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1 | INTRODUCTION

| Walter Salzburger3® |

Rui F. Oliveira®?

Abstract

Oxytocin (OT) and vasotocin (VT) are evolutionarily conserved nonapeptides that
regulate a wide range of physiological and behavioral processes in vertebrates. Their
receptor families have undergone gene duplications that facilitated functional diversi-
fication throughout vertebrate evolution. Using the diverse cichlid species in Lake
Tanganyika, which have undergone repeated evolutionary transitions between social
phenotypes, we investigated the molecular evolution of the nonapeptide system and
its potential involvement in social behavior. We performed a positive selection analy-
sis based on the dN/dS ratio and examined the correlation between amino acid vari-
ants and two social phenotypes. We also analysed gene expression data to explore
associations between brain receptor expression and social phenotype variation. Our
findings reveal that, while most sites in nonapeptide receptors are under strong puri-
fying selection, a few sites- primarily in the extended intracellular loop 3 (IL3) of
VTR2A receptors- show signatures of positive selection. Additionally, a specific
amino acid in VTR2Aa correlates with pair-bonding, suggesting its potential role in
social attachment. Gene expression analyses further revealed that components of
the nonapeptide system, including VTR2Bb and OT, are differentially expressed
across social phenotypes, supporting a role for regulatory variation alongside coding
changes. Together, these findings provide new insights into how conserved neuroen-

docrine systems contribute to social diversity in cichlids.
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evolutionary time. OT and VT have been extensively studied for their

roles in osmoregulation, reproduction, and social behavior,? yet

Oxytocin (OT) and vasotocin (VT) are two closely related nonapep-
tides that play essential roles in various physiological processes across
vertebrates. Derived from a common ancestral molecule, these pep-
tides share a highly conserved structure and function alongside two
evolving families of receptors. Gene duplications have expanded

receptor diversity, enabling the acquisition of new functions over

their precise mechanisms of action and evolutionary adaptations
remain incompletely understood. In this study, we follow the universal
nomenclature proposed by Theofanopoulou et al.> and supported by
other studies,* which identifies VT as the ancestral vertebrate ortho-
log of mammalian arginine vasopressin (AVP), and OT refers to all oxy-
tocin orthologs, including isotocin in teleosts. This nomenclature
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reflects the evolutionary history of the genes and aids in cross-species
comparisons.

An ancestral VT-like peptide and its cognate receptor existed
before the emergence of vertebrates. This ancient VT-like peptide
played key roles in the regulation of reproduction and in diuretic func-
tions.>® Around 540 million years ago (mya), the ancestral gnathos-
tome vasotocin receptor (VTR) gene underwent a local duplication
giving rise to a VTR1/0T receptor (OTR) and a VTR2. In turn, a seg-
mental duplication of VT gave rise to OT around 530 mya,””” leading
to a contiguous head-to-tail genomic arrangement of the two ligand
genes. This disposition is common across vertebrates, with the excep-
tion of mammals, in which the orientation is tail-to-tail so that the
genes are transcribed from different strands; also, in some teleosts,
the two nonapeptides are found on separate chromosomes.® The
receptor evolution in vertebrates was determined by two rounds of
whole genome duplication (1R, 2R) followed by clade-specific
losses.>* The teleost-specific third whole genome duplication
(3R) event expanded the receptor repertoire in this group, which now
includes two OTRs and up to seven VTRs, classified into four receptor
types: VTR1A, VTR2A, VTR2B, and VTR2C 3410

Nonapeptides are encoded by precursor genes of roughly 2000
base pairs that typically contain three protein-coding exons. These
genes produce precursor proteins of more than 100 amino acids com-
posed of a signal peptide, the hormone moiety, and a neurophysin
domain, with an additional copeptin domain present in vertebrate VT
and teleost OT.1! The cyclic nonapeptide structure is highly conserved
across vertebrates, with variation mainly at amino acid positions 3, 4,
and 8. Based on the residue at position 8, nonapeptides are classified
into basic (VT family) or neutral (OT family) peptides.” In teleosts, VT
and OT sequences differ primarily at positions 4 and 8.2 Neurophysin
functions as a carrier protein with important post-translational roles,*
while the copeptin domain has been suggested to play a role in prolac-
tin release.'* OTRs and VTRs are G protein coupled receptors (GPCRs)
with seven transmembrane a-helices domains (TM1-7), alternated by
three intracellular loops (IL1-3) and three extracellular loops (EL1-3).
The N-terminal domain is exposed to the extracellular space and is
involved in ligand binding, while the intracellular C-terminus interacts
with the G protein for intracellular signal transduction.'®> Generally,
OTRs and VTRs share high sequence similarity and several conserved
functional residues across vertebrates.!> While most nonapeptide
receptors are encoded by two exons, the teleost VTR2A lineage
evolved a distinct 5-4 exon-intron organization, giving rise to the para-
logs VTR2Aa and VTR2Ab. Notably, VTR2A receptors possess an
extended intracellular loop 3 (IL3) enriched in potential phosphorylation
sites, suggesting increased regulatory and functional flexibility. Func-
tionally, OTRs, VTR1s, VTR2Bs and VTR2C primarily couple with Gq
and activate the phospholipase C calcium-mobilization pathway,¢*’
whereas VTR2A couples with Gg and activates the cAMP signaling
pathway.'®? Experimental evidence indicates that IL2 is required for
Gq activation, while IL3 is necessary and sufficient for Gg activation,?°
highlighting IL3 as a key component of VTR2A signaling.

Gene duplications in nonapeptide receptors facilitated functional

diversification in vertebrates, enabling the evolution of novel ligand

specificities, signaling pathways, and expression patterns.?! Beyond
their ancestral roles in reproduction and osmoregulation, the nona-
peptide system (hereafter referring specifically to the OT/VT family,
including OT, VT and their receptors) has been implicated in other
roles,? including social behavior. In particular, this system has been
implicated in the regulation of social behaviors. In mammals, studies in
species such as the prairie vole (Microtus ochrogaster) have shown that
variation in OT and vasopressin receptor distribution in reward-
related brain regions is associated with differences in social bonding
strategies.???% Evidence from teleosts further supports a conserved
role of the nonapeptide system in modulating diverse social
behaviors.?#"2¢

In teleosts, nonapeptide-secreting neurons are located in the pre-
optic area and project to multiple brain regions and the spinal
cord.?”28 The spatial distribution of receptors plays a central role in
shaping nonapeptide activity and neural circuit function, and is there-
fore critical for behavioral modulation.?’*° OTRs and VTR1As are
broadly expressed within the teleost social decision-making network,
an evolutionarily conserved system integrating social and reward-
related processes.®1"3* Although VTR2s have also been detected in
the brain,%> their central functions are much less characterized. The
nonapeptide system has been associated with a range of social behav-
jors in teleosts, including aggression, affiliation, parental care, and
pair-bonding,3¢~? but species-specific patterns and receptor cross-
binding contribute to functional complexity and limit the assignment
of discrete roles.*°

Cichlids are freshwater fishes known for their remarkable adap-
tive radiations, which have led to extensive speciation events.#142
The adaptive radiation of cichlid fishes in Lake Tanganyika comprises
243 endemic species, along with several riverine species.*® These spe-
cies are classified into 12 tribes and exhibit extensive phenotypic
diversity, including variations in social behavior. Multiple independent
evolutionary transitions between social phenotypes occurred, which
makes this system ideal for comparative studies. A variety of mating
systems have evolved within the Lake Tanganyika cichlid radiation,
which can be broadly categorized as monogamous and polygamous,
and these are tightly linked to caregiving strategies. Furthermore, the
involvement of the nonapeptide system regulating social pair-bonding
and parental care has been previously documented in cichlids.3®44

In this study, we investigate whether molecular evolution and
gene regulation of the nonapeptide system are associated with the
evolution of social phenotypes in the adaptive radiation of Lake Tan-
ganyika cichlids. We focus on two repeatedly evolved social traits:
(i) pair-bonding versus non-pair-bonding mating systems, and
(i) biparental versus maternal-only care. We first characterize the
genomic repertoire and structural variation of nonapeptide ligands
and receptors using whole-genome assemblies. We then test for sig-
natures of positive selection across coding sequences and examine
whether specific amino acid substitutions evolve in correlation with
social phenotypes. Finally, we analyse tissue-specific gene expression
and use phylogenetic generalized linear mixed models (PGLMMs) to
assess whether variation in brain expression levels is associated with

social behavior while accounting for shared evolutionary history.
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Together, this integrative approach allows us to evaluate whether
both coding and regulatory evolution of the nonapeptide system have

contributed to the diversification of social systems in cichlids.

2 | METHODS

An extended version of the Methods section can be found in Supple-

mentary Methods in Supplementary S2.

2.1 | Lake Tanganyika cichlids de novo assemblies

To reconstruct species-specific coding sequences of the nonapeptide
system genes across the radiation, we generated de novo assemblies
and species-level consensus sequences from available whole-genome
data. Nile tilapia (Oreochromis niloticus, RefSeq accession
GCF_001858045.2, female) was used as a reference genome because
it is a well-annotated cichlid genome and phylogenetically equidistant
to all Lake Tanganyika cichlid species. We used lllumina whole-
genome raw reads from all cichlid species in Lake Tanganyika®! to cre-
ate de novo assemblies for all available species. Genomic raw reads
(Bioproject PRINA550295; NCBI BioProject database) were mapped
to the reference genome using Bwa-mem (version 0.7.18*%;) with
default parameters. In Bioproject PRINA550295, genomes for all the
species of the radiation are available, ranging from 1 to 4 individuals
per species. Transcriptomic raw reads (Bioproject PRINA5522024¢;)
were mapped to the reference genome using STAR aligner (version
2.7.10a%";). All six tissues available (brain, gills, lower pharyngeal jaw,
liver, ovaries, and testis) and 4 to 6 individuals across 74 species were
used for the analysis. Detailed information on number of individuals

per species and tissue availability is provided in Table S1.

2.2 | Nonapeptide system genes repertoire
To identify the full repertoire of nonapeptide precursors and receptor
genes in the reference genome, we used zebrafish (Danio rerio, Gen-
Bank assembly GCA_000002035.4) and Japanese medaka (Oryzias
latipes, GenBank assembly GCA_053564925.1), whose receptor rep-
ertoires are well characterized and span key teleost lineages, facilitat-
ing accurate receptor classification. Protein sequences of
nonapeptides’ and their receptors® were used to search the reference
genome using protein BLAST (“BLASTp,” https://blast.ncbi.nim.nih.
gov). Nile tilapia sequences matching the search (e-value <1le-50)
were retained for further analysis (Table S2). Receptor types were
assigned by building a phylogenetic tree with IQ-TREE (version
2.0.3%8:) using sequences from distantly related teleosts (Data S1).
Once the full repertoire of genes in the reference genome was
identified, we investigated the presence and copy number of nona-
peptide genes in Lake Tanganyika cichlids. To this end, we used all
available long-read PacBio assemblies at the time of analysis from six

species representing six tribes: Neolamprologus multifasciatus
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(Lamprologini; GenBank assembly GCA_963576455.2), Simochromis
diagramma (Tropheini; GenBank assembly GCA_900408965.1), Bathy-
bates minor (Bathybatini), Cyphotilapia frontosa (Cyphotilapiini), Cun-
ningtonia longiventralis (Ectodini), and Cyprichromis leptosoma
(Cyprichromini) (unpublished). Local BLAST databases were created
with makeblastdb (version 2.16.0+), and BLASTn searches were per-
formed using reference gene sequences. In all assemblies, a clear
match spanning each gene was identified (e-value <1e-200; Table S3).

Because dN/dS analysis is based on protein-coding regions, we
extracted coding sequences from Nile tilapia RefSeq annotations and
included all splice variants with differences in protein sequence. Addi-
tional transcripts were identified through BLAST searches in NCBI
(“African cichlids”), revealing one extra OTRb transcript. In total,
16 splice variants across 10 genes were retained. The coverage of all
transcripts in all cichlid assemblies was calculated using Samtools
depth.*” Combining BLASTn results from long-read assemblies with
Illumina coverage data, we identified a 16 bp deletion in exon 4 of
VTR2Ab in multiple Lamprologini species, along with four additional
features (Supplementary Methods in Supplementary S2). The consen-
sus sequence of each gene was obtained for each species using the
genomic location of the coding sequences and the BAM files. We
obtained a species consensus by merging the individual genes of the
same species with Seqtk (https://github.com/Ih3/seqtk/). To obtain
the consensus from the BAM file, we used a combination of SAMtools
and BCFtools.*’ Protein domains were annotated using InterPro
(https://www.ebi.ac.uk/interpro/search/sequence), providing amino

acid positions and domain architecture across sequences.

2.3 | Multiple sequence alignments

We built a multiple sequence alignment with MAFFT (version
v7.526°%) for each gene with the consensus sequences of all Lake
Tanganyika cichlids and the reference gene from Nile tilapia genome.
We used genomic and transcriptomic assemblies to improve the accu-
racy of the consensus. We then translated every coding sequence into
amino acids and checked for the presence of START/STOP codons,
early STOP codons or sequence lengths not divisible by three. We
spotted multiple STOP codons with the sequence “TGA.” Although
the codon “TGA” is known as a translation STOP sequence, this also
encodes a selenocysteine and does not necessarily stop the transla-
tion.>* VT and VTR2Bb.tr1 did not have a canonical START and we
intentionally trimmed the alignment until the first methionine. Few
additional manual changes were applied (discussed in Supplementary
Methods in Supplementary S2). After the manual modifications, a
codon-based alignment was then performed using PAL2NAL (version
V14°2;) ensuring that positive selection analysis was computed on the
correct reading frame.

We calculated the nucleotide diversity index (i) of the alignments
using the Ape package (version 5.8) in R (version 4.4.0). To examine
domain-specific variation, we calculated mt for all domains only in tran-
scripts that encode a canonical GPCR. We first calculated mt for each

of the individual domains and then we computed 7t grouping domains

85U80 |7 SUOWILIOD 3AIERID 3|l idde aup Aq paueA0b 818 SPIe VO ‘SN J0 S3IN 104 AReIq 1T 3UIIUO AB|IM UO (SUORIPUCD-PUR-SLLBI LD A8 1M AeIq 1[eul U0//Sa1Y) SUORIPUOD PLe SWB | 83U} 83S *[9202/60/20] U0 ARiqiTauljuo A8|1M ‘8@ Jousdns onisu| Aq £020L 8Ul/TTTT OT/I0p/woD A8 1M Areiq 1 Bu1|uO//SANY WO PaPeO|UMOQ ‘9 ‘920Z ‘9Z82G9ET


https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov
https://github.com/lh3/seqtk/
https://www.ebi.ac.uk/interpro/search/sequence/

SORIGUE ET AL.

4 0of 16 Journal of
—I—Wl LEY—M Neuroendocrinology

by type. Additionally, in order to spot possible evolutionary con-
straints in the genes, we calculated the rate of synonymous substitu-
tions for all transcripts and all species using Yang and Nielsen
method.>3

2.4 | Positive selection

To test whether protein-coding evolution of nonapeptide genes
shows signatures consistent with adaptive divergence, we performed
gene-wide and site-specific dN/dS analyses. For each transcript, we
built a ML phylogenetic tree using IQTREE (version 2.0.34%;). Among
different substitution models, IQTREE automatically selects the best
fit and creates a phylogenetic tree. We built gene trees with nucleo-
tide and amino acid sequences. Whole-gene @ (dN/dS) values were
obtained using HyPhy (version 2.5.62) with the Fixed Effects
Likelihood (FEL) method.>* We also used FEL to investigate the site-
specific positive selection across the gene sequences of the nonapep-
tide system genes. Because the multiple sequence alignments showed
variable dS values (Data S3), we selected FEL as an appropriate
method due to its ability to account for dS variation across sites and
branches.>®> We accepted a p-value of <.05 as a threshold of signifi-
cance. We performed positive selection using gene trees and species
trees for all transcripts.

2.5 | Correlated evolution between discrete traits
To determine whether social phenotypes evolved in a correlated man-
ner across the radiation, we used comparative discrete trait evolution
models. We gathered phenotypic data for all species for which infor-
mation was available in our lab. We gathered data on the mating sys-
tem for 175 species: 105 that form pairs and 70 that do not. We
obtained phenotypic information on the caregiving parent for 212 spe-
cies: 86 species with biparental care and 126 that carry out
maternal care.

To assess correlated evolution between traits, we used the “dis-
crete method” within the program BayesTraits (version V4.0°%). Each
trait was binarized for compatibility reasons. We run two different
models: an independent model, where the two traits evolved sepa-
rately, and a dependent model, where the evolution is correlated. We
applied a Markov-Chain Monte Carlo (MCMC) with uniform priors to
estimate Bayesian posterior distributions for rate parameters, and the
“stepping stone” sampler to obtain marginal log-likelihoods. To com-
pare the models, we calculated the Log Bayes Factor (Log BF) as
described in the manual. We used the reversible-jump approach to
assess precedence and contingency between the two traits.>” We
sampled a gamma prior with both parameters (shape and scale) rang-
ing between 0 and 100, seeded from a uniform hyperprior ranging
from O to 100. To test convergence, we applied Geweke's conver-
gence diagnostic in the Coda package (version 0.19-4.1) in R. For a
detailed description of this section, see Supplementary Methods in

Supplementary S2.

2.6 | Tissue expression and correlation with
behavioral phenotypes

To study the tissue expression distribution of the nonapeptide
precursors and receptors in Lake Tanganyika's cichlids, we used the
CPM-normalized count dataset from El Taher et al.*® Bulk RNA of six
tissues (brain, liver, lower pharyngeal jaw, gills, ovaries, and testis) of
males and females of 74 species is available.

To test for associations between brain gene expression and
behavioral phenotypes while accounting for shared evolutionary his-
tory, we fitted PGLMMs for each gene independently using the R
package MCMCglmm (version 2.36). Brain gene expression values
were counts-per-million normalized, log,-transformed and scaled to
stabilize variance and improve comparability across genes. Fixed
effects included the behavioral phenotype of interest, sex, their inter-
action, and stable isotope values linked to diet (6'°N) and habitat
(8*3C). To account for phylogenetic non-independence among species,
species identity was included as a random effect with a covariance
structure derived from the Lake Tanganyika phylogeny. The inverse
phylogenetic relatedness matrix was supplied to the model using the
ginverse argument. Only species with available phenotype data were
included in each analysis. Models were fitted assuming Gaussian error
distributions and were run for 1,000,000 MCMC iterations, with a
burn-in of 10,000 iterations and a thinning interval of 100, yielding
9900 posterior samples per parameter. Convergence was assessed
using Geweke diagnostics for all fixed effects, and a threshold of
|z| <1.95 was considered indicative of adequate convergence. Effec-
tive sample sizes (ESS) were calculated for all fixed effects. Posterior
distributions were used to estimate effect sizes (posterior means),
two-tailed Bayesian p-values (p)MCMC; calculated as twice the mini-
mum posterior tail probability), and 95% highest posterior density
(HPD) intervals for each fixed effect.

3 | RESULTS

3.1 | Nonapeptide system genes repertoire

Both nonapeptide precursor genes—OT and VT—and eight receptors
were found in the Nile tilapia genome (Oreochromis niloticus; RefSeq
accession GCF_001858045.2, female). To assign a receptor type to
each sequence, we built a phylogenetic tree with known gene
sequences from distant teleost species. Based on sequence similarity
with multiple teleost species, we assigned the following repertoire of
genes in Nile tilapia: two OTRs, two VTR1As, two VTR2As and two
VTR2Bs (Table S2). The species tree and sequences used can be con-
sulted in Data S1.

To find the gene repertoire in Lake Tanganyika cichlids, we per-
formed a nucleotide BLAST search with the genes of the reference
genome on all six long-read assemblies. Despite some genetic differ-
ences between Lake Tanganyika cichlids and the reference genome,
we found a single clear match for each reference gene (e-value <1le-

200). Using the location on the Nile tilapia chromosomes, we

85U80 |7 SUOWILIOD 3AIERID 3|l idde aup Aq paueA0b 818 SPIe VO ‘SN J0 S3IN 104 AReIq 1T 3UIIUO AB|IM UO (SUORIPUCD-PUR-SLLBI LD A8 1M AeIq 1[eul U0//Sa1Y) SUORIPUOD PLe SWB | 83U} 83S *[9202/60/20] U0 ARiqiTauljuo A8|1M ‘8@ Jousdns onisu| Aq £020L 8Ul/TTTT OT/I0p/woD A8 1M Areiq 1 Bu1|uO//SANY WO PaPeO|UMOQ ‘9 ‘920Z ‘9Z82G9ET



SORIGUE ET AL.

compared the distribution of the genes across the long scaffolds in
the six long-read assemblies (Table S3). Both nonapeptide precursor
genes were found on the same scaffold in a head-to-tail conformation
and separated by 40-50 kbp, consistent with the annotation in Nile
tilapia (Figure 1). The predicted nonapeptide amino acid sequences in
Lake Tanganyika cichlids follow the canonical teleost oxytocin (OT:
CYISNCPIG; Cys-Tyr-lle-Ser-Asn-Cys-Pro-lle-Gly) and vasotocin (VT:
CYIQNCPRG; Cys-Tyr-lle-GIn-Asn-Cys-Pro-Arg-Gly) sequences. The
location of all nonapeptide receptors in the long-read assemblies was
also consistent with the chromosomal distribution in the Nile tilapia
genome (Figure 1). For positive selection analysis, we selected splicing
forms that differed to any extent in their protein-coding sequences. A
total of 15 splicing forms across the 10 genes were taken from the
reference genome, and one additional transcript was included from
other cichlid annotations (Figure 1). Except for a 66 bp deletion in the
VTR2Ab gene, all genes showed a highly conserved protein-coding

domain structure.

3.2 | Structure of the nonapeptides and their
receptors

The predicted nonapeptide precursors preproteins followed the
known conserved structure that includes a signal peptide, hormone
moiety, GKR residue, neurophysin, and copeptin. All receptor genes
had at least one isoform that exhibited the classic seven

OTRb OTRa
100702815 100693417

LGS 5

XM_003448399.3 5 Mbp
— (- O7Rb.trl

XM_005453537.4

XM_003441444.5

OTRb.tr2
XM_039612469.1 *
OTRb.tr3

-  OTRa
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transmembrane (TM) domain structure, with three ILs and three ELs
alternating between the TM domains (Figure 2A). Some alternative
splicing forms (OTRb.tr1, OTRb.tr3 and VTR2Ab.tr3) deviate from this
canonical GPCR structure, resulting in shorter isoforms with fewer
TM domains and therefore fewer loops (Figure 2B-D). Additionally,
we confirmed that the 66 bp deletion of the VTR2Ab gene was
located in the extended IL3. A detailed predicted domain structure of

each transcript can be consulted in Data S2.

3.3 | Nucleotide diversity of the nonapeptide
system genes

OTRa exhibited the lowest nucleotide diversity () among all genes,
followed by OTRb, VTR1Aa, and VTR2Ba. Both nonapeptide precur-
sors displayed intermediate levels of variability, while VTR2A copies
showed the highest diversity values (Data S3).

Across domains, we only analysed the isoforms with a classic
GPCR structure. Terminal regions appeared to be the most vari-
able, while TM domains and both extracellular and intracellular
loops were less variable (Figure 3). Interestingly, the two extended
IL3s (from VTR2Aa and VTR2Ab genes) showed the largest nucleo-
tide diversity across all IL3. In addition, the C-terminal domains of
both VTR2A copies are also among the most variable (Figure 3).
The alignments and nucleotide diversity values can be consulted
in Data S3.

VTR2Ba VTR2Bb
100692153 100698829
3
0.8 Mbp XM_003442789.5 9 Mbp XM_025907435.1

—{-  VTR2Ba — - VTR28b.tr1

XM_003441298.4
VTR2Bb.tr2

VTR1Aa vT oT VTR1Ab
100711102 100708704 100709702 100695840
LG7 5 —MEm-Emm—: | G12 ¢ ¥ LG17 5 — -
XM_013270509.3 XM_003446089.4 P XM_003446093.5 XM_005475835.4
VTR1Aa.tr1 — I OTRa - o7 — - VTR1Ab
XM_003443925.5 XM_005452161.4
—EHE—  VTRIAa.tr2
VTR2Aa VTR2Ab

100707194

102080933

LG 20 5 —|Hi--- -

XM_005478102.4

— - VTR2Aa

XM_003448162.5

FIGURE 1

.

14 Mbp
XM_019349951.2

VTR2Ab.tr1
XM_019349952.2

I

XM_005477888.3

l

VTR2Ab.tr2
XM_005477889.4
VTR2Ab.tr3

l

Genomic distribution of the nonapeptide system in the reference genome Oreochromis niloticus. In the present study we found

evidence that suggests a similar distribution of the nonapeptide system genes in Lake Tanganyika cichlids. Gene IDs and transcript accession
numbers are shown. All accession numbers were obtained from NCBI from Nile tilapia's genome assembly GCF_001858045.2, except for
XM_039612469.1. At the right of each transcript, the name of the transcript is given as it is referred to in this study. In blue, schematic
representation of the exons comprising the 10 genes. In gold, transcripts selected for the present study. In brown, transcripts that did no differ
from another transcript in their protein-coding sequence and therefore were not taken for analysis. The arrows indicate the sense of
transcription. The genes are sorted by chromosome (linkage group, LG) number and location. (*) This transcript is not annotated in the reference
genome, the accession number belongs to an OTRb transcript of another cichlid, the blue tilapia (Oreochromis aureus).
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FIGURE 2 Schematic representation of the predicted domain structures of different alternative splicing variants of nonapeptide receptors in
Lake Tanganyika cichlids. (A) Canonical G-protein-coupled receptor (GPCR) structure with seven transmembrane (TM) domains, three
extracellular loops (EL1-EL3), and three intracellular loops (IL1-1L3), interacting with the G-protein complex. (B) OTRb.tr1 and VTR2Ab.tr3
isoforms, which lack the seventh TM domain, resulting in an extracellular C-terminus. (C) VTR2Ab.tr1 isoform, consisting of five TM domains, two
ELs, and two ILs. (D) OTRb.tr3 isoform, which spans only two TM domains and has a single IL.

Nucleotide Diversity by Domain FIGURE 3 Nucleotide diversity ()
across protein domains of nonapeptide
receptors. For each receptor gene, we
selected one isoform with a predicted
canonical G-protein-coupled receptor
(GPCR) structure. Each dot represents the
nucleotide diversity (1) estimate for a
0.020 o | «— VTR2AD.tr2 VTR2Ab.tr2 IL3 single.gene within the indicat'ed .prot.ein
domain. Boxplots show the distribution of
\ 1t values across genes: the central
VTR2Aa IL3 horizontal line indicates the median; box

0.025

VTR2Aa limits represent the interquartile range

/ (IQR, 25th-75th percentiles); whiskers
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3.4 | Positive selection on nonapeptide
system genes

Phylogenetic trees were inferred using IQTREE with automatic substi-
tution model selection. The best-fitting nucleotide and amino acid
substitution models varied among transcripts and are summarized in
Table S4.

The ratio of nonsynonymous to synonymous substitution rates
(dN/dS, w) was used to assess patterns of molecular evolution in the
analysed genes. This ratio compares the rate of amino acid-changing
substitutions (dN) to that of synonymous substitutions that do not
alter the encoded amino acid (dS). Conventionally, w <1 indicates puri-
fying selection, @ = 1 is consistent with neutral evolution, and @ >1
suggests positive selection. However, these interpretations should be
treated with caution when calculated across entire coding sequences,
as positive selection typically acts on a limited number of codons
while most of the gene remains under strong purifying selection. As a
result, whole-gene w values often remain below 1 even when positive
selection is present at specific sites. Accordingly, we use @ primarily
for comparative purposes rather than relying on its absolute values.

Varying values of synonymous substitutions were found across
genes and transcripts (Table S1). Gene-wide w (dN/dS) values show
generalized purifying selection across all genes. OTRa had the lowest
o (o = 0.1 in both tree topologies), while both nonapeptides displayed
relatively high values (Table 1). Both tree topologies yielded similar
results.

Similarly, both tree topologies provided largely similar results in
site-specific positive selection analysis. The following description is

based on the gene tree topology, as we considered that it better

TABLE 1 Gene-wide w values obtained for each transcript using
the Fixed Effects Likelihood in HyPhy (version 2.5.62). The values are
shown for the analysis performed with gene trees and species trees.
Average genome-wide o values are around 0.2.4

Gene tree Species tree

oT 0.384725 0.446579
VT 0.389876 0.378217
OTRa 0.103896 0.098344
OTRb.tr1 0.364471 0.396942
OTRb.tr2 0.320607 0.319785
OTRb.tr3 0.393161 0.405904
VTR1Aa.trl 0.265012 0.250758
VTR1Aa.tr2 0.272318 0.256706
VTR1Ab 0.135947 0.138472
VTR2Aa 0.172017 0.17183

VTR2Ab.tr1 0.356552 0.346824
VTR2Ab.tr2 0.227011 0.223489
VTR2Ab.tr3 0.246962 0.277689
VTR2Ba 0.2334 0.198095
VTR2Bb.tr1 0.398828 0.331528
VTR2Bb.tr2 0.317791 0.260721
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represents the evolutionary history of the gene. All genes and tran-
scripts were subject to strong negative selection (Figure 4; Data S4). A
total of 335 sites under negative selection and 15 sites under positive
selection (Table S4). Across the receptors, almost half the negatively
selected sites (42%) belonged to TM domains, followed by ILs (26%)
and ELs (16%).

No positively selected site was detected on the nonapeptide pre-
cursor genes. Similarly, OTRa showed no positively selected sites, and
OTRb only one (p-value = .046), unique to a specific isoform, located
in the C-terminal extracellular region. Two positively selected sites
were detected in VTR1Aa; one in EL3 (p-value = .022), and one in the
intracellular C-terminal region (p-value = .045), while VTR1Ab showed
no positive selection. In contrast, VTR2Aa had two positively selected
sites, with one site in IL3 being highly significant (p-value .0004).
VTR2Ab exhibited the highest number of positively selected sites, with
six in total, including four in the extended IL of its canonical copy
VTR2Ab.tr2 (Figure 5). In VTR2Ba, no positively selected sites were
found under the gene tree topology. A detailed list of the sites under
selection can be consulted in Data S4.

3.5 | Correlation between brooding and pair-
bonding phenotypes

We found the two traits strongly correlated (log BF 84.36) in Lake
Tanganyika adaptive radiation (Figure 6). According to our reversible-
jump analysis, the ancestral state in Lake Tanganyika cichlids was a
biparental species with a very high probability (~92%), and very likely
a pair-bonding species (~74%). Together, the probability of a biparen-
tal and pair-bonding species was 70.42%. The evolution of these
binary traits seemed to follow a direction toward maternal and non-
pair-bonding species. Pair-bonding behavior seems to be easily lost
when caregiving is only maternal. Instead, gaining pair-bonding behav-

ior seems to be very unlikely (Data S5).

3.6 | Correlation between behavioral phenotypes
and SNPs

Of the 1098 sites tested for correlation with both phenotypes,
only one amino acid showed evidence of evolution associated with
pair-bonding: position 369 of the VTR2Aa transcript (green amino
acid in Figure 5). Under uninformative priors, this site yielded a log
BF of 2.5 (Data S5) and stands out among the other sites
(Figure S2). The SNP corresponds to a valine-to-alanine substitu-
tion. Given the large number of sites screened, this initial signal
could reflect stochastic variation. We therefore reanalysed this
candidate site using the reversible-jump framework implemented
in BayesTraits with priors selected following the developer's rec-
ommendations. Under this approach, the dependent model was
favored over the independent model with a log BF of 6.67, indicat-
ing strong support for correlated evolution according to the Bayes-

Traits guidelines. The analysis further suggested a constraint
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FIGURE 5 Schematic representation of
nonapeptide receptor protein sequences showing
selection analysis derived from dN/dS ratio:

(A) OTRb, (B) VTR2Aa, (C) VTR2Ab.tr2. Dark blue
circles indicate significant negatively selected
sites found with any of the two tree topologies
(gene tree and species tree). Golden circles
indicate significant positive selection found only
with species tree (p-value <.05). Brown circles
indicate significant positive selection found with
both tree topologies (p-value <.05). Asterisk
indicates very significant positive selection (p-
value <.0005 when calculated with the gene tree
topology). The green circle indicates an amino
acid that showed correlated evolution with pair-
bonding behavior.
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FIGURE 6 Phenotypic characterization of the Lake Tanganyika cichlid radiation based on caregiver sex and pair-bonding behavior. The
circular phylogeny represents the relationships among species included in this study. Colored tiles surrounding the tree indicate discrete

phenotypic states for each species. The inner ring corresponds to caregiver
outer ring corresponds to pair-bonding behavior (yellow = no pair-bonding;

type (light blue = maternal care; dark blue = biparental care), and the
red = pair-bonding present). Each tile represents the state for a single

species at the tip of the phylogeny. Background shading delineates major tribes within the Lake Tanganyika radiation (tribe names indicated on
the outer margin). Multiple independent transitions between caregiver types and pair-bonding states are apparent across the phylogeny.

3.7 | Tissue expression and correlation with
behavioral phenotypes

The nonapeptide precursors were almost exclusively expressed in the
brain, their primary site of production. While OTRa was mainly
expressed in the brain, OTRb showed very high expression in the gills.
VTR1Aa was expressed in gills, lower pharyngeal jaw and testis, and to
a lesser extent in the brain. The expression levels of VTR1Ab were
generally lower and reduced to the gills and brain. All VTR2s
were expressed in the brain (Figure 7). While the function of VTR2s in
the brain remains less studied, their central expression appears to be
consistent across teleosts.>>*® VTR2Aa expression was widespread

across different tissues, suggesting a role in multiple physiological

functions. Its high expression in the liver aligns with previous reports
linking it to carbohydrate metabolism.>” Interestingly, its expression in
the lower pharyngeal jaw was very high and its physiological role
remains an open question. VTR2Bb showed expression in the ovaries

and testis, in line with other studies.®®

3.8 | Association between the expression of
nonapeptide genes and behavioral phenotypes

All models showed adequate MCMC performance based on Geweke
diagnostics (|z] <1.95) and high ESS across fixed effects, indicating
reliable posterior estimation. A single exception was detected for the
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FIGURE 7 Tissue-specific expression patterns of nonapeptide system genes across six tissues. Each panel represents one gene of the
nonapeptide system. Gene expression levels are shown as transcripts per million (TPM) obtained from whole-tissue bulk RNA sequencing.
Boxplots summarize expression distributions across species for each tissue: the central horizontal line indicates the median; box limits represent
the interquartile range (IQR, 25th-75th percentiles); whiskers extend to 1.5 x IQR; and points beyond whiskers represent outliers. Each colored
box corresponds to a tissue type (Brain, Lower Pharyngeal Jaw, Gills, Ovaries, Liver, Testis; see legend). For visualization purposes, males of
Boulengerochromis microlepis were excluded from oxytocin (OT) and vasotocin (VT) panels due to exceptionally high precursor expression values
that strongly skewed the scale; inclusion of these values does not alter the overall qualitative tissue-specific patterns (see Section 2).

813C effect in the VTR2Aa model when testing pair-bonding, where
the Geweke diagnostic slightly exceeded the convergence threshold,
suggesting incomplete mixing for that parameter (|z| = —2.57). All
other parameters across genes and phenotypes showed satisfactory
convergence. Minimum ESS across all fixed effects, genes, and data-
sets was 8984.49, indicating sufficient independent posterior samples
across all parameters. We considered associations statistically sup-
ported when pMCMC <0.05 and the 95% HPD interval did not
overlap zero.

VTR2Bb expression was substantially higher both in pair-bonding
95% HPD =[0.13, 0.9],
biparental (posterior

species  (posterior mean = 0.5,

pMCMC = 0.011) and in caregivers

mean = 0.45, 95% HPD = [0.05, 0.84], pMCMC = 0.027). OT expres-
sion was higher in biparental species (posterior mean = 0.45, 95%
HPD = [0.11, 0.82], pMCMC = 0.01). Sex-specific expression pat-
terns were consistently observed in OT, VT, and VTR2Aa. While both
ligands showed much higher expression in males (OT: posterior
means = 0.62 and 0.57, pMCMC = 0 in both phenotype models; VT:
posterior means = 0.39 and 0.4, pPMCMC = 0.01 and 0.001), VTR2Aa
showed increased expression in females (posterior means = —0.34
and —0.18, pMCMC = 0 and 0.015). Stable isotope effects were gen-
erally weak, with little evidence for associations across genes. The
only notable pattern was lower VTR2Bb expression with increasing
8'3C (posterior means = —0.20 and —0.23, pMCMC = 0.03 and
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0.01), and higher expression of VTR1Aa with increasing 63C (poste-
rior means = 0.19 and 0.16, pMCMC = 0.03 and 0.04). Detailed
model outputs, including full posterior summaries and diagnostics, are
provided in Table S5. The CPM-normalized count dataset used for
these analyses is available in Data Sé.

4 | DISCUSSION

We characterized the nonapeptide system gene repertoire in the
adaptive radiation of cichlid fishes from Lake Tanganyika. We found
that these cichlids possess one copy of each nonapeptide precursor,
separated by 40-50 kbp, with conserved teleost amino acid
sequences for OT (CYISNCPIG) and VT (CYIQNCPRG). Long-read
assemblies indicate that receptor gene copy number, genomic
arrangement, and exon structure are largely conserved and compara-
ble to those of Nile tilapia. VTR2Ab experienced a 66 bp deletion at an
early stage in the radiation—after the divergence of Boulengerochro-
mini, Bathybatini and Trematocarini lineages—that trims 22 amino
acids of the IL3. A new early splicing site was acquired and the current
widespread expression of this new variant evidences its functionality.

OTRb and VTR2Ab have alternative splicing forms whose pre-
dicted protein domains deviate from the canonical GPCR structure
(7 TM domains alternating between 3 EL and 3 IL). The physiological
function of the alternatively spliced receptor isoforms remains an
open question. Notably, OTRb.tr1 and VTR2Ab.tr3 lack the final TM
domain, resulting in an extracellular C-terminus. This structural alter-
ation has been reported to prevent receptor migration to the plasma
membrane, retaining it within the ER-Golgi compartments.®? Although
all three EL contribute to ligand binding, EL1 and EL2 appear to be
essential for nonapeptide-receptor interactions: EL1 binds the tripep-
tidic part of the nonapeptide, while EL2 interacts with the cyclic
part.126263 Therefore, OTRb.trl, VTR2Ab.tr3, and VTR2Ab.trl may
still retain their ligand-binding capacities, although potentially with
altered affinity. In contrast, OTRb.tr3, which consists of only two TM
domains and a single IL, possesses extracellular domains limited to the
N- and C-terminal regions. This structural configuration makes direct
interaction with the ligand far less likely, raising questions about its
functional role. These findings suggest that alternative splicing may
introduce additional layers of regulatory or functional diversity within
an otherwise conserved system.

With the emergence of vertebrates (~540 mya) and two associ-
ated whole genome duplication events, new copies of VTRs acquired
new functions. The neofunctionalization of these receptors is very
well established in mammals,? but growing evidence is revealing the
implication of nonapeptides in a wide range of functions in fish,
including social phenotypes such as aggression, pair-bonding, or
parental care in teleost.3*®? For neofunctionalization to occur,
genetic diversification is necessary to introduce functional changes.
To explore this possibility, we tested for positive selection in the non-
apeptide system within the Lake Tanganyika cichlid adaptive radiation.
We found that most amino acids were under strong negative selec-

tion, reflecting the strong evolutionary pressure to preserve protein

structure and functionality. These negatively selected amino acids are
distributed across all functional domains, consistent with the overall
high conservation of the receptors across vertebrates.*1%12 More-
over, because of the young age of the radiation there are several sites
that do not show any variation, which impedes making inferences
about selection. 15 sites showed signs of positive selection when ana-
lysed with the gene tree topology. Interestingly, five of these sites
were concentrated in the extended IL3 of VTR2Aa and VTR2Ab. In our
analysis, the two extended IL3 showed the largest nucleotide diversity
among all IL. Furthermore, multiple or highly significant amino acids in
this domain showed positive selection. Taken together, our findings
suggest that the overall structure of VTR2Aa and VTR2Ab is under
purifying selection, similarly to the other nonapeptide receptors, while
the part in charge of signal transduction is subject to change. At some
point in teleost evolution, the intracellular loop (IL3) of VTR2As
expanded significantly while presumably retaining receptor functional-
ity.* This enlargement introduced additional amino acids into the
domain responsible for signal transduction, directly interacting with
the G protein. While some residues remain highly conserved and
under strong negative selection, reduced constraint in this extended
region may allow for greater evolutionary flexibility, potentially facili-
tating functional diversification or adaptation to different regulatory
mechanisms. This extended IL3 has drawn very little attention to date.
However, IL3 is necessary and sufficient for activation of Gs,2° making
it a crucial component of VTR2A downstream signaling. Further work
should elucidate the functional implications and determine whether
the extended IL3 contributes to specific regulatory mechanisms, sig-
naling efficiency, or interactions with other intracellular partners.

In the cichlid adaptive radiation of Lake Tanganyika, in a relatively
short period (~10 mya) multiple social phenotypes have repeatedly
evolved, making it an ideal scenario to study the evolution of social
phenotypes.®* Our data suggest that the ancestral cichlid was a pair-
bonding species that provided biparental care. In line with other stud-
ies, we found that the evolutionary transition from monogamy and
biparental care to non-pair-bonding and maternal care appears to be
much more likely than the reverse.®>=¢” Therefore, biparental care
seems to arise as a consequence of pair-bonding rather than serving
as its initial driver.

We hypothesized that the signatures of positive selection
observed in the nonapeptide system are associated with the evolution
of social phenotypes. As all receptors are expressed in the brain to
some extent and represent the primary sites of ligand action, variation
in their sequence or expression is likely to influence behavior. To test
this, we first examined associations between amino acid variation and
the two social traits: pair-bonding and the sex of the caregiver. While
no correlation was detected between amino acid variation and care-
giver sex, a residue in the extended IL3 of VTR2Aa (position 369)
showed evidence of evolving in association with pair-bonding. This
SNP results in a valine-to-alanine substitution; given the larger side
chain of valine, this change may affect hydrophobic interactions, pro-
tein stability or folding, and thus potentially alter receptor function.
Notably, this site lies only six amino acids downstream of the position

with the strongest signal of positive selection, suggesting that this
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region of IL3 may be particularly important for receptor function.
Together, these observations indicate the possibility that structural
modifications in IL3 of VTR2Aa contribute to variation in receptor sig-
naling linked to pair-bonding. Interestingly, although pair-bonding and
caregiving strategy are strongly correlated traits, this amino acid vari-
ant was associated only with pair-bonding and not with caregiver sex.
This suggests that, despite their ecological linkage, these behaviors
may be partly underpinned by distinct genetic mechanisms. In particu-
lar, variation in VTR2Aa may influence mate attachment without
directly affecting parental care, pointing to partially overlapping but
separable molecular pathways.

We assessed the relationship between brain expression levels of
nonapeptide system genes and social phenotypes using PGLMMs that
accounted for shared evolutionary history, sex, and stable isotope
values. Notably, VTR2Bb expression was higher in pair-bonding spe-
cies and in biparental caregivers, and OT expression was elevated in
biparental species, supporting an association between components of
the oxytocinergic system and cooperative social systems in teleosts.
Consistent with prior reports of sex differences in the nonapeptide

system,68'69

we observed marked sex-specific expression patterns.
Both ligands, OT and VT, were more highly expressed in males,
whereas VTR2Aa expression was consistently elevated in females.
These results indicate sex-biased regulation within both ligand and
receptor components of the system, potentially reflecting sex-specific
modulation of social and parental behaviors. Stable isotope effects
were generally weak, suggesting that ecological variation in diet and
habitat (as captured by §°N and 623C) does not strongly drive expres-
sion differences in these genes.

Despite the insights provided here, several limitations should be
considered. Our gene expression analyses are based on bulk brain
RNA sequencing, which averages across heterogeneous cell types and
regions and may obscure behaviorally relevant spatial patterns; addi-
tionally, intraspecific variation is not captured, likely oversimplifying
underlying genetic and expression diversity. Tests of positive selection
are further limited by the recent divergence of the Lake Tanganyika
radiation, reducing sequence variation and statistical power, and pri-
marily focus on canonical receptor isoforms, potentially overlooking
distinct selective pressures on alternative variants. Importantly, asso-
ciations between genetic variation, gene expression, and social pheno-
types are correlative and do not establish causality, and behavioral
traits are influenced by multiple genetic and environmental factors
only partially accounted for here. Finally, expression was measured
under baseline conditions and does not capture dynamic regulation of
the nonapeptide system in response to social stimuli, highlighting the
need for complementary functional and experimental approaches.

Taken together, our results support a model in which both coding
and regulatory components of the nonapeptide system contribute to
the diversification of social systems in cichlids. While overall receptor
architecture remains highly conserved under strong purifying selec-
tion, specific domains involved in intracellular signaling—particularly
the extended IL3 of VTR2A receptors—exhibit variability and signa-

tures of adaptive evolution, alongside phenotype-associated sequence
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variation in VTR2Aa. In parallel, differences in the expression of
VTR2Bb and OT are associated with pair-bonding and biparental care,
despite generally low expression levels of VTR2 receptors in the brain;
importantly, even subtle variation in receptor abundance may have
significant effects on neural signaling and behavioral outcomes. This
combination of sequence and regulatory variation is consistent with a
broader body of work across vertebrates showing that oxytocinergic
and vasotocinergic pathways are evolutionarily conserved yet func-

tionally flexible,%7°

with behavioral diversity arising primarily through
modulation of receptor function, expression, and neural localization
rather than major structural innovations. In this context, our findings
highlight intracellular signaling domains such as IL3 as potential hot-
spots for functional diversification, alongside regulatory changes shap-
ing gene expression. More broadly, they support the view that
repeated transitions in social systems can be achieved through fine-
scale tuning of conserved neuroendocrine pathways. Future work
integrating functional assays, spatially resolved transcriptomics, and
comparative analyses across additional lineages will be essential to
determine how variation in receptor signaling and localization trans-
lates into behavioral differences, and to place these mechanisms
within a general framework for the evolution of sociality in

vertebrates.

5 | CONCLUSIONS

Our findings reveal that nonapeptide precursor and receptor genes
are subject to strong purifying selection across the Lake Tanganyika
cichlid radiation. While positive selection is rare, the few sites under
selection are primarily concentrated in the extended IL of the VTR 2A,
suggesting potential functional diversification. Additionally, our corre-
lation analyses highlight the involvement of nonapeptide receptors in
shaping social phenotypes, reinforcing their role in the evolution of

social behavior in cichlids.
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