy ambiguous positions in the
phylogenies with respect to 3R-generated -a and -b branches.
Likely due to the short time window between 3R and their
radiations and uneven divergence rates for the resulting co-
orthologs. For these reasons we carried out an additional
conserved synteny analysis in the Asian arowana (described
in section 4.3 below), which supports the assigned gene names
shown in Figures 1 and 2.

Aside from these minor discrepancies, both phylogenies
are generally well-supported and well-resolved, and allowed
us to draw more detailed conclusions about the repertoires of
OTR/VTR subtype genes in different vertebrate lineages
than before.

2.2 Key Lineages in the Updated

OTR/VTR Phylogeny

2.2.1 Basal Ray-Finned Fishes

Key species added to our updated phylogenies include the basal
ray-finned fishes (Actinopterygii) reedfish (Erpetoichthys
calabaricus) and gray bichir (Polypterus senegalus) (both
Polypteriformes), as well as American paddlefish (Polyodon
spathula) and sterlet (Acipenser ruthenus) (both Acipenseriformes).
In addition to including these species in our updated phylogenies,
we included the reedfish genome in our updated conserved
synteny analyses, as described below. We found that the reedfish
genome contains the full ancestral jawed vertebrate complement
of OTR/VTR genes, and that these reedfish genes, in all cases but
one, cluster in the expected positions in our phylogenies
(Figures 1 and 2). The only exception is the VTRIB sequence,
which clusters together with the American paddlefish and sterlet
VTRIB sequences rather than at the base of the ray-finned fish
branch (Figure 2). We could also find the full complement of
genes in the gray bichir genome (see Data Availability Statement
below for access to the full phylogeny). We could identify
duplicates of the VIRIA, VIRIB, OTR, VIR2B and VTR2C
genes in both the American paddlefish and sterlet (Figures 1
and 2), with each pair located on chromosome pairs that are
consistent with the respective independent WGDs in each of
the two lineages (17, 18). The only exceptions are the sterlet
VTRIBI gene, which is located on an unplaced scaffold, and the
sterlet VTR2B1 and VTR2B2 duplicates, which are both located on
chromosome 21. Furthermore, our phylogenies are also consistent
with independent WGDs in the American paddlefish and the
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TABLE 1 | Species and genome assembly information for species shown in Figures 1 and 2.

Abbreviation Genus and species
Hsa Homo sapiens

Mmu Mus musculus

Sha Sarcophilus harrisii

Oan Ornithorhynchus anatinus
Gga Gallus gallus

Can Calypte anna

Ach Aquila chrysaetos chrysaetos
Tgu Taeniopygia guttata

Ami Alligator mississippiensis
Cpi Chrysemys picta bellii
Dco Dermochelys coriacea
Spp Sphenodon punctatus
Gja Gekko japonicus

Pmu Podarcis muralis

Aca Anolis carolinensis

Pbi Python bivittatus

Cvi Crotalus viridis

Tel Thamnophis elegans

Rbi Rhinatrema bivittatum

Nvi Notophthalmus viridescens
Xtr Xenopus tropicalis

Bbu Bufo bufo

Rte Rana temporaria

Lch Latimeria chalumnae

Eca Erpetoichthys calabaricus
Psp Polyodon spathula

Aru Acipenser ruthenus

Loc Lepisosteus oculatus

Acl Amia calva

Sfo Scleropages formosus
Cha Clupea harengus

Dre Danio rerio

Pna Pygocentrus nattereri

Eel Electrophorus electricus
Phy Pangasiodon hypophthalmus
Pmg Periophthalmus magnuspinnatus
Hhi Hippoglossus hippoglossus
Ola Oryzias latipes

Xca Xenentodon cancila

Xma Xiphophorus maculatus
Gac Gasterosteus aculeatus
Pl Perca fluviatilis

Dla Dicentrarchus labrax
Mmo Mola mola

Tru Takifugu rubripes

Cmi Callorhinchus milii

Haf Hydrolagus affinis

Ara Amblyraja radiata

Ppe Pristis pectinata

Rty Rhincodon typus

Cpl Chiloscyllium plagiosum
Cer Carcharodon carcharias
Sca Scyliorhinus canicula

Cin Ciona intestinalis

Owu Octopus vulgaris

Common name

Genome assembly

Human GRCh38.p13
Mouse GRCmM39
Tasmanian devil mSarHar1.11
Platypus mOrnAnai.pri.v4
Chicken bGalGalt

Anna’s hummingbird bCalAnn1_v1.p
European golden eagle bAquChr1.2

Zebra finch bTaeGut2.pat.W.v2
American alligator ASM28112v4

Western painted turtle
Leatherback sea turtle

Chrysemys_picta_BioNano-3.0.4
rDerCor1.pri.v3

Tuatara ASM311381v1
Schlegel’s Japanese gecko Gekko_japonicus_V1.1
Common wall lizard PodMur_1.0

Carolina anole lizard AnoCar2.0

Burmese python

Western rattlesnake

Western terrestrial garter snake
Two-lined caecilian

Eastern newt

Western clawed frog

Python_molurus_bivittatus-5.0.2
UTA_CroVir_3.0

rThaEle1.pri

aRhiBiv1.1
reference_transcripts_v2
UCB_Xtro_10.0

Common toad aBufBuf1.1
European common frog aRanTem1
Coelacanth LatCha1
Reedfish fErpCali .1
American paddlefish ASM1765450v1
Sterlet ASM1064508v1
Spotted gar LepOcui
Bowfin AmiCal1

Asian arowana fSclFor1.1
Atlantic herring Ch_v2.0.2
Zebrafish GRCz11
Red-bellied piranha fPygNat1.pri
Electric eel fEleEle1.pri

Striped catfish
Big-finned mudskipper

GENO_Phyp_1.0
fPerMag1.pri

Atlantic halibut fHipHip1.pri

Japanese medaka ASM223467v1
Freshwater garfish fXenCan1.pri
Southern platyfish X_maculatus-5.0-male
Three-spined stickleback BROAD S1

European perch
European sea bass

GENO_Pfluv_1.0
seabass_V1.0

Ocean sunfish ASM169857v1
Japanese pufferfish fTakRub1.2
Elephant shark Callorhinchus_milii-6.1.3
Small-eyed rabbitfish UP_Haf

Thorny skate sAmbRad1.1.pri
Smalltooth sawfish sPriPec2.pri
Whale shark ASM164234v2
Whitespotted bambooshark ASM401019v1
White shark ASM360424v1
Small-spotted catshark sScyCan1.2
Vase tunicate KH

Common octopus

sterlet. The age of the American paddlefish WGD has been
estimated at 50 million years ago (MYA) (18) and the sterlet
WGD has been estimated at both 180 MYA (17) and 21.3 MYA
(19). We found that both the American paddlefish and sterlet
genomes lacked a VTR2A gene, suggesting an ancestral gene loss in
sturgeons (Acipenseriformes).

2.2.2 Cartilaginous Fishes

A key addition for our analyses is the inclusion of seven
cartilaginous fish (Chondrichthyes) species in addition to the
elephant shark (Callorhinchus milii) (Table 1), thus representing
all three major cartilaginous fish lineages in our phylogenies.
We also added the thorny skate (Amblyraja radiata) genome
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FIGURE 1 | Maximum likelihood phylogeny of VTR2A, VTR2B and VTR2C genes. Inset: Placement of data shown in and within the OTRA/TR phylogeny. Phylogeny
constructed with IQ-TREE supported by 100 iterations of ultrafast bootstrapping (UFBoot). Weakly supported nodes are indicated by yellow (<75 %) and red (<50 %)
arrowheads. Some node support values for shallow nodes have been omitted for visual clarity. Sequence names include species abbreviations followed by chromosome/
linkage group designations (where available) and gene symbols. Species abbreviations are listed in Table 1. Asterisks indicate partial sequences. The phylogeny was
rooted with the common octopus (Octopus vulgaris) cephalotocin (CTR7, CTR2) and octopressin (OPR) receptor sequences.
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toour updated conserved synteny analyses, as described below.
We could only identify VTRIA, OTR and VTR2C in the thorny
skate, smalltooth sawfish (Pristis pectinata) (also Batoidea) and
shark genomes. The VTRIA and OTR sequences cluster in the
expected phylogenetic positions, while the cartilaginous fish
VTR2C sequences cluster with the basal ray-finned fish VIR2C
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FIGURE 2 | Maximum likelihood phylogeny of VTR1A, VTR1B and OTR genes. Inset: Placements of the VTR2A, VTR2B and VTR2C branches within the full OTR/

sequences rather than at the base of the jawed vertebrate VIR2C
branch. In addition, some of the shark genomes had an
additional local duplicate of VTR2C, which we have called
VTR2C2. Notably, the shark VTR2C2 sequences cluster with
the teleost VTR2C sequences at the base of the V2R branch. This
is described further in section 2.4.3 below. We have previously
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shown that the elephant shark genome contains 5 of the ancestral
jawed vertebrate genes, lacking only VTR2A (12). Our current
phylogenetic analyses support the loss of VTR2A at the base of
extant cartilaginous fishes, with further losses of VTRIB and
VTR2B at the base of Elasmobranchii.

We searched for the missing genes VTRIB, VTR2A and VIR2B
in several available transcriptome assemblies from cartilaginous
fish species: the zebra bullhead shark (Heterodontus zebra) (20),
ocellate spot skate (Okamejei kenojei) (21), blue shark (Prionace
glauca) (22), elephant shark (23), winter skate (Leucoraja ocellata)
(24), and small-spotted catshark (Scyliorhinus canicula) (25).
However, we could not identify putative VIRIB, VTR2A or
VTR2B transcripts in these datasets. We could only identify
partial VIRIA and OTR transcripts in the zebra bullhead shark
and ocellate spot skate transcriptomes, and a partial VITRIA
transcript in the winter skate transcriptome.

2.2.3 Other Notable Gene Losses

We found that VTR2A was missing from the American alligator
(Alligator mississippiensis) genome as well as from all analyzed
avian genomes. However, it is present in both analyzed turtle
species: the Western painted turtle (Chrysemys picta bellii) and
the leatherback sea turtle (Dermochelys coriacea) (Figure 1). This
suggests a loss of VTR2A in an archosaurian ancestor of birds
and crocodilians.

We could not identify VTR2C in the Western rattlesnake
(Crotalus viridis), Indian cobra (Naja naja) and Western
terrestrial garter snake (Thamnophis elegans) genomes.
However, it is found in the genome of the Burmese python
(Python bivittatus), which represents a more basal snake lineage.
This suggests a loss of VIR2C from the lineage leading to
caenophidian snakes, which represent more than 80 % of
extant snake species (26).

Some teleosts lack duplicate VTR2B genes. Otocephalan
teleosts seem to have lost the VTR2Bb duplicate — It could not
be identified in the Atlantic herring (Clupea harengus), zebrafish
(Danio rerio), red-bellied piranha (Pygocentrus nattereri),
electric eel (Electrophorus electricus) or striped catfish
(Pangasiodon hypophthalmus) genomes. The VTR2Bb duplicate
is also missing from the green spotted pufferfish (Tetraodon
nigroviridis) and Japanese pufferfish (Takifugu rubripes),
however both duplicates are present in the ocean sunfish
(Mola mola) (all Tetraodontiformes). It is also missing from
the Atlantic cod (Gadus morhua) and the closely related walleye
pollock (Gadus chalcogrammus). Conversely, the VTR2Ba
duplicate could not be identified in the Asian or African
arowana genomes, the Japanese medaka (Oryzias latipes)
genome (although both VTR2B duplicates are present in the
freshwater garfish (Xenentodon cancila), also Beloniformes), nor
in the three-spined stickleback (Gasterosteus aculeatus) or the
closely related Gasterosteus nipponicus and nine-spined
stickleback (Pungitius pungitius) genomes. Both VTR2B
duplicates are absent from the Northern pike (Esox lucius)
genome, as well as from two other species in the genus Esox
whose genomes are available (not shown herein).

We could not identify VTR2C genes in the red-bellied piranha
or striped catfish within Otocephala. It is also missing from the

Japanese medaka as well as from the five other available genomes
from the genus Oryzias (not shown herein), however, we could
identify it in the freshwater garfish (also in the order
Beloniformes). VIR2C is also seemingly missing from the
spotted green pufferfish and Japanese pufferfish genomes.
Searches for VTR2C in five other available genomes from
Tetraodontiformes (not shown herein) also returned negative
results, however, it is present in the ocean sunfish (also
Tetraodontiformes) on the same genomic scaffold as the
VTRIAb gene. Additionally, VIR2C could not be identified in
the Atlantic cod (Gadus morhua), nor the closely related walleye
pollock (Gadus chalcogrammus), the Atlantic halibut
(Hippoglossus hippoglossus), or the lumpfish (Cyclopterus lumpus).
VTRIAb and VTR2C, which are located on the same
chromosome in other teleost species, could not be identified in
the greater pipefish (Syngnathus acus) genome, nor in the big-belly
seahorse (Hippocampus abdominalis) (both Syngnathiformes).

2.2.4 Cyclostome OTR/VTR Family Members

Like in the recent study by Theofanopoulou et al. (4), we
included sea lamprey (Petromyzon marinus) and inshore
hagfish (Eptatretus burgeri) OTR/VTR sequences in our full
phylogeny (see Data Availability Statement below for access to
the full phylogeny). We could replicate the findings in
Theofanopoulou et al. (4), regarding the phylogenetic positions
of these sequences within the vertebrate OTR/VTR phylogeny.
The phylogeny suggests that cyclostomes have orthologs of OTR
and VTR2C, however there is an additional VTR subtype of
unclear relationship that Theofanopoulou et al. (4) call VTRIA
but that in fact clusters at the base of VTR1A, VTRIB and OTR in
both their phylogeny and ours. Additionally Theofanopoulou
et al. (4) identify one of the inshore hagfish sequences as VTRIA
whereas our phylogeny places this sequences at the base of the
OTR branch. However, we consider these results as interim in
wait for more careful conserved synteny analyses which are
underway in the latest sea lamprey genome assembly. The
recent report that cyclostomes have undergone an independent
hexaploidization (27) means that gene relationships have to be
carefully analyzed, considering synteny as well as phylogeny.

2.3 Vertebrate Oxytocin and Vasotocin
Receptor Gene Features

2.3.1 Exon/intron Organization

The exon/intron organizations of representative OTR/VTR
genes analyzed in this study are shown in Figure 3 (VTRIA,
VTRIB and OTR) and Figure 4 (VIR2A, VTR2B and VTR2C).
An annotated rich text file document which shows the exon/intron
boundaries overlaid on all analyzed sequences has been deposited
in Figshare (see Supplementary Material). The human VTRIA
(AVPRIA), VTIRIB (AVPRIB) and OTR (OXTR) genes each
comprises two coding exons, while the VTR2A (AVPR2)
comprises three coding exons. The additional intron in the
beginning of the human VTR2A gene coding region (28) (blue
arrow in Figure 4A), arose in a mammalian ancestor, while the
second intron is an ancestral intron conserved in vertebrate
OTR/VTR genes. This basic exon/intron organization is present
in all vertebrate OTR/VTR genes analyzed in this study,
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FIGURE 3 | Exon/intron structures of human, thorny skate, reedfish, spotted gar and zebrafish VTR1A (A), VTR1B (B) and OTR (C) genes. Additional representative
genes are marked with an asterisk. Only coding exons are shown. Exons are drawn to scale and exon lengths are given in base-pairs. Roman numerals designate
the approximate locations of the transmembrane (TM) region-encoding sequences. The third intracellular loop (IL3)-encoding sequences are indicated in dark gray.

including those from basal ray-finned fishes, and cartilaginous
fishes. However, there have been several waves of additional
intron insertion in the VTR2A genes.

In a previous study (11) we reported that teleost VTR2A genes
had 3 additional introns upstream of the conserved intron, all
inserted between CAG (GIn, Q) and GTG/GTT (Val, V) codons.
These introns are indicated with magenta/pink arrows in
Figure 4A. With the additional basal ray-finned fish species
analyzed in this study, we can present a more detailed timeline
for these intron insertions. The first Q-V intron was likely inserted
already in a ray-finned fish ancestor, as this intron is preserved in
both the reedfish (Figure 4A) and gray bichir VTR2A genes. The
second Q-V intron was inserted in a common ancestor of
holosteans (spotted gar and bowfin in Figure 4A) and teleosts,
at the latest. We could not identify VTR2A in the American
paddlefish or sterlet, thus it is possible that this intron was inserted

earlier, in a common ancestor of chondrostean and neopterygian
fishes (Holostei and Teleostei). The last of the three Q-V introns
was inserted early in teleost evolution, before the 3R WGD event,
as both VIR2Aa and VTR2Ab duplicates have it.

A putative fourth intron interrupting the main intracellular
loop 3 (IL3)-encoding exon could be identified at a conserved
location in most spiny-rayed fish (Acanthomorpha) VTR2Ab
genes (green arrowhead in Figure 4A). This “IL-3” intron could
not be identified in the three-spined stickleback VTR2Ab gene,
nor in that of the closely related nine-spined stickleback
(Pungitius pungitius), suggesting an intron deletion in this
lineage. Conversely, the three-spined and nine-spined
stickleback VTR2Ab genes have a putative intron insertion in
the N-terminal encoding exon (purple arrowhead in in
Figure 4A). This putative intron is a prerequisite to predict a
correct N-terminal signal peptide sequence for these genes.
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FIGURE 4 | Exon/intron structures of human, thorny skate, reedfish, spotted gar and zebrafish VTR2A (A), VTR2B (B) and VTR2C (C) genes. Additional
representative genes are marked with an asterisk. See caption for details. Within the OTR/VTR gene family, only VTR2A genes (A) diverge from the conserved exon/
intron structure due to intron insertions in several lineages. The blue arrowhead marks the first intron of the human VTR2A (AVPR2) gene (in blue), which is shared
with all mammalian VTR2A genes. Pink arrowheads indicate introns inserted in ray-finned fish evolution between conserved Gin-Val (Q-V)-encoding codons. The
green arrowhead indicates a predicted intron inserted into the IL3-encoding region in VTR2Ab genes from spiny-rayed fishes (Acanthomorpha). The purple
arrowhead indicates a predicted N-terminal intron seen only in the three-spined and nine-spined stickleback VTR2Ab genes.
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2.3.2 Elongated Intracellular Loop 3 in Teleost VTR2A
We also reported in a previous study (11) that teleost VITR2A
genes seemed to have an elongated IL3-encoding exon, producing
a notably elongated middle portion of this intracellular loop.
However, at the time we could not identify conserved motifs
within this elongated region due to the scarcity of sequences. In
the present study, we have analyzed 68 teleost VTR2Aa and
VTR2Ab sequences with elongated IL3 sequences and were able
to identify several conserved, albeit short, sequence motifs,
primarily based around conserved Pro (P) residues, and to
some extent several conserved Tyr (Y) as well as Cys (C)
residues. The elongated IL3 sequences are also rich in relatively
well-conserved Ser (S) and Thr (T) residues. These features can
be seen in the full sequence alignment that has been deposited
in Figshare (see Supplementary Material section). We also
performed predictions of intrinsically disordered regions for all
teleost VTR2A amino acid sequences using IUPred2A (https://
iupred2a.eltehu/) (29, 30) and could detect a high degree of
disorder spanning the length of the elongated IL3 sequences for
all teleost VTR2Aa and VTR2AD sequences (not shown herein).

2.3.3 Shortened C-Terminal in Cartilaginous Fish and
Teleost VTR2C

Another striking feature among the vertebrate OTR/VTR genes
is the shortened C-terminal-encoding exon seen in teleost
VTR2C genes as well as the shark VTR2C2 genes (Figure 4C).
Additionally, the teleost VITR2C and shark VTR2C2 cluster
together at the base of the V2R branch of our phylogenies
(Figure 1). This phylogenetic position, as well as the similarly
shortened C-terminal between the genes across a large
evolutionary distance, seem to indicate that they are
orthologous. This would mean that a seventh VTR2C-like gene
arose before the jawed vertebrate radiation and subsequently was
lost independently from all jawed vertebrate lineages except
sharks and teleosts. A more parsimonious interpretation is that
a shark-specific local duplicate of the VTR2C gene and the teleost
VTR2C gene independently acquired premature stop codons at
roughly the same positions, shortening their C-terminal tails.
This, along with the relative scarcity of shark VTR2C2 and teleost
VTR2C genes, likely creates the phylogenetic artefact seen in our
phylogenies. However, the possibility that these genes represent a
seventh ancestral OTR/VTR receptor subtype gene that arose
through a local duplication of the VTR2C gene (as indicated by
the chromosomal locations in cartilaginous fishes), cannot be
completely discounted.

2.4 Conserved Synteny Analyses

2.4.1 Involvement of Early Vertebrate WGDs (1R/2R)
Herein, we have re-analyzed the chromosomal locations of seven
representative neighboring gene families (Table 2) from a
previous analysis in the human, chicken (Gallus gallus),
spotted gar and zebrafish genomes (12), and added
chromosomal information from newer high-coverage genome
assemblies from species that occupy key phylogenetic positions:
the polypteriform fish reedfish, the cartilaginous fish thorny
skate and a more recent high-quality assembly of the Western
clawed frog (Xenopus tropicalis) genome. To investigate the
involvement of WGDs, the chromosomal locations of all
neighboring gene family members were recorded and
compared across species. The identified chromosome locations
in the human, chicken, Western clawed frog and thorny skate are
shown in Figure 5 while those in the reedfish, spotted gar and
zebrafish genomes are shown in Figure 6. All chromosome
locations and database identifiers for the neighboring genes are
available in Figshare (see Supplementary Material).

The results in the human, chicken, spotted gar and zebrafish
genomes essentially replicate our previous results from (12).
There are small changes in location for each individual gene,
however this is expected considering the updates in genome
assembly version between 2013 and 2021, and in all relevant
aspects the identified chromosome regions are the same. For the
spotted gar, we could identify several neighboring genes that
we could not identify previously, namely ATP2B4, CACNAID,
CACNAIF, PNCK, CHLI, LICAM, PLXNA3, ARHGAP4,
SRGAP2, SYPLI and SYPL2 (Figure 6). Most of these are from
the VTR2A-bearing chromosome region. The identified
chromosomal regions in the Western clawed frog genome
support our previous findings and all neighboring family
genes could be identified (Figure 5), albeit with a small
translocation of the atp2b2 and atp2b4 genes between the
paralogous chromosome regions.

We could identify three of the four paralogous chromosome
regions in the thorny skate genome. Notably, we could not identify
any of the neighboring genes in the VTR2A-bearing region, nor
CAMKIG in the region that used to have VIRIB (Figure 5). In
addition, there seems to have been a linkage break in the VTRIA-
VTR2C-bearing region between chromosome 19 and 21. In any
case, the conserved synteny analysis in the thorny skate provides
us with the earliest relative time point for the VIRIB, OTR-VTR2B
and VTRIA-VTR2C-bearing chromosome regions, before the
divergence of cartilaginous and bony fishes (Osteichthyes).

TABLE 2 | Neighboring gene families.

Abbreviation Description Genes

ATP2B ATPase plasma membrane Ca®* transporting protein B ATP2B1, ATP2B2, ATP2B3, ATP2B4
CACNAT1-L Voltage-gated Ca®* channel alpha-1 subunit, L-type CACNA1C, CACNATD, CACNATF, CACNA1S
CAMKA1 Calcium/calmodulin dependent protein kinase 1 CAMKT1, CAMK1D, CAMK1G, PNCK

L1CAM L1-related cell-adhesion molecule CHL1, L1CAM, NFASC, NRCAM

PLXNA Plexin A PLXNAT, PLXNA2, PLXNA3, PLXNA4

SRGAP SLIT-ROBO Rho GTPase activating protein SRGAP1, SRGAP2, SRGAP3, ARHGAP4
SYP Synaptophysin/synaptoporin family SYP, SYPL1, SYPL2, SYNPR
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Deduced ”proto-chromosome”

— ATP2B —CACNAT{- CAMK1 — L1CAM — VTR1 -

Human
ATP2B CACNA1L CAMK1 L1CAM

1 - ATP2B4 — CACNATS- CAMKIG— NFASC — VTR1B

OTRNTR

VTR2 — PLXNA — SRGAP— SYP

PLXNA SRGAP  SYP

PLXNA2 - SRGAP2— SYPL2 —

2 - atp2b2 —cacnals — camk1g —| nfasc :— virlb

20362 20111 20958 204.83 = 206.12 20824 20620 109.47
3 - ATP2B2 ~GACNAID- CAMK1 — CHL1 — OTR PLXNA1— SRGAP3— SYNPR —
1071 5349 977 02 | 877 12698 936  63.20
7 NRCAM PLXNA4 SYPLT -
108.46 132.65 106.11
12 - ATP2B1-CACNATC VTR1A SRGAP1
8071  1.97 63.15 63.84
10— CAMK1ID~
12.35
X - ATP2B3 - CACNATF~ PNCK — L1CAM VTR2A - PLXNA3 - ARHGAP4— SYP —
15352 4923 153.69  153.89 15390 | 15446 15392  49.20
Chicken
ATP2B CACNA1L CAMK1 L1CAM OTRVTR PLXNA SRGAP  SYP
26 - ATP2B4 - GACNATS— CAMKIG— NFASC ~ VTR1B PLXNA2— SRGAP2— SYPL2 —
525 030 314 194 | 240 283 242 126
12 - ATP2B2~CACNAID- CAMK1 — CHL1 - OTR PLXNA1— SRGAP3— SYNPR —
380 723 1166 1739 | 19.47 1007  19.58  13.60
1 - ATP2B1 - GACNATC- CAMK1D -~ NRCAM~ VTR1A ~ VTR2C ~ PLXNA4 - SRGAP1 - SYPL1 —
4350 6119 698 2872 | 3343 2865 = 314 3356  14.40
Xenopus
ATP2B CACNA1L CAMK1 L1CAM | OTRVTR PLXNA SRGAP SYP

| plxna2 — srgap2 — sypl2

70.34 63.84 50.84 64.55 73.78 51.99 73.81 71.49

4 - atp2b4 —cacnald— camk1 — chi1 T otr plxnal — srgap3 — synpr —
12445 150.54 138.56 153.29 & 131.38 13431 13172 14223

3 — atp2b1 —cacnalc— camk1d - nrcam — virla — vitr2c — plxna4 - srgap1 — sypll —
55.12 9.15 82.21 64.48 51.92 65.52 85.84 57.15 76.90

8 - atp2b3 — cacnalf— pnck — I1cam vtr2za — plxna3 —arhgap4— syp —
23.26 25.92 23.59 26.46 32.42 0.21 34.73 23.93

Thorny skate

ATP2B CACNA1L CAMK1 L1CAM OTRNTR PLXNA SRGAP SYP

24 —ATP2B4-CACNATS NFASC PLXNA2— SRGAP2— SYPL2 —
36.47 25.25 31.57 40.26 3.44 3.76

18 —ATP2B2-CACNAID- CAMK1 — CHL1 — OTR PLXNA1— SRGAP3— SYNPR —
46.11 0.71 36.77 15.09 20.40 28.07 21.34 5.83

19 —ATP2B1-CACNAIC— NRCAM - VTR1A - VTR2C SRGAP1- SYPL1 —
23.72 4.81 12.65 25.08 12.92 24.99 11.10

21 - CAMK1D PLXNA4 -
42.47 36.66

FIGURE 5 | Conserved synteny in OTR/VTR gene-bearing chromosome regions in the human, chicken, Xenopus and thorny skate genomes. Xenopus tropicalis
gene symbols are in lower case, following the gene nomenclature convention for this species.
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Reedfish

ATP2B CACNA1L CAMK1 L1CAM OTRNVTR PLXNA SRGAP  SYP

3 —ATP2B4 - CACNATS—CAMK1G— NFASC - VTR1B
4348 8532 8675 4453 | 41.04

18 —ATP2B2— CACNAID— CAMK1
5516 3113  78.81
2 - CHL1 —
36.20
1 — ATP2B1~ CAQVAIC— CAMKID~ NRCAM~ VTR1A - VTR2C ~ PLXNA4~ SRGAP1~ SYPL1 -
306.03 4688 24256 20036 = 187.44 20072 25313 186.82 234.36

11 —ATP2B3- CAQVATF— PNCK — L1CAM
90.17 7505 7575  80.23

PLXNA2— SRGAP2— SYPL2 —
33.68 4112 88.52

OTR - VTR2B — PLXNA1— SRGAP3— SYNPR -
85.22 74.61 39.17 85.08 82.26

VTR2A — PLXNA3—- ARHGAP4— SYP -
80.53 78.50 80.82 75.30

Spotted gar

ATP2B CACNA1L CAMK1 L1CAM OTRNVTR PLXNA SRGAP  SYP

PLXNA2- SRGAP2- SYPL2 —
30.58 35.69 36.13

3 - ATP2B4-CACNATS— CAMK1G— NFASC
34.79 33.26 32.80 34.51

5 — ATP2B2 -CACNATD- CAMK1 — CHL1 — OTR - VTR2B — PLXNA1— SRGAP3— SYNPR —
46.30 48.21 25.89 21.16 26.28 28.12 45.57 20.32 24.21

8 - ATP2B1 - CACNATC- CAMK1D VTR1A
33.58 40.09 14.59 47.46

PLXNA4 - SRGAP1- SYPL1 —
12.28 47.19 16.81

VTR2C —
0.47

UNK2- NRCAM
0.54
1 - ATP2B3 - CACNATF— PNCK — L1CAM
11.61 298 1.86 3.51
contig043508— VTR2A —
250 BP

PLXNA3 - ARHGAP4—  SYP —
2.03 3.62 295

Zebrafish
ATP2B CACNA1-L CAMK1 L1CAM OTR/VTR PLXNA SRGAP SYP
23 ap2b3p——————————camkigb~/1camb~ chia — nfascb —l/1icama vir2ab — vir2aa —plxna2a—plxnala-amhgapd-ahgapda—————————————————
19.95 39.55 0.64 1135 1790 2858 1849 2507 3294 3432 | 1869 24.99
11 - atp2b2 —} alp2b4: cacnatda—camk1b nfasca srgap2- synpra - sypl2a -
1.33 23.08 36.96  4.03 23.70 21.59 19.46  36.09
@ —camkla chl1b otra - otrb —— vir2b plxnatb: -Srgap3a synprb
46.40 44 .81 4196  46.67 43.22 1.43 41.56 41.23
4 atp2bia cacnatc camkdar nrcama virfab vtr2c plxna4 srgap1b sypl1
16.12 20.31 7.89 13.65 9.21 17.84 15.44 9.28 3.38
25 atp2b1b camkTdb nrcamb vtrfaa — 18 -srgapta-
19.66 8.03 0.13 1.55 13.06
8 atp2b3a—m1b-{mﬂdi-m1ﬁ-ma1¢b- pnck plxna3 sypa — sypb — sypl2p}-
14.05 2285 2577 4487 5341 9.15 9.57 2291 4942  25.06
22 -canaisa camkiga—
0.97 1.05

FIGURE 6 | Conserved synteny in OTR/VTR gene-bearing chromosome regions in the reedfish, spotted gar and zebrafish genomes. We suggest the nomenclature
OTRa and OTRb for the teleost isotocin receptor gene duplicates, and VTR2a and VTR2b for the vasotocin receptor VTR2B gene duplicates. Zebrafish gene
symbols are in lower case, following the gene nomenclature convention for this species.

We could identify all four paralogous chromosome regions in
the reedfish genome, including all neighboring family genes
(Figure 6). There seems to have been a linkage break in the
OTR-VTR2B-bearing chromosome region, with the CHLI gene
located on chromosome 2 rather than on chromosome 18.
Nevertheless, the conservation of synteny in the reedfish
genome provides us with a relative time point close to the
divergence point between ray-finned fishes and lobe-finned
fishes (Sarcopterygii) for all four paralogous OTR/VTR gene-
bearing chromosome regions.

2.4.2 Involvement of Early Teleost WGD (3R)

The conserved synteny pattern in the zebrafish genome reveals the
extensive genome rearrangements that the teleost lineage
underwent both prior to and following the 3R WGD event (31),
which obscure the 1:2 correspondence between pre- and post-WGD
chromosome regions (Figure 6). In most teleost genomes that have
been analyzed so far, the duplicate OTRa/OTRb and VTR2Aa/
VTR2AD gene pairs are located on the same chromosomes, which
prevents further analysis to elucidate the involvement of the 3R
WGD. We found that the OTRa/OTRb and VTR2Aa/VTR2Ab gene
pairs were located on separate chromosomes in the European eel
(Anguilla anguilla) and Indo-Pacific tarpon (Megalops cyprinoides)
(both Elopomorpha) as well as the Asian and African arowanas
(Scleropages formosus and Heterotis niloticus, Osteoglossomorpha).
These species represent the two basal-most lineages of teleosts,

which likely diverged before genome rearrangements translocated
the gene pairs to the same chromosomes.

We used the Asian arowana VTRIAa, VIRIAb, OTRa, OTRb,
VTR2Aa, VTR2Ab and VTR2Bb gene locations to identify
patterns of conserved synteny in Genomicus (https://www.
genomicus.bio.ens.psl.eu/genomicus-100.01). We identified 12
gene pairs neighboring the VIRIAa and VTRIAb genes on
chromosomes 2 and 5; 13 gene pairs neighboring the OTRa
and OTRb genes on chromosomes 2 and 22; and 15 gene pairs
neighboring the VIR2Aa and VTR2Ab genes on chromosomes
19 and 22 (Figure 7). The identified conserved synteny blocks on
chromosome 2 around VTRIAa and OTRb do not overlap, nor
do the conserved synteny blocks on chromosome 22 around
OTRa and VTR2Ab. We analyzed the corresponding Ensembl
gene trees for each gene pair and could determine that all
identified gene pairs apart from the BRKI, RBM5 and HUWEI
gene pairs (in gray in Figure 7) showed divergence early in
teleost evolution, rooted by a single spotted gar and/or reedfish
ortholog, which indicates duplications through the 3R WGD.

3 DISCUSSION
3.1 Update of Analyses

To extend our previous analyses of jawed vertebrate
chromosomal regions for the OTR/VTR family, we have added
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Asian arowana
CDKN1B CRAC2A DENND2A FBLN1

— CDKN1Bb— CRAC2A - DENND2A- FBLN1 —
17.06 18.12 16.85 17.29

— CDKIN1Ba— CRAC2A - DENND2A- FBLN1 -

17.67 17.79

won

was designated the “a”-duplicate.

information from newer high-coverage genome assemblies,
particularly genomes that are distantly related to those that
were available when we published our previous report
describing the four-fold chromosomal similarity (12). At that
time, we focused our analyses on chromosomal regions in the
human, chicken, spotted gar and zebrafish genomes, and
produced a phylogeny that also included OTR/VTR sequence
information from other jawed vertebrates, namely mouse (Mus
musculus), gray short-tailed opossum (Monodelphis domestica),
Carolina anole lizard (Anolis carolinensis), Western clawed frog,
coelacanth, several teleosts, and the holocephalan cartilaginous
fish elephant shark.

Here, we have added OTR/VTR sequence information from a
larger number of vertebrate species, as well as chromosomal
regions from the polypteriform fish reedfish, representing an
even earlier-diverging branch of the ray-finned fishes, the
cartilaginous fish thorny skate as well as a more recent high-
quality assembly of the Western clawed frog genome. We
focused on species with key phylogenetic and evolutionary
positions as well as high-coverage genome assemblies mapped
to chromosomes or pseudochromosomes. In particular, we
benefited from the recent advancements in the sequencing of
cartilaginous fish genomes (32-35) as well as the advancement of
the Vertebrate Genomes Project (36). This study includes two
additional mammalian species, including platypus
(Ornithorhynchus anatinus), nine additional avian species
representing a wide segment of the extant avian diversity, nine
additional reptilian species, four additional amphibian species,
the gray bichir, reedfish, American paddlefish (18) and sterlet
(17), which occupy key positions at the base of ray-finned fish
evolution, ten additional teleost species, seven additional
cartilaginous fish species representing all three major lineages,
as well as the cyclostomes inshore hagfish (Eptatretus burgeri)

HIPK2 MICAL3 MON2

HIPK2 -MICAL3 - MON2 -VTR1Aa
17.32

— ADCY6 —AHRGAP4-CACNB3b- G6PD —GAINT6a- GDI1 -HUWE1 - IDH3G — IKBKG -L1CAMa
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17.46 17.61 17.53 18.01 17.86 17.17
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25.50 25.03 25.35 25.57 25.49 2541 25.64 25.15 25.34 26.29 25.05 25.16 25.51 25.53 25.17
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FIGURE 7 | Conserved synteny in OTR/VTR gene-bearing chromosome regions in the Asian arowana genome shows evidence of duplications in the teleost
whole genome duplication (3R). All identified gene pairs, apart from the BRK7, RBM5 and HUWET gene pairs (in gray), showed divergence early in teleost
evolution, rooted by a single spotted gar and/or reedfish ortholog in the corresponding Ensembl gene trees. Where the orthology relationships to the zebrafish
genes was clear in the Ensembl gene trees, gene names with “a” and “b”-designations have been suggested. Where there was only one zebrafish ortholog, this

(37), Pacific lamprey (Entosphenus tridentatus) (38) and sea
lamprey (Petromyzon marinus). The full list of species,
including genome assembly and database information has been
deposited in Figshare (see Supplementary Material section), and
a subset is shown in Table 1.

Updating the data with newly available assemblies also
allowed us to assign chromosome locations to previously
unassigned genes, as for the Western clawed frog genes and
several of the three-spined stickleback (Gasterosteus aculeatus)
genes, or to correct previously incomplete gene predictions. We
also found that many of the NCBI gene models we identified for
this study matched our manually curated predictions from the
previous study (12), lending some validity to the manual
curation process we had employed. All chromosome locations
and gene/sequence prediction notes are available in Figshare (see
Supplementary Material).

We constructed a full maximum likelihood phylogeny based
on all 519 identified OTR/VTR sequences from 88 species (see
Supplementary Material), as well as a smaller phylogeny shown
in Figures 1 and 2 based on the 55 representative species in
Table 1. Both phylogenies support the emergence of the VTRIA,
VTRIB, OTR, VTR2A, VIR2B and VTR2C genes early in
vertebrate evolution, prior to the radiation of jawed
vertebrates. We could identify all OTR/VTR subtype genes in
cartilaginous fishes, except for VIR2A. We do not interpret this
fact as support for the view that VTR2A arose in a bony fish
(Osteichthyes) ancestor, millions of years after the emergence of
VTR2A and VTR2B. Assuming an even rate of sequence
evolution, our phylogenies suggest that the VTR2A, VIR2B
and VTR2C genes arose concomitantly, and thus that the loss
of VTR2A in cartilaginous fishes is a subsequent and
independent event. This view is also supported by our
chromosomal analyses of conserved synteny, discussed below.
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3.2 Evolutionary Scenario for the Jawed
Vertebrate OTR/VTR Gene Family

Our suggested evolutionary scenario for the emergence and
evolution of the OTR/VTR genes is shown in Figure 8, based
on our updated phylogeny, species distribution and conserved
synteny analyses. An ancestral OTR/VTR gene underwent a local
gene duplication, giving rise to a VTR1/OTR ancestral gene and
a VTR2 ancestral gene located on the same chromosome. This
first local duplication took place a in chordate ancestor after the
divergence of tunicates from the lineage leading to vertebrates, at
the earliest, or in a vertebrate ancestor prior to the first of two
WGD events, at the latest. Subsequently, these two ancestral
genes duplicated in the 1R and 2R WGD events, as shown in
Figure 9, after which one VIR1/OTR duplicate and one VTR2
duplicate were lost, leaving the ancestral jawed vertebrate
subtype genes VIRIA, VIRIB and OTR on one side and
VTR2A, VTR2B and VTR2C on the other. Due to the original
local duplication, VTRIA and VTR2C as well as OTR and VTR2B
remain located on the same chromosomes in many jawed
vertebrate genomes.

Subsequently, there were several differential gene losses in
several jawed vertebrate lineages. VT'R2A was possibly lost from
cartilaginous fishes, followed by the putative loss of VTRIB
and VTR2B in sharks, rays and skates (Elasmobranchii)
producing the smallest repertoire of OTR/VTR genes in
any of the studied lineages. This is possibly related to the
urea storage-based osmoregulatory system in cartilaginous
fishes, which is unique among jawed vertebrates and
whose endocrine control remains largely unknown (41).
VTR2A also seems to have been lost from the lineage leading
to Acipenseriformes, including the American paddlefish and
sterlet, as well as from a common ancestor of birds and
crocodilians. VTRIB was likely lost from the lineage leading to
neopterygian fishes, including the holosteans spotted gar and
bowfin as well as the teleosts. VTR2B was lost from the lineage
leading to tetrapods after the divergence of the coelacanth
lineage, while VTR2C was lost at least three times Sarcopterygii
- from the coelacanth, mammals, and the lineage leading to
caenophidian snakes.

The OTR/VTR genes duplicated further in the early teleost 3R
WGD event, except for VTRIB which had been lost from
neopterygian fishes (Figure 9). However, none of the analyzed
teleost species preserve duplicate VTR2C genes. Subsequently
VTR2C seems to have been lost independently several times from
different teleost lineages. Likewise, several of the analyzed teleost
species have lost either one or the other of the two VTR2B
duplicates. We could also detect additional duplicates of
VTRIAa, OTRa, OTRb, VTR2Aa, VTR2Ba and VTR2Bb in the
brown trout (Salmo trutta) genome (see Supplementary
Material) that likely arose in the salmonid-specific 4R WGD
event (42). The OTR/VTR genes also duplicated in the
independent 3R WGD events in the lineages leading to the
American paddlefish and the sterlet, except for VTR2A which
likely had been lost in a common ancestor. The American
paddlefish 3R has been dated at 50 MYA (18) and the sterlet
3R has been estimated at both 180 MYA (17) and 21.3 MYA (19).

3.3 Four-Fold Conserved Synteny in the
OTR/VTR Chromosome Regions: A Clear
Case for Gene Duplications Through
Ancestral Whole-Genome Duplications

In a previously published study (12), we identified 34
neighboring gene families that showed patterns of conserved
synteny in the chromosomal regions harboring OTR/VTR genes.
For most of these neighboring gene families, 23 out of 34,
phylogenetic analyses using two different methods (neighbor-
joining and maximum likelihood) supported gene duplications
in the time window of the 1R and 2R WGD events before the
jawed vertebrate radiation. For the remaining 11 neighboring
gene families identified in our previous study (12), a subset
supported duplications in the time window of 1R/2R in one of
the two phylogenetic methods, and yet another subset is
compatible with duplications in 1R/2R but lacked an
appropriate outgroup to relatively date the time window of
duplications. Thus, we concluded that the chromosomal
regions harboring these genes likely arose through 1R and 2R
as well. This has been the gold standard for detecting the patterns
of four-fold paralogy that resulted from 1R and 2R for nearly two
decades, and we have been able to elucidate the evolution of
many jawed vertebrate gene families through these ancient
WGDs in this way. Notably, not all gene families that
expanded prior to the jawed vertebrate radiation show signs of
having duplicated through 1R and 2R. Out of the four jawed
vertebrate genes that encode the growth hormone and prolactin
family of hormones - GH, SL, PRLI and PRL2 - only PRLI and
PRL2 arose through either of the 1R or 2R WGDs (43).

In the present study, we re-analyzed seven representative
neighboring gene families (Table 1) out of the original 34 in
the human, chicken, spotted gar and zebrafish genomes and
added novel chromosomal data from the reedfish, thorny skate
and Western clawed frog genomes. These seven gene families
were chosen based on three criteria: 1) their clear and well-
supported phylogenies in our previous study; 2) the presence of
member genes on all four paralogous chromosome regions that
were identified; and 3) their representation across the length of
these paralogous regions. With these seven neighboring gene
families, we could detect the same pattern of four-fold conserved
synteny around the OTR/VTR genes in the Western clawed frog,
reedfish and thorny skate genomes (Figures 5, 6). This provides
us with several key relative time points for the four-fold paralogy:
at the divergence between cartilaginous fishes and bony fishes,
relatively soon after the WGDs, at the base of ray—finned fishes,
close to the divergence between ray-finned and lobe-finned fishes,
and at the base of the tetrapod radiation. We could not identify
the VTR2A-bearing chromosome region in the thorny skate
genome (Figure 5). A possible explanation for this is that the
thorny skate genome assembly provided by the Vertebrate
Genomes Project was found to have a very high repeat content
(54 %), which resulted in a large number of assembly gaps, even
after manual modifications to the assembly pipeline and curation
of the assembly to increase its quality (36). It is possible that the
VTR2A-bearing chromosome region, and the VTR2A gene, are
missing from the thorny skate genome assembly for this reason.

Frontiers in Endocrinology | www.frontiersin.org

February 2022 | Volume 12 | Article 792644


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Ocampo Daza et al. OTR/VTR Evolution in Jawed Vertebrates

e

— T

VTIR1A VTR1B OTR VTR2A VTR2B VTR2C VTR2C2

Loss of VTR2A
+— Birds VTR1A

RO |

OTR VTR2C

American alligator VTR1A OTR VTR2C
Testudines VTR1A OTR  VIR2A VTR2C
Tuatara VTIR1A OTR | VIR2A VTR2C
----------------- Lizards' VIRIA VIRZA VTR2C
o Burmese python  virR1A OTR | VIR2A VTR2C
Loss of VTR2B Caenophidian
~ VTR1A TR
im snakes -
r Mammals VTR1A OTR | VIR2A
Amphibians VTR1A OTR  VIR2A VTR2C
| Coelacanth VTR1A OTR  VTIR2A VTR2B
. I: Reedfish VIR1A OTR |VIR2A VIR2B VTR2C
Gray bichir VTRIA OTR | VIR2A VITR2B VTR2C
3Ry .
Loss of = American VTR1A1 OTR1 VTR2B1 VTR2C1
— IR paddlefish viriAz OTR2 VIR2B2 VTR2C2
& VTR1A1 OTR1 VTR2B1 VTR2C1
Sterlet
VTR1A2 OTR2 VIR2B2 VTR2C2
Spotted gar VTR1A OTR | VIR2A VIR2B VTR2C
Loss of VTR1B Bowfin VTR1A OTR |VIR2A VIR2B VTR2C
3R 2
VTR1Aa OTRa VIR2Aa VTR2Ba 34
Teleost fishes VTR2C
1R/2R v VTR1Ab OTRb VTR2Ab VTR2Bb
= Loss of VTR2A
Holocephalans VTR1A OTR VIR2B VTR2C
/| (Loss of VTR1B and -28
x* ——— Rays and skates  VTR1A OTR VTR2C
4
Sharks VTR1A OTR VTR2C1 VTR2C2
{ Inshore hagfish VIR V2R
Lampreys VIR1  VIR2  VIR3 V2R1  V2R2

Tunicates VPR

600 500 400 300 200 100 MYA

FIGURE 8 | Proposed evolution of OTR/VTR genes and gene repertoires in the analyzed vertebrate lineages. The red seven-pointed star indicates the local gene
duplication that gave rise to ancestral vertebrate V1R and V2R genes. Red arrows indicate the vertebrate WGDs: 1R and 2R at the base of vertebrates, the teleost
3R at 320 million years ago (MYA) (39), the American paddlefish 3R at 50 MYA (18) and the sterlet 3R which has been estimated at both 180 MYA (17) and 21.3
MYA (19). Bars by red arrows indicate the estimated time windows for these WGD events in the cited literature. Time estimates of 1R and 2R vary wildly and are
often overestimated, reaching back beyond the protostome-deuterostome split just over 600 MYA (40). Nonetheless, a time window of 600-450 MYA is reasonable
based on estimates of the vertebrate-tunicate split, at the earliest, and the split between bony fishes and cartilaginous fishes, at the latest (40). The uncertain
divergence of cyclostomes relative to 1R and 2R is indicated by a dashed branch. Light gray genes indicate the cyclostome OTR/VTR genes, which could not be
unambiguously assigned to a subtype. The chordate phylogeny is based on divergence time estimations from 40, and TimeTree.org (http://timetree.org). Footnotes:
1) “Lizards” is a paraphyletic group including Schlegel’s Japanese gecko (Gekko japonicus), common wall lizard (Podarcis muralis) and Carolina anole lizard. 2) Some
teleost species lack duplicate VTR2B genes (see ), and no VTR2B could be found in the Northern pike (Esox lucius). 3) Some teleost species lack VTR2C genes. 4)
Teleost VTR2C genes cluster with the cartilaginous fish VTR2C2 local duplicate (see Figure 1), possibly due to a combination of truncated C-terminals in both
lineages and phylogenetic artifacts.
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FIGURE 9 | Duplication scheme of OTR/VTR genes through the 1R/2R and
3R whole-genome duplications. Gene losses following WGDs are indicated by
© symbols. DO-D3 designations refer to paralogous chromosome blocks in
jawed vertebrate genomes that originated in 1R/2R, as per (9).

The analyses of the white shark (Carcharodon carcharias), whale
shark (Rhincodon typus), brownbanded bambooshark
(Chiloscyllium punctatum) and cloudy catshark (Scyliorhinus
torazame) genomes show a similarly high repeat content of
approximately 50 % of the genome assemblies (33, 34). The
repeat content of the elephant shark genome is also relatively
high, at approximately 42 % [see Supplementary Note 4 in (33)].
We could not identify the VTR2A gene from any of the available
cartilaginous fish genomes, and it is possible that this reflects the
difficulty of integrating its surrounding chromosomal region into
high-quality genome assemblies due to the presence of
repeat sequences.

There have been several attempts at reconstructing the
ancestral genome prior to the early vertebrate WGDs and to
map the twice-duplicated ancestral chromosomes onto the
genomes of extant vertebrate species. In the reconstruction by
Nakatani et al. (9), the paralogous chromosome regions we have
detected closely match the DO-D3 paralogous regions (marked in
Figure 9) that arose through the quadruplication of ancestral
linkage group D [see Figure 4 in (9)]. In the reconstruction by
Putnam et al. (10), our paralogous chromosome regions match
the four paralogous chromosomes that arose from the
quadruplication of the ancestral chordate linkage group 13 [see
Figure 3 in (10)]. The more recent reconstructions by Sacerdot

et al. (44) and Simakov et al. (45) are also compatible with our
findings. In the reconstruction by Sacerdot et al. (44), the
paralogous regions we have detected closely match the
reconstructed pre-1R chromosome 4 [see Figures 5 and 6 in
(44)], and in the reconstruction by Simakov et al. (45) our
paralogous regions in the human, chicken, Western clawed
frog and spotted gar closely match the reconstructed chordate
linkage group E [see Figure 2 in (45)]. The same pattern of four-
fold paralogy has thus been detected by four independent studies,
using different reconstruction methods, in addition to ours.
Furthermore, the paralogous chromosome regions in teleost
genomes, although heavily rearranged, match chromosome
regions that have been shown to have originated in the teleost
3R WGD event in several independent studies (31, 46, 47).

3.4 Functional Implications

An important corollary of the whole-genome duplication
scenario is that the gene duplicates initially most likely had not
only identical coding sequences, but also identical regulatory
regions. Thus, the OTR, VIRIA and VTRIB genes started as
“identical triplets”, and likewise for the three VTR2 genes.
Subsequently, the OTR, VTRIA and VTRIB genes diverged
functionally from each other resulting in three receptors with
unique roles for each one, either by sub-functionalization
(dividing the mother gene’s functions between the three
daughter genes) or neo-functionalization (acquisition of novel
functions). This would explain why they have been retained in
the genomes of many vertebrate lineages (Figure 8). By the same
token, the conservation of the three VIR2 genes in diverse
vertebrate lineages (Figure 8) suggests that they too have
evolved unique functional roles. However, little has been done
to investigate the functions of V2B and V2C receptors.
Yamaguchi et al. (48) characterized some functional aspects of
elephant shark and teleost V2B and V2C receptors and
discovered that they elicit an intracellular Ca®" cascade on
activation, like V1A, V1B and OTR and unlike V2A, which
engage the adenylyl cyclase/cAMP signal transduction pathway.
It is also known that the chicken V2 receptor, which is a V2C,
primarily signals via Ca2+ as a second messenger (49).
Interestingly, the VTR2B gene appears to have been lost in a
common ancestor of tetrapods, suggesting that its role became
dispensable in this lineage, possibly in relation to the transition
from water to land. It will be interesting to identify its unique role
among other vertebrates. Furthermore, there seems to have been
an asymmetric loss of V2C from a mammalian ancestor and V2A
from an archosaurian ancestor of birds and crocodilians
(Figure 8). This might be related to the fact that the kidneys in
birds and crocodilians do not contribute significantly to water
reabsorption. They rely instead on the intestine and well-
developed salt glands for water/electrolyte balance. In domestic
chickens the V2C receptor is primarily expressed in the shell
gland and the brain (49). It will likewise be interesting to identify
the unique role of VTR2C among other vertebrates, especially
those that have both VTR2A and VTR2C genes, like
turtles (Testudines).
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Similarly, it will be interesting to find out how VTRIB could
be lost in a neopterygian ancestor of bowfin, gars and teleosts but
retained in earlier-diverging ray-finned fish lineages, like bichirs
and reedfish as well as sturgeon.

Our analyses of the expanded IL3 regions of teleost V2A
receptors also have functional implications. We found that these
IL3 regions contain several relatively well-conserved Tyr, Ser and
Thr residues, as well as a high degree of intrinsic disorder. These
sequence features indicate a degree of functionality as well as
similarities to sequence features seen in IL3 regions from other
GPCRs. It has been shown that GPCRs can be phosphorylated on
intracellular Tyr, Ser and Thr residues by various receptor
kinases, mediating the modulation of intracellular signaling
cascades as well as GPCR attenuation/desensitization,
endocytosis and intracellular trafficking (50). The low
functional activity of the relatively short IL3 of the human
V2A receptor has been demonstrated through mutagenesis
studies (51, 52), however for many GPCRs IL3 contains
important sites for downstream interactions with G proteins,
receptor kinases and arrestins, for example. It has also been
shown that the IL3 regions of GPCRs in particular harbor
intrinsically disordered stretches that facilitate such
interactions (53-55), as well as GPCR oligomerization (56).

3.5 Do Recent Studies Refute the 1R/2R
Scenario of OTR/VTR Evolution?

Recent studies of the evolution of OTR/VTR genes that included
cyclostome sequences have questioned the double WGD
evolutionary scenario and have proposed other schemes. One
study concluded that the analyses supported one WGD event
that was followed by “chromosomal or segmental duplications
and translocations” in the jawed vertebrate lineage (13). This
conclusion was repeated more recently in a book chapter from
the same group (14). However, their analyses did not include
neighboring gene families. Besides, it is well known that lamprey
sequences tend to cluster in ambiguous positions in vertebrate
phylogenies, partly due to a unique pattern of sequence evolution
at the protein level as a result of GC-rich codons, but also
possibly due to asymmetric gene retention after the WGD events
between cyclostomes and jawed vertebrates (57, 58). It is also
unclear when jawless vertebrates diverged from the branch
leading to jawed vertebrates with respect to the two rounds of
WGD (59). This makes early vertebrate branching events more
difficult to interpret.

The most recent report on the evolution of OTR/VTR genes
favored one WGD event followed by large segmental
duplications in the jawed vertebrate lineage giving rise to
VTRIA and VTRIB as well as VTR2B and VTR2C (4). This
study included both lamprey and hagfish sequences. The
analyses did include neighboring gene families, but
comparisons were only performed between lamprey and
various jawed vertebrates, not among the jawed vertebrates.
Thus, the conclusion was most likely affected by the distant
relationship to the cyclostomes, which makes conserved
synteny difficult to interpret. We were able to identify the
same sea lamprey and inshore hagfish sequences as the

previously published study by Theofanopoulou et al. (4), and
included them in our full phylogeny. However, based on the
known set of problems when trying to infer the orthology
between cyclostome and jawed vertebrate sequences, we don’t
consider these results conclusive, and much caution should be
taken before trying to reconcile the ambiguous positions of the
cyclostome sequences within phylogenies with any scenario of
OTR/VTR gene evolution. Furthermore, recent reports from
ancestral genome reconstructions have suggested that
cyclostomes share only the first WGD event (1R) with jawed
vertebrates (27, 45) whereupon the cyclostome lineage
underwent a genome triplication (hexaploidization) (27),
further accentuating the complications related to comparisons
between cyclostomes and jawed vertebrates. The study by
Nakatani et al. from 2021 (27), nevertheless firmly concluded
that the lineage leading to jawed vertebrates has undergone two
WGD events. Aside from asymmetric gene duplicate retention
after 1R, it is possible that further OTR/VTR gene duplicates
could have arisen through different mechanisms in the two
lineages: the second WGD in jawed vertebrates and
hexaploidization in cyclostomes. We are currently carrying
out further careful study of the chromosome regions in the
most recent sea lamprey and inshore hagfish genome
assemblies with the aim to resolve the evolutionary history of
the cyclostome OTR/VTR genes.

Another reason why Theofanopoulou et al. (4) proposed
that jawed vertebrates may have undergone only one WGD
followed by several segmental duplications was probably that
they could identify five, rather than four, chromosome
segments showing conserved synteny [see Figure 2 in (4)].
However, their two blocks of genes on chromosome 3 are
actually one and the same. Only three gene families are
present in both blocks, and all three were analyzed
incorrectly: 1) The ARF and ARL8 genes do not form a
quartet that arose in vertebrates, in fact ARF and ARLS
existed much earlier in evolution; 2) The ATP2B genes form
a quartet on the four human chromosomes, 1, 3, 12 and X
(Figure 5), however the authors have omitted the ATP2BI gene
on chromosome 12, misplaced the ATP2B3 gene on
chromosome 3 when it is in fact located on chromosome 12,
and included ATP6API, which is not part of this gene family;
and 3) the CNTNS3, -4, and -6 genes arose through a local gene
triplication after 2R and the large distance to the CNTN3 gene is
due to a recent rearrangement in the primate lineage. Thus, all
analyzed gene families in the study by Theofanopoulou et al. (4)
nicely support chromosomal quadruplication, hence two
WGD events.

Yet another reason that Theofanopoulou et al. (4) proposed
segmental duplications in jawed vertebrates is the lack of one of
the four paralogous chromosome regions (bearing VTR2A) in
the elephant shark genome, indicating that it might have arisen
in a bony fish (Osteichthyes) ancestor. Our extended analysis
of seven additional species confirms that this chromosome
region indeed seems to be missing from cartilaginous fishes.
However, as we discuss above, we cannot reject the possibility
that these regions are missing from cartilaginous fish genome
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assemblies due to their high repeat content. We could not
identify the VTR2A-bearing chromosome region in avian
genomes either. Large chromosomal regions can indeed be
lost, as has been shown for HOX clusters in teleosts after the
3R event.

Our sequence-based phylogenies as well as conserved synteny
analysis strongly support an origin of all four paralogous
chromosome regions before the jawed vertebrate radiation. The
distinct four-fold paralogy is preserved in diverse jawed
vertebrate lineages and consists of gene families that diverged
early in vertebrate evolution. This provides a clear case for gene
duplication through the 1R and 2R WGD events.

3.6 OTR/VTR Gene Nomenclature

We previously suggested a simplified nomenclature for the
family of six OT/VT receptors in vertebrates, V1A, V1B, OTR,
V2A, V2B and V2C, based on both phylogenetic analysis and
chromosomal location (11, 12). This nomenclature has so far
been used in a number of publications (13, 48, 60-64). Recently,
Theofanopoulou et al. (4), suggested naming the OTR/VTR
genes VITRIA, VTRIB, OTR, VTR2A, VIR2B and VTR2C,
foregoing the letter A for arginine-vasopressin currently used
in the accepted gene names. We support this proposal and have
used this nomenclature throughout the present study. However,
Theofanopoulou et al. (4) have interchanged the VITR2A and
VTR2C designations based on an inferred chronological order of
emergence of the genes, suggesting that VTR2A (which they call
VTR2C) and its chromosomal region arose later, in a bony fish
ancestor. They base this order on the species distribution of
VTR2A genes and their attempt to assign the lamprey V2R-type
genes to specific subtypes. However, as we have shown, the
VTR2A, VIR2B and VTR2C genes arose concomitantly in the
1R/2R WGD events, not in sequence, and the lamprey V2R-type
genes have not yet been confidently assigned to specific subtypes.
For these reasons we strongly suggest retaining the original ABC
designations as they a) have already been used consistently in the
literature for nearly a decade; and b) the genes arose concomitantly
in the 1R/2R WGD events, not in a chronological sequence, as
Theofanopoulou et al. (4) propose.

4 MATERIALS AND METHODS

4.1 Identification of OTR/VTR Genes

The OTR/VTR gene models/sequences identified in our
previous study (12) were updated, where applicable, to the
corresponding data from the latest available genome assemblies
in the National Center for Biotechnology Information (NCBI)
Genome database (http://www.ncbinlm.nih.gov/genome/) (65).
The corresponding chromosomal location data were also
updated. OTR/VTR gene models/sequences from additional
vertebrate species were identified in the NCBI database using
the same BLAST-based method as in our previous study (12),
and added to the dataset. All identified OTR/VTR gene
models/sequences, with their corresponding location data and
database identifiers are available in Figshare (see Supplementary

Material). Species, genome assembly and database information
are shown in Table 1.

4.2 Sequence Alignment and

Phylogenetic Analysis

The identified OTR/VTR amino acid sequences were aligned
using the MUSCLE algorithm (66) in AliView version 1.6 (67).
The alignment was edited manually to adjust poorly aligned
sequence stretches with respect to conserved motifs, exon
boundaries and incomplete sequences. Missing sequence
stretches caused by gaps in the genome assemblies were
replaced with X-positions. Partial sequences are marked with
asterisks (*) in the final alignment. The curated alignment was
used to create a maximum-likelihood phylogeny using IQ-TREE
(68) version 1.6.12 (August 15, 2019) supported by IQ-TREE’s
non-parametric UltraFast Bootstrap (UFBoot) method (100
iterations) (69). The best-fit amino acid substitution model and
substitution parameters were estimated using IQ-TREE’s
ModelFinder with the -m TEST option (70), and the
proportion of invariant sites was optimized by using the —opt
—gamma-inv option. The phylogeny was rooted with the
common octopus (Octopus vulgaris) cephalotocin and
octopressin receptor sequences (71).

4.3 Conserved Synteny Analyses

The following neighboring gene families from (12), are included:
ATP2B (ATPase plasma membrane Ca’* transporting protein B),
CACNAI-L (Voltage-gated Ca®* channel alpha-1 subunit,
L-type), CAMKI (Calcium/calmodulin dependent protein kinase
1 family), LICAM (L1-related cell adhesion molecules), PLXNA
(Plexin A family), SRGAP (SLIT-ROBO Rho GTPase activating
protein), and SYP (Synaptophysin/synaptoporin). Briefly, these
and other neighboring gene families were identified by comparing
the gene composition of the chromosomal regions bearing visual
opsin, OTR/VTR, CACNAI-L, GNAT and GNAI genes in the
human genome. Those gene families with member genes on at
least two chromosomal regions were selected for further analysis
[see Methods in (12)].

Gene models and locations for all neighboring genes were
updated to the corresponding data from the latest available
genome assemblies in the NCBI Genome database. In addition,
neighboring family gene model and location data from the
Western clawed frog, reedfish and thorny skate were added in
order to identify the paralogous OTR/VTR-bearing chromosome
regions in these key species.

For the conserved synteny analysis of 3R-generated
paralogous regions in the Asian arowana (Sleropages formosus),
the conserved neighboring gene pairs were identified through
Genomicus v100.01 (72) and the time window of gene pair
emergence was inferred from the corresponding Ensembl
gene trees (73). Where the orthology relationships to the
zebrafish genes was clear in the Ensembl gene trees, gene
names with “a” and “b”-designations have been suggested.
Where there was only one zebrafish ortholog, this was

designated the “a”-duplicate.
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