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Abstract 

The overall aim of my thesis is to shed light on the interplay between the evolution of human 

sociality and the evolution of human language. My approach is multidisciplinary and includes 

studies ranging from genomic analyses in humans and other species to behavioral experiments 

in songbirds. Findings presented here lend genetic evidence to a specific hypothesis under 

which human sociality can be studied, the ‘self-domestication’ hypothesis, based on significant 

overlaps identified in the genes under positive selection in modern humans and several 

domesticated species. We further propose oxytocin as a good candidate molecule that underpins 

the genetic mechanisms of human prosociality and language, by serving as the molecular basis 

of social reward in spoken language acquisition. We show modern human-specific alleles in 

the oxytocin and the paralogous vasopressin/vasotocin receptors (particularly AVPR1A/VTR1A) 

correlate with a shift towards prosociality in modern-humans, along with three convergent 

variant changes in modern humans and bonobos, who have also been claimed to be self-

domesticated. Additionally, we show an effect of social reward in tuning fine-grained aspects 

of vocal learning (i.e. pitch learning) in an experiment in zebra finches, providing support for 

the hypothesis on the importance of social feedback in human spoken-language acquisition. We 

also present preliminary findings on the role of oxytocin in singing in zebra finches; male zebra 

finches treated intranasally with an oxytocin-antagonist reduced significantly the number of 

introductory notes in the song they sang to attract females. Lastly, we propose a universal 

nomenclature for the vertebrate oxytocin and vasopressin/vasotocin ligands and receptors, 

which is based on multi-scale synteny analyses. The nomenclature will allow easier translation 

of findings across vertebrates and foster more informative design of experiments across species. 
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Introduction 

In my thesis I investigate the evolution of human sociality and its possible role for providing a 

scaffold to the evolution of language (Kuhl, 2007; Tomasello, 2003). My approach is 

multidisciplinary and includes studies ranging from genomic analyses to behavioral 

experiments in songbirds. My hypothesis is that oxytocin is a good candidate molecule that 

could help us decipher the role the evolution of our sociality plays in the evolution of language, 

as well as the role of social reward and social motivation in language acquisition. To address 

this hypothesis, I also focus on the evolution of the oxytocin and vasopressin/vasotocin gene 

families, to clarify the correct gene-orthologs we should target to study in non-human species, 

including making my and others’ future findings in songbirds readily translatable to humans.  

I study the evolution of human sociality mainly through the lens of the ‘self-domestication’ 

hypothesis, according to which natural selection in humans favored increased prosociality over 

aggression (Hare 2017), giving rise to a behavioral phenotype that is reminiscent of the one we 

witness in domesticated species. Traits that modern humans show when compared to their 

cousins, the Neanderthals, are also highly reminiscent of traits that have been independently 

found to be characteristic of domesticated species when compared to their wild counterparts 

(reduced ears, shorter muzzles, smaller teeth; smaller cranial capacities, paedomorphosis; 

reduction of sexual dimorphism (feminization)).  

In Theofanopoulou et al. 2018 (Chapter 1) we examine if this old hypothesis of human 

evolution, stemming from thoughts formulated in  Darwin 1888, makes sense at a genetic level. 

We tested the possible overlap between the genes found under positive selection in modern 

humans and the genes under positive selection in one or more domesticated species (dog, cat, 

horse and taurine cattle). We identify a statistically significant intersection of these genes, and 

further that this intersection remains significant when we compared the genes under positive 

selection in modern humans against only dog or only cattle. The genes that overlap are genes 

involved in neural crest formation, synaptic plasticity, memory, and learning, and some of them, 

when disrupted, can lead to a broad range of syndromes comprising craniofacial defects and 

cognitive deficits. These findings shed light on the possible genetic underpinnings of the 

enhanced sensory motor and learning abilities encountered in some domesticated species, 

another hypothesized by-product of the domestication process (Hare, 2017), and possibly to the 

underpinnings of human complex communicative abilities. 

Oxytocin and its receptor (OXT/OT and OXTR/OTR) are among the genes that have been 

studied the most in the context of domestication: different gene expression, methylation and 

selection patterns have been identified in the domesticates in comparison to their wild cousins 

(Bence et al., 2017; Fam et al., 2018; Ruan & Zhang, 2016). This along with the array of studies 

on the role of oxytocin in social cognition (Meyer-Lindenberg, Domes, Kirsch, & Heinrichs, 

2011) led us to hypothesize that variant changes in the oxytocin receptor (OTR) and the 

arginine-vasopressin receptors (AVPR1A and AVPR1B; also called here VTR1A and VTR1B) 

between modern humans and our extinct (Neanderthals and Denisovans) and extant relatives 

(macaques, bonobos, chimpanzees) could have been responsible for our human prosociality 

(Theofanopoulou, C., Andirko, A., & Boeckx 2018, Appendix Chapter 1). We report 29 

variants which were clustered based on their presence in the species studied (e.g. modern 

human-specific, Homo-specific); all of these variants are sites of Single Nucleotide 

Polymorphisms in modern humans, hence we were able to retrieve information also on the 

functional importance of these sites. Regarding modern human-specific alleles, we found one 

allele in AVPR1A (rs11174811) at high frequency and linked to prosocial phenotypes in modern 

humans, while the ancestral allele is associated with antisocial phenotypes. We also report three 

sites in AVPR1A of putatively convergent changes between modern humans and bonobos 
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(rs237897(A), rs2228485(G) and rs1042615(A)), not present in chimpanzees. We consider this 

last finding highly pertinent to the self-domestication process that also bonobos, apart from 

humans, have been claimed to have gone through in their evolution (Hare, Wobber, & 

Wrangham, 2012). 

In Theofanopoulou 2016 (Chapter 2) I put together studies from the literature that point to a 

role of oxytocin in modulating the multimodality that characterizes our linguistic ability. I 

follow a bottom up approach, starting off from possible genetic interactions that could support 

this role, for example a hypothesized interaction of OT and FOXP2 through CNTNAP2 or 

LNPEP, and ending with evidence from EEG (electroencephalography) and behavioral studies 

in humans showing the effect of oxytocin in online visuomotor processing. These studies 

support oxytocin’s proposed role in social interactions of turn-taking during online language 

production and processing. 

In  Theofanopoulou, Boeckx, and Jarvis 2017 (Chapter 3), we further present a specific 

hypothesize for a role of oxytocin in the social motivation for vocal learning, a specialized 

component of language, that is also find in other species, like songbirds. We build upon 

molecular findings on the expression patterns of OT and OTR in the brains of vocal learners 

and non-(or rudimentary)-vocal learners. We suggest that OT and the circuits it functions in are 

good candidates for the long-hypothesized motivation and reward mechanism of vocal learning. 

We propose specific neural mechanisms through which OT could modulate brain regions that 

are specialized for vocal learning directly, or indirectly through its interaction with 

dopaminergic neurons. We lastly propose specific experiments through which such a 

hypothesis could be tested in songbirds. 

In Theofanopoulou et al. (Appendix Chapter 2) we experimentally address the traditional idea 

that social reward enhances learning in the realm of vocal learning. Even though there are 

studies showing the strong effect of social feedback in language acquisition (Kuhl, 2007), in 

human studies it is not possible to dissociate social reward from vocal learning and thus to study 

the exact impact of social reward on vocal learning. We attempted such a dissociation, 

developing a vocal learning behavioral paradigm with and without social reward, and tested it 

in zebra finches, a vocal learning songbird. Juvenile male zebra finches were first operantly 

taught to imitate a two-syllable song. Then they were exposed to two different contexts, 

switched every other day: a social reward context, in which an animal male model of a bird and 

a non-singing but live female bird were present; and a social isolation context with no model 

or live birds present. In both contexts, the juveniles were exposed to operantly elicited 

playbacks of one of two very similar songs, comprised of two syllables, the same syllables of 

the song they had learnt, but differing by two semitones in the pitch of the second syllable. Five 

out of the six birds tested imitated the pitch of the song they heard in the social reward context, 

suggesting that finely tuned aspects of vocal learning, like pitch, can be gated by social reward. 

In our next experiment (Theofanopoulou et al., Appendix Chapter 3), we sought to test the 

hypothesis we proposed in Theofanopoulou, Boeckx, and Jarvis 2017, by manipulating the 

oxytocin-system in zebra finches and studying the effects in their singing. We administered an 

oxytocin antagonist intranasally in zebra finch males, and then co-housed them with a female 

to elicit singing to her (directed-singing). We show that oxytocin-antagonist-treated males had 

a significant drop in the number of introductory notes in their directed love song, more similar 

to the levels found in undirected song without a female. We also demonstrate that intranasal 

administration of an oxytocin-antagonist crosses the blood-brain barrier in zebra finches. 

Our last study (Theofanopoulou et al. Appendix Chapter 4) came about as a result of our attempt 

to first, single out which receptor in the avian genomes corresponded to the mammalian OTR, 

and second, to search for evidence that the system we manipulated in the aforementioned 
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experiment in songbirds is indeed the oxytocin system, and not a different one (the ‘mesotocin’ 

system). We soon realized that oxytocin and vasopressin/vasotocin ligands and receptors appear 

in the literature with as many names as the classes of vertebrate and invertebrate species whose 

genome has been sequenced, something that hinders the translation of findings across species. 

Our goal ended up being to clear up this confusing nomenclature by studying in detail the 

synteny (genomic territory) of these ligands and receptors in 33 vertebrate genomes that span 

all major vertebrate lineages and 4 invertebrate outgroups. Our findings indicate that oxytocin 

and vasopressin/vasotocin are adjacent paralogous genes that formed as a local genomic 

duplication event near the origin of vertebrates. What has been called mesotocin, isotocin, or 

oxytocin-like in non-mammalian species are all the same gene, namely oxytocin; vasotocin in 

all non-mammalian vertebrates is the same as vasopressin in mammals. Thus, following the 

standard practice in molecular biology, we propose that these two genes be given the same 

orthologous names across vertebrates and paralogous names relative to each other, namely 

oxytocin and vasotocin. Additionally, through multi-scale synteny analyses, we clarified the 

orthology and paralogy of all oxytocin and vasotocin receptors in all major vertebrate classes 

and we propose a new universal vertebrate nomenclature for them too. We traced their 

evolutionary history and propose that these receptors formed through a series of duplications: 

first after one round of whole-genome duplication in the common ancestor of all vertebrates; 

followed by a segmental duplication in the common ancestor with cyclostomes/lampreys; and 

then two further segmental duplications in the gnathostome-ancestor and in the osteicthyan-

ancestor. 

In conclusion, considering all the above, Ι believe that this thesis offers a fertile ground for 

future experiments seeking to unravel the effect of social reward in vocal learning, something 

that can shed light to the effect that evolution of our sociality might have had in the evolution 

of a fully-fledged language in our species. My thesis also lends evidence to a specific hypothesis 

under which our sociality can be studied, the ‘self-domestication’ hypothesis, which in turn 

opens up a venue for testing possible convergences between humans and domesticates at 

several levels of biological analyses. Further, the oxytocin and vasotocin systems are shown to 

be good candidates for uncovering changes that might have had an effect on the evolution of 

prosociality (cf. convergent variant-changes in modern humans and bonobos), but also changes 

that affect vocal learning behaviors (cf. differences in singing after oxytocin antagonist 

administration). Lastly, my thesis proposes a universal nomenclature for the vertebrate oxytocin 

and vasotocin ligands and receptors, which will allow easier translation of findings across 

vertebrates and foster more informative design of functional experiments across species. 
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Abstract

This study identifies and analyzes statistically significant overlaps between selective sweep

screens in anatomically modern humans and several domesticated species. The results

obtained suggest that (paleo-)genomic data can be exploited to complement the fossil

record and support the idea of self-domestication in Homo sapiens, a process that likely

intensified as our species populated its niche. Our analysis lends support to attempts to cap-

ture the “domestication syndrome” in terms of alterations to certain signaling pathways and

cell lineages, such as the neural crest.

Introduction

Recent advances in genomics, coupled with an ever-richer body of palaeoarchaeological, ana-

tomical, and animal behavior literature, offer new opportunities to test long-standing hypothe-

ses about human evolution. In the domain of human cognition, the retrieval of ancient DNA

can, with the help of well-articulated linking hypotheses connecting genes, brain, and cogni-

tion, shed light on the emergence of ‘cognitive modernity’. It is to this end that we present data

from (paleo-)genomics in support of an old hypothesis about the evolution of our species: that

of self-domestication. As has been well documented elsewhere [1, 2], the idea that anatomically

modern humans (AMH) are a domesticated species has long been entertained by preeminent

scholars in biological and human sciences (in passing by Charles Darwin [3] and more seri-

ously by Franz Boas [4]). We argue that such characterizations are accurate, not merely as

analogies, but in identifying shared evolutionary trajectories, with accompanying convergent

signatures of selection, in AMH and domesticated species.

In order to explore whether our species is self-domesticated, we must first address what it

means to be domesticated and whether AMH meet these criteria. We take the view, defended

in more detail elsewhere [1, 5–7], that domesticated species are best categorized in terms of the

phenotypic traits that they broadly share, rather than in terms of human mastery, design, or
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orchestration. There are inherent weaknesses in the human-mastery or conditions-based

views of domestication that an account based on phenotypic traits does not face. The com-

monly shared traits of domesticates provide the strongest and most objective means by which

these animals can be considered a single category. Furthermore, there is now evidence that

many of the phenotypic traits of domesticates emerge independently of any human predisposi-

tions, intentional or otherwise [7, 8]. A broad consensus is now emerging that “commensal”

and “mutualistic” processes can lead to domestication [6, 9–11], whereby both the domestica-

tor and domesticated species seek out and benefit from cohabitation; thus, AMH were not the

sole agents in all domestication events. Many of the species that have ultimately come to

inhabit domestic niches are widely considered to have done so largely autonomously; in other

words, to have self-domesticated. Changes in their social ecology (i.e., both their feeding niche

and social organization), along with other parameters, have been recently suggested to confirm

this hypothesis [12]. It has been proposed that dogs, cats, foxes [5, 7, 11, 13, 14], and even live-

stock species such as pigs, sheep, and cattle [6, 11, 15], may have undergone such processes.

Domesticated species display a range of anatomical and behavioral phenotypes that set

them apart from their wild counterparts: depigmentation; floppy, reduced ears; shorter muz-

zles; curly tails; smaller teeth; smaller cranial capacities (and concomitant brain size reduction);

paedomorphosis; neotenous (juvenile) behavior; reduction of sexual dimorphism (feminiza-

tion); docility; and more frequent estrous cycles. Of course, not all of these characteristics are

found in all domesticates, but many of them are indeed present to some extent in each [16].

This constellation of features has been referred to as the “domestication syndrome” and has

been hypothesized to arise from a mild deficit of neural crest cells [17]. A critical question for

the present study is whether our species displays some or all of the phenotypes associated with

the domestication syndrome, thus warranting comparison to determine signatures of selection

shared with domesticates. Such signatures of domestication can be detected through compari-

sons of a domesticated species with “either their direct wild-living ancestor or close relatives if

the ancestor is no longer extant” [2]. In the case of AMH, since there is no wild extant counter-

part available, the obvious comparanda include our closest living relatives (i.e., the great apes)

and extinct species of the genus Homo, to the extent that relevant data can be extracted from

the fossil record.

Many of the anatomical changes associated with domestication describe some of the well-

known anatomical differences between AMH and Neanderthals (see Fig 1). The two species

display different ontogenetic trajectories [18, 19] resulting in craniofacial differences that

invariably lead to a more ‘gracile’, ‘juvenile’ profile in AMH relative to Neanderthals. It is

well-established that prognathism is significantly reduced in our species [19, 20]. Brow

ridges and nasal projections are smaller in AMH than in our most closely related (extinct)

relatives [21], as are our teeth [22, 23] and our cranial capacity [24]. This profile is some-

times called ‘feminized’ [21], and is associated with an overall reduction of sexual dimor-

phism, which is also associated with domestication [25]. The process of ‘feminization’

(reduction of androgen levels and rise in estrogen levels [21]) is often associated with

reduced reactivity of the hypothalamus-pituitary-adrenal axis [26], a physiological trait

thought to be critical for domestication [17, 27]. Evidence from digit ratio comparisons—a

measure of prenatal androgen exposure [28]—further suggests that Neanderthals had higher

prenatal androgen exposure than AMH [29]. Additional differences in other traits associated

with domestication may exist, but there are either obvious confounding factors involved

(e.g., geography for pigmentation), or the data are more controversial (as in the case of

reproductive cycle changes [30]).

In light of these differences, we contend (contra [21]) that self-domestication coincided

with the emergence of AMH (sensu [31]: specimens sharing a significant number of derived
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Fig 1. Salient craniofacial differences between AMH and Neanderthals (top) and between dogs and wolves (bottom).

https://doi.org/10.1371/journal.pone.0185306.g001
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features in the skeleton with extant members of our species), since the critical phenotypic

changes are already present in the first specimens, although this self-domestication process

may have intensified as our species expanded geographically and demographically.

Having laid out the case that AMH exhibit characteristics typical of the domestication

syndrome, it remains to be clarified how our self-domestication event may have occurred.

An obvious difference between AMH and other (self-)domesticated species is that the selec-

tive pressures leading to our domestication must have been intraspecific, although it has

been suggested that the bonobo (Pan paniscus), a species that displays some of the traits of

the domestication syndrome, has undergone a similar self-domestication process [25]. But

even interspecific domestication events suggest that the selective pressures for our self-

domestication need not have been qualitatively different from those experienced by other

species. The recent domestication of the silver fox (Vulpes vulpes) demonstrates this: In the

experimental breeding program started by Dmitry Belyaev [7, 8, 26, 32], foxes were inten-

sively selected and bred over more than half a century based on only one criterion, tameness

towards humans. Within twenty years of selection for this trait, a range of traits typical of

the domestication syndrome had emerged [8]. Crucially, this suggests that selection for

tameness is enough to bring about a constellation of domestic traits (see [33]), many of

which humans share. The domesticated traits exhibited by AMH plausibly emerged follow-

ing similar intraspecific selective pressures for prosocial behaviors: in other words, tameness

towards fellow humans. Similarly, it has been claimed that reduced emotional reactivity and

increased prosociality among humans were keys to our self-domestication [34]. So, what, if

anything, differentiates prosociality from self-domestication? Certainly, reduced reactivity

or increased prosocial behaviors seem to be necessary precursors of self-domestication, but

these are not sufficient to describe the full-blown suite of traits associated with the domesti-

cation syndrome. Only consistent selection for such behaviors has been shown experimen-

tally to bring about the far more extensive phenotype of domestication (i.e., in the silver fox

experiment), although selection for tameness exclusively does not seem to be the only pres-

sure at work in some cases of domestication (cf. the ‘socioecological’ factor that may have

shaped dog domestication [12]).

Intriguingly, there is evidence that domestication can enable the development of complex

behaviors beyond those discussed so far for the domestication syndrome. For example, both

dogs and domesticated foxes outperform all non-human primates in tests of cooperative com-

munication [34]. The Bengalese finch, domesticated from its wild ancestor, the white-rumped

munia [35, 36], has developed a complex song that is preferred by both female finches and

munias over the stereotyped song of the male munia [37]. There are tempting parallels to be

drawn here regarding the potential effects of self-domestication on the emergence of human

language, relating to the emergence of a fully modern ‘language-ready’ brain [38–40], or the

triggering of our capacity for complex iterative learning, necessary for the cultural transmis-

sion of language [2, 41].

The self-domestication hypothesis is, then, a strong contender to account for key aspects of

modern human cognition. The central claim of the present paper is that (paleo-)genomic data

can provide evidence to complement the anatomical and behavioral data outlined above,

which suggest that AMH underwent a process of self-domestication. Crucially, we now have

high-quality genomes for our closest extinct relatives, the Neanderthals and Denisovans, allow-

ing for genomic comparison with AMH [42], as well as genomes of several domesticated spe-

cies, which can be compared with their wild counterparts [43]. This information offers the

opportunity to test for the existence of significant overlapping regions showing signatures of

positive selection and putatively associated with (self-)domestication.
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Results

We examined the overlap of gene sets independently claimed to be under positive selection in

AMH (when compared with Neanderthal/Denisovan) and several domesticates for which

detailed genetic information is available: dog (Canis familiaris), cat (Felis catus), horse (Equus
caballus) and taurine cattle (Bos taurus). The pool of domesticates chosen yielded a total of 691

genes, and the total AMH pool, 742 genes. The intersection of these lists was found to be the

41 genes shown in Table 1, which represent all of the genes associated with loci under positive

selection both in AMH and in one or more domesticates. A hypergeometric intersection test

revealed that the intersection size of 41 was statistically significant (p< 0.01). The results are

represented graphically in Fig 2; for further details, see S1 and S2 Tables.

We confirmed the significance of this result with a Monte Carlo simulation of 1,000,000 tri-

als, in which samples of 691 and 742 genes were randomly selected with no replacement from

a pool of 19,500 (the approximate average number of genes in the genomes of these species).

The simulation confirmed that an intersection size greater than or equal to 41 is highly signifi-

cant (p = 0.0033).

To validate that the genes with evidence for positive selection in multiple species are ortho-

logous (rather than simply paralogous) across the species studied, we performed synteny anal-

ysis for all 41 genes with evidence of selective sweeps in both AMH and at least one

domesticate (Fig 3). We found that all 41 genes are located in syntenic blocks across the species

studied (see S6 Table), meaning that the intersection size identified does not include any false

positives (i.e., paralogous genes that have been given the same name due to high sequence

identity). The same holds for genes associated with loci under selection in multiple domesti-

cated species but not AMH; see again S6 Table.

This situation contrasted with the modest (statistically insignificant) overlaps between the

domesticates and several Great Apes for which selective sweep screens were available: chim-

panzee (Pan t. troglodytes), orangutan (Pongo abelii), and gorilla (G. g. gorilla) (see S4 Table).

Intersections between domesticates (15 genes in total, see S1 Table) were tested, with a

hypergeometric intersection test showing a significant overlap between genes under selection

in the dog and in cattle (p< 0.01). Furthermore, tests between AMH and each domesticate

showed significant overlaps with the dog (v = 15, p< 0.05) and with cattle (v = 9, p< 0.01). In

order to investigate whether these significant overlaps provide evidence for a convergent effect

of domestication, we compared the pool of genes putatively under selection in AMH with

genes reported to be under selection in the Eurasian wolf (Canis lupus lupus) and wisent (or

European bison, Bison bonasus). These are the closest related non-domesticated species to the

dog and cattle for which there are published studies of genes under selection in modern popu-

lations [53–61]. Neither wisent nor wolf populations showed any significant convergence of

genes under selection with AMH (see S5 Table). This control comparison suggests that the sig-

nificant overlap between AMH and both dog and cattle may be an effect of convergent domes-

tication processes in these species.

Since we pooled data concerning positive selection and selective sweeps in AMH from dif-

ferent sources, intersection tests were carried out between the domestication pool and the pool

of each AMH dataset used in this study. A significant intersection was found with the data

from Prüfer et al. [44] (p< 0.05) and with the combined data from Prüfer et al. [44] and

Racimo [48] (p< 0.05).

Though no gene was found to be shared across all domesticated species studied here as well

as AMH, this is not necessarily expected. As discussed in the Introduction, domestication is

known to proceed through various routes, and is thus not a uniform affair. However, common

pathways can be identified, as can genes that may have contributed to domestication events
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that we think deserve special attention. Five genes were found to be associated with signals of

positive selection in AMH and multiple domesticated species (see S3 Table): RNPC3,
FAM172A, PLAC8L1, GRIK3 and BRAF.

RNPC3 shows evidence of positive selection in the dog, cat, and AMH. RNPC3 is one of

only two genes with more than one putatively causal variant fixed between dogs and wolves

Table 1. List of 41 overlapping genes with evidence of positive selection in AMH and domesticated species (for more details, see S2 Table).

Gene name Overlapping species Sources of AMH data Sources of domesticate data

AMBRA1 horse [44] [45]

BRAF cat, horse [46] [45, 47]

CACNA1D horse [48] [45]

COA5 dog [48] [49]

COL11A1 dog [46] [50]

COQ10B dog [44] [50]

DLGAP1 horse [46] [45]

ERBB4 cattle [46] [51]

FAM172A cattle, dog [48] [50, 51]

GGT7 dog [46] [49]

GRIA1 cat [46] [47]

GRIK3 dog, cattle [46] [50]

HSD3B7 cat [46] [47]

HSPD1 dog [44] [50]

HSPE1 dog [44] [50]

ITGA9 cat [48] [47]

LRP1B cattle [46] [51]

LYST dog [46] [49]

MOB4 dog [44] [50]

MYLK3 cat [46] [47]

NCOA6 dog [46] [49]

NEK4 cat [48] [47]

NT5DC2 horse [48] [45]

NTM horse [46] [45]

PLAC8L1 cat, cattle [46] [47, 51]

PPAP2A cat [48] [47]

PPAPDC1B cat [44] [47]

PRR11 cat [48] [47]

PVRL3 cattle [48] [51]

RFTN2 dog [44] [50]

RNPC3 cat, dog [46] [47, 50, 52]

SF3B1 dog [44] [50]

SKA2 dog [48] [49]

SNRPD1 cattle [44, 46, 48] [51]

STAB1 horse [48] [45]

SYTL1 cat [48] [47]

TAS2R16 cattle [46] [51]

TEX14 cat [48] [47]

TP53BP1 cat [48] [47]

ZMYND10 cat [48] [47]

ZNF521 cattle [46] [51]

https://doi.org/10.1371/journal.pone.0185306.t001
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(the other is a gene of unknown function) [52]. Mutations in RNPC3 cause growth hormone

deficiencies in humans resulting from pituitary hypoplasia [62, 63]. In a similar vein, a gene

showing an AMH-specific amino acid change and associated with a strong positive selection

signal in AMH and in dogs, NCOA6, is a nuclear receptor coactivator that directly binds

nuclear receptors and stimulates the transcriptional activities in a hormone-dependent

fashion.

Fig 2. Graphical representations of overlapping genes showing signatures of positive selection in AMH and domesticated

species. (a) Hypergeometric distributions for each group (individual domesticated species and the domesticate pool) with the probability of

the intersection size found with AMH (v). cat: v = 15, p = 0.1454; dog: v = 15, p = 0.0293; cattle: v = 9, p = 0.0028; horse: v = 7, p = 0.122;

dom: v = 41, p = 0.0034 (see S4 Table for details). (b) Venn diagram with the number of genes with signatures of positive selection

overlapping between AMH and domesticated species. The number in each (sub)set is the number of genes showing signatures of positive

selection shared by AMH and the respective species (see Table 1 and S2 Table for details). (c) Graph displaying the overlapping genes

showing evidence of positive selection in AMH and one or more domesticated species (n = 41), and genes with evidence of positive

selection in two or more domesticates (but not AMH) (n = 9) (see S1–S3 Tables for details).

https://doi.org/10.1371/journal.pone.0185306.g002
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FAM172A, selected for in dogs, cattle, and AMH, may perhaps be worthy of note given its

position on chromosome 5 neighboring NR2F1, which plays a role in regulating neural crest

specifier genes and has undergone selection in AMH [64, 65]; The functionally related nuclear

receptor NR2F2 is involved in regulating embryonic stem cell differentiation [66] and impli-

cated in neural crest development, and has been under selection in the domesticated fox [67].

Fig 3. Examples of synteny analysis for 3 genes showing signatures of positive selection in AMH and domesticated species.

Genes of interest (DCC, GRIK3 and BRAF) and their 3 flanking protein-coding genes are shown in AMH, cattle, horse, dog and cat,

illustrating their conserved syntenies. For other genes, see S6 Table.

https://doi.org/10.1371/journal.pone.0185306.g003
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PLAC8L1 is associated with positive selection signals in cats and cattle as well as in AMH,

but there is only sparse evidence concerning its function. An autistic patient has been noted as

having a microdeletion at chromosome 5q32, a location which includes PLAC8L1 [68].

The two remaining genes in S3 Table, BRAF and GRIK3, deserve special attention. They are

addressed in turn below.

ERK pathway

BRAF, under selection in the cat, horse, and AMH, is an important member of the ERK/

MAPK signaling pathway, which has been shown to play a key role in synaptic plasticity, mem-

ory, and learning [69], and which, when disrupted, can lead to a broad range of syndromes

comprising craniofacial defects and cognitive deficits [70]. BRAF is upstream of ERK2, which

plays a critical role in neural crest development [71] and regulates neuronal gene expression in

both the neocortex and hippocampus [69]. Both BRAF and ERK2 inactivation can bring about

syndromic symptoms by disrupting neural crest development [71]. BRAF is implicated in

Noonan, Leopard, and Cardiofaciocutaneous syndromes, typical symptoms of which include

prominent forehead, bitemporal narrowing, hypertelorism, and short stature, among other

skeletal, cardiac, and craniofacial anomalies, frequently accompanied by moderate to severe

mental retardation [72, 73]. BRAF interacts with other domestication-related genes, including

YWHAH (under selection in the dog), PPP2CA (a neural crest-related gene, under selection in

the horse), and HER4/ERBB4, another neural crest-related gene associated with a positive

selection signal in cattle and AMH. Upstream of BRAF, SOS1, under selection in domesticated

foxes, affects MAPK signaling, bringing about Noonan phenotypes [74]. Noonan syndrome-

like phenotypes are associated with several genes that appear to have undergone selective

sweeps in AMH. For instance, CBL is located in a region showing signals of a strong selective

sweep in AMH compared to Altai Neanderthals [44], and, when mutated, has been shown to

give rise to a Noonan syndrome-like disorder [75].

As mentioned above, the neuregulin (NRG) receptor ERBB4, which shows evidence of

selection in humans, is part of the ERK/MAPK pathway and negatively regulates ERK via

upstream phosphorylation of Raf-1 [76]. Loss of Erbb4 function in mice has been shown to

cause defects in hindbrain cranial neural crest cell pathfinding, including a caudal elongation

of the trigeminal and geniculate ganglia [77]. This suggests a plausible role for ERBB4 in pre-

venting caudal extension in the derived AMH skull. ERBB4 is one of many neural crest-related

genes associated with selective signals in AMH (e.g., SNAI2 [44], CITED2 [44], PRDM10 [46,

78], and others [38]), some of which show fixed or nearly fixed amino acid changes compared

to Neanderthals. In addition, NRG2 was the only gene that was found to be under selection in

three of the four domesticated species in our study: cat, cattle, and dog. NRG4 shows evidence

of selection in cattle, and NRG3, in AMH. Incidentally, NRG3 copy number and single nucleo-

tide variants have been associated with Hirschsprung disease [79, 80]. This disease is very rele-

vant in the context of domestication, as it affects the neural crest, associated with

domestication syndrome [17, 38]. Quite a few genes associated with selective sweeps in AMH

examined here (among them, RET, ZEB2, and SLIT2) have been linked to the disease [81, 82].

Enhanced ERBB4 signaling has been implicated in Angelman syndrome, an autism spec-

trum disorder marked by behavioral traits such as increased desire for social interaction, devel-

opmental delay, severe speech impairment, and a happy demeanour, although aggressive

behavior has sometimes been reported [83–85]. Angelman-syndrome-like phenotypes are fre-

quently associated with genes investigated here. One such observation concerns “the most

intriguing variant fixed between dogs and wolves” [52], which is found in the 3’-UTR of

SLC9A6. This gene encodes sodium/hydrogen exchanger protein 6, which is part of a network
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related to the plasticity of glutaminergic neurons [86]. Cagan and Blass [52] note that loss-of-

function mutations in this gene in humans can lead to Christianson syndrome, also known as

“Angelman-like syndrome”. Phenotypes typical of these patients include cognitive develop-

mental delays, absence of speech, stereotyped repetitive hand movements, and postnatal

microcephaly with a narrow face. Christianson syndrome is frequently characterized by a

happy disposition with easily provoked laughter and smiling, an open mouth with excessive

drooling and frequent visual fixation on hands. Several of these phenotypes resemble those

that distinguish dogs from wolves.

We used Ingenuity Pathway Analysis software (QIAGEN, Redwood City, CA) to perform

pathway analyses on the lists of genes in S1 and S2 Tables, as well as on the list of genes with

amino acid replacement substitutions fixed in AMH and absent in archaic humans [87]. These

analyses involved mining a database of literature on known interactions between the genes in

each of these sets, and revealed that ERKs are among the most significant downstream targets

of the interacting selected genes in each (see S1 Fig). Incidentally, an analysis of a domesticated

pig (Sus scrofa domesticus) genome [88] suggests that the involvement of ERK pathway in

domestication extends beyond the species we focused on in this study.

As a final note on the ERK pathway, we would like to highlight the presence of CACNA1D
in S2 Table CACNA1D is a neural cell adhesion molecule that contributes to cell migration via

activation of MAPK/ERK signaling [89]. This gene is one of several axon-guidance molecules

we identified in our study. It is highly expressed in the adrenal glands [90], and, when mutated,

gives rise to cerebral palsy/motor disorders [91]. It has been linked to auditory processing [92],

and said to be among the positively selected genes in some vocal learners [93].

Glutamate receptors

The glutamate receptor GRIK3 has been associated with positive selection signals in AMH,

dog, and cattle, and interacts with other glutamate receptors associated with positive selection

signals in the horse (GRID1) and cat (GRIA1/2). Polymorphisms in GRIK3 and GRID1 have

been implicated in schizophrenia [94, 95], and GRID1 neighbors NRG3 (discussed above) at

the schizophrenia susceptibility loci 10q22-q23 [96]. Developmental delays and craniofacial

anomalies associated with a loss of genetic material at the NRG3 locus, accompanied by a gain

of material at the DLGAP1 site, have also been reported [97]. DLGAP1, a scaffold-protein-cod-

ing gene at the postsynaptic density, is under selection in AMH and in the horse. This gene has

been implicated in obsessive-compulsive disorders and interacts significantly with Shank pro-

teins, mutations in which have been linked to autism spectrum disorders with impaired social

interaction and communication [98–100]. DLGAP1 interacts with the glutamate receptor

GRIK2, also implicated in obsessive-compulsive disorders [101].

Previous work by Li et al. [102] already pointed out that genes involved in glutamate metab-

olism show the greatest population differentiation by whole-genome comparison of dogs and

wolves. Although such changes may be implicated in fear response differences between the

dog and the wolf populations, Li et al. argue for a role in increasing excitatory synaptic plastic-

ity in dogs rather than reducing fear response. As they point out, changes related to synaptic

plasticity may have a significant impact on learning and memory. This is certainly true for cog-

nitive specializations in humans, like language, since glutamate receptors have been shown to

be differentially regulated in brain regions associated with vocal learning [103].

Genes under selection in multiple domesticates but not AMH

It is worth considering those genes under selection across domesticates, independently of their

selection in AMH, for different reasons. First, our aim here is to explore the extent to which
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self-domesticating processes in humans may have contributed to our species’ anatomical, cog-

nitive, and behavioral make-up. Uncovering genes of interest for (albeit often different)

domesticating processes in other well-studied domesticated species is a promising way to pur-

sue this goal. The most interesting genes should be those that are associated with positive selec-

tion signals across different species. Those genes under selection only in certain domesticates,

but which strongly interact with genes under selection in other domesticated species, may

prove central to a relevant domesticating process, given that these interactions may shed spe-

cial light on relevant phenotypic traits. Similarly, certain genes associated with positive selec-

tion across different domesticates may have strong interactions with other genes that are

under selection in AMH. We wish to highlight some of these here (for a full list, see S1 Table).

DCC (DCCNetrin 1 receptor), an axon-guidance mediator and neural crest-related gene,

which shows signatures of positive selection in both the horse and the cat, interacts strongly

with DSCAM (Down Syndrome cell adhesion molecule), another axon-guidance and neural

crest-related gene, selected for in cattle. Of key significance is the interaction of DCCwith the

Slit/Robo pathway, especially given the proposed involvement of this pathway in vocal learning

[104, 105] and the selection of both ROBO2 and SLIT2 in AMH [46]. The related gene ROBO1
also shows evidence of selection in cattle. ROBO silences the attractive effect that Netrin 1 has

on DCC, allowing SLIT2 to bind to this ligand and enabling axon pathfinding in the develop-

ing brain [106, 107]. DCC is involved in the organization of dopaminergic circuits within the

cortex [108], and several association studies have identified DCC as a promising candidate for

schizophrenia [109]. Importantly, an AMH-specific hCONDEL exists in a region upstream of

DCC, although it is shared with Neanderthals [110]. However, a detailed examination of this

gene on both the modern and archaic lines, reveals an accummulation of changes on this gene

in AMH. In addition, several genes showing AMH-specific amino-acid substitutions, such as

NOVA1 and RASA1, both involved in neuronal development, are known to interact with DCC
[111, 112], and could regulate it in a species-specific fashion. RASA1 is associated with a strong

selective signal in AMH, and has been shown to mediate Netrin 1-induced cortical axon out-

growth and guidance [112]. Together with the glutamate receptor changes discussed above,

such modifications may have played an important role in generating aspects of the cognitive

profile associated with modern humans, including a full-fledged language-ready brain.

We found several collagen-type genes with signatures of selection across domesticates.

COL22A1, a gene under selection in the horse, significantly interacts with various similar genes

associated with positive selection signals in other domesticates, particularly in the cat, including

COL11A1, under selection in the dog and AMH. COL22A1 and COL11A1 exhibit increased

expression in the bone tissue and hippocampus of mice with some of the symptoms of Kleefstra

Syndrome (developmental delay, hypotonia, and craniofacial abnormalities), which is often

accompanied by autistic symptoms and intellectual disability in humans [113, 114].

Archaic-derived alleles

To the best of our knowledge, no comprehensive selective sweep analysis exists for Neander-

thals. We examined the genes associated with archaic-derived alleles [115] and found that no

genes in S1 Table display reported archaic-derived alleles. While this could be due to the modest

number of archaic-specific SNCs known at the time of writing, we find this to be an important

contrast with the situation that obtains with AMH, in light of the self-domestication hypothesis.

It is striking that Castellano et al. [115] highlight genes involved in skeletal development and

associated with aggressive phenotypes in their comparison of archaic Homo and AMH.

We also examined data concerning nearly fixed ancestral or derived SNPs in archaic line-

ages that crop up as variants in modern-day populations. Despite the many confounding
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factors as to how the relevant mutated genes might interact in different genetic contexts, one

might still expect certain archaic-selected SNPs to exhibit somewhat ‘underdomesticated’ phe-

notypes when occurring as AMH variants. In this sense, mutations imitating ancestral SNPs

found in archaic lineages may be able to tell us a great deal about the evolution of our lineage,

by allowing us to glimpse some aspects of the ancestral genotype. Among those mutations we

found through an exhaustive literature review, there is an ancestral S330A mutation of

SLITRK1 that may be involved in obsessive-compulsive disorders like Tourette’s Syndrome

[116, 117]. Different amino acid changes around the site of an AMH-specific derived protein,

ADSL (A429V), can bring about adenylosuccinate lyase deficiency (R426H; D430N [118]), the

symptoms of which include developmental delay, autistic-like traits, aggressiveness, and

microcephaly [119].

Discussion

As already mentioned in the Introduction, several scholars have pointed out that there are sev-

eral routes to domestication. We should therefore expect genes targeted by domestication pro-

cesses to differ considerably across species. Nevertheless, reviewing the molecular events

associated with domestication reveals common themes, with significant numbers of genes

related to brain function and behavior, anatomy, and diet, across domesticates. This is consis-

tent with the view that domestication may be best represented as a spectrum or continuum

[120], with a polygenic basis and non-uniform symptomatology. This state of affairs is

reflected in significant brain gene expression differences across domesticates, with the majority

of these changes being species-specific [121].

Because of these findings, we find the overlaps listed in S1 and S2 Tables and the associ-

ated functions and pathways discussed in the Results section all the more relevant, especially

because they converge to a large extent with what is to be expected from the neural crest-

based hypothesis [17] put forth to capture the common mechanistic basis of domestication

events. A disruption in neural crest developmental programs might be the source of changes

spanning multiple organ systems and morphological structures [17], and the genes exam-

ined here seem to broadly support this view. It is quite possible that a neural crest-based

explanation won’t apply to all domesticates [16], but it is interesting that this hypothesis

finds its strongest support in species like dogs (see also [122]), which have been argued to be

self-domesticated [34]. Recall that the goal of the present study was not to provide molecular

evidence for a general theory of domestication, but rather to identify domestication-related

pathways that could be suggestive of a self-domestication process in AMH. The fact that we

find neural crest-related changes in AMH compared to Neanderthals/Denisovans, and that

such changes are also found in another species hypothesized to have undergone a self-

domestication process, reinforces our hypothesis that self-domestication took place in our

species.

Apart from neural crest-related genes and pathways, we identified common themes per-

taining to neuronal development, synaptic plasticity, and enhanced learning. These catego-

ries are often mentioned in studies on selective sweeps in AMH (e.g., [46]). These results are

in line with claims in other studies on domestication [49, 123–125], where categories like

‘neurological process’ frequently stand out strongly in gene ontology category enrichment

analyses. This potentially lends credence to claims pairing domestication and a certain type

of intelligence [126]. It is also not unreasonable to suspect that byproducts of the domestica-

tion process, such as enhanced sensory-motor perceptual and learning pathways, may pro-

vide a foundation for more complex communicative abilities, including vocal learning

abilities [39, 127].
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In a similar vein, among the genes under selection in both AMH and one or more domesti-

cates, as well as in those under selection in multiple domesticates though not AMH, one finds

multiple strong candidates for neurodevelopmental diseases and syndromes (see also [128]).

This could be seen as an additional piece of evidence suggestive of a self-domestication process

in AMH. A build-up of deleterious alleles is documented across domesticated species when

compared to their wild counterparts. For instance, there is a higher frequency of non-synony-

mous substitutions in the nuclear DNA of domesticated dogs relative to gray wolves [129], and

the same is true of their mitochondrial DNA [130]. A higher frequency of non-synonymous

substitutions in domesticated yaks compared to the wild yaks has also been reported [131].

This build-up of deleterious alleles has been described as the ‘cost of domestication’ [132],

which, if true, could be a byproduct of self-domestication in AMH, too.

A study like the present one suffers from several limitations. While we have tried to make

our comparisons as fair as possible, we have relied on genomic data that necessarily reflect the

current state of the art for the various species we examined. The lists of genes associated with

signals of positive selection are derived from the literature, and were generated using different

analytical tools. While we have done our best to minimize the number of simplifying assump-

tions (see Methods), we must point out that even within a single species (e.g., AMH), no two

studies completely agree on a definitive list. Indeed, in some cases, they produce lists of very

different sizes. In addition, we may have missed important genes of interest due to the lack of

information on them in the various databases we consulted. While it is to be hoped that some

of these limitations will be overcome in the future, we think that the overlaps discussed in this

study should encourage further detailed examination of these genes and the processes in

which they take part. Last, but not least, it remains to be determined experimentally that the

overlaps discovered here are indeed associated with mutations that led to similar functional

effects across species.

We could have been more strict about our notion of convergence, and restrict our attention

to genes where the exact same difference (e.g., the same amino acid substitution) could be

detected across species (for an early attempt along these lines, see [133]). But given that con-

vergent evolution is often hypothesized to occur in the absence of this very strict notion of con-

vergence—for instance, convergent evolution in the domain of vocal learning is related to

non-identical changes in FOXP2 across vocal learners [134]—we feel justified in our approach.

Methods

Data

To identify signatures of a self-domestication process in AMH, we first constructed a list of

genes associated with signs of positive selection in AMH compared to Neanderthals and Deni-

sovans, which yielded a total of 742 genes. We then compared this list to the genes indepen-

dently argued to be associated with positive selection in domesticated species versus their wild

counterparts, which numbered 691 in total, and examined the overlap between these two gene

lists.

For AMH-Neanderthal/Denisovan comparisons, we made use of findings based on high-

quality genome reconstructions, specifically: the list of genes in regions of putative selective

sweeps, together with pathway and disease annotation, of Prüfer et al. [44]; the list of genes

from the top 20 candidate regions for the modern human ancestral branch in the work of

Racimo [48]; and the extended list of genomic regions predicted to underlie positively selected

human specific traits by Peyrégne et al. [46].

We included in our study a range of domesticated species for which detailed genetic infor-

mation is available. These species offer representative examples of the various routes to
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domestication [11], as well as different temporal windows for domestication. The species

include: dog (Canis familiaris) [49, 50, 52], cat (Felis catus) [47], horse (Equus caballus) [45],

and taurine cattle (Bos taurus) [51]. We homogenized the nomenclature across gene sets as

best we could.

We also examined other species, including the rabbit (Oryctolagus cuniculus) [125], and

bonobo (Pan paniscus) [135]. In the end, the lists of genes under selection for these species

(compared to their wild counterparts) were too small to draw any firm conclusions.

To help us understand domestication-related changes better, we made use of the compari-

son of two lines of rats (Rattus norvegicus) selected for tame and aggressive behaviour to iden-

tify genetic loci that differ between the lines [136], the comparison of gene expression levels in

the brains of domesticated and wild animals [121], genomic signatures of domestication in

neurogenetic genes in Drosophila melanogaster (in which neurogenetic genes have been

claimed to be associated with signs of positive selection [123]), and the genetic divergence

between foxes (Vulpes vulpes) that were selected for tame and aggressive behavior [67].

For the Great Ape comparison—chimpanzee (Pan t. troglodytes), orangutan (Pongo abelii),
and gorilla (G. g. gorilla)—we made use of positive and balancing selection and selective sweep

data from Cagan et al. [137] (Tables S6, S18(68), S19(69), S20(70), S24(74), and S97).

For AMH comparisons with the Eurasian wolf (Canis lupus lupus) we used data from Stro-

nen et al. [54] (Tables 2, S3, and S5: genes under selection associated with environmental and

geographic variables or with no obvious spatial patterns) and Pilot et al. [53] (Table S4: genes

adjacent to loci putatively under selection in European wolves). For the wisent (Bison bonasus)
we used data from Gautier et al. [55] (Table S3: genes under positive selection between the

wisent and bovine lineages) and Wang et al. [56] (Table S14: genes under positive selection in

the wisent).

Methods

In order to test the significance of the overlap between domestication-related genes and genes

showing signals of positive selection and selective sweep in AMH, a hypergeometric intersec-

tion test was performed using the R software [138] and the R package hint [139]. A hypergeo-

metric intersection distribution can be employed to compute the probability of picking an

intersection of size v when drawing independently and without replacement from two sets A
and B composed of objects of n categories, with a and b number of draws, respectively (where

a 6¼ b) [139].

As a model of our data we chose as a simplifying assumption n = 19,500 as the average

number of protein-coding genes for all the species taken into consideration. From the original

lists, we removed antisense RNA genes (non coding), miRNAs, and other non-coding tran-

scripts/products listed in the original tables.

From this modeled genome, a total of a = 691 genes were drawn from the domesticate pool

(comprising cat, dog, cattle, and horse), while b = 742 genes were drawn from the total AMH

pool. The resulting intersection size (i.e., the number of genes associated with positive selection

signals both in AMH and in one or more domesticate) was v = 41. The hint.test function

was then employed to test the significance of this intersection, obtaining p< 0.01.

A Monte Carlo simulation was performed using Matlab (MathWorks, Natick, MA) to con-

firm these results. Two random samples, of lengths 691 and 742 (with no replacement), were

drawn from a pool representing 19,500 genes using Matlab’s random number generation func-

tion. These simulated draws were performed 1,000,000 times and the percentage of trials in

which the intersection was�41 was calculated. The results revealed that 0.33% of trials had

intersections of this size.
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Since we pooled data for positive selection and selective sweep in AMH from different

sources, hypergeometric intersection tests were carried out between the domestication pool

and the pool of each AMH dataset used in this study. A significant intersection was found with

the data in [44] (a = 691, b = 108, v = 9; p< 0.05) and with the combined data from [44] and

[48] (a = 691, b = 419, v = 24, p< 0.05).

Overlaps with domesticates were tested for Great Apes, using data from Cagan et al. [137].

For chimpanzee (Pan t. troglodytes), b = 415 with v = 16; for orangutan (Pongo abelii), b = 500

with v = 20; for gorilla (G. g. gorilla), b = 426 with v = 12. The hypergeometric intersection tests

yielded non-significant results for all these intersections. Monte Carlo simulations, performed

as described above, mutatis mutandis, showed that intersections of these sizes occurred in a

large fraction of trials (40.11% of trials for chimpanzee; 32% for orangutan; 82.89% for gorilla).

As in the case of AMH, overlaps with individual domesticates were tested, with no significant

results.

We tested overlaps with the Eurasian wolf (Canis lupus lupus) using data from Stronen et al.

[54] (Table 2: b = 32 with v = 3, S3: b = 70 with v = 0, S5: b = 33 with v = 1) and [140] (b = 32

with v = 1). For the wisent (Bison bonasus) we tested overlaps using data from Gautier et al.

[55] (b = 425 with v = 11) and Wang et al. [56] (b = 72 with v = 3). None of the overlaps

between these non-domesticated species and AMH were significant.

For synteny analysis, we used the genomic data available for each species in the NCBI

(https://www.ncbi.nlm.nih.gov/) and Ensemble (http://www.ensembl.org/index.html) data-

bases. In S1 Table, for each of the 41 overlapping genes we included the 4 protein-coding

genes flanking the region of interest. We added more flanking protein-coding genes only in

the instances where some event (e.g., gene insertion or local duplication) rendered the synteny

less clear. We also used NCBI Gene Search and BLAST (https://blast.ncbi.nlm.nih.gov/Blast.

cgi) to confirm that some of the genes surrounding the genes of interest were the same genes

across taxa, with different names in some species’ assemblies.

We then examined the functions of the genes in S1, S2 and S3 Tables, paying close attention

to the pathways in which they are involved, and to their interactions with other genes already

highlighted in the domestication literature. In addition to performing an exhaustive PubMed

(http://www.ncbi.nlm.nih.gov/pubmed) search on each of the genes, we drew upon the infor-

mation available in Genecards (http://genecards.org), Uniprot (http://www.uniprot.org/),

String 10.0 (http://string-db.org), and Biogrid 3.4 (http://thebiogrid.org) to identify potential

protein-protein interactions and Gene Ontology category enrichment signals. Additionally,

we fed the gene lists in S1 and S2 Tables into Ingenuity Pathway Analysis software (QIAGEN,

Redwood City, CA) and used the Core Analysis tools to study the associated gene networks

and functions. The two major networks generated by these analyses, in which the centrality of

the ERK pathway is visible, are provided S1 Fig.

Furthermore, we gathered information about the expression patterns of these genes, con-

centrating on those genes with relatively high expression in tissues such as brain, bone, and

adrenal glands. For this, we relied on the following resources: Brainspan (http://www.

brainspan.org), Human Brain Transcriptome (http://hbatlas.org), Bgee (http://bgee.org), Pro-

teomics DB (https://proteomicsdb.org), Human Protein Atlas (http://www.proteinatlas.org),

Gene Enrichment Profiler (http://xavierlab2.mgh.harvard.edu/EnrichmentProfiler/index.

html), and GTex (http://www.gtexportal.org). For the information presented in the Supple-

mentary Material, we consulted the following databases: KEGG Pathways and Disease (http://

www.kegg.jp/kegg/), PANTHER (http://www.pantherdb.org), Reactome Pathway Database

(http://www.reactome.org), OMIM (http://omim.org), and MalaCards (http://www.

malacards.org/).
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46. Peyrégne S, Dannemann M, Prüfer K. Detecting ancient positive selection in humans using extended

lineage sorting. bioRxiv. 2016; p. 092999.

47. Montague MJ, Li G, Gandolfi B, Khan R, Aken BL, Searle SM, et al. Comparative analysis of the

domestic cat genome reveals genetic signatures underlying feline biology and domestication. Pro-

ceedings of the National Academy of Sciences. 2014; 111(48):17230–17235. https://doi.org/10.1073/

pnas.1410083111

48. Racimo F. Testing for ancient selection using cross-population allele frequency differentiation. Genet-

ics. 2016; 202(2):733–750. https://doi.org/10.1534/genetics.115.178095 PMID: 26596347

49. Freedman AH, Schweizer RM, Ortega-Del Vecchyo D, Han E, Davis BW, Gronau I, et al. Demographi-

cally-based evaluation of genomic regions under selection in domestic dogs. PLoS Genet. 2016; 12

(3):e1005851. https://doi.org/10.1371/journal.pgen.1005851 PMID: 26943675

50. Axelsson E, Ratnakumar A, Arendt ML, Maqbool K, Webster MT, Perloski M, et al. The genomic sig-

nature of dog domestication reveals adaptation to a starch-rich diet. Nature. 2013; 495(7441):360–

364. https://doi.org/10.1038/nature11837 PMID: 23354050

51. Qanbari S, Pausch H, Jansen S, Somel M, Strom TM, Fries R, et al. Classic selective sweeps

revealed by massive sequencing in cattle. PLoS Genet. 2014; 10(2):e1004148. https://doi.org/10.

1371/journal.pgen.1004148 PMID: 24586189

52. Cagan A, Blass T. Identification of genomic variants putatively targeted by selection during dog

domestication. BMC evolutionary biology. 2016; 16(1):1. https://doi.org/10.1186/s12862-015-0579-7

53. Pilot M, Greco C, et al. Genome-wide signatures of population bottlenecks and diversifying selection

in European wolves. Heredity. 2014; 112(4):428. https://doi.org/10.1038/hdy.2013.122 PMID:

24346500

54. Stronen AV, Jędrzejewska B, Pertoldi C, Demontis D, Randi E, Niedziałkowska M, et al. Genome-

wide analyses suggest parallel selection for universal traits may eclipse local environmental selection

in a highly mobile carnivore. Ecology and evolution. 2015; 5(19):4410–4425. https://doi.org/10.1002/

ece3.1695 PMID: 26664688
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spliceosome mRNA processing results in isolated familial growth hormone deficiency. EMBO molecu-

lar medicine. 2014; p. e201303573.

63. Gucev Z, Polenakovic M, Tasic V, LeBouc Y, Klammt J, Pfaeffle R, et al. Severe Isolated Growth Hor-

mone Deficiency and Myopathy in Two Brothers with RNPC3 Mutation. ESPE Abstracts. 2015;.

64. Rada-Iglesias A, Bajpai R, Prescott S, Brugmann SA, Swigut T, Wysocka J. Epigenomic annotation of

enhancers predicts transcriptional regulators of human neural crest. Cell stem cell. 2012; 11(5):633–

648. https://doi.org/10.1016/j.stem.2012.07.006 PMID: 22981823

65. Simões-Costa M, Bronner ME. Establishing neural crest identity: a gene regulatory recipe. Develop-

ment. 2015; 142(2):242–257. https://doi.org/10.1242/dev.105445 PMID: 25564621

Self-domestication in Homo sapiens: Insights from comparative genomics

PLOS ONE | https://doi.org/10.1371/journal.pone.0185306 October 18, 2017 19 / 23

27

https://doi.org/10.1073/pnas.1416991111
https://doi.org/10.1073/pnas.1410083111
https://doi.org/10.1073/pnas.1410083111
https://doi.org/10.1534/genetics.115.178095
http://www.ncbi.nlm.nih.gov/pubmed/26596347
https://doi.org/10.1371/journal.pgen.1005851
http://www.ncbi.nlm.nih.gov/pubmed/26943675
https://doi.org/10.1038/nature11837
http://www.ncbi.nlm.nih.gov/pubmed/23354050
https://doi.org/10.1371/journal.pgen.1004148
https://doi.org/10.1371/journal.pgen.1004148
http://www.ncbi.nlm.nih.gov/pubmed/24586189
https://doi.org/10.1186/s12862-015-0579-7
https://doi.org/10.1038/hdy.2013.122
http://www.ncbi.nlm.nih.gov/pubmed/24346500
https://doi.org/10.1002/ece3.1695
https://doi.org/10.1002/ece3.1695
http://www.ncbi.nlm.nih.gov/pubmed/26664688
https://doi.org/10.1093/molbev/msw144
http://www.ncbi.nlm.nih.gov/pubmed/27436010
https://doi.org/10.1038/sj.hdy.6800007
http://www.ncbi.nlm.nih.gov/pubmed/11813106
https://doi.org/10.1186/1471-2148-13-166
https://doi.org/10.1186/1471-2148-13-166
http://www.ncbi.nlm.nih.gov/pubmed/23927069
https://doi.org/10.1126/science.1243650
http://www.ncbi.nlm.nih.gov/pubmed/24233726
https://doi.org/10.1126/science.aaf3161
http://www.ncbi.nlm.nih.gov/pubmed/27257259
https://doi.org/10.1038/cr.2015.147
https://doi.org/10.1038/cr.2015.147
http://www.ncbi.nlm.nih.gov/pubmed/26667385
https://doi.org/10.1016/j.stem.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22981823
https://doi.org/10.1242/dev.105445
http://www.ncbi.nlm.nih.gov/pubmed/25564621
https://doi.org/10.1371/journal.pone.0185306


66. Rosa A, Brivanlou AH. A regulatory circuitry comprised of miR-302 and the transcription factors OCT4

and NR2F2 regulates human embryonic stem cell differentiation. The EMBO journal. 2011; 30

(2):237–248. https://doi.org/10.1038/emboj.2010.319 PMID: 21151097

67. Johnson JL, Wittgenstein H, Mitchell SE, Hyma KE, Temnykh SV, Kharlamova AV, et al. Genotyping-

by-sequencing (GBS) detects genetic structure and confirms behavioral QTL in tame and aggressive

foxes (Vulpes vulpes). PloS one. 2015; 10(6):e0127013. https://doi.org/10.1371/journal.pone.

0127013 PMID: 26061395

68. Gau SSF, Liao HM, Hong CC, Chien WH, Chen CH. Identification of two inherited copy number vari-

ants in a male with autism supports two-hit and compound heterozygosity models of autism. American

Journal of Medical Genetics Part B: Neuropsychiatric Genetics. 2012; 159(6):710–717. https://doi.org/

10.1002/ajmg.b.32074

69. Sweatt JD. The neuronal MAP kinase cascade: a biochemical signal integration system subserving

synaptic plasticity and memory. Journal of neurochemistry. 2001; 76(1):1–10. https://doi.org/10.1046/

j.1471-4159.2001.00054.x PMID: 11145972

70. Cesarini L, Alfieri P, Pantaleoni F, Vasta I, Cerutti M, Petrangeli V, et al. Cognitive profile of disorders

associated with dysregulation of the RAS/MAPK signaling cascade. American Journal of Medical

Genetics Part A. 2009; 149(2):140–146. https://doi.org/10.1002/ajmg.a.32488

71. Newbern J, Zhong J, Wickramasinghe RS, Li X, Wu Y, Samuels I, et al. Mouse and human pheno-

types indicate a critical conserved role for ERK2 signaling in neural crest development. Proceedings of

the National Academy of Sciences. 2008; 105(44):17115–17120. https://doi.org/10.1073/pnas.

0805239105

72. Keyte A, Hutson MR. The neural crest in cardiac congenital anomalies. Differentiation. 2012; 84

(1):25–40. https://doi.org/10.1016/j.diff.2012.04.005 PMID: 22595346

73. Sarkozy A, Carta C, Moretti S, Zampino G, Digilio MC, Pantaleoni F, et al. Germline BRAF mutations

in Noonan, LEOPARD, and cardiofaciocutaneous syndromes: molecular diversity and associated

phenotypic spectrum. Human mutation. 2009; 30(4):695–702. https://doi.org/10.1002/humu.20955

PMID: 19206169

74. Roberts AE, Araki T, Swanson KD, Montgomery KT, Schiripo TA, Joshi VA, et al. Germline gain-of-

function mutations in SOS1 cause Noonan syndrome. Nature genetics. 2007; 39(1):70–74. https://doi.

org/10.1038/ng1926 PMID: 17143285

75. Martinelli S, De Luca A, Stellacci E, Rossi C, Checquolo S, Lepri F, et al. Heterozygous germline muta-

tions in the CBL tumor-suppressor gene cause a Noonan syndrome-like phenotype. The American

Journal of Human Genetics. 2010; 87(2):250–257. https://doi.org/10.1016/j.ajhg.2010.06.015 PMID:

20619386

76. Hatakeyama M, Kimura S, Takashi N, Kawasaki T, Yumoto N, Ichikawa M, et al. A computational

model on the modulation of mitogen-activated protein kinase (MAPK) and Akt pathways in heregulin-

induced ErbB signalling. Biochemical Journal. 2003; 373(2):451–463. https://doi.org/10.1042/

BJ20021824 PMID: 12691603

77. Golding JP, Trainor P, Krumlauf R, Gassmann M. Defects in pathfinding by cranial neural crest cells in

mice lacking the neuregulin receptor ErbB4. Nature cell biology. 2000; 2(2):103–109. https://doi.org/

10.1038/35000058 PMID: 10655590

78. Racimo F, Kuhlwilm M, Slatkin M. A test for ancient selective sweeps and an application to candidate

sites in modern humans. Molecular biology and evolution. 2014; 31(12):3344–3358. https://doi.org/10.

1093/molbev/msu255 PMID: 25172957

79. Tang CSM, Cheng G, So MT, Yip BHK, Miao XP, Wong EHM, et al. Genome-wide copy number anal-

ysis uncovers a new HSCR gene: NRG3. PLoS Genet. 2012; 8(5):10.1371. https://doi.org/10.1371/

journal.pgen.1002687

80. Yang J, Duan S, Zhong R, Yin J, Pu J, Ke J, et al. Exome sequencing identified NRG3 as a novel sus-

ceptible gene of Hirschsprung’s disease in a Chinese population. Mol Neurobiol. 2013; 47(3):957–

966. https://doi.org/10.1007/s12035-012-8392-4 PMID: 23315268

81. Jiang Q, Ho YY, Hao L, Berrios CN, Chakravarti A. Copy number variants in candidate genes are

genetic modifiers of Hirschsprung disease. PLoS One. 2011; 6(6):e21219. https://doi.org/10.1371/

journal.pone.0021219 PMID: 21712996

82. Tang W, Tang J, He J, Zhou Z, Qin Y, Qin J, et al. SLIT2/ROBO1-miR-218-1-RET/PLAG1: a new dis-

ease pathway involved in Hirschsprung’s disease. Journal of cellular and molecular medicine. 2015;

19(6):1197–1207. https://doi.org/10.1111/jcmm.12454 PMID: 25786906

83. Clayton-Smith J, Laan L. Angelman syndrome: a review of the clinical and genetic aspects. Journal of

Medical Genetics. 2003; 40(2):87–95. https://doi.org/10.1136/jmg.40.2.87 PMID: 12566516

84. Bird LM. Angelman syndrome: review of clinical and molecular aspects. Application of Clinical Genet-

ics. 2014; 7. https://doi.org/10.2147/TACG.S57386 PMID: 24876791

Self-domestication in Homo sapiens: Insights from comparative genomics

PLOS ONE | https://doi.org/10.1371/journal.pone.0185306 October 18, 2017 20 / 23

28

https://doi.org/10.1038/emboj.2010.319
http://www.ncbi.nlm.nih.gov/pubmed/21151097
https://doi.org/10.1371/journal.pone.0127013
https://doi.org/10.1371/journal.pone.0127013
http://www.ncbi.nlm.nih.gov/pubmed/26061395
https://doi.org/10.1002/ajmg.b.32074
https://doi.org/10.1002/ajmg.b.32074
https://doi.org/10.1046/j.1471-4159.2001.00054.x
https://doi.org/10.1046/j.1471-4159.2001.00054.x
http://www.ncbi.nlm.nih.gov/pubmed/11145972
https://doi.org/10.1002/ajmg.a.32488
https://doi.org/10.1073/pnas.0805239105
https://doi.org/10.1073/pnas.0805239105
https://doi.org/10.1016/j.diff.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22595346
https://doi.org/10.1002/humu.20955
http://www.ncbi.nlm.nih.gov/pubmed/19206169
https://doi.org/10.1038/ng1926
https://doi.org/10.1038/ng1926
http://www.ncbi.nlm.nih.gov/pubmed/17143285
https://doi.org/10.1016/j.ajhg.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20619386
https://doi.org/10.1042/BJ20021824
https://doi.org/10.1042/BJ20021824
http://www.ncbi.nlm.nih.gov/pubmed/12691603
https://doi.org/10.1038/35000058
https://doi.org/10.1038/35000058
http://www.ncbi.nlm.nih.gov/pubmed/10655590
https://doi.org/10.1093/molbev/msu255
https://doi.org/10.1093/molbev/msu255
http://www.ncbi.nlm.nih.gov/pubmed/25172957
https://doi.org/10.1371/journal.pgen.1002687
https://doi.org/10.1371/journal.pgen.1002687
https://doi.org/10.1007/s12035-012-8392-4
http://www.ncbi.nlm.nih.gov/pubmed/23315268
https://doi.org/10.1371/journal.pone.0021219
https://doi.org/10.1371/journal.pone.0021219
http://www.ncbi.nlm.nih.gov/pubmed/21712996
https://doi.org/10.1111/jcmm.12454
http://www.ncbi.nlm.nih.gov/pubmed/25786906
https://doi.org/10.1136/jmg.40.2.87
http://www.ncbi.nlm.nih.gov/pubmed/12566516
https://doi.org/10.2147/TACG.S57386
http://www.ncbi.nlm.nih.gov/pubmed/24876791
https://doi.org/10.1371/journal.pone.0185306


85. Summers JA, Allison D, Lynch P, Sandier L. Behaviour problems in Angelman syndrome. Journal of

Intellectual Disability Research. 1995; 39(2):97–106. https://doi.org/10.1111/j.1365-2788.1995.

tb00477.x PMID: 7787388

86. Gilfillan GD, Selmer KK, Roxrud I, Smith R, Kyllerman M, Eiklid K, et al. SLC9A6 mutations cause X-

linked mental retardation, microcephaly, epilepsy, and ataxia, a phenotype mimicking Angelman syn-

drome. The American Journal of Human Genetics. 2008; 82(4):1003–1010. https://doi.org/10.1016/j.

ajhg.2008.01.013 PMID: 18342287
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lyase (ADSL), cloning and characterization of full-length cDNA and its isoform, gene structure and

molecular basis for ADSL deficiency in six patients. Human molecular genetics. 2000; 9(10):1501–

1513. https://doi.org/10.1093/hmg/9.10.1501 PMID: 10888601

119. Jurecka A, Zikanova M, Kmoch S, Tylki-Szymańska A. Adenylosuccinate lyase deficiency. Journal of

inherited metabolic disease. 2015; 38(2):231–242. https://doi.org/10.1007/s10545-014-9755-y PMID:

25112391

120. Vigne JD. The origins of animal domestication and husbandry: a major change in the history of human-

ity and the biosphere. Comptes rendus biologies. 2011; 334(3):171–181. https://doi.org/10.1016/j.crvi.

2010.12.009 PMID: 21377611

121. Albert FW, Somel M, Carneiro M, Aximu-Petri A, Halbwax M, Thalmann O, et al. A comparison of

brain gene expression levels in domesticated and wild animals. PLoS Genet. 2012; 8(9):e1002962.

https://doi.org/10.1371/journal.pgen.1002962 PMID: 23028369

122. Pendleton AL, Shen F, Taravella AM, Emery S, Veeramah KR, Boyko AR, et al. Selective sweep anal-

ysis using village dogs highlights the pivotal role of the neural crest in dog domestication. bioRxiv.

2017; p. 118794.

123. Stanley CE, Kulathinal RJ. Genomic signatures of domestication on neurogenetic genes in Drosophila

melanogaster. BMC evolutionary biology. 2016; 16(1):1. https://doi.org/10.1186/s12862-015-0580-1

Self-domestication in Homo sapiens: Insights from comparative genomics

PLOS ONE | https://doi.org/10.1371/journal.pone.0185306 October 18, 2017 22 / 23

30

https://doi.org/10.1038/srep22157
https://doi.org/10.1038/srep22157
http://www.ncbi.nlm.nih.gov/pubmed/26912479
https://doi.org/10.1126/science.1058445
https://doi.org/10.1126/science.1058445
http://www.ncbi.nlm.nih.gov/pubmed/11239147
https://doi.org/10.1530/REP-10-0017
http://www.ncbi.nlm.nih.gov/pubmed/20100881
https://doi.org/10.1523/JNEUROSCI.0606-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21653843
https://doi.org/10.1016/j.schres.2012.02.023
https://doi.org/10.1016/j.schres.2012.02.023
http://www.ncbi.nlm.nih.gov/pubmed/22418395
https://doi.org/10.1038/nature09774
https://doi.org/10.1038/nature09774
http://www.ncbi.nlm.nih.gov/pubmed/21390129
https://doi.org/10.7554/eLife.14264
http://www.ncbi.nlm.nih.gov/pubmed/27223328
https://doi.org/10.1074/jbc.M115.674846
http://www.ncbi.nlm.nih.gov/pubmed/26710849
https://doi.org/10.1016/j.ydbio.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24362066
https://doi.org/10.1159/000335648
https://doi.org/10.1159/000335648
http://www.ncbi.nlm.nih.gov/pubmed/22670141
https://doi.org/10.1073/pnas.1405138111
https://doi.org/10.1371/journal.pone.0070376
https://doi.org/10.1371/journal.pone.0070376
http://www.ncbi.nlm.nih.gov/pubmed/23990902
https://doi.org/10.3389/fnins.2016.00428
https://doi.org/10.1093/hmg/9.10.1501
http://www.ncbi.nlm.nih.gov/pubmed/10888601
https://doi.org/10.1007/s10545-014-9755-y
http://www.ncbi.nlm.nih.gov/pubmed/25112391
https://doi.org/10.1016/j.crvi.2010.12.009
https://doi.org/10.1016/j.crvi.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21377611
https://doi.org/10.1371/journal.pgen.1002962
http://www.ncbi.nlm.nih.gov/pubmed/23028369
https://doi.org/10.1186/s12862-015-0580-1
https://doi.org/10.1371/journal.pone.0185306


124. Wang Gd, Zhai W, Yang Hc, Fan Rx, Cao X, Zhong L, et al. The genomics of selection in dogs and the

parallel evolution between dogs and humans. Nature communications. 2013; 4:1860. https://doi.org/

10.1038/ncomms2814 PMID: 23673645

125. Carneiro M, Rubin CJ, Di Palma F, Albert FW, Alföldi J, Barrio AM, et al. Rabbit genome analysis

reveals a polygenic basis for phenotypic change during domestication. Science. 2014; 345

(6200):1074–1079. https://doi.org/10.1126/science.1253714 PMID: 25170157

126. Hare B, Woods V. The genius of dogs: how dogs are smarter than you think. Penguin; 2013.

127. Okanoya K. Behavioural factors governing song complexity in Bengalese finches. International Jour-

nal of Comparative Psychology. 2012; 25(1).

128. Shuldiner E, Koch IJ, Kartzinel RY, Hogan A, Brubaker L, Wanser S, et al. Structural variants in genes

associated with human Williams-Beuren syndrome underlie stereotypical hypersociability in domestic

dogs. Science Advances. 2017; 3(7):e1700398. https://doi.org/10.1126/sciadv.1700398 PMID:

28776031

129. Cruz F, VilàC, Webster MT. The legacy of domestication: accumulation of deleterious mutations in

the dog genome. Molecular biology and evolution. 2008; 25(11):2331–2336. https://doi.org/10.1093/

molbev/msn177 PMID: 18689870

130. Björnerfeldt S, Webster MT, VilàC. Relaxation of selective constraint on dog mitochondrial DNA fol-

lowing domestication. Genome Research. 2006; 16(8):990–994. https://doi.org/10.1101/gr.5117706

PMID: 16809672

131. Wang Z, Yonezawa T, Liu B, Ma T, Shen X, Su J, et al. Domestication relaxed selective constraints on

the yak mitochondrial genome. Molecular biology and evolution. 2011; 28(5):1553–1556. https://doi.

org/10.1093/molbev/msq336 PMID: 21156878

132. Lu J, Tang T, Tang H, Huang J, Shi S, Wu CI. The accumulation of deleterious mutations in rice

genomes: a hypothesis on the cost of domestication. Trends in Genetics. 2006; 22(3):126–131.

https://doi.org/10.1016/j.tig.2006.01.004 PMID: 16443304

133. Wang R. Dissecting the Genetic Basis of Convergent Complex Traits Based on Molecular Homoplasy.

Duke University. test; 2011.

134. Webb DM, Zhang J. FoxP2 in song-learning birds and vocal-learning mammals. Journal of Heredity.

2005; 96(3):212–216. https://doi.org/10.1093/jhered/esi025 PMID: 15618302
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The neurohormone oxytocin (OXT) has been found to mediate the regulation of

complex socioemotional cognition in multiple ways both in humans and other

animals. Recent studies have investigated the effects of OXT in different levels

of analysis (from genetic to behavioral) chiefly targeting its impact on the social

component and only indirectly indicating its implications in other components of our

socio-interactive abilities. This article aims at shedding light onto how OXT might

be modulating the multimodality that characterizes our higher-order linguistic abilities

(vocal-auditory-attentional-memory-social systems). Based on evidence coming from

genetic, EEG, fMRI, and behavioral studies, I attempt to establish the promises of this

perspective with the goal of stressing the need for neuropeptide treatments to enter

clinical practice.

Keywords: oxytocin, language, alpha rhythm, OXTR, POU3F2, LNPEP, FOXP2, CNTNAP2

INTRODUCTION

The nine amino acid peptide oxytocin (OXT) is involved in an array of physiological and
pathophysiological processes, with some of those most commonly reported in the literature
being pregnancy and uterine contractions, milk ejection, sexual activity, pain modulation, social
interaction and bonding, parental care, and attention to socially-relevant stimuli (for a good review
see Meyer-Lindenberg et al., 2011). From another perspective, malfunctions of the oxytocinergic
system have been reported in cases of Autism Spectrum Disorder, Schizophrenia, Obsessive
Compulsive Disorder, Phobia, Prader-Willi Syndrome and Williams Syndrome, providing strong
functional links to the social and emotional modules that all these cases share (Leckman et al., 1994;
Lopatina et al., 2012; De Berardis et al., 2013; Grinevich et al., 2015; Haas and Smith, 2015). This
broad perspective of the literature indicates that OXT impacts a wide spectrum of neurobehavioral
systems.

Here I put forth the hypothesis that OXT also has a significant role in our linguistic
abilities, ranging from modulating genes involved in spoken-language acquisition to modulating
our motivation to communicate. In building this hypothesis, I follow an approach I have
argued in Theofanopoulou and Boeckx (2015) in the context of cognitive phylogenies,
where for a hypothesis to be valid in the Language Sciences, there needs to be evidence
at multiple levels of biological organization, from genetics to ultimately the behavioral
level (Fisher, 2015). Thus, I appeal to relevant findings from a multitude of studies,
touching upon all the following levels of analysis: genome, connectome, dynome (brain
oscillations), cognome, and phenome (See Figure 1). I also develop my hypothesis from a
translational viewpoint among non-human animal studies and humans, including the molecular
studies of OXT to its social functions in communication. I conclude that OXT most
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FIGURE 1 | A multi-dimensional illustration of the evidence presented

in the paper. At every level of analysis, the most important findings that are

related to the role of oxytocin in linguistic cognition are listed.

probably globally affects brain components that are tightly
interwoven with the pinnacle of our social expressions, namely
the sensory, motor, and more cognitive facets of our linguistic
abilities (auditory, vocal, attention, and memory systems).

GENOME: OXT MODULATES GENES
INVOLVED IN SPOKEN-LANGUAGE
ACQUISITION

Apart from the aforementioned actions of OXT, what is of
most relevance for the present article is its key role in
several developmental processes that subserve the acquisition
of our higher cognitive skills. Oxytocin-mediated, experience-
dependent cross-modal plasticity in the sensory cortices during
early development (Zheng et al., 2014) and the left-lateralized
expression of OXT in the auditory cortex of the mouse brain
(Marlin et al., 2015) suggest that OXT pathways are highly
pertinent to understanding the sensory ontogeny of our linguistic
communication. For humans, epigenetic misregulation of the
OXTR via aberrant gene silencing with DNA methylation
has implicated OXT in the development of Autism Spectrum
Disorder, where deficits in language performance are included in
its core phenotype (Gregory et al., 2009). A potential mechanism
is that epigenetic DNA methylation of the oxytocin receptor
gene (OXTR) is associated with neural activity and functional
coupling of neurons (Puglia et al., 2015). Thus, the aberrant
OXTR expression by methylation could be impacting neural
activity and neuronal coupling in language performance.

An even more possible direct genetic link between OXT
and our linguistic capacities is evidenced in the robust findings

with genes known to be necessary for normal language
development, namely in the FOXP2-CNTNAP2 pathway. To
begin with, interaction between OXT and CNTNAP2 in
critical developmental windows has been shown in a mouse
model of autism (Peñagarikano et al., 2015). FOXP2 regulates
CNTNAP2 expression, and CNTNAP2 has been linked to
complex neurological disorders, including language impairment,
autism, dyslexia, schizophrenia, and depression, with Single
Nucleotide Polymorphisms (SNPs) having been associated with
specific language endophenotypes (see Rodenas-Cuadrado et al.,
2014 for review).

Another link between OXT and FOXP2 is provided through
LNPEP, the peptidase that metabolizes oxytocin, located on
chromosome 5q15 (for more details on LNPEP see Ebstein et al.,
2012). Vernes et al. (2007) identified genomic sites directly bound
by FOXP2 protein in native chromatin of human neuron-like
cells, and LNPEP was among the genes with the most robust
and consistent binding. LNEP functionally regulates synaptic
transmission and formation.

A third potential interaction between OXT and FOXP2 may
occur by two other genes related to language: (i) RUNX2 and
(ii) POU3F2 (Benítez-Burraco and Boeckx, 2014, 2015). For
RUNX2, –a critical transcription factor for osteoblast formation-,
Tamma et al. (2009) found that it was differentially regulated in
OXT knockout mice. RUNX2 is connected to many genes that
are essential not only for brain and language development, but
also for bone formation (Boeckx and Benítez-Burraco, 2015).
A direct interaction between RUNX2 and FOXP2 has been
experimentally demonstrated in the context of endochondral
ossification (Zhao et al., 2015), a finding further reinforced
by Gascoyne et al. (2015), who added FOXP2 to the list of
established osteoblast and chondrocyte transcription factors
(such as RUNX2). Significantly, the action of OXT on osteoblast
maturation (Di Benedetto et al., 2014) and its implication in
an osteogenic network that supports the development of our
language-ready brain (and skull) may provide genetic evidence
for the hypothesis that OXT may directly foster encephalization
and our craniofacial phenotype (Carter, 2014). Last but not least,
both OXT and RUNX2 have been found to be strongly connected
to the Vitamin D endocrine system (Prüfer and Jirikowski, 1997;
Han et al., 2013; Patrick and Ames, 2014), which has been
proposed to explain the genetics and epidemiology of Autism
(Cannell, 2008).

Concerning POU3F2, a transcription factor, neuronal and
endocrine components (including OXT) of the hypothalamic-
pituitary axis have been shown to be critically dependent on
POU3F2 action (Nakai et al., 1995; Schonemann et al., 1995;
Burbach et al., 2001). POU3F2 also regulates FOXP2 gene
expression in a human-specific manner (Maricic et al., 2013).
Crucially, the fact that in all three genes, OXTR, POU3F2, and
FOXP2, there have been identified signs of positive selection
in human or recent hominin evolution (Enard et al., 2002;
Maricic et al., 2013; Schaschl et al., 2015), reinforces the idea
that these evolutionary changes might be partially responsible
for the emergence of aspects of our species-specific cognitive and
linguistic abilities.
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CONNECTOME

Recent studies have implicated OXT in brain development
and plasticity. Specifically, the oxytocinergic brain system has
been described to undergo major morphological alterations that
modify the conformation of its neurons and glia and its synaptic
inputs in a stimulus-dependent manner (Theodosis, 2002). The
bulk of the evidence coming from studies in mice, rats and
praire voles elucidates the significant role OXT plays in shaping
different pathways of the brain (see Carter, 2003 for review).
Importantly, the expression of the OXTR displays a particular
maturational progression in the brain of the developing rat
that could be classified in two types: transient expression
during early postnatal development and constant abundant
expression mediating neuronal transmission in the mature brain
(Yoshimura et al., 1996). Similarly in mice, neocortical OXTR
binding exhibits a transient peak in early postnatal periods,
when extensive synaptic proliferation and pruning takes place
(Hammock and Levitt, 2013).

These findings along with the ones that address the effect of
the maturation of the OXT system on sensory—and not only
socio-sexual- aspects could exemplify why early postnatal life
is indeed a sensitive period for OXT in modeling circuits that
are eventually responsible for sensory performance. Additional
insight can be gained from comparative data on mice: Zheng
et al. (2014) found that OXT promotes excitatory synaptic
transmission in the sensory cortices at a much earlier stage
than the hitherto understood functions of OXT in social and
emotional contexts and, notably, Marlin et al. (2015) found that
both OXT receptors and projections from hypothalamic OXT-
producing neurons are present in the auditory cortex of mice,
with the former beingmore numerous on the left side than on the
right, something that could be telling for lateralization in human
language development (Theofanopoulou, 2015 and references
therein).

In humans, it has not yet been experimentally established
how early adjustments of the OXT system influence the
neuronal and synaptic substrates that underlie the sensory and
cognitive modules of our language-ready brain. The only (rough)
conclusions we can deduce from the literature are based on
comparisons between infants that have or have not been breastfed
and concomitant brain changes. On the grounds that OXT
is stable in milk and that OXT in maternal blood can be
transferred to milk and then to neonates (Takeda et al., 1986), we
would expect that lactation goes hand-in-hand with proliferating
brain connectivity. At least, some evidence suggests so: Deoni
et al. (2013) showed an association between early exclusive
breastfeeding with increased development in late maturing
white matter regions (interestingly also near BA44, traditionally
linked to language). Tellingly, breastfed children also showed
improved receptive language scores compared to formula-fed
children. Moreover, Khedr et al. (2004) found that visual evoked
potential (FVEP), brainstem auditory evoked potential (BAEP),
and somatosensory evoked potential (SSEP) are more mature in
breastfed infants relative to formula-fed infants at 1-year of age,
something suggestive of the importance of breastfeeding in early
development. I propose that an important molecule and factor

could be the high concentration in OXT in breast milk and also
its release during skin-to-skin contact over breastfeeding (Uvnäs-
Moberg et al., 2015). Furthermore, the aforementioned results
(see also Kafouri et al., 2013 and Isaacs et al., 2010)mesh well with
recent studies showing that autism is to a great extent correlated
with inefficient breastfeeding, by cause of lack of interest in
milk-suckling (Williams et al., 2000; Gallup and Hobbs, 2011;
Al-Farsi et al., 2012; Steinman and Mankuta, 2013). A deeper
understanding of the complex OXT feedback loop between
mother and infant in breastfeeding could be reached if we
additionally take into account that the perturbation of the system
might be actually stemming from the mother. Indeed, birth
complications (Brimacombe et al., 2007) due to low OXT levels
and stressful-depressive mother care have long been associated
with autism (see Uvnäs-Moberg et al., 2015 for an excellent
review on the short- and long-term effects of breastfeeding
and skin-to-skin contact between mother and infant, explained
via OXT release). According to this thread of interpretation,
traditional psychological theories on the role of the “refrigerator-
mother” in the etiology of autism could now be construed on a
neuroendocrine basis.

Another important issue at the level of the connectome is
the loci where OXT is expressed in the brain. In humans,
OXT is dispersed from the magnocellular neurons in the
paraventricular and supraoptic nuclei of the hypothalamus to
practically throughout the brain: including the amygdala, the
hippocampus, the striatum, the brainstem, the cerebellum, the
insula, the suprachiasmatic nucleus, the septum, the bed nucleus
of stria terminalis, the globus pallidus, the substantia nigra
pars compacta, the ventral tegmental are, the spinal cord, and
to neocortical areas traditionally associated with “language,”
such as the prefrontal cortex, the anterior cingulate cortex and
the precuneus (Lee et al., 2009, 2010; Ma et al., 2016). Even
though it is important to find out “where” OXT is expressed
in the brain, a mere locationist approach cannot enlighten
our understanding of “how” OXT gives rise to cognitive sub-
processes mechanistically (Theofanopoulou and Boeckx, 2015).
At the following level of analysis (i.e., the dynome) the direct
effects of OXT administration on brain rhythms and how this
translates into specific cognitive processes (i.e., the cognome) will
be illustrated.

DYNOME—COGNOME

Only very recently attempts have been made to link the action of
OXT with a rhythmic correlate in the human brain that would
make some sense in terms of its cognitive significance. In early
experimental attempts of pure behavioral paradigms (e.g., “trust”
experiments, for example: Baumgartner et al., 2008), OXT was
not implicated at a granularity level that could be matched with
the (de)activation of a specific oscillatory band. It was not until
2009, when Kéri and Benedek examined the effect of OXT on the
perception of biological vs. non-biological motion stimuli, that
a venue for associating OXT modulation to neural activity was
opened (Kéri and Benedek, 2009). Specifically, Kéri and Benedek
found that OXT enhances the ability to detect biological motion
in noise, whereas no such effect turned up when detecting a
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rotating shape. This led Perry et al. (2010) to tentatively link these
results with the alpha/mu and beta brain rhythms, which have
been shown to be suppressed while observing actions executed by
someone else (Muthukumaraswamy and Johnson, 2004; Lange
et al., 2015). Characteristically, alpha/mu and beta rhythms have
been found to be desynchronized reinforcing the efficiency of
the mirror neuron system, which in humans is activated not
only when observing biological actions, but also at all levels
of communicative interactions (see Pineda, 2005 for a review).
This is more than pertinent to the scope of this article, since
for linguistic communication interplay to happen, it is necessary
not only to perceive biological movements (lip-movements,
tongue-movements, formant transitions, hand gestures, and
eye movements), but to couple them with the auditory input
and whence make out the multidimensional meaning of the
compound “linguistic” input. As I have put forward elsewhere
(Theofanopoulou, 2015), this interplay should be mediated by
an attentional mechanism that keeps track of all these distinct
rhythmic stimuli. It should not take us by surprise then that
an overall decrease of the aforesaid rhythms has also been
linked to increased demands of attention andmemory (Klimesch,
2012). Importantly, after OXT administration, alpha/mu and
beta rhythms had a general suppressive effect that was widespread
across the scalp (viz not only on brain areas of the somato-motor
cortex), something that was interpreted as an effect on a broader
network, in which mirror/motor and attentional mechanisms
can be with difficultly disentangled (Perry et al., 2010). A
similar experiment was conducted by Singh et al. (2015), also
in Schizophrenia patients, and replicated the diffused effect
of OXT in the brain. Lastly, Hepker (2016) tested how OXT
affects mirror neuron activity in a hand-gesture experiment and
encountered greater mu rhythm suppression, in accordance with
other experiments, but this time for a biological movement
directly involved in language processing.

To the best of my knowledge, there are no studies yet
showing that OXT has a direct effect on the rhythmic patterns
in a purely linguistic task. But as put forth in Theofanopoulou
(2016) there are several reasons to expect so. Firstly, alpha/mu
and beta band suppression have been shown to coordinate
the rhythms partaking not only in motor but also in auditory
(speech) (Obleser and Weisz, 2012) processing and OXT seems
to support this multimodality, considering that it has been
found to increase not only in response to biological motions,
but also to vocalizations alone (Seltzer et al., 2010) and to
attenuate the human acoustic startle response (Ellenbogen et al.,
2014). Secondly, in autism alpha-band deployment was shown
to be severely impaired, giving rise to increased distraction
(Oberman et al., 2005, 2008; Murphy et al., 2014; see also
Moran and Hong, 2011, for similar findings in schizophrenia).
Here magnetoencephalography (MEG) studies showing atypical
auditory responses in patients with autism are also of relevance:
for example, in autistic patients stronger responses to nonspeech
than speech sounds (Yau et al., 2015), delayed (Roberts
et al., 2010), and atypically lateralized (Orekhova et al., 2012)
neuromagnetic auditory field responses compared to controls
were observed. These experiments in conjunction with the
irregularities observed in the oxytocinergic system in autism

make it plausible that OXT might in part modulate the brain
rhythms in language-processing.

PHENOME

In behavioral experiments OXT has been engaged in a surfeit of
different complex tasks that can be difficult to decompose for
the aims of this article. Accordingly, only experiments that are
informative for different facets of linguistic processing will be
mentioned.

OXT has been loosely associated with “communicative”
functions (Yamasue, 2013) that only recently have been broken
down into processes that correspond to more specific linguistic
processes. For instance, Seltzer et al. (2010) found that
children under stress show increased OXT levels after hearing
maternal vocalizations and Watanabe et al. (2014) showed that
intranasal OXT administration to autism-patients affects their
decisions about social information with conflicting verbal and
non-verbal contents. Lastly, Ellenbogen et al. (2014) found
that intranasal oxytocin attenuates the human acoustic startle
response independent of emotional modulation.

However, most data come from studies involving OXT in eye-
gaze enhancement suggesting its plausible role in interpersonal
communication (Guastella et al., 2008) and in inferring the
mental state of others (Domes et al., 2007). Gamer (2010)
explains that OXT increased the proportion of fixation changes
toward the eyes across all expressions, and did not directly affect
the efficiency of processing emotional faces per se. In light of
studies clarifying the importance of eye gaze in the modulation
of speech and co-speech gesture (Holler et al., 2014, 2015), we
can better appraise why in most cases the communicative deficits
in autism derive from an abnormal fixation to the mouth region
of the interlocutor, instead of the eye region (Pelphrey et al.,
2005; Neumann et al., 2006). Tellingly, for therapeutic concerns,
Andari et al. (2010) found that OXT selectively increased autism
patients’ gazing time on the eye region, improving their social
performance.

In a similar vein, Ebitz and Platt (2014) further argue that
these emitted eye-signals, regulated by OXT, provoke OXT-
release back in the receiver, increasing eye contact and proximity
seeking, establishing in this way a back-and-forward loop
that strongly underlies communicative functions. This cascade
of reciprocal OXT-secretion might, in other words, give a
neurohormonal basis to the “turn-taking” roots of our linguistic
capacity, recently highlighted from an evolutionary perspective
(Levinson, 2016).

CONCLUSION

In this article I attempted to draw attention to the potential
implications of the neurohormone OXT in the context of
language. Even though its role in purely linguistic matters has
so far been overlooked, there is already a plethora of evidence
strongly suggesting that a better understanding of its function
could be rewarding. Results from experiments at different levels
of analysis (from genetic to oscillatory and behavioral) suggest
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that OXT could fit well in the recently addressed hypotheses that
underline the “reward-learning” foundations of our linguistic
capacities (see Berra, 2015 for a good review). However, till
now only dopamine has been tested in linguistic tasks in
humans (Ripollés et al., 2014) and widely in vocal-learning
in zebra finches (reviewed in Simonyan et al., 2012). More
genetic experiments on the effect of OXT on mice vocalizations
and birdsongs in different paradigms (courtship, affiliative, fear,
dam-puppies) and EEG studies on its impact on alpha/mu/beta
rhythm suppression in a speech perception task would help to
appreciate more the role of OXT in our high cognition and its
possible therapeutic implications.
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Language acquisition in humans and song learning in songbirds naturally

happen as a social learning experience, providing an excellent opportunity

to reveal social motivation and reward mechanisms that boost sensorimotor

learning. Our knowledge about the molecules and circuits that control these

social mechanisms for vocal learning and language is limited. Here we pro-

pose a hypothesis of a role for oxytocin (OT) in the social motivation and

evolution of vocal learning and language. Building upon existing evidence,

we suggest specific neural pathways and mechanisms through which OT

might modulate vocal learning circuits in specific developmental stages.

1. Vocal learning (speech and song) and social experience
requirements

Vocal learning is the ability to imitate sounds, found to date in only a few inde-

pendently evolved species of mammals (humans, bats, cetaceans, sea lions and

elephants) and birds (songbirds, parrots and hummingbirds) [1,2]. It is distinct

from both auditory and vocal usage learning, which are more ubiquitous

among species, and are necessary but not sufficient for vocal learning [3,4].

Early language acquisition is very strongly shaped by social interactions [5].

These social interactions include social motivation for speech learning, empha-

sized since the dawn of developmental psychology [6]. More recently, social

motivation for speech learning has been viewed as a type of social learning

[5,7]. Even other forms of sensory–motor learning can involve social feedback

[8], and plausibly speech learning could be using a similar mechanism. Several

laboratories have experimentally begun to test this hypothesis in humans, and

determine to what extent social interactions that modulate attentional, sensory

and sensorimotor mechanisms promote language learning. For example, phono-

logical features of babbling are shaped developmentally by social feedback [9]

and child speech-related vocalizations (non-cry, non-laugh and non-vegetative)

are more likely to receive adults’ responses, and in turn, a child’s vocalization

tends to be speech-related, if the previous speech-related vocalization received

an immediate adult feedback [10]. That is, babbling both regulates and is regu-

lated by social interactions, where an infant is socially motivated to learn how

to speak, because this learning process is socially rewarding.

This hypothesis, though, needs to be tested with experimental manipulations

in non-human animals. The few examples we have from children reared under

conditions of social isolation can just partially inform us on the importance of

social feedback in language acquisition, both in the auditory and speech domains

(as in the famous case of Genie [11]). Kuhl et al. [12] managed to tease apart inter-

personal interactions from sensory information, by exposing infants to either

& 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
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audiovisual stimuli or just audio recordings, showing that

successful language learning is impossible without social

cues. Nonetheless, this experiment was made for second-

language learning, leaving unanswered the question of

whether the primary speech learning mechanisms can be

dissociated from the relevant motivational and rewarding

mechanisms provided by social interactions. Further, these

experiments tested mainly auditory learning/perception,

which is thought to have a different mechanism and brain

pathway than speech production learning [4].

Building on the extensive comparative literature on the role

of motivation and social decision making in sensory–motor

networks [13,14], we think that animal models could shed

more light on this issue, and specifically, vocal learning species.

Of the non-human vocal learners, songbirds have been

studied the most. Songbirds’ vocal-learning ability displays

parallels to human speech learning, having undergone conver-

gent evolution, at the level of behaviour, neural connectivity

and gene expression specializations in song and speech brain

regions [2,15,16]. Thus, by dissecting the social mechanisms

of vocal learning in songbirds, we could illuminate how

social interactions shape vocal learning in humans.

Like human infants, juvenile songbirds learn their songs

from social tutors. In laboratory tests, juvenile zebra finches

learn best from a live tutor [17]; learning from purely tape

recorded songs is less effective, and for some species, often not

effective at all [18]. This strong social requirement makes the

zebra finch a good candidate for modelling the impact social

factors have on human vocal learning. Under conditions

between live tutor versus speakers producing song, there are

intermediate levels of vocal learning. For example, blindfolded

zebra finches interacting with their tutors via grooming or peck-

ing do learn some song, probably in a similar way that blind

humans acquire a fully fledged language [17]. Tchernichovski

et al. [19] have been able to get young zebra finches motivated

to learn how to sing without a live tutor, by having them perform

an operant conditioning task for the song playback from a fake

bird model. When the juveniles have to peck on a key to

induce song playbacks from the model, they eagerly keep peck-

ing, and within days to weeks begin to start copying the song

from the model [20]. However, if the key is not present and

song is played from the model only or the speaker is removed

from the model with song played in another location, the juven-

iles learn very little if at all [21]. These findings indicate that live

tutors or fake model birds emit more robust singing social

stimuli giving rise to enhanced vocal development, compared

to when juvenile songbirds are reared with speakers. This

suggests that there could possibly be a social reward mechanism

enhancing sensorimotor imitation, a hypothesis that remains to

be tested, particularly at the neural and molecular level.

Even though this live versus tape-tutor paradigm could

have functioned as the best springboard to study the social

mechanisms of vocal learning, researchers have mostly used it

to control the auditory parameters the birds get exposed to

(e.g. [21]). In addition, since the discovery that male zebra

finches alter the structure of their song, gene expression and

physiology in song nuclei depending on whether they sing to

no one in particular (undirected singing) or to attract a female

(directed-singing) [22,23], many studies have focused on adult

social interactions after vocal learning is complete. There is a

paucity of studies dealing with how social interactions mechan-

istically affect vocal learning in juvenile songbirds. Among

these, Chen et al. [24] show that social influences on attention

to song enhance vocal learning: tutors altered the structure of

their song when directing it to juveniles, reminiscent of the

special ‘motherese’ way humans speak when addressing their

speech to infants.

Deciphering the mechanisms of the social motivation of

vocal learning, and determining whether the mechanism of

social motivation to learn vocalizations can be dissociated

from the act of vocal learning, we believe requires figuring

out the circuit and molecular mechanisms. Towards this end,

we propose that the neuropeptide oxytocin (OT) and its social

reward circuitry make a very good candidate that could control

the social reward mechanisms for vocal learning.

2. Oxytocin as a good candidate to control social
motivation of vocal learning

Oxytocin, depending on the brain region and release site, acts as

a hormone, neuromodulator or neurotransmitter that functions

through its receptor (OTR) to regulate a diverse set of biological

processes: pregnancy and uterine contractions, milk ejection,

attachment between mothers and their young, bond formation,

copulation and orgasm, suppression of stress, thermoregula-

tion, olfactory processing, eye contact and recognition of

familiar individuals [25], with the caveat that some functions

are specific to one lineage, such as mammals. OT is thought

to have its effect on many systems because it is most promi-

nently expressed in hypothalamic OT neurons that project to

many brain regions where the receptor is located [26,27].

Recent studies attest that OT enhances socially reinforced learn-

ing in humans and rhesus macaques [28,29], while other studies

show its involvement in vocal and auditory behaviours (see

references herein). As a result, Theofanopoulou [30] put forth

the hypothesis that OT might be implicated in cognitive aspects

of language processing in humans. Here we adduce more

evidence also for a role in the social motivation of language

learning. We further sketch out possible mechanisms for

social motivation for vocal learning in vocal-learning species.

With regard to gene terminology, we have adopted a universal

nomenclature based on sequence identity and gene synteny,

using the same gene name OT and OTR across vertebrates [31].

(a) Vocal non-learners
We first note that OT appears to have a role in auditory–vocal

communication even before vocal learning evolved, as such

a role can be found in vocal non-learning species that span

the vertebrate phylogeny, from fish to mammals. Goodson &

Bass [32] found that OT in midshipman fish modulates

the burst duration in the innate vocalizations that sneaker

males and females produce in non-reproductive contexts. OT

immunoreactive cell groups are distributed throughout their

vocal–acoustic circuit, from the midbrain to the forebrain

[33]. In rats, OT enhances both inhibitory and excitatory synap-

tic currents in the hypoglossal motor nucleus which innervates

the tongue muscles, thus potentially controlling rat vocaliza-

tions [34]. In mice, Winslow et al. [35] found that infant

OT-KO (knock-out) animals were less vocal than wild-type

(WT) controls during separations from the mother and peers.

Likewise, Takayanagi et al. [36] observed fewer ultrasonic

vocalizations emitted by infant OTR-KO compared with

wild-type mice in a social isolation paradigm. Marlin et al.
[37] demonstrated that when inexperienced virgin females
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are given OT intraperitoneally or through optogenetic stimu-

lation of hypothalamic OT neuronal axons that project into

the auditory cortex, and then co-housed with a mother and

her litter, their retrieval of vocalizing pups was effective as if

they were the mother. Follow-up studies showed that OTR

levels are remarkably lateralized with higher expression in

neurons of the left auditory cortex [26]. These observations in

vocal non-learners strike us as particularly relevant, as auditory

and vocal learning/language circuits in humans are mainly left-

lateralized [38], and are either left- or right-lateralized among

different species of song-learning birds [39].

Based on these findings, we suggest that OT has a role in

social motivation of auditory and vocal communication beha-

viours in vocal non-learners, and that a lateralized function in

the auditory cortex may have been present before vocal learn-

ing and language evolved. Even though less likely, it could

still be possible that OT influences the social motivation for

vocal learning through the OTR receptors in innate brainstem

circuits, including two auditory brainstem nuclei, the nucleus

magnocellularis (NM) and the nucleus laminaris (NL) and in

the vocal motor neurons (nXIIts) in songbirds [40].

(b) Vocal learners
In humans, intranasal OT administration modulates semantic

integration in speech comprehension [41]. In autistic patients,

the oxytocinergic system has been repeatedly indicated to func-

tion aberrantly. Specifically, Rijlaarsdam et al. [42] identified a

significant OXTR rs53576 genotype by OXTR methyla-

tion interaction associated with communication problems in

autistic patients, while Zhang et al. [43] found that autistic chil-

dren with higher plasma OT concentrations tended to have less

impairment of verbal communication. In turn, after OT intra-

nasal administration, autistic patients had a more efficient

and long-lasting performance in a speech comprehension

task [44,45]. Based on findings that intranasal administration

of OT crosses the blood–brain barrier and binds to areas

where the receptors are located [46], we can interpret these

studies as bearing directly on our hypothesis.

In songbirds, experimental manipulation of the oxytoci-

nergic system with OT agonist and antagonist have been

made mostly in the context of pair-bonding and aggression,

with very few and some controversial reports on how these

treatments affected singing, probably due to different treat-

ment sites [47–49]. Nevertheless, OT has been found to

affect the amount of directed singing to females [48]. These

findings in vocal learning species indicate that OT may also

have a social enhancement for aspects of auditory processing

and learned vocal communication.

(c) Neural pathways
In order for our hypothesis to have some validity, OT would

be expected to innervate vocal learning circuits directly, that

in turn would express the OTR, or indirectly via other motiv-

ation/reward circuits that, in turn, innervate vocal learning

circuits [50]. All vocal learning species examined to date

(humans and the song learning birds) have a highly special-

ized forebrain circuit that controls learning and production of

learned sounds (figure 1a) [4,16]. Best studied in songbirds,

the pathway consists of an anterior forebrain circuit that con-

trols vocal imitation and a posterior circuit that controls

production of learned vocalizations. The anterior forebrain

circuit consists of LMAN in the cortical region, Area X in the

striatum and aDLM in the thalamus, which form a pallial-

basal ganglia-thalamo-pallial loop (figure 1a). When Area X

is lesioned in juveniles, the birds are not able to crystallize

onto a learned song, as their vocalizations remain variable.

Conversely, when LMAN is lesioned, the bird instantly crystal-

lizes onto what it had learned up to that moment [51]. These

and other findings lead to one interpretation being that

during the juvenile vocal learning period, Area X injects stereo-

typy, whereas LMAN injects variability into the vocalizations,

and the two opposing functions enable vocal imitation [2,51].

After learning is complete, lesions in adults, such as in Area

X, lead to deficits in song sequencing (or production) similar

to stuttering in humans [52,53]. The posterior pathway in

songbirds consists of the HVC and RA, thought to control

sequencing and acoustic structure of syllables, respectively.

In humans, the analogous anterior pathway has been proposed

to be a cortical-basal ganglia-thalamo-pallial loop involving

Broca’s area (LMAN analogue), part of the anterior striatum

(ASt) and the anterior thalamus; the analogous human pos-

terior pathway has been proposed to include the laryngeal

motor cortex (LMC; figure 1a), with different cortical layers

representing songbird HVC (layer 3) and RA (layer 5) [2,16].

This forebrain vocal pathway is either absent or limited at

best in vocal non-learning species, including non-human

primates and mice [54,55]. But all vocal learning and non-

learning species have a more comparable auditory forebrain

pathway, involved in auditory learning, as described above

for the mouse pup retrieval experiments.

The OTR is expressed broadly across cortical and subcorti-

cal brain regions, in both mammals and birds, including

humans [27,56,57]. However, in different species there are

brain regions with enriched OTR expression relative to all

other brain regions, and they often correlate with differences

in social behaviours between species [58]. We are not aware of

anyone determining if there is enriched specialized expression

(increased or decreased relative to adjacent brain regions) in

speech brain regions in humans. In songbirds, some limited

expression analyses in the posterior pathway revealed differ-

ences between species, with specialized upregulation of OTR

in HVC and downregulation in the RA compared with the

surrounding motor regions in zebra finches, that sing one

simple song and higher expression (although not shown) in

white throated sparrows, a species that sings at least two differ-

ent songs [40]. One prediction from these findings would be

that human LMC layer 5 neurons may have downregulation

of OTR relative to layer 5 neurons of the adjacent non-speech

cortex. We noted from our examination of fig. 1 of [58] that

there is layer-specific expression of OTR in the motor cortex

that is different across rodent species. We also predict some

within-species differences, such as in songbirds where females

lost the vocal learning trait [59] and would not be expected to

have forebrain vocal OT neuron innervation.

In terms of possible indirect interactions through other

reward brain circuits, hypothalamic OT neurons innervate

the ventral tegmental area (VTA), which innervates the vocal

learning systems in humans and songbirds [60,61]. The VTA

releases dopamine (DA) mainly to striatal brain regions and

some cortical brain regions, including vocal learning regions

in songbirds [62]; through its DA receptors it is thought to

reinforce learning and motivated behaviour. There is a plethora

of evidence in the mammalian literature showing that OT

neurons in the hypothalamic paraventricular and supraoptic

nuclei (PVN and SON) send projections to the VTA, and
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stimulate DA neurons there [63–66]. Consistent with this, in

the last several decades, a number of studies have shown

OT–DA interactions in many social behaviours [67,68].

The VTA expresses OTR [69,70] and injection of OT into the

VTA of rats increases DA release, inducing penile erection

[63,71,72]. Intracerebroventricular injection of an OTR antagon-

ist attenuates DA agonist-stimulated DA release and the

pro-erectile effect [64]. Peris et al. [73] infected mice with a

Cre-inducible adeno-associated virus that drives the expression

of an OTR-fluorescent reporter in the VTA and found that OTR-

expressing neurons in VTA project to the nucleus accumbens,

prefrontal cortex, the extended amygdala and other forebrain

regions; also some of these neurons were identified as DA

neurons. Bromberg-Martin et al. [74] have also shown that

DA neurons within the VTA encode motivationally salient sig-

nals. Thus, OT, by modulating activity within the DA system,

may alter the assignment of motivational salience.

Lastly, since OT can bind to one of the vasopressin/vaso-

tocin receptors (vasopressin/vasotocin receptor 1A; AVPR1A

or V1AR) with equal affinity as it does to the OTR [75], we do

not exclude the possibility that OT may be playing a role in

the social motivation for vocal learning via this receptor

too. It is also the only vasopressin/vasotocin receptor thus

far found to be expressed in vocal learning regions [40] and

to be involved in singing behaviour [76].

Taking the behavioural, circuit and molecular findings

together, we suggest that OT and the circuits it functions in

are good candidates for the long-hypothesized motivation

and reward mechanism of vocal learning. Part of the mechan-

isms may have been present before vocal learning evolved,

but part of it may be specialized in vocal learning circuits

and behaviour. With this information, we propose a testable

mechanism, either via direct influence on vocal learning

pathways or indirect through the VTA DA neuron pathway.

3. Proposed neural and molecular mechanisms
In this section, we consider the when, where and how OT might

modulate socially motivated vocal learning behaviour.
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Figure 1. Summary diagrams of vocal learning systems in songbirds and humans. (a) Vocal learning circuits. Red arrows, the direct posterior forebrain projection to
vocal motor neurons in the brainstem. White lines, anterior forebrain circuit. Dashed lines, connections between the anterior and posterior vocal motor circuits.
(b) Proposed oxytocinergic and dopaminergic projections into the vocal learning circuits. In songbirds, we propose oxytocinergic neurons from the Hyp project
to the RA, HVC and VTA; VTA makes a strong dopaminergic projection to LAreaX and weaker ones to HVC and RA. In humans, we propose oxytocinergic neurons
from the Hyp project to the LMC, Broca’s area and the VTA; VTA makes dopaminergic projections to the ASt. Black arrows, connectivity of the proposed system with
the brainstem. Abbreviations: HVC, HVC nucleus; LMAN, lateral magnocellular nucleus of anterior nidopallium; RA, robust nucleus of arcopallium; Area X, area X of
the striatum; Hyp, hypothalamus; VTA, ventral tegmental area; DLM, dorsal lateral nucleus of the medial thalamus; Av, nucleus avalanche; LMO, lateral oval nucleus
of the mesopallium; NIf, interfacial nucleus of the nidopallium; DM, dorsal medial nucleus of the midbrain; XII, 12th nucleus, tracheosyringeal part; PFC, prefrontal
cortex; LMC, laryngeal motor cortex; A St, anterior striatum; PAG -periaqueductal grey; aT, anterior thalamus; Am, nucleus ambiguus of the brainstem. Note: The
position of Broca’s area is shown here more medially for simplicity. (Adapted from [4,16].)
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For the when, we consider the three major stages vocal lear-

ners are known to acquire their ability to imitate vocalizations:

sensory, sensorimotor practice and crystallization. In some

species these stages can be distinctly separate, and in others

they overlap. In the first sensory infant/nestling phase, vocal

learning animals and humans acquire auditory memories of

the vocalizations that they hear through social interactions

[15]. In this phase, it is not necessary that the animal or child imi-

tate or even vocalize. In the second, sensorimotor phase, as in

other cases of sensorimotor learning, vocal learning proceeds

through a reinforcement learning mechanism [50,61], where

juvenile song-learning birds begin to produce semi-imitated

vocalizations, and evaluate their own motor output via sensory

feedback and reinforce it only if it closely matched the predicted

outcome [77]. A mechanism proposed for reinforcement is the

variability observed in juvenile song, suggestive of a motor

exploration [78], with reinforcement (or error) neural signals

guiding song imitation [79]. Likewise, human infants in this

phase appear to experiment with uttering articulate sounds,

but without yet producing recognizable words (i.e. babbling).

Again reward behaviours, e.g. when parents complement

their child with excited words, clapping, smiles and hugs,

after their first speech-related attempts, reinforces speech learn-

ing. In the third crystallization phase, as they become adults

(i.e. puberty phase in humans), song-learning birds and

speech-learning humans complete the development of their

vocal repertoire, and the ability to learn new vocalizations/

languages is either shut down (e.g. zebra finches) or made

more difficult (e.g. canaries and humans). However, if a

song-learning bird is removed from its conspecifics before

this phase is complete, it will take significantly longer for the

animal to crystallize on a repertoire [80]. We propose that OT

will have its effects during the sensory and sensorimotor

phases of vocal learning, and less so during or post crystalliza-

tion, because the first two phases are more dependent on social

experience. It is also likely that the same mechanisms could

apply throughout life, but at a more reduced level.

For the where and how, during the sensory phase, we pro-

pose that OT could enhance the formation of socially driven

auditory memories that impinge on the vocal learning circuit.

This could occur by a direct projection of OT hypothalamic

neurons into the auditory cortex, as seen in adult female

mice for pup retrieval, or by direct projections to the vocal

learning pathway brain regions. For the former possibility,

auditory input into juvenile HVC from a playback has been

found to modulate its neural connectivity and function in

song production [81]. We propose that when a vocal learning

infant/juvenile hears vocalizations generated from a conspeci-

fic, there could be an associated increase in OT release into the

auditory and/or specialized vocal learning brain regions to

strengthen the newly formed synaptic interactions to hold

onto the memories and shape the vocal learning pathway.

Similar to DA circuits (see below), this strengthening and shap-

ing could occur by OT binding to OTR in neurons of the

auditory and vocal pathways that receive excitatory and inhibi-

tory inputs for the auditory–vocal memories. A prediction of

this hypothesis is that if the auditory signals are not from a

social individual, the auditory processing circuits would still

process the sounds and form auditory memories of them, but

the OT circuit would not strengthen the auditory input to the

vocal learning circuit for eventual imitation of the sounds.

During the sensorimotor learning phase, we propose

again that OT input to the auditory and vocal learning

pathways could be activated, but this time by positive social

feedback (auditorily or by other means) from conspecifics

when the juvenile produces more accurate copies of the learned

vocalizations. The positive feedback could help strengthen the

connections that control production of the more accurate copy

of the vocalizations. But could OT also modulate imitation of

vocalizations during sensorimotor practice independent of

immediate social input from others? Although this would

move us away from a direct social role of OT in vocal learning,

we consider the possibility that self-motivation and even

purely vocal learning mechanisms independent of immediate

social mechanisms could also be involved. For this possibility,

we turn to studies on DA.

As described earlier, there is a robust VTA DA-neuron pro-

jection to vocal learning nucleus Area X (figure 1b) [60,62].

An analogous vocal learning region has been found in the

human striatum, with many of same gene expression specializ-

ations as in songbird Area X [16,82]. VTA also makes a weaker,

but still relatively prominent, projection to the vocal pro-

duction nuclei HVC and RA, and receives input from an

auditory area around RA necessary for vocal learning [83].

DA levels in Area X are higher during directed singing (to

females) than undirected singing, due to differential activity

of the re-uptake transporter (a noradrenaline transporter

in birds), in the VTA axons within Area X [84]. When this

transporter is pharmacologically blocked, DA levels during

undirected singing reach the levels of DA release during

directed singing [84]. Unilateral lesions of the VTA dopamin-

ergic projections reduce singing-driven Immediate Early

Gene (IEG) expression in Area X in both contexts [60]. More

recently, Gadagkar et al. [79] showed that the VTA DA neurons

that project to Area X encode performance error-and-reward

during singing, where these neurons are suppressed when

the bird simultaneously hears distorted feedback syllables

and are activated when they hear undistorted syllables. It is

plausible to hypothesize that such performance signals might

subserve vocal learning in juvenile animals, when the songbird

monitors if the vocal output produced matched ‘the desired

tutor outcome, and also the predicted probability of achieving

the desired outcome’ [79]. Recently, Chen et al. [24] found that

in juvenile animals the percentage of DA neurons expressing

EGR-1 (an IEG) in the VTA was significantly higher in socially

tutored juveniles relative to passively tutored juveniles with

playbacks of songs from a speaker or untutored juveniles, indi-

cating that this neural correlate might be responsible for the

differences in vocal-learning performance.

We propose that OT might have a role in both the social

motivation and the sensorimotor mechanisms of vocal learning

via hypothalamic OT action on VTA DA-neurons that project to

Area X and other song nuclei (figure 1b). During sensori-

motor practice, there could be self-induced motivation of the

OT! VTA! song nuclei circuits to help strengthen connec-

tions within the circuit when the tutee’s produced song

matches his auditory memory of the tutor’s song. After vocal

learning is complete, the presumed downregulation of OTR

in several vocal learning nuclei (relative to the surrounding

brain regions) in zebra finches may contribute to crystallization

and shutting off the ability to further imitate from conspecifics.

For the latter part of the hypothesis to be plausible, one would

need to determine if there are higher levels of OTR in these

song nuclei during juvenile development.

It is important to mention that up to now the only well-

studied hypothesis of where the VTA gets its input for vocal
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learning functions has been articulated by Riters [85] and

colleagues based on their studies on European starlings.

According to them, it is the projection from the medial preoptic

nucleus (mPOA) to the VTA that is crucial for social reward-

related functions of vocal learning. Our hypothesis shifts the

focus from the mPOA to the hypothalamus, because of

the OTR expression in song-learning nuclei and suggestive

direct influence of hypothalamic OT on singing. The two

hypotheses could be complementary: OTRs are also expressed

in the mPOA and mPOA neurons (at least in mammals) that

project to the VTA (or to the PVN and from there to VTA)

[86] play a role in social bonding regulation and maintenance

[72]. That is, the OT input to the VTA could be originating

both from the hypothalamus (PVN/SON! VTA) and the

mPOA (mPOA!VTA or mPOA! PVN! VTA).

In humans, building on OTR expression patterns in the

brain [27,56,57], we propose that OT neurons might project

directly from the hypothalamus to the LMC and Broca’s area

or indirectly to them and other speech-regions through the

VTA (figure 1b). Regarding the latter, there is evidence that

OT administration enhances activation in the VTA of humans

[87]. In this manner, OT might affect VTA’s DA output to the

anterior striatum speech region [88] and LMC [54,61], and

from there (LMC) to the vocal motor nucleus ambiguous of

the brainstem. Given these similar findings in humans, we

see no reason to propose a fundamentally different mechanism

for the sensory and sensorimotor learning phases of vocal

learning in humans or other vocal learning species.

An alternative route through which OT could also affect

the social motivation for vocal learning is through its hormo-

nal action via the hypothalamic–pituitary–adrenal axis,

known for attenuating the stress response [89] and thus

making social learning more efficient. However, we deem

this possibility as less likely, given that the OTR is found in

the auditory cortex and in speech/song areas, most likely

directly affecting vocal learning.

4. Proposed experiments to test hypothesis
In this final section, we offer some proposed experiments

that would validate or falsify some of the key tenants of

our hypothesis.

A prediction of our hypothesis that OT controls the social

motivation to imitate vocalizations in vocal learners, is that

blocking OT in the brain, and more specifically its targets

to the OTR in auditory cortex, vocal learning neurons and/

or VTA-DA neurons during the sensory and sensorimotor

phases would prevent vocal learning from live social or

model tutors. Conversely, activating OT in these circuits,

when a young juvenile hears novel vocalizations from a live

tutor or a tape recorder, would potentially cause the juvenile

to imitate the song heard better and also treat that tape recor-

der as more of a social object. This would also mean that OT

neuron activation and release, and activation of OTR in the

target brain regions, would also change in the same direction.

It is not feasible or ethical to conduct such experiments in

humans, but they can be conducted in a non-human vocal

learning species, such as songbirds.

Because our hypothesis is at its infant stage, informing

and testing the hypothesis further will also require a great

amount of more descriptive research. This includes: (i) a detailed

expression analyses of OT, OTR and associated family of

genes (vasopressin/vasotocin and its receptors) in the vocal

communication brain regions throughout development and

adulthood, across multiple vocal learning and non-learning

species; (ii) analyses of coding sequence and regulatory regions

of these genes to determine if there are convergent genetic

changes in vocal learning species that could explain brain func-

tional or expression differences, respectively and (iii) physiology

analyses of OT neurons and OT release during vocal learning

and language acquisition. Some of these more descriptive exper-

iments can be done with humans and non-human primates, and

thus offer a more direct window to inform our hypothesis on OT

function in language.

5. Conclusion
We have sketched out what we consider a plausible hypoth-

esis of a role for OT in the social motivation of vocal learning

and language. This hypothesis, if validated, would fill in a

gap in our knowledge of the main molecule(s) that control

the social motivation for vocal learning. With this hypothesis,

we are able to assemble disparate pieces of knowledge into a

greater whole, with OT as a nexus. As in all hypotheses, there

are parts that have weaknesses in ours, such as whether

OT modulation of vocal learning circuits and thus language

are direct or indirect. For these, we propose plausible alterna-

tive mechanisms that can be tested and modified with new

knowledge. Overall, though, we find it hard to come up

with a better viable alternative hypothesis, given the current

state of knowledge. Thus, we believe the hypothesis we

propose at this time is the most attractive one worth testing.
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ABSTRACT

Modern humans’ lifestyle strongly depends on complex social skills like empathy, tolerance and cooperation. Variation in
the oxytocin receptor (OXTR) and the arginine-vasopressin receptors (AVPR1A, AVPR1B genes) has been widely associated
with diverse facets of social cognition, but the extent to which these variants may have contributed to the evolution of human
prosociality remains to be elucidated. In this study, we compared the OXTR, AVPR1A and AVPR1B DNA sequences of modern
humans to those of our closest extinct and extant relatives, and then clustered the variants we identified based on their
distribution in the species studied. This clustering, along with the functional importance retrieved for each variant and their
frequency in different modern-human populations, is then used to determine if any of the OXTR, AVPR1A and AVPR1B-variants
might have had an impact at different evolutionary stages. We report a total of 29 SNPs, associated with phenotypic effects
ranging from clearly pro-social to mixed or antisocial. Regarding modern human-specific alleles that could correlate with a
shift towards prosociality in modern-humans, we highlight one allele in AVPR1A (rs11174811), found at high frequency and
linked to prosocial phenotypes in modern humans, while the ancestral allele is associated with antisocial phenotypes. We
also report three sites of putatively convergent changes between modern humans and bonobos (rs237897(A), rs2228485(G)
and rs1042615(A)), and note the absence of such a convergent pattern between modern humans and chimpanzees. Finally,
we observe the high concentration of ‘modern human specific’ alleles in vasopressin receptors not paralleled in the oxytocin
receptor.

1 Introduction
Oxytocin (OXT) and vasopressin (AVP) are important neurotransmitters that function through their respective receptors to
regulate a diverse set of biological processes, such as pregnancy and uterine contractions, milk-ejection, copulation and orgasm,
attachment between mothers and their young, bond formation, suppression of stress, thermoregulation, olfactory processing,
eye-contact and recognition of familiar individuals1. OXT and AVP are closely related structurally and evolutionarily: they
have been argued to be the product of a local duplication event that took place before the origin of vertebrates2, and they only
differ in two (of the nine) amino acids, although they display differences at a functional level1. Each binds to their respective
receptor(s) (OXTR in the case of oxytocin, and AVPR1A, AVPR1B, and AVPR2 in the case of vasopressin), but their molecular
similarities allow for crosstalk in the brain and peripheral organs3.

Variation in the genes that code for OXT and AVP receptors (OXTR and mainly AVPR1A and AVPR1B) have long been
associated with different social behaviors4. Single Nucleotide Polymorphisms (SNPs) in these genes in modern humans have
been claimed to be implicated in altruism, face recognition, stress levels and empathy, but also in sociocognitive disorders, such
as Autism Spectrum Disorders (ASD), bipolar disorder, schizophrenia or depression1, 5. Due to the paucity of studies on social
effects of AVPR2, we did not include this receptor in the present study.

The role oxytocin and vasopressin play in social cognition makes them prominent candidates to test for possible social
behavioral differences between hominid species (extinct and extant). In this study we examine the extent to which variation in
the OXT and AVP receptors correlate with social characteristics that have already been put forth in the literature to characterize
the prosocial profile of each of the species studied here (modern humans, archaic humans such as Neanderthals and Denisovans,
bonobos and chimpanzees). ‘Prosociality’ is a broad term that encompasses intraspecies empathy, social tolerance, cooperation
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and altruism. While our closest living relatives, the chimpanzees (Pan Troglodytes) and the bonobos (Pan Paniscus), live in
highly organized social groups as well, present-day humans’ social networks are larger and denser, powered by a complex
social cognitive machinery6. Modern humans are characterized by great intrasocial compassion, are motivated by concern
about the welfare of out-group individuals, and display a clear tendency to act in concert, to the extent that Homo Sapiens has
been labeled as ‘ultra-social’7. This trait is of special relevance, as it has been argued to underlie other singular traits of humans,
such as their enhanced verbal communicative skills6–10.

The sequencing of two Neanderthal genomes from Altai (Siberia)11 and Vindija (Croatia)12 and a Denisovan from Altai13

has made available genomic data to provide new insights into the discussion of the evolution of social cognition, complementing
the archaeological evidence. Today, various hypotheses6, 10, 14, 15 still offer different explanations and timelines for the emergence
of prosociality, ranging from the Pan-Homo split to later stages of human evolution, such as the split between Neanderthals and
Denisovans on the one hand, and Modern Humans on the other. The critical effect of OXT and AVP on pair-bonding has led
some of the authors of the aforementioned theories, most prominently,14, to ascribe to them a key role in the emergence of
human social behavior, while others have challenged the centrality of OXT and AVP in this shift in favor of other hormones,
such as β -endorphines and dopamine10, 16. By examining the evolutionary variation in human OXT and AVP receptors, we
aim to shed light onto the timing of the transition towards the current status of human prosociality, as well as determine more
clearly the specific role that OXT and AVP could have played in this regard.

As of now, none of the studies searching for fixed changes between modern and archaic humans (Neanderthals and
Denisovans) have identified changes on the genes coding for the OXT and AVP ligands and receptors11, 17. The only study17

systematically exploring non-synonymous changes at high frequency in modern humans for which archaic humans carry the
ancestral state found that AVPR1B is in the top 5% of the genes enriched for high frequency-changes in modern humans
(controlling for gene length).

For this reason, in this study we investigated the variants that differ in modern and archaic humans on the OXTR, AVPR1A
and AVPR1B genes, focusing on those that are polymorphic in modern humans and that have been associated with specific
behavioral correlates in the literature, using also allele-frequency data from modern humans of different ethnic backgrounds.
In order to infer the ancestral state (allele) of these sites we used primate species’ sequences (rhesus macaque, chimpanzee,
bonobo). We also took into account variation data (Single Nucleotide Variants: SNVs) from multiple chimpanzee and bonobo
individuals. We identify various changes in the analyzed genes which we clustered in different evolutionary stages, based on
their distribution (presence or absence) in the different species/populations studied (e.g. Homo-specific, modern human-specific,
Altai Neanderthal-specific). These changes have been reported in the literature to affect gene expression, brain regions such
as the mesolimbic reward system, and behavioral phenotypes. A fair amount of those polymorphic sites also confer risk of
sociocognitive disorders, like Autism Spectrum Disorder (ASD). Finally, we discuss how the information we have gathered
bears on several hypotheses concerning the evolution of human prosociality, including the neurochemical hypothesis10, the
social-brain hypothesis6 and the self-domestication hypothesis14, 15.

2 Results
The DNA sequence-alignment we performed gave rise to a list of SNPs that we ordered in clusters (shown in Tables 1-2 ),
based on their distribution in the sequences studied, with the major distinction being SNPs present only in modern humans
(MHS: modern human-specific) vs. SNPs shared between modern humans and one or more archaics, and those distiguishing
Homo from Pan. In this section we present the SNPs we identified, along with their potential functional relevance, based
on data mining as well as our independent analysis (SNAP2 test). We discuss the results following their distribution pattern:
from total overlap (alleles found in all the species considered) to no overlap at all (e.g., alleles found exclusively in modern
populations, or MHS), and summarize the key information in Table 1 (for the oxytocin receptor) and Table 2 and 3 (for
vasopressin receptors). Figures 1-2 provide graphic summaries of the main results. Frequencies of the relevant alleles in modern
human populations retrieved from the sources consulted (see Methods) are provided in Supplementary Tables 1-2. A series of
archaic human-specific variants were also identified and are reported in Supplementary table 3. Just one of them (rs199856198,
G/A) was found to be an extremely rare allele in modern humans (<0.002). Rs199856198 is a missense variant in exon four of
OXTR that changes Threonine for Methionine at the 360th position. While its effects have not been investigated, the SNAP2
test we performed gave a predicted 63% for a possible effect on the phenotype.

Only four alleles discussed here are not shared by the three non-human primates we used: rs237897(A) and rs2228485(G)
are shared between modern humans and only bonobos; and rs11131149 (A) is found also in rhesus macaques (Macaca mulatta),
but not in chimpanzees or bonobos.

2.1 Oxytocin receptor
The intronic variants rs11131149(A), rs59190448(G) and rs13316193(C), the 3’-UTR variant rs9872310(G) and the missense
SNP rs4686302(T) are found in both present-day populations and the three ancient human sequences used in this study.
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Rs11131149(A), already attested in macaques, has been reported to have the reverse effect of the G allele, which is found
in chimpanzees and bonobos and correlates with higher social performance (empathy, joint attention, cooperation and self-
recognition) in 18 month-children18. Interaction between the G allele and maternal cognitive sensitivity accounted for a 26% of
variability in a Theory of Mind scale in 4.5 year old-children18. Rs11131149(G) is also part of a haplotype related to depressive
temperament19.

Figure 1. Evolutionary distribution of OXTR alleles. The alleles displayed are the non-ancestral ones. LCA = Last Common
Ancestor.

Rs59190448(G) has been argued to show signs of positive selection in present-day humans20. The only known endopheno-
type associated with it is increased risk of anxiety, stress and depression in early life21. Rs13316193(C) has been related to
empathy22 and high cooperation and comforting skills23, but also to late onset of Obsessive Compulsive Disorder24, poorer
social skills25 and significant association with Attention Deficit/Hyperactivity Disorder (ADHD) on the Social Communication
Questionnaire26; rs13316193(T) is part of a haplotype linked to ASD27, depressive mood19, and poorer empathic communica-
tion in relationships28. The T allele also affects OXTR total gene expression in the brain29. Rs9872310(G) has been implicated
in altruism and ASD in different studies27, 30, but its specific functionality has not been investigated further. The rs4686302(T)
allele benefits perspective taking22 and social connectedness (in men)31 compared to the C allele, while ADHD T-carriers
performed significantly worse on the face emotion recognition task than C-carriers31.

OXTR alleles rs237888(T) and rs60902022(C), both intronic, are found in both (Altai and Vindija) Neanderthal sequences
but are absent in the Denisovan sequence. The ancestral allele rs237888(C) has been associated with daily life-skills score in
the Vineland Adaptive Behavior Scales (VABS) test in ASD patients, as well as with IQ measurements27, and the T allele has
been linked to greater impairment in ASD32. Rs237888 is part of a haplotype related to altruism in the Dictator Game30(an
experimental economics paradigm where participants have to assign amounts of money to different individuals) and it has been
also been associated with DNA methylation of specific CpG sites (cg25140571 and cg00247334) that are linked to abuse and
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psychiatric symptoms33. Rs60902022(C) has been claimed to affect gene expression and transcription factor binding by linkage
disequilibrium (LD) with other OXTR variants34.

In addition to these SNPs, we identified in the Altai Neanderthal OXTR sequence two present-day human alleles not found
in the Vindija and Denisova sequences: rs6770632(C) and rs237885(T). The 3’UTR rs6770632(G) has been associated with
VABS scores27 and persistent, extreme aggression, with the C and T alleles affecting male and female children, respectively35.
rs237885(T) has been associated with callous/unemotional traits35, ASD36, schizophrenia diagnosis37 and higher risk of
aggression38, while the G allele is linked to altruistic allocations in the Dictator Game30.

Modern human alleles found in the Denisovan individual but not in Altai or Vindija Neanderthals are rs1042778(G),
rs2254298(A) and rs237911(G). The T allele of rs1042778 has been associated with lower levels of OXT in plasma, diminished
parental care (parent-child gaze and touch)39 and panic/aggressive behaviors40, while the G allele has been linked to ASD27, 40, 41

and to aggression in males35. However, this latter association is at odds with other findings concerning the G allele reporting a
significant correlation with prosocial fund allocations in the Dictator Game setting30 (although42 failed to replicate the result)
and higher scores in altruistic and comforting behaviors23. According to43, T-allele carriers are likely to recover from the
effects of low maternal emotional warmth and acceptance, whereas G-carriers do not show such a pattern. But based on another
study44, it was G allele-carriers who experienced gains in daily positive emotions from loving-kindness training, whereas
individuals with the T allele did not. Additionally, it has been suggested that rs1042778(G) influences OXTR transcription and
translation processes, as well as OXTR gene expression in the amygdala29, 30.

Rs2254298(A) and rs237911(A) are overtransmitted in ASD patients36, 45, a result confirmed in a meta-analysis that included
eleven cohorts46. Such effects seem to depend on ethnicity, as45 and36 used Chinese and Japanese samples, while a study using
a Caucasian sample found rs2254298(G) to be the variant associated with ASD27, 47. rs2254298(G) has been associated with
lower communication scores in romantic relationships28, variation in empathy scores22, methylation at cg11589699 (a site
linked to depression and anxiety level increase)48, less sensitive parenting and lower plasma OXT levels39, but also with higher
values of positive affect and lower scores in depressive temperament in a Japanese sample19.

Rs2254298(A) carriers performed better in self-reported empathy37 and empathy for pain in particular49, parenting50 and in
attachment security tests (in a non-Caucasian children sample)51, while A-ADHD-carriers displayed fewer social deficits26.
On the contrary, A-ASD-carriers presented more social deficits26 and lower serum OXT-levels52. This allele has also been
related to prosopagnosia53, high levels of physical aggression and hostility54 and low emotion recognition and resilience
skills55. G-carriers showed higher levels of retrospective self-report of inhibition and adult separation anxiety56 and, compared
to A-carriers, are more vulnerable to antisocial behavior if they experience maltreatment57. This SNP also has interesting
anatomical associations: the A allele was associated with larger amygdalar volume in healthy Asian adults58, 59, a phenotype
typically identified in the early stages of autism58, and which correlated with heightened amygdala response during two
functional magnetic resonance imaging (fMRI) tasks that involved viewing socially-relevant face stimuli59. However, this
association was not replicated though in a healthy Caucasian sample60. Gender might be playing a role in these associations,
since A-female carriers showed smaller left amygdala volume, while it was G-male-carriers that showed smaller left amygdala,
which was also negatively associated with attitudinal trust61.

Finally, the intronic alleles rs2268490(T), rs2268493(C), rs237889(T), rs237917(T), and rs53576(A) were only present in
modern human populations. In addition, the intronic rs237897(A) and the synonymous variant rs2228485(G) are only attested
in modern human populations and in bonobos, and are thus putative instances of convergent evolution.

The archaic rs2268490(C) allele positively affects the amount of funds altruistically given in the Dictator Game setting30

and might provoke vocal alterations under stress. Carriers of the MHS C allele displayed more stress-related vocal symptoms
(dysphonia, muscle tension, frequency changes) and higher cortisol levels62. The MHS allele rs2258493(T) has been linked
to ASD subphenotypes63 and diagnosis41, 64, 65, negative scores in social performance, perception and mentalizing tasks in
schizophrenia patients66, ADHD patients67 and depressive temperament (as part of a haplotype block)19. Carriers of this allele
also showed reduced mesolimbic reward system activation, a result that might point towards the neurobiological basis of the
aforementioned phenotypic effects of this SNP68.

Rs237889(T) has been associated with ASD, both as part of a deleterious haplotype27 and independently69, as well as
with differences in moral judgment; carriers of the archaic C allele were more prone to give utilitarian answers in dilemmas70.
Rs237897(A) is part of a haplotype related to ASD27, altruism in males30, lower self-reported betrayal levels71, continuous
social connectedness72, and Theory of Mind18. Alleles of rs53576 have been reported in several studies: the G allele has been
reported to be implicated in Bullimia Nerviosa73, but also in diminished stress after social support74, adult separation anxiety75,
oxytocin sensitivity in social cooperation settings (increased in males, decreased in females)76, overall weak social cognition
skills in ADHD patients25 and facial recognition deficits53. MHS rs53576(A) might be involved in ASD27, 45, higher empathic
performance77, 78 and social connectedness in women31, but also lower psychological resources such as self-esteem, optimism
and emotional mastery79. Though the literature on rs53576 doesn’t provide unequivocal results, there seems to be consensus on
this SNP being dependent on environmental factors: the G allele appears to affect social sensitivity; adverse life conditions
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can lead to negative (non-prosocial) behavior in G carriers, but the opposite effect has also been reported80. Rs237917(T) is
related to emotion recognition81. SNP rs2228485(A) is part of a haplotype related to loneliness82 and overtransmitted in ASD45.
Carriers of the G allele were more prone to give incorrect answers when required to identify negative emotions in male face
images83.

Table 1. Allele distribution on the OXTR-SNPs in the species studied. Al: allele, Pop.: population, Ancestral: also
found in Macaques, Bonobos, Chimpanzees. Ancestral: also found in bonobos. Homo: also found in Archaic
(Neanderthals, Denisovans) and Modern Humans. Abbreviations: MH: Modern Humans, MHS: Modern Human-
Specific, Neand: Neanderthals, Den: Denisovan, B: Bonobos, TFB: Transcription Factor Binding, LD: Linkage
Disequilibrium.

SNP Type Al. Pop. Effect Trial sample Other remarks

rs2228485 Exonic A Ancestral Loneliness82 285 Synonymous.
A/G in Bonobos,
A in Chimpanzees

ASD45 195 (Chinese)
G MHS Emotion recognition83

(also present in B.)
rs237897 Intronic G Ancestral G/A in Bonobos,

G in Chim-
panzees

A MHS ASD27 152
(also present in B.) Altruism30 203

Lower self-reported betrayal lev-
els71

165

Social connectedness72 11.000
Theory of Mind18 301

rs11131149 Intronic G Ancestral Theory of Mind, higher levels of so-
cial cognition18

350 children

Depressive mood19 493 (Japanese)
A Homo Lower levels of social cognition18 350 children Present in

macaque
rs59190448 Intronic A Ancestral

G Homo Anxiety, stress and depression risk21 653 Positive selec-
tion20

rs13316193 Intronic T Ancestral ASD27 152
Affects OXTR total
expression in the
brain29

Depressive mood19 493 (Japanese)
Poor empathic communication28 120

C Homo Empathy22 101(Chinese)
Poor social skills25 112
Greater cooperation and comfort-
ing23

422 (Chinese
males)

ADHD24 276 ADHD pa-
tients

Face emotion recognition26 151 children with
ADHD

rs9872310 3’ UTR A Ancestral
G Homo Altruism30 203

ASD27 152
rs4686302 Exonic C Ancestral Missense

T Homo Better perspective taking skills22 101(Chinese)
Face emotion recognition84 151 children with

ADHD
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Social connectedness in men, oppo-
site in women31

Over 11000 indi-
viduals

rs237888 Intronic C Ancestral IQ and VABS scores27 152
Altruism30 203

T MH+Neand Greater impairment of ASD32 1002 ASD
patients

Methylation of CpG sites linked to
abuse and psychiatric symptoms33

393 African
American adults

rs60902022 Intronic T Ancestral May affect TFB
through LD34C MH+Neand

rs6770632 3’ UTR A Ancestral Aggression35 160 children
G MH+Altai VABS scores27 152

rs237885 Intronic G Ancestral Altruism30 203
T MH+Altai ASD36 282 (Japanese)

Schizophrenia37 145
Callous/unemotional traits35 160 children
Higher risk of aggression38 488 cases, 488

control (Chinese)

rs1042778 3’ UTR T Ancestral Lower levels of OXT in plasma, di-
minished parental care39

352 Affects OXTR
transcription and
translation pro-
cesses, amygdalar
expression29, 30

Panic and aggressive behaviors40

Recovery from low maternal emo-
tional warmth43

2341

G MH+Den ASD27, 40, 41 152, 2333, 209
Aggression35 160 children
Prosocial fund allocations in the Dic-
tator Game30

203

Might lower transcription levels of
OXTR40

Altruism, comforting behavior23 422 Chinese
males

Positive emotions after training44 122
rs237911 5’ UTR A Ancestral ASD36, 45, 46 195 (Chinese),

282 (Japanese),
3941

A/C in macaque

G MH+Den
rs2254298 Intronic G Ancestral Lower communication28 120

Variation in empathy22 101 (Chinese)
Methylation at cg11589699 (in-
creased depression and anxiety)48

393 (African
American)

Less sensitive parenting and lower
plasma OXT39

352

Higher positive affect37 352
Lower scores in depressive tempera-
ment19

493 (Japanese)

Higher levels of Retrospective Self-
Report of Inhibition and Adult Sep-
aration Anxiety56

93 patients

Smaller left amygdala61 211 (men), 199
(women)

A MH+Den ASD36, 45, 46 195 (Chinese),
282 (Japanese),
3941
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Lower levels of emotion recognition
and resilience scores55

264 (Korean)

Increased amygdala volume59 55
Fewer social deficits in an ADHD
sample more social deficits in an
ASD sample26

341 (ASD pa-
tients), 276
(ADHD patients)

Lower serum OT in ASD patients52 55 (ASD pa-
tients), 110
(controls)

Positive parenting behavior, physi-
cally controlling behavior50

157 mothers

Reponsive to the impact of adver-
sity49

302

High levels of physical aggresion54 197 (Chinese)
adolescents

Vulnerability for antisocial behavior
after maltreatment

1591

rs53576 Intronic G Ancestral Bullimia Nerviosa73 262 (Korean)
Diminished stress74 176 (77 Cau-

casian, 99
non-Caucasian)

Separation anxiety75 185
Oxytocin sensitivity in social coop-
eration settings (increased in males,
decreased in females)76

204

Weak social cognition in ADHD25 112
Facial recognition
deficits53

18 (Italian), 6
(German)

A MHS ASD27, 45 195 (Chinese),
152

Empathy77, 78 50, 192 (multiple
ethnicities)

Lower psychological resources79 344
Social connectedness (women)31 Over 11000

rs2268490 Intronic C Ancestral Altruism30 203
Vocal alterations under stress62 657 (Finnish

twins)
T MHS Stress-related vocal symptoms and

higher cortisol levels62
657 (Finnish
twins)

rs2268493 Intronic T Ancestral ASD41, 63–65 417 (multiple
ethnicities), 530
(Caucasian), 527,
2.333

Reduced
mesolimbic
reward system
activation68

Negative scores in social tasks in
schizophrenia66

74

ADHD67 99
Depressive temperament19 493 (Japanese)

C MHS
rs237917 Intronic C Ancestral

T MHS Emotion recognition81 207 (Central Eu-
ropean)

rs237889 Intronic C Ancestral Utilitarian answers in dilemmas70 228, 322
T MHS

ASD27 152
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Figure 2. Evolutionary distribution of AVPR1A (regular) and AVPR1B (bold) alleles. The alleles displayed are the
non-ancestral ones. LCA = Last Common Ancestor.

2.2 Vasopressin receptors
The distribution of vasopressin receptors is somewhat less complex than that of the oxytocin receptor. For example, we could
not identify any sites that are both polymorphic in modern humans and different within the two neanderthals included in our
study.

Only one modern human allele of AVPR1A was identified in both the Neanderthal and Denisovan genomes: rs3803107(A).
Rs3803107(A) (3’-UTR) has been studied in relation to ASD in an Irish sample, but this correlation did not reach the level of
significance85. Rs1042615(A), a synonymous variant of AVPR1A, also showed association with ASD in present-day humans86

and often occurring vocal symptoms during stress62, but in the ancient DNA sample it was only found in the Denisovan
individual. Rs1042615(A) is the third site in this study that is also found in bonobos, constituting another potential convergent
site.

The ancestral G allele of the 3’-UTR variant rs10784339 has been associated with stress reactivity and substance addiction
risk87, 88, while the function of the MHS C allele is unknown. The ancestral C allele of rs11174811 (3’UTR) is related to
substance addiction risk87, 88, but also to higher anxiety levels89 and aggression35. The MHS variant disrupts a microRNA
binding site, increasing the expression levels of AVPR1A and possibly affecting the anxiety relief consequences of vasopressin
in anxious situations88.

The ancestral G allele of rs3021529 may also be under balancing selection and affect the regulation of the gene20, and has
been linked to addiction90. The ancestral A allele of rs3759292 was found to be under directional selection20, but without any
reported functional implications. The MHS G allele has been linked to heroin addiction91 and also to ASD92. Other alleles have
been also studied in the context of social behavior and related disorders, especially ASD, such as the MHS rs10877969(A)
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(intron variant)92, 93. Concerning AVPR1B, rs28676508(T) has been claimed to be involved in child onset aggression94. The
missense (arginine to histidine, position 364) variant rs28632197(T) has been associated with ASD diagnosis63 and panic
disorder95. Finally, the G allele of rs33985287 protects against depressive moods in female children96.

Table 2. Allele distribution on the AVPR1A-SNPs in the species studied. Ancestral: Also found in Macaques, Bonobos,
Chimpanzees. Ancestral: also found in bonobos. Homo: Found in Archaic (Neanderthals, Denisovans) and Modern
Humans. Abbreviations: MH: Modern Humans, MHS: Modern Human- Specific, Neand: Neanderthals, Den:
Denisovan. B: Bonobos.

SNP Type Alleles Pop. Effect Trial sample Other remarks
rs1042615 Exonic G Ancestral Missense. G/A

in Bonobos, G in
Chimpanzees

A MHS+Den ASD86 205 (Finnish)
(also present in B.)

rs3803107 3’ UTR G Ancestral
A Homo

rs10784339 3’ UTR G Ancestral Stress reactivity and substance ad-
diction risk87, 88

852, 2231

C MHS
rs11174811 3’ UTR C Ancestral Substance addiction risk87, 88 852, 2231 Possibly un-

der balancing
selection20

Higher anxiety levels89 1090 (Ger-
man)

Increases expres-
sion of AVPR1A

Aggression35 160 children
A MHS

rs3021529 Intronic G Ancestral Addiction90 1.050 Possibly un-
der balancing
selection20

A MHS
rs10877969 Intronic C Ancestral Except macaque

(G)
A MHS ASD92, 93 151 Korean

trios, 633
rs3759292 Intronic A Ancestral Positive selec-

tion20

G MHS

3 Discussion
This study reports a total of 29 SNPs, 19 for OXTR, and 10 for AVPR1A and AVPR1B. Of these, 5 and 8 variants, respectively,
are MHS, which means 80% of the total of mutations in the case of AVP receptor genes. In addition, 3 variants (2 for OXTR,
1 for AVPR) are putative convergent sites between modern humans and bonobos. Only some of these SNPs (rs59190448,
rs3021529, rs11174811, and rs3759292) have been previously claimed to be under selection in modern humans. There is
evidence linking some of the SNPs identified here with prosocial behaviors (rs237917, rs2268490, rs237885 [section 2.1];
rs11174811 and rs33985287 [section 2.2]). The rest of the SNPs are either neutral, give mixed results, or confer risk of some
social behavior-disorder, mainly ASD. Some of the limitations of this study listed at the end of this article may contribute to
these results.

The clearest pattern we detect concerns AVP receptors, specifically, AVPR1A. 3 of the 5 MHS alleles (on rs11174811,
rs3021529, rs3759292, all of which have been associated with signals of selection) occur at very high frequencies in the global
population (Table S2). Of these, the A allele of rs11174811 shows the clearest change towards prosocial effects (the archaic
C allele is associated with negative phenotypes). Such a change from a more ancient allele linked to negative effects to a
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Table 3. Allele distribution on the AVPR1B-SNPs in the species studied. Ancestral: Also found in Macaques, Bonobos,
Chimpanzees. Ancestral: also found in bonobos. Ancestral(CB) also found in Chimpanzees and Bonobos. Homo:
Found in Archaic (Neanderthals, Denisovans) and Modern Humans. Abbreviations: MH: Modern Humans, MHS:
Modern Human- Specific, Neand: Neanderthals, Den: Denisovan.

SNP Type Alleles Pop. Effect Trial sample Other remarks
rs28676508 Exonic C Ancestral Synonymous.

C/G in Bonobo,
Chimpanzee

T MHS Child onset aggression94 177
rs28632197 Exonic C Ancestral Missense. C/G

in Bonobo, Chim-
panzee

T MHS ASD63 207
Panic disorder95 186 (German)

rs33985287 3’ UTR C Ancestral Protects against depressive moods96 464 (children) C/G in Bonobo,
Chimpanzee97

T MHS

MHS allele linked to positive effects occur five times in our data: three times for AVPR1A (rs10784339 G>C, rs11174811
C>A and rs3021529 G>A), and two for OXTR (rs2268493 T>C and rs237917 C>T). But of these changes, only the AVPR1A
rs11174811(A) reaches near-fixation in modern human populations. Comparative work on chimpanzees and bonobos98, 99

has highlighted the relevance of OXT and AVP receptors, especially AVPR1A, to capture differences in social cognition. Our
analysis points in the same direction for archaic vs. modern humans.

Our analysis of OXTR yields more mixed results. Only one MHS mutations (on rs237917) is associated with positive effects.
As a matter of fact, some alleles associated with negative phenotypes (rs59190448, rs237911) occur at high frequences in
several populations (Table S1). Other alleles that occur at high frequencies in most modern populations (rs9872310, rs4686302,
rs2268493, rs33985287) lack clear phenotypical effects. While the change on rs4686302 could have boosted prosociality, our
SNAP2 test showed that this site is most likely of no functional importance (82% accuracy).

Taken on its own, the evolutionary distribution of OXTR alleles could be taken to lend some support to hypotheses that
argue for early changes in our lineage associated with prosocial behavior, unlike the changes on AVPR1A and AVPR1B that
appear to be largely clustered in MHS. It is certainly compatible with hypotheses like the neurochemical hypothesis put forth
in10, or the series of pro-social steps defended in6. Although these accounts stress the role of other hormones in early changes
in hominins (dopamine in the case of10 and β -endorphines for6), all of these hormones (especially oxytocin and dopamine) are
known to interact and reinforce each other’s effects16, 100, so it could be that the early changes in OXTR identified here formed
part of a broader set of changes, early in our clade, that set the stage for our prosocial profile.

Still, our results, especially those concerning the AVP receptors, also point to a distinct MHS social profile, which meshes
well with the predictions of another working hypothesis that tries to account for modern humans’ prosociality, the ‘self-
domestication hypothesis’. Advocates of this hypothesis14, 15, 101, build their case on certain physiological and behavioral traits
that modern humans share with domesticated animals to argue for a significant turning point exclusive of Homo sapiens on
the prosocial continuum. Although he does not endorse the logic of self-domestication,6 also recognizes a special transition
corresponding to the emergence of our species. Among these traits, digit ratio—a measure of prenatal androgen exposure102—
suggests that Neanderthals had higher prenatal androgen exposure than modern humans103. Interestingly, one study reports that
the association between digit ratio and cognitive empathy is contingent on one of the OXTR SNPs (rs53576) we mentioned
in the Results, showing a three-way association between testosterone, oxytocin and empathy104. In the context of the self-
domestication hypothesis, it is worth pointing out that both oxytocin and vasopressin receptors have been found to be under
relaxed selective constraint in domesticated species105, and have been claimed to facilitate domestication106.

Our results could be used as a springboard for other studies delving into the differences in prosociality between bonobos
and chimpanzees, as well as for those studies looking into evidence for convergent evolution in bonobos and modern humans in
an attempt to explain their similarities in terms of prosociality107, 108. We found three alleles that bonobos and modern humans
share (rs237897(A), rs2228485(G) and rs1042615(A)), while we did not find any for modern humans and chimpanzees. Of
these only rs1042615(A) is a missense mutation, while rs2228485(G) is synonymous and rs237897(A) an intronic variant.
Even though missense mutations tend to attract more scientific interest, there is accumulating evidence that synonymous SNPs
can affect splicing or mRNA stability, thereby altering gene products109. The association studies on these sites give mixed
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results, so it would be interesting to pursue these sites’ functionality further in a larger bonobo sample.
Among the Neanderthals we found that only the Altai carried two present-day alleles which have been associated with

antisocial behavior, such as ASD, schizophrenia, (female) aggression (section 2.1) and OXTR mRNA expression in the brain25.
If it is the case that these SNPs were frequent and not a fabric of the small sample of ancient human DNA currently available,
it could mean that within the general Neanderthal population, Altai Neanderthals might have been less social than their
conspecifics of other populations. A less prosocial attitude would be consistent with the high inbreeding rates found in the
genome of the Altai Neanderthal11. According to110, Neanderthals were deeply subdivided into small population groups with
scarce contact between them, which may have given them a social profile distinct from Homo sapiens.

SNPs present only in present-day humans and the Denisovan individual are of special interest considering the lack of
archaeological information on Denisovans. According to paleogenomic studies, the rate of inbreeding of the sequenced
individual is high, suggesting a very low population size alongside a two-fold increase of H. Sapiens competitor population
size13. Some of these differences might be modulated by OXTR variation (rs1042778 and rs1042615 increase ASD-risk, while
the first one also affects altruism positively (sections 2.1, 2.2)).

We acknowledge that there are limitations to this study. First, there are vastly more genomes currently available for the
modern human population. While this may tip the balance towards modern human specificity in our study, the contrasting
patterns obtained for oxytocin and vasopressin receptors suggest that our results cannot be fully reduced to the number of
genomes available. Second, we have assumed that the SNPs studied would have the same (if any) effect on archaic humans or
great apes, while their functionality has only been studied in modern humans. Since we are dealing with different genomic
backgrounds, our interpretation remains tentative, although it is broadly compatible with information based on the fossil record
and paleogenomic evidence (like inbreeding rates) or with behavioral differences between chimpanzees and bonobos. Also
different plasticity windows have been hypothesized to play a role in susceptibility to both positive or negative influences111.
Thus, it could be that the different ontogenetic trajectories that have been hypothesized for modern humans and Neanderthals112

based on fossil evidence shaped a different susceptibility profile for them. Third, we have assumed that the ancient genomes that
have been sequenced were representative of the general archaic population, something that might not be the case. Fourth, the
allele-distribution data (Tables S1 and S2) we found in the literature for different modern human populations come from studies
that have used different sample sizes, thus it might be that the high distribution of an allele is in reality a false positive. For this
reason, we have limited our analysis of these tables to the Discussion. Fifth, all the sites that we considered here and labeled
polymorphic in chimpanzees and bonobos (rs2228485, rs1042615, rs28676508, rs28632197, rs33985287) were in fact present
with a 100% frequency in all the individuals of the SNV-data we used, but they differed from the allele present in the reference
genomes. For this reason, in order to infer the ancestral state, we also made use of the gorilla and the orangutan genomes (apart
from the macaque), which in all these sites showed the same variants as in the chimpanzee and bonobo reference genomes.
Future research should use larger population samples to figure out the state of these sites. Sixth, our study may suffer from a
publication bias where alleles with negative effects are overrepresented because of their clinical relevance. Finally, it could be
said that our study favors oxytocin and vasopressin instead of other hormones, such as β -endorphines, cortisol, dopamine and
testosterone, that have also been claimed to have been crucial in the evolution of our prosociality. While we have conveyed that
there is enough theoretical ground to choose OXT and AVP for this study, we have also acknowledged that the role of oxytocin
and vasopressin in prosociality depends on its interactions with other hormones that regulate social behavior.

4 Methods
We retrieved the OXTR, AVPR1A and AVPR1B DNA sequences from the following sources: the publicly available genomes of two
Neanderthals and a Denisovan11–13, seven high-coverage present-day human genomes (San(HGDP01036), Mbuti(HGDP00982),
Karitiana(HGDP01015), Yoruba(HGDP00936), Dinka(DNK07), French(HGDP00533) and Han(HGDP00775) genomes,
originally sequenced for12), 1000 Genomes project113, manipulated through the Ensembl114, the chimpanzee (Pan Troglodytes)
genome (CHIMP2.1.4 version), the bonobo (Pan Paniscus) genome (PANPAN1.1, Max-Planck Institute for Evolutionary
Anthropology version) and the rhesus macaque (Macaca Mulatta) genome publicly provided by Ensembl114. We also used
Single Nucleotide Variant (SNV)-data found in97 for 13 bonobos (Pan paniscus) and 25 chimpanzees covering from west to
east Africa (10 Pan troglodytes ellioti, 6 Pan troglodytes schweinfurthii, 4 Pan troglodytes troglodytes, 4 Pan troglodytes verus,
and 1 chimpanzee hybrid).

Alignments were performed with the following tools: the built-in Ensembl tool114, the Max Planck for Evolutionary Anthro-
pology Ancient Genome Browser (https://bioinf.eva.mpg.de/jbrowse/), Aliview115, Decipher for R116, Bedtools, MUSCLE117

and MView118. We used all the genomic sequence of the genes we aligned, as provided in the standard layout of the files of
the genomic sequences in the Ensemble database, namely with 600 bp upstream and downstream. We defined the genomic
sequences in the same way when we extracted the gene sequences from the archaic genomes. We found no gaps in the gene
sequences we studied in archaic humans (Altai and Vindija Neanderthals and Denisovans). We used the Integrative Genomics
Viewer (IGV)119 to search for the relevant SNP-positions in the bonobo and chimpanzee SNV-data.
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We first aligned the modern human gene sequences of OXTR, AVPR1A and AVPR1B against each archaic human gene
sequence and of the differences we found, we focused on those which are polymorphic in modern humans. We then aligned the
modern human sequences OXTR, AVPR1A and AVPR1B against the chimpanzee, bonobo and macaque sequences in order to
infer the ancestral state of previously identified sites (Table S5). The SNV-data from bonobos and chimpanzees were aligned
to the hg38; we searched ad hoc for the locations of the SNPs of interest to account for variation in these sites. All alleles
we studied were present with a 100% frequency in the SNV-data. When the allele found in the SNV-data was different from
the allele present in the reference genomes (as in rs2228485, rs1042615, rs28676508, rs28632197, rs33985287), we reported
both alleles and considered this site polymorphic. In order to infer the ancestral allele for these specific sites, we aligned the
aforementioned SNPs with the orangutan (Pongo abelii) genome (PPYG2version) and the gorilla (Gorilla gorilla gorilla)
genome (gorGor4 version) through Ensembl114. We used the same database when we wanted to assess the state of a specific
variant in the rest of primates in the cases of convergence between modern humans and bonobo.

We then classified the alleles in evolutionary stages based on their distribution (presence or absence) in the different
species/populations studied (e.g. Homo-specific, modern human-specific, Altai Neanderthal-specific). We then reviewed
exhaustively the clinical significance of each one of these SNPs in present-day human populations. The literature filtering was
performed through the Viewer tool of the National Center for Biotechnology Information120. SNPs not known to be related to
social cognition, social disorders or any other relevant information were discarded. Specifically, of the 3160 single nucleotide
variants identified on the OXTR, only 55 are mentioned in the literature. Of those, we included 19 in our study (34,54%). Of
the 1375 single nucleotide variants identified on AVPR1A, 10 are mentioned in the literature. Of those, we included 7 (70%).
And of the 988 single nucleotide variants identified on AVPR1B, 14 are mentioned in the literature. Of those, we included 3
(21,42%). The reader can find a full list of the SNPs that have been identified in modern humans on the genes studied, as well
as a list of the archaic-specific polymorphisms known to date in the Supplementary Material (Tables S3-4).

In addition, we performed a transcription factor binding site prediction test using Lasagna2.0121, and functional effects tests
of exon variants with SNAP2122 to all the variant-changes we had identified between modern and archaic human sequences.
The Lasagna2.0 test did not yield any results.

We also multialigned all the gene sequences (OXTR, AVPR1A and AVPR1B) using only the reference genome sequences
of the species included in the study: Human (GRCh38.p12), Neanderthal and Denisovan11–13, the chimpanzee genome
(Pan tro 3.0), the bonobo genome (PANPAN1.1, Max-Planck Institute for Evolutionary Anthropology version) and the rhesus
macaque genome (Mmul 8.0.1) publicly provided by Ensembl114 (Suppl. Material).

We also included in our analysis several AVPR1A-microsatellites that have been associated with social-related phenotypes
in the literature. More specifically we added as a sequence-search track the modern human RS3-(CT)4TT(CT)8(GT)24, RS1-
(GATA)14, GT25 and the intronic AVR-(GT)14(GA)13(A)8 microsatellite-sequences on the jbrowser (https://bioinf.eva.mpg.de/jbrowse/)
and on the Integrative Genomics Viewer and looked for any possible differences in the Neanderthal (Altai and Vindija) and the
Denisovan sequences. We did not find any changes in these regions, hence we did not make any further mention to this in the
Results.
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Abstract 

Social reward has been traditionally thought to enhance learning, with most experiments testing 

whether it makes learning faster or better. It remains unclear how social reward affects spoken 

language. We hypothesized that social reward affects a specialized component of spoken 

language, vocal learning. We tested this hypothesis using the zebra finch (Taeniopygia guttata), 

a vocal learning songbird commonly used as a model for human spoken-language development. 

To do so, we developed a rapid vocal learning behavioral paradigm that attempted to dissociate 

social reward from vocal learning. Juvenile male zebra finches were first operantly taught to 

imitate a two-syllable song for 20 days. Then for the next for 30 days they were exposed to two 

different contexts, switched every other day: an isolation context and a social reward context 

with an animal model of a bird they treated as their father, and a non-singing but live female 

bird. In both contexts, they were exposed to operantly elicited playbacks of one of two very 

similar songs, comprised of two syllables, the same syllables of the song they had learnt, only 

differing by two semitones in the pitch of the second syllable. Five out of the six birds tested 

imitated the pitch of the song they heard in the social reward context, suggesting that fine-

grained aspects of vocal learning, like pitch, can be gated by social reward. Given the 

convergent behaviors and neural pathways for learned vocal communication in zebra finches 

and humans, our results imply that social reward could help gate learning of features of speech. 

Introduction 

Early language acquisition is strongly shaped by social interactions, as seen in qualitative 

observations of every day experience and by quantitative scientific studies. Kuhl 2007 showed 

that when human infants were exposed to only audiovisual or audio recordings of a language, 

they would not learn it successfully, whereas they would learn it if it was followed by live social 

feedback. Although these studies point to a crucial role of social interactions in language 

acquisition, they were conducted for a parallel second language which would be acquired 

through these experiments along with the first language that infants were learning in the natural 

way; so it remains to be elucidated whether the same would hold for their first language. Other 

studies have highlighted the importance of social feedback and contingency in first language 

acquisition by showing that a child's vocalization tends to be speech-related only if the previous 

speech-related vocalization received an immediate adult feedback (Warlaumont et al. 2014). 

We hypothesize that such feedback is a social reward that vigorously affects fine sensory-motor 

aspects of a specialized component of speech/language learning, called vocal learning. Vocal 

learning is the ability to imitate sounds, found to date in only a few independently evolved 

species of mammals (humans, bats, cetaceans, sea lions and elephants) and birds (songbirds, 

parrots and hummingbirds) (Janik and Slater 1997; Jarvis 2004). Of the non-human vocal 

learners, songbirds have been studied the most. Their vocal-learning ability displays parallels 

to human speech learning, having undergone convergent evolution, at the level of behavior, 

neural connectivity and gene expression specializations in song and speech brain regions 
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(Doupe and Kuhl 1999; Jarvis 2004; Pfenning et al. 2014). Thus, by dissecting the social 

mechanisms of vocal learning in songbirds, we may illuminate how social interactions shape 

vocal learning in humans. 

The thoroughly studied and highly gregarious zebra finch figures as a promising candidate for 

modelling the impact that social factors have on human vocal learning. Specifically, in 

laboratory tests, juvenile zebra finches have been shown to learn best from a live tutor (Eales 

1989), while learning from purely tape recorded songs is less effective (Beecher 2017).  

In this study, we sought to tease apart, if possible, vocal learning from social reward, and then 

test their interactions. We developed a learning paradigm with juvenile zebra finches, where 

we taught them to learn a source two-syllable song in the first days of their lives in one context 

(day 40-60), and then in days 60-90 we switched them to two different contexts, one with a 

‘social reward’ and the other in ‘isolation’. In these two different contexts, they were exposed 

to two very similar songs (played from speakers), only differing by two semitones in the pitch 

of the second syllable of the original song they learned. We found that birds modified their 

songs to the playbacks heard, with most of them crystallizing on the syllable acoustic features 

heard in the more highly social context. Our findings are the first we are aware of 

experimentally showing, in the same individual, that social reward can motivate vocal imitation 

of sounds heard.  

Methods 

Animals 

Animal care and experimental procedures were approved by the Institutional Animal Care and 

Use Committee of Hunter College. We used male and female zebra finches from the breeding 

colony at Hunter College. 

Vocal learning and social reward paradigm 

We developed a vocal learning and social reward paradigm that has two Phases (Figure 1). For 

Phase I, we followed a protocol similar to Lipkind et al. 2017. Male zebra finches were bred 

and reared in cages in sound isolation boxes with their mother (who does not produce learned 

song), but in the absence of their father and other adult males (that do produce learned song), 

between days 7–30 post hatch. Afterwards, birds were removed from their home cage and were 

kept singly (without their mother) in sound attenuation chambers, and continuously recorded. 

Throughout the experiment birds were on a 12-hour light and 12-hour dark schedule. From days 

30-40, birds were passively exposed to 20 playbacks per day (10 in the morning and 10 in the 

afternoon) of a two-syllable song (AB), occurring at random with a probability of 0.005 per 

second (‘passive’ training) (Figure 2a, 2c). On day 40, birds were trained to press a key to hear 

song playbacks, with a daily quota of 20 (‘active’ training). During ‘active’ training (days 40-

60) we placed in each bird’s cage an animal model of an adult male bird that we believe they 

treated as substitute for their father (Figure 2b). Previous experiments have shown that the 

presence of an adult male model animal, along with the active pecking that induces the 

playback, leads to faster learning and a more accurate copy of the source song (Tchernichovski 

et al. 2001; Derégnaucourt et al. 2013). Only the birds who had successfully learnt the source 

song (AB) until day 60 were selected to be passed onto Phase II. Learning of the source was 

assessed by quantifying the percent similarity (Sound Analysis Pro; Tchernichovski et al. 2000; 

Tchernichovski et al. 2004) between the bird’s song motifs and the source model motif in 10 

randomly chosen song bouts per day. We considered the source song as learnt when the acoustic 

similarity to the model was at least 70%. We paid particular attention to the pitch of the second 

syllable (B; ~1160 Hz frequency), since this would be the feature that we would tweak in Phase 

II.  
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For Phase II, the juvenile males were exposed to two different contexts, switched every other 

day: an isolation context and a social reward context. The birds spent 24 hours in each context 

and were switched to the other context in the morning after the lights in their cages went on. 

As in Phase I, the daily quota of playbacks was 20 per day in either contexts to ensure equal 

exposure. In the isolation context, birds were put alone in sound isolation chambers, while they 

could still peck on the keys and induce playbacks from the speakers (Figure 3). In the social 

reward context, birds were housed with an animal model of a bird they treated as their father 

(the same we had used from day 40-60), a non-singing but live female bird and a mirror which 

gives them the illusion there are more birds around. In this context, the birds still had to peck 

on a key to induce playbacks from the speakers (Figure 3). In these two different contexts, they 

were exposed to two very similar songs (played from speakers), comprised of two syllables, the 

same syllables of the song they had learnt (AB), but differing by two semitones in the pitch of 

the second syllable B. This was either shifting the pitch by two semitones up (ABplus; AB+) 

or two semitones down (ABminus; AB-). B+’s fundamental frequency was 1300 Hz, while B-

’s frequency was 1050 Hz (source B: 1160 Hz). AB- and AB+ were assigned to either the 

isolation or the social reward context randomly for each bird. We did not assign the same song 

(e.g. AB+) to the same context (e.g. social reward) for all birds, to make sure we avoid 

measuring a shift bias as opposed to a social bias. Birds were never put back into the main 

colony between training sessions or Phases. 

Behavioral analyses 

Recordings and trainings were done using Sound Analysis Pro (Tchernichovski et al. 2000; 

Tchernichovski et al. 2004), and continued until birds reached day 90, when they crystalize 

onto the song they will be singing for the rest of their lives (Zann 1996). Source and target song 

models were synthetically composed of natural syllables. Pitch mismatches between source and 

target syllables were generated with GOLDWAVE v. 5.68 (www.goldwave.com). Song feature 

calculation and cluster analysis were performed using Sound Analysis Pro, on a randomly 

selected 10% of the sound files in each developmental day. Cluster information was used to 

track changes in the spectral structure (specifically, median pitch) of the B syllable. 

Results 

During training, 6 juvenile male birds of 13 tested successfully learned the AB song in Phase 

1. It took on average 25± days for them to reach the 70% syllable identity to the tutor song 

criterion. They did so on average day 57±. 

In Phase 2, five out of the six birds that we tested switched the pitch of the B syllable to the 

pitch they heard while in the social reward context. In two of these cases, we had assigned B+ 

to the social reward context, and in three cases B-, which is what the birds ended up imitating. 

For the first 8-10 days of Phase II, birds generally kept singing AB (i.e. B in the source pitch), 

while they sang some instances of both AB+ and AB-. They would on some days sing more 

AB+ and others more AB-, gradually going back and forth as if experimenting. Then around 

day 70-75 all birds had stabilized their song to the pitch of their choice until the end of their 

developmental recording period at ~ day 90 (Figure 4). 

We further examined the only bird that did not switch his pitch to the social reward context. 

This bird ended up singing AB+ heard in the isolation context, but also introduced to his song 

an additional syllable (B’; Figure 5), that was shifted by 2 octaves down from the actual original 

B syllable matching the pitch of the B- version. That is, his additional syllable almost matched 

the pitch of the B syllable in the social reward context, while for his original song B syllable he 

opted for the pitch heard in the social isolation context.  
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Discussion 

In our study we found that all juvenile birds changed the pitch of their songs when placed in a 

new context during juvenile song learning development, where five out of six of them imitated 

the pitch they were listening to while in the social reward context. The bird that changed in the 

opposite direction, also added another syllable at a similar pitch to the one he heard in the social 

reward context, indicating that the latter context still influenced additional imitation. These 

findings suggest that the birds preferred to imitate the song they heard in the social reward-

context.  

One interpretation of our findings is that songs heard in a condition with live and model animals 

is rewarding to the developing juvenile. Another interpretation is that juveniles perceived the 

playback from the speakers they were exposed to in the social reward context as coming from 

the animal model that they treated as their father since Phase I, as opposed to a speaker in the 

isolation context. In either case, our findings indicate that a social association with the songs 

heard even after initial vocal learning has occurred, can influence fine-tuned learning of 

changes in song.  

These social vocalizations are probably associated with activation of genes in the brain that 

strengthen the newly formed synaptic interactions to hold onto these social associated auditory 

memories, which eventually shape the vocal learning pathway. As we hypothesized in 

Theofanopoulou, Boeckx, and Jarvis 2017, oxytocin provides a good candidate molecule 

potentially involved in the mechanism that links the social motivation-circuitry and the core 

vocal learning circuitry. An alternative is dopamine, or oxytocin and dopamine synergistically. 

This study is a first step for an explanatory basis of why speech pitch-perception (auditory) 

(Wang et al. 2017) and performance (vocal) (Bonneh et al. 2011) present abnormalities in cases 

of social deficits, like autism. It provides a window into early therapeutic approaches that focus 

more on social feedback than on sensory-motor aspects of vocal learning. 

We conclude that social reward affects at least the fine-grained aspects of vocal learning, like 

pitch learning. Our future studies will focus on different spectral and temporal song-features 

and assess whether these features too are shaped by social reward, as well as testing the specific 

features of the social reward context that motivates the juvenile to learn song from conspecifics. 
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Figures 

 

Figure 1: Timeline of the experiment 

 

 

 

Figure 2: Phase 1 context. a. A representation of passive training of a juvenile live bird, in the 

presence of a model male animal, a mirror, and a source song-AB played from a speaker. b. A 

representation of active training of a juvenile bird, with a model animal, mirror, and keys that 

induce the source song to be played when pecked on. c. A spectrogram of the source song. Red 

bottom lines represent syllable boundaries; red upper lines show the amplitude of each syllable. 
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Figure 3: Phase II contexts. a. A representation of the social reward context with a juvenile-

experimental male, a live non-singing female, a model animal, keys, speaker, and mirror. b. 

Isolation context with a juvenile-experimental male, keys, and speaker. We assigned AB+ to 

the social reward context and AB- to the isolation context for the shake of illustration.  

 

 

Figure 4: Pitch trajectories of two experimental birds that ended up picking up the pitch of 

syllable B that they listened to while in the social reward context: B- for Bird 1, B+ for Bird 2. 

In both cases the birds shifted their average pitch slightly up or down from days 0-8 in Phase 

II, but afterwards made a bigger shift in the social reward context direction. Day 0 equals the 

first day of Phase II, in other words Day 60 of the birds’ life. 

76



 

Figure 5: Example of a spectrogram of the song of the only bird that did not end up imitating 

the social reward pitch. B’ (green-highlighted) is the additional syllable he introduced (top); a 

pitch-trajectory analysis of B’ is shown at the bottom. 
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Abstract 

Social interactions are thought to enhance the motivation to learn and perform species-typical 

behaviors, like singing in songbirds. However, the neurobiological mechanisms connecting 

social motivation and singing remain to be elucidated. Using zebra finches (Taeniopygia 

guttata), a commonly studied model for vocal learning, we show that manipulations of the 

nonapeptide hormone oxytocin (OT) affects socially modulated singing. We administered an 

oxytocin antagonist intranasally in males, and then co-housed them with a female to elicit 

singing to her (directed-singing). We found that oxytocin-antagonist-treated males had a 

significant drop in the number of introductory notes in their directed love song, more similar to 

the levels found in undirected song without a female. To test whether the intranasal route of 

oxytocin crosses the blood-brain barrier in zebra finches, we assayed oxytocin receptor 

antagonist-SAP conjugate via immunohistochemistry (with a SAP-antibody) after intranasal 

versus intramuscular routes, relative to intracranial positive controls, and found that the product 

crossed the blood-brain barrier only with intranasal delivery. Given the convergent vocal 

learning behaviors and associated neural pathways in zebra finches and humans, our results 

imply that oxytocin modulates some social differences in production of learned vocalizations. 

This finding also has implications for intranasal administration of oxytocin that is currently 

used in patients with social deficits, albeit so far to study other aspects of cognition. 

Introduction 

Male zebra finches display two song behaviors: directed and undirected singing. Directed song 

is addressed almost exclusively to females, it is usually accompanied by a courtship dance, and 

it is preceded by more introductory notes and sung faster than undirected song (Sossinka and 

Böhner 1980; Jarvis et al. 1998) (Figure 1). Undirected song is performed when the male is in 

the presence of other males, alone, or outside a nest occupied by its mate. Males also produce 

less motifs per bout and more acoustic variability during undirected compared to directed song 

(Sakata, Hampton, and Brainard 2008) 

 Theofanopoulou, Boeckx, and Jarvis 2017 hypothesized that oxytocin (OT) may modulate or 

control social motivation for vocal learning as well as social differences in production of 

learned vocalizations, including directed versus undirected singing. In songbirds, experimental 

manipulation of the oxytocinergic system with OT agonist and antagonist have been made 

mostly in the context of pair-bonding and aggression, with very few and some controversial 

reports on how these treatments affected singing, probably due to different treatment sites 

(Goodson, Lindberg, and Johnson 2004; Klatt and Goodson 2013; Pedersen and Tomaszycki 

2012). One study found that OT increases the amount of directed singing to females (Pedersen 

and Tomaszycki 2012), whereas another (Goodson, Lindberg, and Johnson 2004) found no 

effect in either directed or undirected singing. Klatt and Goodson 2013 did not find any 

significant result either, but they note that males treated with an oxytocin-antagonist (OTA) 

tend to sing more courtship songs. All these studies focused only on the amount of singing, 
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which can vary between birds, and did not study any other aspect of their song that has been 

linked directly to differences in directed and undirected singing. 

Here we sought to test our hypothesis, by manipulating OT and measuring adult singing 

behavior. We found that intranasal administration of an OTA crossed the blood brain barrier 

and impacted courtship directed song of adult male zebra finches. 

Methods 

Animals 

Animal care and experimental procedures were approved by the Institutional Animal Care and 

Use Committees of Duke University and Rockefeller University. We used male and female 

zebra finches from the breeding colonies of each University. Adult birds ranged in age from 90 

days to 1 year. 

Oxytocin antagonist administration and song behavior 

The oxytocin antagonist (OTA; ²d(CH2)51, Tyr(Me)2,Thr4, Orn8, des-Gly-NH29]-Vasotocin 

trifluoroacetate salt; Bachem, catalog #4031338) was dissolved in water (10μg/ml) and then 

diluted in sterile saline (1μg/ml). 12 μl of the solution were administered to the 

birds intranasally (6 μl in each nostril) with a pipette tip. Saline was administered intranasally 

as a vehicle control (12 μl). Administration was done while holding the bird in the 

experimenter’s hand (Figure 2). 

Males were co-housed with females and song recordings started right after OTA or saline 

administration. Song recording was done with Sound Analysis Pro (Tchernichovski et al. 2004). 

The number of introductory notes was counted manually per song and per motif and it was 

averaged from a minimum number of 10 song bouts over 2 sessions per bird. A paired t-test 

was conducted, with standard error of the mean (SEM), T-values, Degrees of Freedom and p-

values calculated for the average of the number of introductory notes sang in the saline versus 

the OTA group, further grouping the average number of introductory notes per song and per 

motif. 

Assessing crossing of blood brain barrier 

In order to assess whether an intranasal delivery of an OT conjugate is able to cross the Blood 

Brain Barrier (BBB)in zebra finches, we used an oxytocin saporin antagonist (Oxytocin-SAP 

[IT-46], Advanced Targeting Systems), which specifically destroys neurons that 

have oxytocinergic receptors on their surface (Baskin et al. 2010). Saporin is a plant enzyme 

with N-glycosidase activity that depurinates a specific nucleotide in the ribosomal RNA 28S, 

thus irreversibly blocking protein synthesis. We diluted OT-SAP in PBS (1 μg/ml) and 

injected 12 μl intranasally (6 μl in each nostril with a pipette tip), 6 μl intramuscularly and 2 μl 

intracranially (with a Hamilton syringe). We performed the injections to 2 birds for each route-

group (intranasal, intramuscular, intracranial).  

Ten minutes after the injection, the birds were perfused under deep Nembutal anesthesia with 

60 ml of PBS, followed by 60 ml of 4% paraformaldehyde in PBS. Brains were removed and 

cryoprotected in 30% sucrose overnight at 4°C. Saggital sections (14 μm) were cut on a freezing 

sliding microtome. Sections were processed for immunohistochemistry using a polyclonal 

antibody against rabbit SAP (AB-41AP, Advanced Targeting Systems), which recognizes 

saporin. 

Brain sections were fixed with 4% PFA in PBS for 15 min at 4C, then permeabilized with 0.1-

0.5% triton-x 100 for 10 min at –20C.  Nonspecific binding was blocked by 2 × 10 min washes 
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in PBS (pH 7.0) with 5% skim milk (PBSM) and 0.1-0.5% Triton X-100 for 1h at RT (500μl 

per slide). Sections were then incubated overnight at 4°C with a 1:1000 dilution of the SAP 

antibody in blocking solution (500μl per slide), followed by 3 x 5 min PBS washes at RT and 

incubation with the secondary anti-rabbit IgG (Sigma; St. Louis, MO) diluted in the blocking 

solution for 1 hr at RT. After 3 x 5 min washes with PBS at RT, we mounted the sections on 

glass slides covered slipped in Vectashield Antifade Mounting Medium with DAPI, and let 

them sit in the dark overnight, before taking the pictures with a microscope. 

Results 

In this pilot study we wanted to test a possible effect of an OTA on singing behavior of male 

zebra finches. We opted for the intranasal route of oxytocin (IN-OT) to make our study 

translational to the array of studies in humans where IN- OT appears to be a promising approach 

to treat several clinical symptoms, like social cognition in autism (Veening and Olivier 2013). 

Blocking oxytocin impacts directed song  

We found that OTA-treated males decreased significantly the number of introductory notes 

they sang per song bout (p=0,0175) and per motif (p=0,0032) compared to the song of the same 

males when they were treated with saline (Figure 3). This reduction in the number of 

introductory notes was similar to the number that the birds sing during undirected song in the 

absence of a female. This suggests that OT might be involved in the circuitry that drives the 

sociosexual motivation differences of the birds to sing female directed song and ends up 

affecting their singing performance.  

Oxytocin antagonist crosses the blood brain barrier 

It is possible that intranasal administration of OTA impacted song behavior by crossing the 

Blood-Brain-Barrier (BBB) and directly affecting the brain, or that it affected peripheral 

systems. Whether intranasal delivery crosses the BBB remains a highly debated issue: imaging 

studies show that IN-OT reaches the brain in humans and shows higher OT cerebrospinal fluid 

(CSF) concentrations in rodents, macaques and humans (reviewed in Quintana et al. 2018). But 

it remains unknown whether it reaches the brain directly or it sends afferent feedback to the 

brain from peripheral organs, and it has never been tested in birds. 

To test whether an IN-OT delivery is able to cross the BBB in zebra finches, we delivered an 

OT-SAP conjugate by intracranial, intranasal or intramuscular routes, and measured whether 

the OT-conjugate was present in the brain via immunohistochemistry with a SAP-antibody. For 

our positive control intracranial delivery, we found unequivocal staining at the injection site, 

near the HVC song nucleus (Figure 4A). For the intranasal delivery, we found less robust, but 

still evident binding of the SAP-antibody (Figure 4B, staining in the ventricular system). For 

the intramuscular delivery, we did not find any stained cells (Figure 4C, is representative for 

the rest of the brain). These findings show that the oxytocin product crosses the BBB, but only 

with intranasal delivery and not intramuscular delivery. 

Discussion 

Our findings are consistent with the hypothesis that OT modulates social context differences in 

production of learned song. In the presence of an IN-OT antagonist, male zebra finches 

produced less introductory notes at levels similar to that normally seen during undirected song. 

The males still, however, directed their songs to the females. In contrast to what is predicted 

from (Klatt and Goodson 2013), we did not note an increase in amount of singing in OTA-

treated males relative to saline control animals. This suggests that IN-OT may not so much 
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affect the ability to produce courtship song, but affect the specific sequence and acoustic 

features of courtship during directedsinging. 

The finding that intranasally administered, but not intramuscular administered, OTA crosses 

the BBB opens up a venue for non-invasive surgeries in zebra finches, that can be translated in 

other species. Importantly, it lends support to the studies in humans and rodents showing 

functional associations after IN-OT or IN-OTA, rendering clearer that these associations are 

most likely due to direct modulation of neural function. This comes in line with studies showing 

elevated CSF and blood concentrations of OT following IN-OT in humans and in macaques 

(Dal Monte et al. 2014; Striepens et al. 2013) and with IN-OT-induced changes in resting 

regional cerebral blood flow in humans (Paloyelis et al. 2016). 

This finding contributes to enhancing the validity and reliability of clinical trials investigating 

the therapeutic potential of IN-OT in humans. Additionally, we suggest that IN-OT could be a 

promising therapeutic method for speech deficits. There are already some studies pointing to 

the direction, where IN-OT in autistic patients leads to a more efficient and long-lasting 

performance in a speech comprehension task (Hollander et al. 2007; Pfundmair et al. 2016). 

Our findings suggest that future studies in humans with OT manipulations should also focus on 

speech production and speech learning.  

As proposed in Theofanopoulou, Boeckx, and Jarvis 2017, the site of action of OT on song 

behavior could be made possible through oxytocinergic neurons from the hypothalamus that 

project directly to the RA and HVC song nuclei, as well as the VTA in the midbrain (Figure 5). 

From the VTA, OT can act synergistically with VTA’s dopaminergic projections to AreaX 

(Lewis et al. 1981; Hara et al. 2007). DA levels in Area X are higher during directed singing 

(to females) than undirected singing, due to differential activity of the re-uptake transporter (a 

noradrenaline transporter in birds), in the VTA axons within Area X (Hara et al. 2007). In 

addition to that, unilateral lesions of the VTA dopaminergic projections reduce singing-driven 

Immediate Early Gene (IEG) expression in Area X in both contexts (Sasaki et al. 2006). 

What remains to be done in our project is to increase the sample size and measure additional 

features of song, such as speed, syntax, and acoustic variability (work in progress). It would be 

interesting to include in the song analysis others features like number of motifs per bout and 

variability in sequence, duration and pitch. Overall, our preliminary findings are supportive of 

a role of oxytocin in at least modulating singing behavior in songbirds. 
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Figures 

 

Figure 1: Sonograms from a male zebra finch when singing directed vs. undirected singing 

(right) (reproduced from Jarvis et al. 1998). 

 

 

Figure 2: Demonstration of the intranasal treatment with a pipette tip. 
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Figure 3: The number of introductory notes shown for each administration-group (Saline, 

OTA), averaged out by the number of female directed songs or motifs sang by male zebra 

finches. Error bars are SEM; p values are from a paired-t-test, n = 3males. 

 

 

 

 

Figure 4: Test if OT crosses the blood brain barrier in zebra finches. For each delivery-group 

we show SAP expression (left-blue: DAPI, right-red: SAP). A) Intracranial, SAP expression at 
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injection site (near HVC). B) Intranasal, SAP expression in the ventricular system. C) 

Intramuscular, no SAP staining was found throughout the brain. 

 

 

Figure 5: Proposed oxytocinergic (in blue) and dopaminergic (in red) projections into the vocal 

learning circuits. We propose oxytocinergic neurons from the Hyp project to RA, HVC and 

VTA; VTA makes a strong dopaminergic projection to AreaX and weaker ones to HVC and 

RA. Black arrows, connectivity of the proposed system with the brainstem. Abbreviations: 

HVC, HVC nucleus; LMAN, lateral magnocellular nucleus of anterior nidopallium; RA, robust 

nucleus of arcopallium; Area X, area X of the striatum; Hyp, hypothalamus; VTA, ventral 

tegmental area; DLM, dorsal lateral nucleus of the medial thalamus; Av, nucleus avalanche; 

LMO, lateral oval nucleus of the mesopallium; NIf, interfacial nucleus of the nidopallium; DM, 

dorsal medial nucleus of the midbrain; XII, 12th nucleus, tracheosyringeal part. (Adapted from 

Theofanopoulou, Boeckx, and Jarvis 2017) 
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Abstract 

Oxytocin (OT) and vasopressin/vasotocin (VT) are important nervous system 

transmitter ligands that function through specific receptors to control a diverse set of brain 

functions, from social bonding to body homeostasis. Due to differential naming of the ligands 

by biochemists according to small amino acid differences between species and to high sequence 

identities between the oxytocin (OTR) and vasopressin/vasotocin receptors (VTR), there is 

often confusion about their orthology and paralogy, making it difficult to readily translate 

findings across species. Here we performed genome analyses across vertebrates to determine 

the evolution of these gene families and propose a revised and universal nomenclature for all 

vertebrates. This included identity (BLAT/BLAST) and synteny (GEvo, SynMap and SynFind) 

analyses on putative OT-VT ligands and their receptors in the genomes of 33 species that span 

all major vertebrate lineages, and newly re-sequenced species with long-read technology that 

filled in gaps and corrected errors in previous shorter-read assemblies (e.g. sea lamprey 

germline genome). Our findings confirm and present further evidence that OT and VT are 

adjacent paralogous genes that formed as a local genomic duplication event near the origin of 

vertebrates, with VT being the parental gene of OT. We propose that this duplication occurred 

via DNA transposable elements around the OT gene. What has been called mesotocin, isotocin, 

or oxytocin-like in non-mammalian species are all the same gene, namely oxytocin; vasotocin 

in all non-mammalian vertebrates is the same as vasopressin in mammals. Thus, following the 

standard practice in molecular biology and genomics, we propose that these two genes be given 

the same orthologous names across vertebrates and paralogous names relative to each other, 

namely oxytocin and vasotocin. We identified six OTR-VTR receptors among vertebrates, with 

some receptors absent in some clades. We traced the evolutionary history of these receptors, 

and propose that the OTR-VTR receptors arose from an ancestral invertebrate-like VTR that 

through a combination of large segmental and whole genome duplications, originally formed 

vertebrate VTR1 and VTR2, followed by three genes per family, VTR1 family (OTR, VTR1A, 

VTR1B) and VTR2 family (VTR2A, VTR2A, VTR2B), and then by one to two losses per 

vertebrate lineage. This is the first study to propose a universal nomenclature for the oxytocin 

and vasotocin ligand and receptor gene families. This new nomenclature should prevent further 

confusion and errors, allow easier translation of findings across vertebrates, and foster more 

informative design of functional experiments across species.  

 

Introduction 

Oxytocin (OT) and vasopressin/vasotocin (AVP/VT; henceforward referred to as 

vasotocin, VT in this study), depending on the brain region and release site, can act as hormones 

or neurotransmitters that function through their respective receptors to regulate a wide range of 

partially overlapping biological processes (Knobloch and Grinevich 2014; Meyer-Lindenberg 

et al. 2011). For oxytocin, this includes functioning in uterine contractions and pregnancy, milk-

ejection, copulation and orgasm, attachment between parents and their young, bond formation, 

suppression of stress, thermoregulation, nesting behavior, olfactory processing, eye-contact, 

recognition of familiar individuals and social vocalizations among others. For vasotocin, this 

includes its well-known functions as an antidiuretic and regulator of blood pressure increase, 
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and lesser known but important functions in reproduction, pair-bonding, and parental care. 

Some of these functions are specific to individual lineages, such as nesting behavior in birds 

and milk-ejection in mammals. 

OT and VT are closely related structurally/biochemically and evolutionarily. 

Biochemically, they show small amino acid differences across species, which led biochemists 

that discovered them in the pre-genomic era to give different names to the similar molecules in 

different lineages: such as mesotocin in birds, reptiles and frogs; isotocin in teleost fish; and 

valitocin in sharks, for the apparent oxytocin compliment of mammals; and vasopressin in 

mammals for the apparent vasotocin compliment in other vertebrate lineages (Acher and 

Chauvet 1988). This terminology was then applied to their respective receptors, such as 

vasopressin receptor (AVPR or VPR) in mammals and vasotocin receptor (VTR) in birds.  

Evolutionarily, it has been hypothesized that OT and VT are the product of a local 

duplication event that took place before the origin of vertebrates (Hoyle 1999). Concerning 

evolution and homology of the receptors, there are many proposals in the literature (Daza et 

al.2012; Yamaguchi et al. 2012; Lagman et al. 2013; Mayasich and Clarke 2016). Two recent 

broad genome-wide views are: one by Lagman et al. 2013 who proposed OT and VT receptors 

evolved through two rounds (2R) of whole genome duplications (WGD) in the cyclostome 

ancestor; and one by Mayasich and Clarke 2016 who proposed as an alternative scenario that 

they evolved by a shared agnathan-gnathostome 1R of WGD plus segmental duplications. 

However, these studies used incompletely assembled genes and genomes, with some genes 

missing or misplaced, and thus could not resolve these or other hypotheses. 

As a result, the varied biochemical-based lineage terminology and various 

evolutionary-based terminologies has led to confusion on the orthology and paralogy of OT 

and VT, and their receptors. Different investigators use different terminologies for the same 

gene, some with the belief that orthologous genes are not the same gene and others with the 

belief that some receptors are the same gene (Parry et al. 2000; Gubrij et al. 2005; Baeyens and 

Cornett 2006; Yamashita and Kitano 2013), when they are not. This in turn makes it difficult 

for scientists to readily translate findings across species, such as in our and others’ studies of 

wanting to translate findings on OT, VT, and their receptors between distantly related vocal 

learning species, like humans and songbirds (Leung et al. 2011; Theofanopoulou et al. 2017; 

Ondrasek et al. 2018). 

In this study, we aimed to clear up this problematic nomenclature. Doing so required 

gaining a better understanding of the evolutionary history of the OT and VT ligands and their 

receptors. We analyzed the genomes of 33 species that span all major vertebrate lineages and 4 

outgroup invertebrate lineages (Table 1). These included newly re-sequenced species (e.g. 

inshore hagfish (Eptatretus burgeri) and species with long-read technology that filled in gaps 

and corrected errors in previous shorter-read assemblies (e.g. sea lamprey (Petromyzon 

marinus)) (Smith et al. 2018). We based gene homology not only on sequence identity and 

phylogenetic gene trees, but also on conserved synteny of the genomic territory around the 

genes of interest. Synteny is one of the most reliable criteria for establishing gene orthology, 

where genes that are positioned near or next to each other on the genome in one species are 

likely to be found close to each other on a single chromosome/contig in another species 

(Ghiurcuta and Moret 2014). We show that the common practice of basing gene orthology on 

sequence identity only for this gene family is not sufficiently reliable, as some orthologous 

relationships were obscured by sequence divergence or by different divergence rates in different 

lineages, leading to incorrect gene nomenclatures. We also analyzed transposable elements to 

search for possible mechanisms to explain gene duplications and translocations. 

We propose that OT and VT are paralogous genes that arose through a local duplication 

via transposable elements at the origin of vertebrates. We propose that the OT and VT receptors 

evolved by a combination of segmental and WGD events, leading to six receptors in total near 

the origin of vertebrates, with losses and additions of some types in subsequent specific 
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vertebrate lineages. With a better understanding of their orthology and evolutionary history, we 

also now propose a universal nomenclature for these genes across all vertebrates (Table 2). 

 

Results 

We collected and analyzed available genomes of 33 species spanning all major 

vertebrate clades, and 4 invertebrate outgroups, including species representing the most basal 

branches (Table 1). We also collected the available literature on the terminology and orthology 

diversity of oxytocin and vasotocin ligands and their receptors, to make sure we captured all 

claims of the presence versus absence in specific species and the nomenclatures used (Table 2). 

Then in all the genomes collected, we searched for oxytocin and vasotocin genes and their 

receptors, using pair-wise BLAST analyses of sequences from each major vertebrate class. We 

then used whole genome alignments across species and multi-chromosome alignments within 

species, to analyze synteny from microchromosomal to macrochromosal scales. We then 

performed phylogenetic tree inference on gene and gene-family trees, and assessed congruence 

between synteny, sequence identity, and inferred phylogeny based on sequence identity. 

For the synteny analyses, we only concluded that a gene was deleted (loss) if we could 

find genes surrounding the loss region without a genome assembly gap. We also used the most 

complete assembly of the species analyzed, including several we and others generated via the 

G10K Vertebrate Genomes Project (VGP; https://vertebrategenomesproject.org) with long read 

technology where there were fewer gaps and more complete and accurate assemblies (Table 1). 

These include the recently re-assembled hummingbird (Calypte anna) and zebra finch 

(Taeniopygia guttata) avian genomes (Korlach et al. 2017), a sea lamprey (Petromyzon 

marinus) germline genome (Smith et al. 2018), and a hagfish (Eptatretus burgeri) genome 

(Eburgeri_3.2, released in June 2018), as representative of the only extant lineages of jawless 

vertebrates (agnatha). In the majority of the genomes, we found new orthologs of one or more 

genes or resolved previous tentatively identified orthologs. Below we present findings and 

revised nomenclature first on the ligands, and then on the receptors, which we find have a more 

diverse evolutionary history. 

 

Syntenic vasotocin and oxytocin orthologs are found in nearly all vertebrate species. Based 

on BLAST searches, sequence identity, and local synteny analyses within a 10-gene window, 

we found the ortholog of the human vasotocin (VT) gene (e.g. arginine vasopressin) in all 

vertebrate lineages analyzed (Tables 3, S1a; Figure 1). In contrast, we found the oxytocin (OT) 

ortholog in nearly all lineages, with the exceptions of lampreys and hagfish (Table 3, S1b, S5; 

Figure 10). Determination of absence of OT required ruling out that the one gene found in 

lamprey and hagfish were the ortholog of VT and not OT. A previous study could also not find 

the OT ortholog in the Japanese lamprey (Lethenteron japonicum), but had uncertainty due to 

the assembly being from the sized down and rearranged somatic genome for this species (Gwee 

et al. 2009). Using the first assembly of a lamprey germline genome (Smith et al. 2018), we 

find robust evidence that lampreys possess only the VT gene. For the hagfish genomic territory 

of the putative VT we found only 6 genes in the territory; these genes were not annotated, but 

we did so with the ‘Region Comparison’ tool in Ensembl, against the human, zebrafish and 

lamprey genomes (Table S5). None of these genes were encountered in the neighboring 

territory of lamprey VT; but in the ‘Gene Tree’ (ENSGT00390000004511) available for this 

gene, we found that it formed an immediate node with lamprey VT, and not vertebrate OT. 

Thus, we believe this to be more of the homolog of VT than OT. We could not find any other 

orthologs in any of the vertebrate genomes. 

With regards to invertebrates, our analyses of 4 species (Table 1) supports the findings 

of Gwee et al. 2009, who identified one single gene in most invertebrates. In amphioxus 

(Branchiostoma floridae), the structure and sequence identity were more similar to what we 

designated as VT in lampreys and the VT relative to OT in all other vertebrates. Gwee et al. 
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2009 reviewed the presence of only one homolog in other invertebrates studied thus far, with 

all homologs forming outgroups of the lamprey VT in the phylogeny. But the synteny of genes 

in amphioxus was not conserved in other invertebrates (specifically in Ciona intestinalis), and 

the synteny of genes in vertebrates was not conserved either in amphioxus or in Ciona (Gwee 

et al. 2009). Lastly, Liutkeviciute et al. 2016 found only one OT/VT-like hormone in the vast 

majority of the insect species they studied (229 out of 233). 

In nearly all vertebrate species, both OT and VT were present on the same chromosome 

and were directly syntenic with no other genes in-between (Tables S1a, b). The exceptions were 

the teleost fishes, where the genes were separated by four or more other genes, sill in the same 

syntenic locus, indicative of a local translocation or inversion; further in zebrafish (Danio rerio) 

they were on separate chromosomes (also noted by Gwee et al. 2009). In the spotted gar 

(Lepisosteus oculatus), the synteny followed the pattern of all the other vertebrates, indicating 

that of the ray-finned fishes, only the teleost (and not the holostei, like the spotted gar) display 

rearrangements relative to the ancestor. This is consistent with studies showing that teleost fish 

genomes have experienced a high rate of inter/intrachromosomal rearrangements, most likely 

due to the teleost-specific whole genome duplication (Jaillon et al. 2004).  

 

Oxytocin appears to have evolved from vasotocin by a local gene duplication event. The 

local synteny of VT and OT, and the absence of an OT ortholog in species representing the 

basal branches of vertebrates as well as invertebrates, suggest that VT could have given rise to 

OT. Gwee et al. 2009 had also hypothesized that the ancestral gene was VT, based on the higher 

homology between the gene they found in the Japanese lamprey and a VT-like gene found in 

the invertebrate amphioxus, and secondly based on the orientation of the genes: they found that 

OT and VT were located on the same strand of DNA, in a tail-to-head orientation (same 

direction) in all vertebrates, apart from placental mammals (tail-to-tail orientation, with the OT 

inverted relative to VT). Based on that the genes are not inverted in the opossum 

(Chironectes minimus) (a marsupial mammal), they assumed the inversion took place in the 

origin of placental mammals. We confirmed that the orientation is inverted in all placental 

mammals we studied, but also in the platypus (Ornithorhynchus anatinus) (a monotreme 

mammal) and the kangaroo rat (Dipodomys ordii) (a marsupial) (Table S2). Considering this 

additional data, we propose that the OT inversion occurred at the origin of mammals, and that 

the tail-to-head orientation found in opossum is a lineage specific re-inversion, likely due to the 

local duplication of both the VT and the OT regions in this species. We also identified that OT 

was inverted relative to VT in the spotted gar as well, indicative of an inversion specific to 

holostei or to the spotted gar. It seems that OT underwent inversions relative to VT two 

independent times in vertebrates.  

We further tested the hypothesis of OT being a tandem duplication of VT searching for 

evidence beyond orientation and homology, namely for DNA transposal elements (TE). We 

found TEs (Figures 2, S1) around the OT gene (in human (Homo Sapiens) and chimpanzee 

(Pan troglodytes)), but not around the VT gene; these TEs had terminal inverted repeats (TIR) 

sequences that are known to transpose through a cut-and-paste mechanism creating an extra 

copy at the donor site (Wicker et al. 2007). We also searched for further features that have been 

independently encountered in the majority of duplicated genes, like intron shortening and 

increase in intronic GC-content (Rayko, Jabbari, and Bernardi 2006). Alignment of the introns 

in the human OT and VT, revealed that both OT-introns were shorter than VT-introns, with the 

first intron of OT being also 13% richer in GC-content (77.9% vs. 64.6%). The human OT gene 

body was also enriched in Alu elements (14,77%) compared to 0% in the VT gene body, a 

characteristic feature of duplicated regions (Bailey, Liu, and Eichler 2003). Although DNA TEs 

were not annotated in the elephant shark (Callorhinchus milii), we found a strong decrease in 

the length of only the 1st OT intron compared to the 1st VT intron (3226 bp vs 1158 bp), but 

their GC-content was the same. The totality of the findings of synteny, presence versus absence 
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of genes, inversions, TEs, Alus, intron lengths, and GC content, all suggest that the OT gene is 

a locally duplicated copy of the VT ancestral gene (Figure 2) followed by some greater 

divergence of these introns and GC content in different lineages. 

 

A universal nomenclature for oxytocin and vasotocin genes. Based on these findings and 

the preponderance of findings in the literature, we propose a unified nomenclature where the 

names oxytocin (OT) and vasotocin (VT) are used for these genes present in all jawed 

vertebrates, and VT in all vertebrates and closely related invertebrates. We believe that they 

should be named in a way that portrays their evolutionary history, as is standard practice with 

other genes in the genomes that are orthologous across species and paralogous within species. 

Based on standard practice in molecular biology, paralogous genes are given the same root-

name (e.g. FOXP) ending with different numbers (FOXP1, FOXP2, FOXP3, FOXP4, etc.). 

According to this practice, these two peptides would be named vasopressin1 (AVP1) and 

vasopressin2 (AVP2), vasotocin1 (VT1) and vasotocin2 (VT2), or oxytocin1 (OT1) and 

oxytocin2 (OT2). Since we realize that this would be a big shift from the already existing 

nomenclature, we propose that the common origin of these genes be portrayed through the 

shared ending name –tocin, and paralogy conveyed through different root names oxy- and vaso-

. Vasotocin is a name that is already being used by most non-mammalian scientific communities 

(Table 2). Even within the mammalian scientific community there is no consensus on a gene 

name, since the name arginine vasopressin (AVP) entails that this gene has an arginine as the 

eighth amino acid, which is not the case for all mammals (such as in the guinea pig or the 

peruvian mouse, where there is lysine in this position; Acher and Chauvet 1988). For non-

mammalian species, this means that what is now called mesotocin, isotocin, glumitocin, 

valitocin, aspargtocin, and neurophysin would be called by one orthologous name, oxytocin. 

 

Six syntenic oxytocin and vasotocin receptors among vertebrates. Using identified 

sequences in at least one well-assembled genome of each major vertebrate lineage (e.g. human 

for mammals, chicken or zebra finch for birds, and germline sea lamprey genome for lampreys, 

etc.) we BLAST searched for oxytocin and vasotocin receptor hits in all other species and 

performed synteny analyses. Our microsynteny analysis within a 10-gene syntenic window 

revealed that there were six orthologous receptor types that we could confidently distinguish as 

separate paralogous genes among vertebrates (Figure 1; Tables 2, 3, S1c-h). However, most 

vertebrate species had different combinations of four of the six receptors, and fish had five in 

different combinations (Table 3), but none had all of them, indicating differences in gains and 

losses among vertebrate lineages. For greater clarity, to explain our results, we use the 

nomenclature of the root names for the ligands we propose above and evolutionary relationship-

based names for the ending in analyses shown below. Using different names for different 

lineages makes explaining the findings on the receptors more cumbersome to follow. 

The oxytocin receptor (OTR) ortholog was found in a relatively well conserved 

syntenic region in all vertebrate species examined (Tables 3, S1c). The same was the case for 

the gene commonly named arginine vasopressin receptor 1A (AVPR1A), named here vasotocin 

receptor 1A (VTR1A; Tables 3, S1d). In contrast, the vasotocin receptor 1B (VTR1B) ortholog 

was absent in lampreys and most fish, except coelacanth (Latimeria chalumnae) and elephant 

shark (Callorhinchus milii) (Figures 1, Table 3). We found the syntenic territory of the region 

in most fish, but not in the lampreys (Table S1e), indicating a possible gain in a vertebrate 

ancestor post-divergence with lampreys, followed by a loss in the teleost fish post-divergence 

with coelacanths and sharks. 

VTR2A was not found in lampreys and birds (Tables 3, S1f). We did not find a similar 

microsyntenic 10-gene syntenic block in any of these species, but in birds, we noted that 

VTR2A is part of a larger block of ~20 genes that was deleted (Lovell et al. 2014), indicating 

a loss in birds. VTR2B was detected only in lampreys and fishes (Tables 3, S1g), but its syntenic 

territory was detected in all other vertebrate species, indicating a loss in the common ancestor 

of tetrapods (amphibians, reptiles, birds, and mammals). VTR2C was absent in some fish 
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species (coelacanth, medaka, tilapia, zebrafish) and all mammals, but its syntenic gene territory 

was present in all these species (Tables 3, S1h), indicating two independent losses.  

For the syntenic territories of VTR2B and VTR2C we noted a complex pattern of 

apparent losses. In most species where VTR2B is present, VTR2B and OTR are located on the 

same chromosome. Using the human genome as a representative tetrapod, for genes we found 

in the territory of spotted gar VTR2B, those 5’ to VTRB are located in two syntenic windows 

(3-5 Mb and 49-51 Mb) that are also 5 Mb before and 40 Mb after the location of human OTR 

respectively on the same chromosome 3 (Figures S14 and S15). This suggests that before the 

loss of VTR2B in the tetrapod ancestor, OTR and VTR2B were located on the same 

chromosome, as we find them in lampreys, fishes and coelacanths. Similarly, we searched for 

genes in non-mammalian (e.g. chicken (Gallus gallus)) VTR2C’s syntenic block in humans, 

and found a region of highly conserved synteny on chicken chromosome 1 before VTR2C with 

human chromosome 7 (100-115 Mb) (Figure S16) and after VTR2C with human chromosome 

12 (40-43 Mb) (Figure S17), corroborating similar evidence shown in (Lagman et al. 2013; 

Yamaguchi et al. 2012).  

Tracing the synteny of VTR2C in sea lamprey was cumbersome, since the putative 

VTR2C (according to Mayasich and Clarke 2016) that is located on the same scaffold (10) with 

VTR1A does not share the microsynteny pattern we found in all other vertebrate species (Figure 

3). We only found two genes (LRRN1, IMMP2L) that appear in synteny with VTR2C in some 

vertebrate species. When we compared genic and non-genic regions around the spotted gar and 

chicken VTR2C against the sea lamprey genome using SynFind, both lamprey PMZ_0042163-

RA (scaffold 10) and PMZ_0045207-RA (scaffold 49) genes came up with equal syntenic depth 

to chicken VTR2C, while lamprey PMZ_0045207-RA was the first hit for spotted gar VTR2C 

(Figure S2). But for PMZ_0045207-RA (scaffold 49) the syntenic depth was higher only 

because of the larger territory around the receptor and not the immediate region of the receptor 

itself. As we show in Figure 3, microsynteny around lamprey PMZ_0045207-RA is highly 

reminiscent of the one we encountered around VTR2C in other vertebrate species. (Below we 

propose that this locus is really a duplication of OTR in lamprey). 

In zebrafish we identified 2 copies each of OTR, VTR1A, and VTR2A, and 1 copy of 

VTR2B, and VTR2C, but with syntenic regions where the other copies of the latter two would 

be expected according to alignments with other vertebrate species (Table S3). The two copies 

and the apparent missing copies were all on the same chromosomes each, except for the two 

VTR1A copies. For example, genes that share identity with zebrafish VTR2B were on the same 

chromosome as the territory of an apparent deleted copy of zebrafish VTR2B. We surmised 

that these additional copies and deletions are due to large scale genome or chromosome 

segmental duplications in teleost, followed by losses of some of them. Based on synteny with 

other vertebrate lineages, we named the copy that had the most synteny to other vertebrates 

with ‘a’ and the one with less synteny with ‘b’, for example OTRa and OTRb, and VTR2Aa 

and VTR2Ab (Table S3).  

We also identified an additional putative OTR orVTR receptor on lamprey scaffold 49 

(PMZ_0014716-RA) very close to OT/VTR -49, never mentioned before in any other study 

that we are aware of (GL479461 and KE994228 scaffolds respectively in the somatic genome 

end a few genes before the new gene we identified). We did not find any match for this gene in 

any other vertebrate using SynFind, but we found its territory almost unaltered in elephant shark 

(on scaffold NW_006890088) but without the receptor gene. Next to this gene we found 

TRNT1 and LRRN1, which are the genes neighboring VTR2B in several vertebrate species 

(Table S1g). Thus, this gene is possibly a lamprey-specific duplication. We also found a 

species-specific duplication of a VTR in spotted gar (ENSLOCG00000000052, annotated as 

V2 receptor-like).  

 Lastly in hagfish we found two receptors in two different scaffolds, where the 

surrounding genes of one of them (ENSEBUG00000001467) are reminiscent of the OT/VTR-

49-surrounding genes on scaffolds 49 and some genes on scaffold 27 in sea lamprey. The 

territory of the second receptor (ENSEBUG00000007964) did not match any known receptor 

in particular, but its surrounding genes were found scattered on sea lamprey scaffold 10 (Table 

S4). 
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Macrosynteny analysis: 40-100 gene window synteny analysis supports the proposed 

OTR-VTR orthology.  We next assessed how far out the synteny we found holds, by increasing 

the gene window size until synteny became weaker, using the higher quality genome 

assemblies. Based on a 40 to 100 gene window synteny analysis, we found that VTR1A shows 

well conserved synteny when it comes to the following comparisons: coelacanth vs elephant 

shark and chicken, elephant shark vs gar and human, human vs frog and chicken (Figures 4b, 

S3d,e,i). In some species, there was synteny overlap with VTR2C as the next the best hit, 

something expected due to the very close positioning of VTR1A and VTR2C on the same 

chromosome in some species (frog, chicken, sea lamprey) that makes a 40-100 gene window 

mostly overlapping. OTR was found in clear syntenies with all species included in the analysis 

(Figures 4a, S3c). There is one case where chicken OTR appears to be more syntenic to gar 

VTR2B (not shown), but this is expected, since these two genes also lie very close to each other 

in the same chromosome in these species.  

 VTR1B appears to be clearly syntenic in the following species: human with 

coelacanth, frog and chicken, elephant shark with coelacanth, chicken with coelacanth and frog 

(Figure S3a). In the species where VTR1B is not present (sea lamprey, gar), it maps better to 

VTR1A. This concurs with VTR1B being the second best syntenic hit for VTR1A in several 

comparisons (coelacanth vs elephant shark and chicken, sea lamprey vs gar) and its high 

identity with VTR1A in most species (Table S6). 

 Studying the synteny of VTR2A was more complicated, since it is lost in most 

species and in the gar assembly, it appears as the only gene on a contig. Still human VTR2A 

mapped best to coelacanth VTR2A, as it is positioned between shark and coelacanth (Figure 

S3b). In the cases where VTR2A is lost, it showed more hits to VTR2C (e.g. coelacanth vs 

chicken). VTR2B appears in syntenies in the species that carry this gene (sea lamprey-gar, 

elephant shark-gar), while only lamprey VTR2B shares more synteny with elephant shark 

VTR1B than with VTR2B (Figure S3h). Lastly, VTR2C’s synteny is robust in gar vs lamprey 

and elephant shark, human vs elephant shark, and chicken vs frog and gar. Interestingly, 

chicken VTR2C presents more synteny to lamprey OT/VTR-49, rather than to lamprey VTR2C 

(Figure S3f,g,j) according to other species’ alignments. 

 

Evolutionary history of OTR-VTRs, intraspecies macrosynteny. We next wanted to 

decipher the relationships among the different receptors and their evolutionary history. We 

surmised that if they evolved by 2 rounds of whole genome duplication, then we should find 

greater intra-species synteny in the more recent duplications versus the older ones. Thus, using 

the best assembled genome, human, we analyzed synteny in a 10 Mb window between 

chromosomes containing of all 6 receptors (those present and around the genes of those 

deleted), following an approach of  Lagman et al. 2013, but focusing on syntenic gene families 

in a more strictly defined window. We found genes from the same gene families in syntenic 

blocks around all human OTR-VTRs, including those that survived in the territory of the 

deleted VTR2B and VTR2C (Figure 8, Tables S7, S8). However, only the SRGAP-gene family 

was present in the territory of all four human OTR-VTRs. Some gene families were shared in 

the surrounding regions of OTR/VTR1s and VTR2s, suggestive of their common origin (e.g. 

CNTN, LRRN, IRAK, L1CAM). Despite this clear intrachromosomal synteny, we do not detect 

any OTR-VTRs sharing significantly more synteny between them than others. 

We made similar intra-species synteny and sequence identity comparisons within exons 

and introns of all the possible combinations of the sea lamprey OTR-VTRs. Our hypothesis 

was that if OTR got duplicated from VTR1A, for example, then intron and exon synteny, 

identity, and losses could be inferred, such as intron shortening in the younger gene. But, 

although we could find sequence identities between the exons and introns of all genes, again, 

no one gene showed consistently more similarity across introns/exons of another to make 

conclusions about gene family evolution (Figures S12-13). These findings support the 

hypothesis, that unlike the ligands, the receptors evolved by large regional if not chromosomal 

duplications, but either they occurred within a short period of each other leaving little if any 

synteny signature of the timing or that gene (and exon/intron) losses after the duplications were 

sufficiently random to tell the history of the timing of their duplications. In either case, they 
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would be followed by comparable numbers of different genes losses surrounding the OTR-

VTR genes. 

 

Phylogenetic analyses combined with syntenic orthology reveals receptor evolution. Next, 

we generated phylogenetic trees of the entire receptor gene family across vertebrate lineages 

using sequence alignments. We used the names of the genes we defined using synteny above 

in the resultant trees, replacing the diverse terminologies in the literature for each species. We 

used the Phylogenetic Maximum Likelihood method on both the exonic nucleotide sequences 

and the protein sequences (for the latter using the Ensembl tools). We only included sequences 

of exons that combined to more than 100 nucleotides (i.e more completely sequenced and 

assembled genes), as shorter sequences are known to give less reliable gene trees (Jarvis et al. 

2014). 

We found that topology of the resultant trees strongly supported our synteny-orthology 

receptor designations, with few exceptions (Figures 11 and 12). In most cases, the genes 

clustered according to orthology first, and then known species relationships second, supporting 

the hypothesis that the receptors diverged during early vertebrate evolution. In terms of specific 

evolution events, the trees provided strong support for OTR-VTR1 and VTR2 as separate gene 

subfamilies, consistent with previous analyses (Yamaguchi et al. 2012; Lagman et al. 2013; 

Mayasich and Clarke 2016). The trees (Figures 11 and 12) in conjunction with our synteny 

analyses (Table 3) suggest that there was a single VTR gene in an invertebrate ancestor of 

vertebrates (i.e. represented in Ciona). This receptor appears to have then duplicated at the 

origin of vertebrates in what we designate ancestral VTR1 and VTR2 receptors (Figures 11 and 

12, branches labeled). Afterwards, the VTR1 receptor gave rise to OTR and VTR1A also near 

the origin of vertebrates, and then VTR1A gave rise to VTR1B post-divergence with lampreys 

(although the support for OTR is only 53% in the exon tree, this branching agrees with all the 

previously published phylogenies and is present in both trees). VTR2 gave rise to VTR2B and 

VTR2C, and later it gave rise to VTR2A post-divergence with lampreys (based on the exon 

tree, consistent with absence in lamprey). We think that this first duplication of VTR2 into 

VTR2B and VTR2C occurred prior to the divergence of bony fishes (in line with Mayasich and 

Clarke 2016), since we found VTR2A in teleost fishes, spotted gar and coelacanth. The 

topology of the protein suggests an alternative view, a split between VTR2A/B and VTR2C, 

but the bootstrap values are very low for this VTR2A clade topology (Figure 12), the VTR2B/C 

and VTR2A split with much higher bootstrap supports (Figure 11). 

The phylogeny indicates that the three receptors in amphioxus are all lineage-specific 

duplications after divergence with vertebrates (Figure 11). The phylogeny supports other 

lineage-specific gains and losses within vertebrates suggested by the synteny analyses, 

including the teleost specific duplications of OTR, VTR1A, VTR2A loss of VTR2Ba in 

zebrafish, loss of VTR2A in birds, and loss of VTR2B in the ancestor of all tetrapods 

(amphibians, reptiles, birds, and mammals), and three independent losses of VTR2C in 

coelacanth, some teleost fish, and mammals (Table 3). 

Differences in trees are that in the exon tree the sea lamprey VTR2B and VTR2C 

cluster as outgroups of the VTR2B/C clade, while in the protein tree they branch as outgroups 

of the teleost-VTR2C sequences (Figures 11 vs 12). Similar to that mentioned above, the exon 

tree topology is more consistent with the synteny. In the exon tree, sea lamprey VTR1A, OTR 

and OT/VTR-49 cluster as outgroups of the VTR1A/B clade, whereas in the protein tree 

VTR1A clusters as outgroup to VTR1A/B of other vertebrates. In both trees, lamprey OTR and 

OT/VTR-49 cluster together with strong bootstrap support, indicating they are maybe the result 

of a lamprey-specific duplication, and thus could be named OTRa and OTRb in lamprey. In the 

protein tree, hagfish ENSEBUG00000001467 clusters as an outgroup to VTR1A and VTR1B, 

and ENSEBUG00000007964 cluster as outgroup to spotted gar and tetrapod VTR2C.  This 

clustering of hagfish and lamprey as outgroups is probably an artifact because of the high GC-

content of the sea lamprey and hagfish genomes, which affects the codon use pattern and amino 

acid composition of protein-coding sequences and results in their paralogues being more 

identical to each other than to their orthologs in gnathostomes (noted also in Zhang et al. 2017 

97



who used hagfish and lamprey sequences in their phylogeny). In either case, both support OTR 

as belonging to the VTR1 family. 

Further, within specific receptor gene clades, not all species relationships break down 

with known relationships. For example, in the exonic tree, mammalian OTR appears as an 

outgroup to all other OTRs. These are common artifacts, due to several possible reasons: higher 

quality genomes in mammals, lineage-specific multiple mutations at a site, or divergent 

sequence length. For other sequences, where it was difficult to determine synteny, we found 

that the first exon of hagfish ENSEBUG00000007964 matched the full sequence region of the 

first exon of lamprey VTR2C (75%), while the second exon of hagfish 

ENSEBUG00000001467 was homologous to the second exon of lamprey VTR1A (67%). 

 

Ancestral analyses support a single chromosome origin of vertebrate OTR-VTRs. 

Consistent with our phylogenetic analyses, our comparison of the chromosome fragments 

containing OTR-VTRs against the proposed Vertebrate-Ancestor-Chromosomes (VACs) in 

(Nakatani et al. 2007) suggest that OTR, VTR1A, VTR1B, VTR2B and VTR2C all date back 

to the same VAC-chromosome D; but the region of VTR2A (and a ~2Mb region surrounding 

it) had ambiguous synteny and was not included in the reconstruction (Table S9). Yun et al. 

2015 suggested that, according to the Nakatani et al. 2007 paradigm, VTR2A maps back to 

VAC-chromosome F, unlike the rest of the OTR-VTRs that map to VAC (D). This, we believe, 

is an inaccuracy probably because the authors did not take into account that the actual region 

of VTR2A was missing from the reconstruction. Following the reconstruction of the chordate 

ancestor karyotype in Putnam et al. 2008, which was based on a higher quality amphioxus 

genome (intermediate length Sanger reads), we found instead that all OTR-VTRs, including 

VTR2A, originate back to the 13th putative ancestral chordate linkage group (Table S9). 

Following the presumptive ancestral chromosomes that Smith and Keinath 2015 and Smith et 

al. 2018 reconstructed based on high-quality sea lamprey somatic and germline genomes, 

respectively, we once again found that all our receptors correspond to the same ancestral 

chromosome in the vertebrate ancestor (AncD; Table S9). These findings suggest that ancestral 

linkage group #13 could be the original chromosome with the VTR gene passed onto and shared 

with invertebrates.  

 Regarding the number of ancestral OTR-VTRs in invertebrates, again consistent with 

the phylogenetic analyses we and others found that the vast majority of invertebrates have only 

one VTR and thereby OTR (e.g. Tribolium castaneum), while there are also some that carry 

more than one (e.g. 3 in Branchiostoma floridae, 2 in Caenorhabditis elegans and in Ciona 

intestinalis). From the 269 insect species studied in Liutkeviciute et al. 2016, 233 had one OTR-

VTR, 7 more than one, and the rest none (our quantification based on their Table S1). Where 

invertebrates were included in both our protein (C. intestinalis and C. elegans) and exon 

(Branchiostoma floridae) trees, their OTR-VTRs cluster within these species, which is 

suggestive of lineage-specific duplications, instead of more than one progenitor gene that was 

inherited with vertebrates. 

               

Sequence identity alone not sufficient to reveal gene orthology and evolutionary history 

When we aligned all sea lamprey, chicken and human OTR-VTRs against each other but also 

against spotted gar, coelacanth and elephant shark OTR-VTRs (Table S6), orthologous genes 

defined by synteny were not always the ones with the highest max scores or identities in many 

cases. Namely, it is not the case that the sequence of sea lamprey OTR will be more identical 

to the sequence of OTR in other species (e.g. coelacanth OTR) compared to other sequences 

(e.g. coelacanth VTR1A), nor is it the case that it will be more identical to a different sequence 

(e.g. VTR1A) in the rest of the species altogether.  

We further wanted to test if such alignments can reveal the evolutionary history of 

some genes, particularly where VTR1B and VTR2A got duplicated from. For this reason, we 

aligned elephant shark VTR1B against all sea lamprey OTR-VTRs and compared introns and 

exons separately between VTR1B and the two sea lamprey OTR-VTRs with the highest max 

scores (OTR and VTR1A) (Figure S10). The identities and max scores were too similar to 

reveal putative ancestry. But in both our phylogenies (and all the phylogenies published) 
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VTR1B clearly forms a node with VTR1A. Additionally, in our 40-gene window analysis it is 

the second best syntenic hit for VTR1A in several comparisons, and in the species where 

VTR1B is not present or deleted (sea lamprey, gar), its synteny maps better to that of VTR1A. 

Likewise, we aligned coelacanth VTR2A against all sea lamprey OTR-VTRs and 

compared introns and exons separately between VTR2A and the two sea lamprey OTR-VTRs 

with the highest max scores (OTR and VTR2C) (Figure S11). The alignment suggests that 

coelacanth VTR2A aligns better to sea lamprey OTR than to VTR2C, something that goes 

against the branching of VTR2A with the VTR2-subfamily in all the phylogenies. It does not 

agree either with our synteny results (40-100 gene window) where we found that VTR2A shows 

more synteny with the VTR2C-territory, in the species where VTR2A is deleted (e.g. 

coelacanth vs chicken). These findings further illustrate that sequence identity alone is not 

sufficient to infer the evolutionary history of some genes, where synteny clearly revealed them. 

Synteny combined with divergence rates provided stronger evidence for the designations we 

propose. 

 

Assessing whole genome and segmental duplications to explain OTR-VTR evolution. Our 

SynMap2 dotplots (e.g. Figure S18) showed that the sea lamprey scaffold 10 shares 

significantly more synteny with chicken chromosome 1 and frog chromosome 3, while in 

human it shares more synteny with chromosome 7; as mentioned above, human chromosome 7 

shows synteny with the territory of VTR2C found in non-mammalian species, and VTR1A with 

VTR2C are both located on chromosome 1 in chicken and chromosome 3 in frog (Figures 5 

and 7; asterisks show statistically significant (p<0.05) difference between the first two 

chromosomes with the highest number of synteny hits). We found significant synteny between 

the sea lamprey scaffold 27 and human chromosome 3 (Figure 7), chicken chromosome 12, 

frog chromosome 4 and medaka chromosome 5, where OTR and VTR2B are located (Figure 

6). There was not any significant mapping between the sea lamprey scaffold 49 with any 

chromosome in any of the species studied, but chromosome 6 in zebrafish, chromosome 4 in 

frog and chromosome 3 in human, where OTR-VTR2B are located, were the ones with the most 

hits (Figure 6, S5). This suggests that these two putative OTR-VTRs on scaffold 49 in lampreys 

were created by a segmental duplication of the OTR and VTR2B contig on scaffold 27. In 

support of this hypothesis, our within species SynMap2 dotplot of sea lamprey scaffold 49 

against scaffolds 10 and 27 showed 11 and 52 hits respectively (Figure S18). In addition to that, 

the OTR-VTR genes on scaffold 49 show higher identity to OTR and VTR2B (Table S10; 

taking into account query cover which is very low for VTR1A and VTR2C). 

The scaffolds where the OTR-VTRs are located according to sequence identity in 

hagfish did not show significant synteny with any scaffold/chromosome in any species, but this 

was partly expected because the reads are short and the evolutionary distance is longer (Figures 

S6-S9). Nevertheless, when these hagfish scaffolds were aligned against the genomes of other 

vertebrate species, they had the most gene hits in chromosomes where OTR and VTR2B or 

VTR1A and VTR2C were located in these species. Specifically, hagfish scaffold 

FYBX02010521.1 containing ENSEBUG00000001467 (its sequence clusters to VTR1A in the 

protein tree) showed most syntenic hits with the zebrafish and the human chromosomes where 

VTR1A is located, and the chicken chromosome where OTR is located (Figure S6);  hagfish 

scaffold FYBX02010841.1 containing ENSEBUG00000007964 (its sequence clusters to 

VTR2C in the protein tree) showed synteny to only sea lamprey scaffold 10 (Figure S8), to 

chicken chromosome 1 where VTR2C is located (Figure S9), but also to the frog and human 

chromosomes where OTR is located (Figure S9). 

 

Long non-coding RNA (lncRNA) synteny reveals divergences after duplications. We 

searched for other elements that may help identify syntenic regions in lampreys. We found one 

sequence of lncRNA next to each lamprey OTR, VTR1A and OT/VTR-49, and three next to 

VTR2C. We aligned them in all combinations within lamprey and found high identities between 

one of the three VTR2C lncRNAs (MSTRG.6000.1) when compared to OTR, VTR1A and 
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OT/VTR-49 lncRNAs. Another VTR2C-lncRNA also matched the OT/VTR-49-lncRNA. The 

lncRNAs next to OTR and VTR1A were also homologous. (Figure 9). 

 We searched for these lncRNAs in the human genome, but none of the 

lncRNAs flanking OTR-VTRs in sea lamprey display identity beyond threshold with any of the 

lncRNAs flanking human OTR-VTRs. This may not be surprising, since lncRNAs evolve 

rapidly, with >70% of lncRNAs having no sequence-similar orthologs in species separated by 

>50 million years of evolutionary divergence (Hezroni et al. 2015). Less than 100 lncRNAs 

have been traced to the last common ancestor of tetrapods and teleost fish (Hezroni et al. 2015). 

Almost all human lncRNAs we encountered showed high homology to each other, especially 

the ones next to VTR1A and VTR1B (Figure 10), but we were able to track them only to other 

mammalian species. An exception was AC078814.1 (located in between PPM1H and VTR1A) 

which was conserved in all species we studied down to the elephant shark, but not the sea 

lamprey. In fact, three genes that appear next to VTR1A across species (USP15-MON2-

PPM1H) were not found in the synteny of sea lamprey VTR1A, nor on scaffold 10 where 

VTR1A is located. We found them on sea lamprey scaffold 22. We found the synteny of the 

surrounding genes unaltered in the human and zebrafish genomes and noted a gap where 

USP15- MON2-PPM1H genes were located in the lamprey (hg19 Chromosome 3: 50,002,983- 

50,087,955; zebrafish Chromosome 6: 53,206,414-53,263,985). This is evidence for a 

translocation event of these genes to VTR1A’s territory post-lamprey. 

 

A universal nomenclature for oxytocin and vasotocin receptor genes. Based on these 

findings, we propose a unified nomenclature for the OTR-VTRs. We propose that the naming 

follow the same root-names of the ligands, namely oxytocin (OTR) and vasotocin receptor 

(VTR) followed by enumerations (1A, 1B, 2A, 2B, 2C) that designate ancestral histories of the 

paralogous genes of the gene family. This would mean that all VTR1 receptors belong to the 

VTR1 family and all VTR2 receptors belong to the VTR2 family. The VTR1 family consists 

of VTR1A, VTR1B, and OTR; the VTR2 family consists of VTR2A, VTR2B, and VTR2C. 

We considered renaming the OTR to VTR1C, to be consistent with the standard. However, we 

thought this might be too radical a departure from the commonly named OTR. This is further 

justified in that although there is cross-talk in OT and VT binding to these receptors, OT is the 

dominant binding ligand for the OTR (Song and Albers 2018). 

This universal vertebrate nomenclature would mean that what is commonly called 

arginine vasopressin receptor 1A (AVRP1A) in mammals, vasotocin receptor 4 (VT4) in birds, 

and vasotocin receptor (VasR) in frogs would all simply be called vasotocin receptor 1A 

(VTR1A; Table 2). What is commonly called oxytocin receptor (OXTR) in mammals, 

vasotocin receptor 3 (VT3) or mesotocin receptor (MTR) in birds and frogs, and isotocin 

receptor (ITR) in fish would all be called oxytocin receptor (OTR; Table 2). Similar diversity 

of previous and currently used names would change to a single name for the other four 

receptors, namely, VTR1B, VTR2A, VTR2B, and VTR2C (Table 2). 

The evolutionary tree and synteny analyses indicate that OTR was the parent gene of 

VTR1A and VTR1B, and that VTR2B and VTR2C arose before VTR2A. In this manner, it 

would be appropriate to reorder the A, B, and C enumerations of these genes according to their 

predicted chronological order in evolution. However, we decided against this and to use 

previously used designations of them among the various terminologies, to have some 

consistency with some of the past literature and to not add to the confusion. Further, differences 

in the exon and protein coding trees in our study suggest that with more species, the exact 

chronological relationships could be revised, and therefore we erred on the side of caution.  

 

 

Discussion 

In this study, using synteny, sequence identity, gene family trees, and other analyses, 

we find strong evidence of orthology and paralogy of OT, VT, and six OTR and VTR receptors 

within vertebrates. For the ligands, we infer that vertebrate VT was inherited from a common 

ancestor with invertebrates, which then later gave rise to OT by way of a local translocated 
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duplication through DNA TE elements after the divergence of lampreys with other vertebrates. 

Further evidence that VT was the ancestral gene comes from several features OT displays, 

which are frequently encountered in locally duplicated genes, like intron shortening and 

increased intronic GC-content (Rayko, Jabbari, and Bernardi 2006). The VT and OT ligands 

were then maintained in all subsequent vertebrate divergences. We don’t see surviving VT 

paralogs from the 1R WGD at the origin of vertebrates. We also identified the origin of the 

change in the orientation of OT, in the stem of all mammals, since it is already flipped in 

monotremes, earlier than what Gwee et al. 2009 had hypothesized. We also noted for the first 

time that spotted gar presents an OT inversion too; this inversion is species-specific, order-

specific (Lepisosteiformes) or class-specific (holostei), since the teleost included in this study 

do not present such an inversion. Inversions are common to help scatter duplicated genes along 

a particular chromosomal arm or between chromosomes, with possible functional implications 

(Puerma, Orengo, and Aguadé 2016), but it is still unknown why such inversions takes place in 

a locally duplicated gene, long after it got duplicated (Furuta et al. 2011). 

For the receptors, we infer that a VTR in invertebrates was passed onto a vertebrate 

ancestor, followed by a tandem duplication that gave rise to VTR1 and VTR2 paralogous genes. 

Thereafter, in a 1R WGD, one copy of the tandem gave rise to OTR and VTR2B, respectively, 

and the other copy gave rise to VTR1A and VTR2C, respectively (Figure 14, 1st and 2nd 

scenaria). In subsequent duplications, a VTR1 gave rise to VTR1B and a VTR2 gave rise to 

VTR2A. These subsequent duplications could have occurred by segmental duplications of 

ancestral chromosomes (Figure 14, 1st scenario) or a 2R of WGD (Figure 14, 2nd scenario). In 

either case, the orthology and evolution findings allowed us to propose a universal vertebrate-

wide (and possibly invertebrate) nomenclature for the OT/VT and receptor families. This 

universal nomenclature will make it easier to translate findings and design experiments across 

vertebrates.  

In our 1st proposed scenario (Figure 14), after the 1R of WGD in the vertebrate ancestor, 

a segmental duplication in the gnathostome ancestor gave rise to VTR1B from VTR1A, and 

second segmental duplication in the bony fish ancestor gave rise to VTR2A, most likely from 

VTR2C. Segmental duplications are not rare at these evolutionary time points, as other gene 

families have been proposed to have been expanded before the gnathostomes, such as the 

glycoprotein hormones and receptors (Buechi and Bridgham 2017), or before the bony fish, 

such as the secretory calcium-binding phosphoprotein (SCPP) gene family (Venkatesh et al. 

2014). The later duplication of VTR2A maybe explains why it is the only gene in this family 

that induces cAMP signaling, when the rest of the OT-VTRs induce Ca2+ signaling 

(Birnbaumer 2002; Konno et al. 2010; Yamaguchi et al. 2012).  

A 2nd scenario where after the 1R of WGD, a 2R occurred at some point in the evolution 

of jawed vertebrates is not excluded, but it is less supported by our findings. On the grounds 

that we encounter VTR1B in elephant shark, a 2R would have happened before the divergence 

of gnathostomes from cyclostomes (Figure 14, 2nd scenario). If a 2R had occurred at that point, 

then VTR2A would have been present already in the gnathostome ancestor before it was lost 

specifically in the elephant shark. We searched in the elephant shark for syntenies around a 

hypothetical deleted VTR2A, but we were not able to find any. Added to that, our intraspecies 

macrosynteny analysis revealed that of all the gene families neighboring human OTR-VTRs, 

only one family, SRGAP, presents all four gene-members. So according to a scenario invoking 

evolution by 2R of WGD followed by independent losses, we would have to assume many 

losses in the gene families surrounding OTR-VTRs, but also two losses in the OTR-VTR family 

itself: a VTR2 (i.e. a hypothetical VTR2D) located in the same chromosome as VTR1B, and 

an VTR1 (hypothetical VTR1C) in the same chromosome as VTR2A (Figure 4, 2nd scenario).  

In contrast, the alternative hypothesis that the OTR-VTR gene family evolved through 

1R of WGD plus segmental duplications requires fewer steps and fewer deletions (Figure 4, 1st 

scenario). According to Smith and Keinath 2015, a scenario of 1R of WGD plus segmental 

duplications is consistent with expectations given a simple random mutational model that 
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requires as few as six mutational steps (1R of WGD plus five segmental duplications/fissions), 

whereas models invoking 2R of WGD require between 12 and 18 steps. Smith et al. 2018 

showed that the evolutionary history of the Hox gene family can be used as evidence for such 

a scenario (1R of WGD plus segmental duplications), and we propose that the OTR-VTR gene 

family brings further evidence as well. In this vein, our proposal for a specific gene family has 

greater repercussions on a wider and highly debated topic, that of the evolution of vertebrate 

genomes. 

In any case, both our proposed scenaria differ from what has been proposed in previous 

studies (Lagman et al. 2013; Mayasich and Clarke 2016). Even though Mayasich and Clarke 

2016 put forward a 1R of WGD plus segmental duplications scenario, they were not able to 

label each OTR-VTR they had identified in the sea lamprey somatic genome as specifically 

“OTR” or “VTR1A”; labels were left ambiguous (e.g. “OXTR/V1A/B”). This is because a 1:1 

correspondence is very difficult to draw between orthologs at this level of evolution, due to 

whole-genome and whole-chromosome duplications (Smith et al. 2018). Despite these 

difficulties, we managed to obtain better resolution of orthology through our SynMap2 analysis 

at a chromosomal/superscaffold level and higher quality genome assemblies. According to this 

analysis, sea lamprey scaffolds 10 and 27 share significant synteny with other species’ 

chromosomes where VTR1A with VTR2C and OTR with VTR2B reside, respectively. We did 

not find any significant mapping between the sea lamprey scaffold 49 and other species’ 

chromosomes, meaning that the genes residing in this scaffold constitute species-specific 

duplications. Further, based on our synteny analysis in a 5-gene and a 40-100 gene windows, 

we designate PMZ_0003232-RA (on scaffold 27) as OTR, PMZ_0008155-RA (on scaffold 27) 

as VTR2B, PMZ_0013447-RA (on scaffold 10) as VTR1A and PMZ_0042163-RA (on 

scaffold 10) as VTR2C. The genes on scaffold 49 are most likely a segmental duplication from 

scaffold 27, as the greater synteny between scaffold 49 and scaffold 27, compared to scaffold 

49 and scaffold 10 suggests (Figures S18). 

According to the 2R of WGD scenario proposed by Lagman et al. 2013 and Mayasich 

and Clarke 2016, they occurred in the cyclostome ancestor. Mayasich and Clarke 2016 

specifically note that VTR1B and VTR2A had evolved already in the cyclostome ancestor and 

were deleted in the sea lamprey. In our analysis of the germline sea lamprey genome, we did 

not find evidence for either VTR1B or VTR2A being lost. Furthermore, Smith et al. 2018 and 

Smith and Keinath 2015, as mentioned above, have proposed through different analyses that 

there was 1R of WGD that most likely occurred in the lamprey/cyclostome ancestor, not 2R. 

So according to our proposal, VTR1B and VTR2A came about post cyclostomes. Lastly, unlike 

Mayasich and Clarke 2016, we do not believe that a lamprey-specific 3R of WGD gave rise to 

the OTR-VTRs on scaffold 49 (they had identified only one of the two additional receptors), 

because of our synteny data that suggest these genes were a segmental duplication from scaffold 

27. 

Since our analyses include both hagfishes and lampreys, our findings can also help shed 

light on the specific timing of the 1R of WGD and, consequently, on the monophyly-paraphyly 

debate in cyclostomes (Smith et al. 2010). If 1R of WGD happened in the cyclostome ancestor 

in the stem of vertebrates, this means that lampreys and hagfishes belong to the same phylum, 

the cyclostomes, a monophyly scenario. If 1R of WGD occurred after divergence of hagfishes 

from lampreys, this means that lampreys and hagfishes represent two separate phyla, a 

paraphyly scenario. Smith et al. 2018 and Smith and Keinath 2015, who proposed the 1R of 

WGD-scenario, did not specify whether this 1R happened before or after the divergence with 

lampreys or in a cyclostome ancestor. Zhang et al. 2017 suggest that the 1R of WGD event 

happened after lampreys diverged from the ancestor with hagfishes, based on their findings of 

a single ParaHox gene cluster  in two hagfish species (inshore hagfish (Eptatretus burgeri) and 

the Atlantic hagfish (Myxine glutinosa)) and two gene clusters in lampreys (Zhang et al. 2017).  

Our findings in hagfish leave open some possibilities due to the assembly quality. We 

found two OTR-VTRs in inshore hagfish and four in sea lamprey (without taking into account 

what we think of as lamprey-specific segmental duplications). Since the hagfish-scaffolds are 
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relatively short (scaffold N50=2,692,996) and these two genes do not appear on the same 

scaffold, we cannot decipher if they correspond to two genes that are located in the same 

superscaffold in sea lamprey (like OTR and VTR2B, or VTR1A and VTR2C).  

Our hypothesis is that the two OTR-VTRs we encounter in inshore hagfish were 

located in the same chromosome in the vertebrate ancestor (Figure 14), something that might 

still be the case in the genome of the inshore hagfish, once a chromosomal-assembly comes to 

light. We do not exclude a scenario in which these two OTR-VTRs were located in the same 

chromosome in the vertebrate ancestor which was fissioned in inshore hagfish. We cannot be 

sure whether these two receptors in hagfish were orthologous to either the OTR and VTR2B 

pair or the VTR1A and VTR2C pair, but our sequence identity and synteny analyses support 

the latter. We consider less likely the following scenaria: first, that there are four OTR-VTRs 

in the inshore hagfish genome in total, but two of them were not properly sequenced or not 

assembled due to scaffolding issues, and second, that two of them were lost specifically in 

hagfish. As far as we are aware, our study is the first time that the hagfish genome was used to 

attempt to decipher the evolutionary history of OTR-VTRs. We consider its inclusion crucial 

for understanding the origin and evolution of OTR-VTRs, since it represents the most ancient 

branch with other vertebrates. 

The inclusion of 33 vertebrate genomes in our study was also crucial for our 

understanding of the chromosomal fusions and fissions in vertebrate evolution (for the 

chromosomes where OTR-VTRs are located). VTR1A and VTR2C appear on the same 

chromosome/scaffold in all vertebrate species except teleost fish and mammals. This concurs 

with reconstructions of putative ancestral tetrapod chromosomes (Uno et al. 2012) and of 

putative pre-teleost duplicated-chromosomes (Nakatani and McLysaght 2017), where the 

chromosomes where VTR1A and VTR2C are located figure in both cases as a single putative 

ancestral chromosome. This means that in the bony fish-ancestor these genes were located on 

the same chromosome, which was subjected to fissions independently in teleost fish and in 

mammals. Considering this, we can hypothesize and expect that when the coelacanth genome 

will be assembled at a chromosome-level, the scaffolds where we find VTR1A and VTR2C 

will belong to the same chromosome. 

The presence of both OT and VT in all jawed vertebrates with OT commonly proposed 

to function mainly in social behaviors and reproduction, and VT in osmoregulation, could 

suggest that these functions are hallmarks of vertebrates. However, the two peptides have been 

shown to have a much wider variety of overlapping as well as other distinct functions (Caldwell 

and Young 2006), making it difficult to hypothesize a specific function that led to strong 

selection  for maintenance of both genes in vertebrates. Interestingly, although OT is not present 

in lampreys, they do have an OTR (and another OTR-like duplication). It is possible that VT in 

lampreys acts through these OTRs, as it happens in elephant shark where both OT and VT were 

shown to activate OTR to a similar extent; a greater response of OTR to OT than VT is found 

for the first time in teleost fish (Yamaguchi et al. 2012). This is logical, given the sister 

relationships of the ligands and receptors. 

For the receptors, the finding that all jawed vertebrates since the divergence with 

lampreys have 4 to 5 of the 6 OTR-VTR receptors, in different combinations, indicates that 

having all 6 may be a disadvantage. All vertebrates have the VTR1 receptors OTR and VTR1A. 

This suggests that once OTR evolved at the origin of vertebrates, the OT ligand post-lamprey 

divergence may have become dependent on the presence of OTR, and VT on VTR1A. Of the 

remaining receptors, 1 to 2 of them have been lost in specific vertebrate lineages, indicating 

that they are less essential for vertebrate survival.  

 

Conclusions 

In this study we put forward a mechanism via which the OT and VT ligands evolved 

from each other by local duplication, after the divergence of gnathostomes from cyclostomes, 

i.e. via DNA transposable elements. Further, we propose an evolutionary scenario according to 
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which the OTR-VTRs emerged through 1R of WGD followed by segmental duplications, 

although we don’t fully exclude a 2R scenario. Based on these findings and synteny analyses, 

we propose a new unified nomenclature for the OT-VT ligand and receptor gene families for 

all vertebrates. 

 

Methods 

Synteny analyses. In order to define orthology in the OT-VT and OTR-VTRs in all vertebrates 

(and crucially in the sea lamprey), we employed inter-species synteny analyses at three different 

scales: a 10-gene window (via BLAT/BLAST searches, SynFind and GeVo); a 40-100-gene 

window (via SynFind); and at the chromosomal level with syntenic dotplots (via SynMap2). 

To further trace their evolutionary history, we employed intra-genome macrosynteny analysis 

for the human genome (intraspecies), searching for paralogous genes at a 10 Mb window around 

human OTR-VTRs. Microsynteny was useful for determining orthologous and paralogous 

relationships between genes in the majority of the vertebrate lineages. Macrosynteny was useful 

for determining orthologous and paralogous relationships between genes found in lampreys and 

hagfish and the rest of the vertebrates, for uncovering the evolutionary history of the receptors 

and for confirming our microsynteny findings in a larger window. Below we describe the 

specific methods for each approach. 

 

Microsynteny analysis between species (10-gene window). We ran microsynteny analysis 

around the OT, VT, VTR1A, VTR1B, VTR2A, VTR2B and VTR2C regions, manually 

scanning annotations for 5 protein coding genes before and after each gene (Table S1) in 33 

species spanning all major vertebrate lineages (Table 1). The candidate genes in each species, 

whether they were annotated as OTR-VTRs or not, were first selected by BLAT and BLAST 

searches using the UCSC genome browser (http://genome.ucsc.edu/) (Kent 2002) and the 

SynFind tool from the CoGe comparative genomics research platform (Lyons and Freeling 

2008). The NCBI RefSeq database and Ensembl (Zerbino et al. 2018) prediction programs were 

used to identify the neighboring genes (the NCBI accession number and the Ensemble or Gene 

ID for each gene in each species can be found in Table S1). We used the aliases in NCBI and 

Ensembl for each gene in each organism and listed the most frequent ones in Table 2. For the 

Japanese lamprey (Lethenteron japonicum) we  used the synteny data available in (Mayasich 

and Clarke 2016); for the sea lamprey (Petromyzon marinus) we used the assembly of the 

germline genome (Smith et al. 2018), analyzing it with BLAST, Genome Browser and Gene 

Search tools (https://genomes.stowers.org/organism/Petromyzon/marinus). When our target 

genes appeared to be lost in the species’ genome (no initial BLAST hit), we searched the 

surrounding gene territory to determine whether only the receptor of interest or a larger block 

of genes was deleted, or whether the deletion appeared to be due to an incomplete genome 

assembly or assembly artifact For teleost-specific duplications, we ran microsynteny analysis 

in the zebrafish (Danio rerio) as a teleost-representative (Table S3). 

We also used the inshore hagfish genome (Eptatretus burgeri), but since the contigs 

were short and not fully annotated, we first BLAT searched in Ensembl using all OT-VT and 

OTR-VTR sequences of all the aforementioned species against the hagfish genome; we found 

two putative OTR-VTRs in two separate contigs in the hagfish assembly and we used the 

‘Region comparison’ tool of Ensembl to map each gene of these contigs against the human, 

zebrafish and lamprey genomes (Table S5). BLAST did not bring any results for OT-VT 

ligands, so we used the ‘Gene Tree’ tool that constructs a phylogeny with all the orthologous 

and paralogous genes of a gene-family, using the sea lamprey VT as reference 

(http://www.ensembl.org/Multi/GeneTree/Image?collapse=none;db=core;gt=ENSGT0039000

0004511).  
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Macrosynteny analysis between species (40-100 gene window). Dotplots of sequence 

alignments between pairs of species were generated using SynFind (Lyons and Freeling 2008). 

Two organisms were compared with the default Last alignment parameters. This produced a 

data matrix with each gene from the query organism alongside all matching genes in the 

reference organism. This data matrix was parsed and analyzed using a custom R script. Then a 

40-gene window centered around a given gene (i.e. receptor) in the reference organism was 

searched and identified (x axis; Figure 4, Figure S3). In most comparisons the syntenic blocks 

leveled out within the 40 gene window, but for the species representing older divergences, sea 

lamprey and coelacanth in particular, our cumulative lines were still going up at the 40-gene 

limit, so we extended these windows to see how large the syntenic blocks were.  As we move 

5’ (left) or 3’ (right) from zero (the focus gene), the value of each line will increase with number 

of matching genes if there are additional genes in synteny, visualizing stretches of synteny on 

either side of the focus gene. This allows us to see large stretches of homologous sequences 

that may be interspersed by divergent sequences. We ran this data matrix test using the OTR-

VTRs from at least one species per major vertebrate class, namely the sea lamprey (Petromyzon 

marinus), coelacanth (Latimeria chalumnae), elephant shark (Callorhinchus milii), spotted gar 

(Lepisosteus oculatus), western clawed frog (Xenopus tropicalis), chicken (Gallus gallus), and 

human (Homo sapiens), in all possible combinations. We also BLAST searched the OTR-VTRs 

of sea lamprey, chicken and human against the OTR-VTR of the other species (e.g. coelacanth, 

elephant shark, spotted gar, frog, chicken and human), in order to understand relationships 

between the percent identity/divergence and synteny (Table S6). For this last BLAST analysis, 

only results with a bitscore >40 and hits with high probability E-value < 10−4 were kept.  

 

Macrosynteny analysis between species (Chromosome/contig-window). We used SynMap2 

(Haug-Baltzell et al. 2017) to generate syntenic dotplots of sequence alignments between the 

sea lamprey andthe inshore hagfish contigs/scaffolds that contain OTR-VTRs against the 

Japanese medaka (Oryzias latipes), zebrafish, frog, chicken and human genomes (Figure S5 for 

an example between chicken and lamprey). SynMap2 identifies collinear sets of putative genes 

or regions of sequence similarity to infer synteny between two sequences and generates a 

dotplot of the results. We used the default parameters (as of December 2018), except for 

‘Minimum number of aligned pairs’. This parameter defines the minimum number of 

homologous genes (based on Last default parameters) that should be found at a 20-gene 

distance from each other, for these genes to be considered syntenic and to appear on the dotplot. 

We selected 3 as a minimum number when we compared the sea lamprey against the Japanese 

medaka, zebrafish, frog and chicken genomes; both 2 and 3 for the human genome; 2 when we 

mapped the hagfish contigs against the sea lamprey, Japanese medaka, zebrafish, frog, chicken 

and human genomes, since the hagfish contigs were very short. For the hagfish, we also ran a 

dotplot with 1 as minimum number to search for all possible homologous hits, regardless of 

synteny. 

To test for significant differences, we ran a t-test on analyses between the first two 

chromosomes with the highest number of hits, using the number of genes in each sea lamprey 

super-scaffold studied to calculate mean values. For the cases that reached significance, in order 

to confirm that the number of hits we found was independent from the number of protein-coding 

genes located on each chromosome, we applied a gene density-normalisation test, by dividing 

the number of hits between each sea lamprey super-scaffold by the number of protein coding 

genes on each of the Japanese medaka, zebrafish, frog, chicken or human chromosomes with 

most hits.  

 

Macrosynteny analysis within species (10 Mb window). We ran an intra-species 

macrosynteny analysis in the human genome in order to assess the gene-families that appear in 
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synteny in the neighboring regions of human OTR-VTRs and in the territories from where 

OTR-VTRs were deleted in the human genome. We used human, as it was the best assembled 

genome and therefore subject to generating less errors and still representative of vertebrates 

generally, and mammals specifically. We listed all genes found in a 10 Mb window from the 

OTR-VTRs that are present in the human genome (OTR, VTR1A, VTR1B, VTR2A). We chose 

a 10 Mb window, as we noted that this genomic region size captured in many cases 

macrosynteny of > 40 genes between species in our macrosynteny analyses described above, 

allowing the two analysis to be comparable. We then searched each gene in the HGNC Database 

(https://www.genenames.org/) in order to classify it in its gene-family according to the HUGO 

Gene Nomenclature Committee. We performed the same kind of analysis for the territories 

from which OTR-VTRs were found in non-human species (VTR2B, VTR2C) that have 

appeared to have been deleted from the human (and other mammalian) genome (Tables S7-S8). 

We defined these territories by manually identifying in the human genome the genes around 

spotter gar VTR2B and chicken VTR2C (Figures S14-17); some of these syntenies around the 

deleted OTR-VTRs were previously identified in (Lagman et al. 2013 and Yamaguchi et al. 

2012). For each gene family identified in the 10 Mb window around each OTR-VTR focus 

gene, we searched the remaining gene-members in the genome and included them in our list 

(Tables S7-S8). In a few rare cases, we found orthologous/paralogous gene family members 

outside of the 10 Mb window, but on the same chromosome (non-shaded genes in Table S8). 

 

Evolutionary history analyses of the OT-VT genomic region. We had noted annotated DNA 

transposable elements in the UCSC annotated genome in close vicinity of the OT-VT genes. 

Thus, we quantitatively searched for DNA transposable elements (TEs) around the OT and VT 

region in the human (Figure S1) and chimpanzee genomes using the RepeatMasker tool  in the 

UCSC Genome Browser (see Suppl. Material) and we obtained information for each specific 

TE via Dfam 2.0 (Hubley et al. 2016). We calculated the GC content using 

http://www.endmemo.com/bio/gc.php. We aligned the introns of human OT and VT in all 

possible combinations using DIALIGN (Morgenstern et al. 2006) and compared the length of 

the introns with the higher identity (first intron of OT vs. first intron of VT) using the Serial 

Cloner. The elephant shark genome was not annotated for DNA transposable elements, so we 

were not able to trace the TEs in this species. We only compared intron length and GC content 

between OT and VT. The information on the orientation of OT and VT in all the species studied 

is available in Table S2. In this report, we added the orientation of also the Kangaroo rat 

(Dipodomys ordii; Dord_2.0) OT-VT. 

 

Evolutionary history analyses of the OTR-VTRs. In order to assess how the OTR-VTR 

family initially emerged and, more specifically, whether the OTR-VTRs originate back to the 

same ancestral chromosome, we followed the common practice of mapping our regions of 

interest back to putative ancestral chromosomes, reconstructed via chromosome fragments with 

reliable synteny. We followed four different ancestral models, whose synteny was based on 

different species and different genome-qualities (Table S9) (Nakatani et al. 2007; Putnam et al. 

2008; Smith et al. 2013, 2018). 

We searched for the presence of annotated OTR-VTRs in four outgroup invertebrate 

lineages (literature review and BLAST/BLAT searches), namely in sea squirt (Ciona 

intestinalis), roundworm (Caenorhabditis elegans), pond snail (Lymnaea stagnalis), and 

amphioxus (Branchiostoma floridae). For the amphioxus genome (B. floridae v2.0) we 

performed BLAT queries with the OTR-VTR FASTA sequences from all the species studied 

using the JGI genome browser: https://genome.jgi.doe.gov/pages/blast-query.jsf?db=Brafl1. 

In order to test which sea lamprey scaffold most likely carried the orthologous ancestral 

gene(s) that was predicted to be duplicated in the 1R of WGD, we compared via BLASTn (same 

parameters) the sea lamprey OTR-VTRs in all possible combinations. Thereafter, we compared 
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the exons and introns of the identified genes separately to understand the divergence of the 

duplicate genes in exon-intron structure, following the paradigm proposed in (Xu et al. 2012). 

The max score and percent identities of the comparisons that were above threshold are shown 

in Figures S12-S13. We then performed a similar analysis for the VTR1B and VTR2A in 

elephant shark andcoelacanth respectively against sea lamprey and human to test if sequence 

identity can help solve ancestry questions in these duplicated genes. Those that yielded the first 

two highest identities are shown in Figures S10-S11.  In order to shed light on the orthology 

between the inshore hagfish and the sea lamprey OTR-VTRs, we compared their exons and 

introns separately as well.  

Finally, we analyize conserved non-coding RNA synteny around the OTR-VTRs, we 

looked for them in alignments in all the species studied in Ensembl, in the miRbase 

(http://www.mirbase.org/; miRbase 22 release)), and the miRviewer (Kiezun et al. 2012; last 

update of the database: Feb 28, 2012). We aligned (BLASTn) long non-coding RNA regions 

within species in sea lamprey and human (Figures 9 and 10). 

 

Gene tree phylogeny analyses. 

Exonic-tree. Exonic sequences from all the OT-VTRs in sea lamprey, elephant shark, 

coelacanth, spotted gar, zebrafish, anole lizard, alligator, frog, turtle, chicken, zebra finch, 

mouse and human for vertebrates and amphioxus as an invertebrate outgroup were aligned with 

MAFFT. We used settings appropriate for high divergence sequences with the potential for 

large gaps surrounding regions of conservation. Any OTR-VTR less than 100 bp was excluded, 

as alignments on such short sequences are unreliable, giving weakly supported gene trees. From 

this alignment, we generated a Phylogenetic Maximum Likelihood tree using RAXML with 

100 bootstrap replicates (Figure 11). 

 

Protein-tree. A second maximum likelihood phylogenetic tree was constructed with the ‘Gene 

tree’ tool in Ensembl (Gene Tree ID: ENSGT00760000119156): gene trees are constructed 

using one representative protein sequence for every gene in every species in Ensembl. The trees 

were generated by the Gene Orthology/Paralogy prediction method pipeline 

(https://www.ensembl.org/info/genome/compara/homology_method.html). We manually 

curated the Ensembl tree using the unified nomenclature we proposed (Figure 12). A version 

of the fully expanded tree can be accessed here: 

http://jul2018.archive.ensembl.org/Multi/GeneTree/Image?collapse=5527114%2C5527064%

2C5526527%2C5526321%2C5526733%2C5526537%2C5526761%2C5526759%2C5526979

%2C5526590%2C5526778%2C5526518%2C5526927%2C5526552%2C5526279%2C55270

74%2C5527228%2C5526122%2C5526479%2C5526205%2C5527217%2C5526920%2C552

6768;db=core;gt=ENSGT00760000119156;gtr=class 
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Tables 

 

 

Table 1: Species list of genome assemblies used in this study. Specific assembly file names and GCA accession 

numbers are listed. 

 

Table 2: Aliases for all oxytocin and vasopressin/vasotocin ligands and receptors in major vertebrate lineages 

used in the literature, and our proposed universal vertebrate revision (last column). Long (e.g. VTR1A) and 

short (e.g. V1A) versions for the gene names we propose are given in the last column.  
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Table 3: Presence versus absence of orthologs of nonapeptide genes and their receptors based on microsynteny 

analysis across all vertebrate lineages. Microsynteny results for each gene are presented in Tables S1a-S1h. To 

be considered orthologous, the focus gene had to be syntenic with 10 genes, 5 on either side, in at least one 

species with a well assembled genome of the specific vertebrate lineage. 

 

Figures 
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Figure 1: Distribution of OT-VT and OTR-VTR in all major vertebrate lineages, using our revised universal 

nomenclature. Full colored circles denote presence of gene; empty circles denote deletion of gene; no circle 

denotes the gene never evolved in that lineage. 

 

 

 

 

Figure 2: Representation of the position (kb) and orientation (+, -) of OT and VT genes (grey) and DNA 

transposable elements (green) next to OT in the human genome (chromosome 12). Exon-intron structure for OT 

and VT is shown to illustrate intron shortening in OT compared to VT (scale length: 100 bases). 

 

 

 

 

Figure 3: Synteny summary for VTR2C territory for a shark (elephant shark), fish (spotted gar), amphibian 

(western clawed frog), bird (chicken), and sea lamprey. In the sea lamprey, OT/VTR-49 is our revised 

nomenclature for PMZ_0045207-RA on scaffold_49 (Table S4 for specific location), and VTR2Cis our revision 

for PMZ_0042163-RA on scaffold_10, the putative VTR2C-ortholog. Orthologous genes are colored with the 

same color and genes that are found in the territory of the sea lamprey genes are further contoured. 
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Figure 4: Plots generated with SynFind. In the x axis, 0 represents the query OTR or VTR receptor in the query 

organism (e.g. OTR in chicken in a.) and the numbers represent the genes on the 5’ (left) and on the 3’ (right) 

of the query OTR or VTR in the genome (e.g. ‘30’ genes on the left of ‘0’ in a. represents the 30th gene on the 

left of OTR in the chicken genome). The y axis shows the number of matched homologous genes in the reference 

genome for each reference receptor (e.g. in a. coelacanth OTR in red shows 6 syntenic gene matches with genes 

on the left of chicken OTR, and 5 matches on the right of chicken OTR). If the reference OTR or VTR does not 

show any match, then it stays 0 in the y axis (e.g. in a. coelacanth VTR1A, in blue); if it matches only the query 

OTR-VTR, it reaches 1 (e.g. in a. coelacanth VTR1B -in green- was only homologous to chicken OTR). If the 

reference OTRVTR is not homologous to the query OTR-VTR but does show gene matches in the neighboring 

territory, then its line increases where the gene-match is located (e.g. in a. coelacanth VTR2A -in yellow- hit a 

gene match that is found approximately 15 genes on the left of chicken OTR, which is where its line increased 

and reached 1 in the y axis). 
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Figure 5: Number of syntenic gene hits between Japanese medaka, zebrafish, chicken and frog chromosomes 

against sea lamprey scaffold_10. * indicate that the difference in gene hits between the first two chromosomes 

with the highest number of hits is statistically different (p<0.05; t test). n=3 for lamprey (y-axis) means that the 

minimum number of aligned homologous gene pairs (at a maximum of a 20-gene distance from each other in 

each genome) for these genes to be considered syntenic was 3. Chromosomes are colored based on the OTR-

VTR that reside in them.  

 

 

Figure 6: Number of syntenic gene hits between Japanese medaka, zebrafish, chicken and frog chromosomes 

against sea lamprey scaffold_27. *  indicate that the difference in gene hits between the first two chromosomes 
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with the highest number of hits is statistically different (p<0.05; t test). n=3 means that the minimum number 

of aligned homologous gene pairs (at a maximum of a 20-gene distance from each other in each genome) for 

these genes to be considered syntenic was 3. Chromosomes are colored based on the OTR-VTR that reside in 

them. 

 

  

Figure 7: Number of syntenic gene hits between sea lamprey scaffolds 10, 27 and 49 against the human 

chromosomes. * indicate that the difference in gene hits between the first two chromosomes with the highest 

number of hits is statistically different (p<0.05; t test). n=2 means that the minimum number of aligned 

homologous gene pairs (at maximum of a 20-gene distance from each other in each genome) for these genes to 

be considered syntenic was 2. Chromosomes are colored based on the OTR-VTR that reside in them. 
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Figure 8:  Between chromosome intraspecies synteny for the OTR-VTRs in humans. Top) Gene families in a 

10 Mb window surrounding the four OTR-VTRs present in the human genome. Bottom) Gene families in a 10 

Mb or entire chromosomal window surrounding the three VTR2A and proposed paralogous missing VTR2s in 

the human genome (VTR2B, VTR2C). The window size was made bigger for this analysis, due to apparent 

deleted genomic DNA around the missing genes. For gene family-symbols, we followed the ones proposed by 

the HGNC (HUGO Gene Nomenclature Committee). 

 

 

 

Figure 9: Long non-coding RNAs (lncRNAs) around the OTR and VTRs in sea lamprey. Lines connect the 

lncRNAs that shared identity beyond threshold (maximum score>40 and E-value< 10−4) in the BLASTn 
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comparisons. Max. score (bitscore) and percent identity are shown for each pair of lncRNAs. Genomic location 

is in kb. 

 

 

Figure 10: Long non-coding RNAs (lncRNAs) around the OTR and VTR1s in human. Lines connect the 

lncRNAs that shared identity beyond threshold (maximum score>40 and E-value< 10−4) in the BLASTn 

comparisons. Max. score (bitscore) and percent identity are shown for each pair of lncRNAs. Genomic location 

is in Mb. 
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Figure 11: Phylogenetic relationships between the OTR, VTR1A/V1A, VTR1B/V1B, VTR2A/V2A, 

VTR2B/V2B, VTR2C/V2C are shown. Tree topology was inferred with the phylogenetic maximum likelihood 

method from an exonic sequence alignment (MAFFT), supported by a non-parametric bootstrap analysis with 

100 replicates. Bootstrap values are shown as percentages at the branch points (values <50% are not considered 

informative). The tree is rooted with the 3 putative OTR-VTRs we found in amphioxus (Accession IDs: 154074, 

154241, 134295). The scale bar indicates phylogenetic distance of 0.78 substitutions per site. Only sequences 

with 100bp or more of assembled exons were included to prevent tree inference artifacts; this resulted in not 

including VTR2C for all three reptiles and frog, due to incomplete assemblies. Full scientific and common 

names of organisms and gene accession numbers are included in Table S1. 

 

 

 

Figure 12: Maximum likelihood phylogenetic tree generated via the Ensembl ‘Gene tree’ tool (Gene Tree ID: 

ENSGT00760000119156) that uses the Gene Orthology/Paralogy prediction method pipeline. The phylogeny 

was constructed using one representative protein for every gene in every species in Ensembl (the longest 

available). The tree is reconciled with a species tree, generated by TreeBeST. Internal nodes are annotated for 

duplication (red boxes) or speciation (blue boxes) events. Multiple alignment of the peptides (green bars) was 

made with MUSCLE. Green bars show areas of amino acid alignment, white areas are gaps in the alignment. 

Dark green bars indicate consensus alignments. Bootstrap support values that are very low are highlighted in 

turquoise boxes, annotated as ‘ambiguous nodes’ by Ensembl. We curated the Ensembl tree and re-named genes 

using the universal, more syntenic-based nomenclature we proposed in this study. 
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Figure 14: Two proposed scenaria for the evolution of OTR-VTRs. According to both scenaria, the vertebrate 

ancestor (represented by shared organization between hagfish and other vertebrates) carried a VTR1 progenitor 

gene that gave rise to a VTR2 progenitor gene resulting from a tandem duplication. One round of whole-genome 

duplication (1R WGD) created two syntenic blocks, one containing VTR1A-VTR2C (on scaffold 10 in sea 

lamprey) and the other OTR-VTR2B (on scaffold 27 in sea lamprey). There was a species- or order-specific 

segmental duplication that gave rise to PMZ_0014716-RA and PMZ_0045207-RA on scaffold 49, most likely 

a duplication from scaffold 27. Thereafter, in the 1st scenario two segmental duplications occurred that created 

VTR1B and VTR2A: the first segmental duplication happened after the split of gnathostomes from cyclostomes 

and created VTR1B from VTR1A; the second segmental duplication happened after the split of bony fish from 

gnathostomes and created VTR2A from VTR2C. According to the 2nd scenario, there was a second round of 

WGD after the divergence of gnathostomes from cyclostomes that formed four syntenic blocks in jawed 

vertebrates. In this scenario, 2 gene losses in individual all lineages in hypothetical lineages at the origin of 

vertebrates have to be assumed. 

 

 

 

Supplementary Material 
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Supplementary Tables

Table S1a: Microsynteny analysis (10-gene window) for VT. 

 

Table S1b: Microsynteny analysis (10-gene window) for OT. 
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Table S1c: Microsynteny analysis (10-gene window) for OTR. 

 

Table S1d: Microsynteny analysis (10-gene window) for VTR1A. 
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Table S1e: Microsynteny analysis (10-gene window) for VTR1B. 

 

 

Table S1f: Microsynteny analysis (10-gene window) for VTR2A. 
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Table S1g: Microsynteny analysis (10-gene window) for VTR2B.  

 

 

Table S1h: Microsynteny analysis (10-gene window) for VTR2C. 
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Table S2: Orientation of OT and VT in the species included in this study. Tail-to-head means that the OT has 

the same orientation as VT; tail-to-tail means that the OT is inverted relative to VT. 

 

 

Table S3: All OTR-VTR present in zebrafish. First gene copies, namely the ones shared with the rest of the 

vertebrates, are indicated with ‘a’ (e.g. VTR1Aa). Second gene copies, namely the ones that were formed after 

the teleost-specific WGD, are indicated with ‘b’ (e.g. VTR1Ab). 
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Table S4: Top table shows all the putative OTR-VTRs in the sea lamprey germline genome and their putative 

orthology to OTR-VTR in the rest of the vertebrates.  Bottom table shows a possible correspondence of the 

OTR-VTR found in the germline genome (Simrbase ID) to the ones found in the somatic genome (Ensembl 

ID). 

 

 

 

Table S5: Putative VT ligand and VTR in inshore hagfish. Many genes of the ‘Adjacent putative genes’ were 

not annotated in the inshore hagfish genome. We used the ‘Region comparison’ tool of Ensembl to map each 

gene of these contigs against the human, zebrafish and sea lamprey genomes, and we have written here all the 

results of this search. 

 

127



 

 

128



 
 

Table S6: BLASTn comparisons between human, chicken and sea lamprey OTR-VTR against all OTR-VTR 

present in human, chicken, frog, spotted gar, coelacanth, elephant shark and lamprey. Red highlighting denotes 

comparisons that yielded results below threshold (max. score<40, E-value > 10−4). Black highlight indicates 

absence of this receptor in this species. 

 

 

Table S7: Intraspecies (human) synteny analysis in the territory of OTR-VTROTR-VTR. Genes shaded with 

colors: genes found in a 10 Mb window surrounding the OTR-VTR of interest. Genes with an asterisk: Genes 

from gene families that have been independently found to reside in syntenic blocks (http://ohnologs.curie.fr/cgi-

bin/BrowsePage.cgi?org=human). Genes in red: genes from larger superfamilies that were not included in the 

Figures. For gene family-symbols, we followed the nomenclature proposed by the HGNC (HUGO Gene 

Nomenclature Committee).      

  

129

http://ohnologs.curie.fr/cgi-bin/BrowsePage.cgi?org=human
http://ohnologs.curie.fr/cgi-bin/BrowsePage.cgi?org=human


 

Table S8: Intraspecies (human) synteny analysis in the territory of VTR2A and the territory of the deleted in 

the human genome VTR2B and VTR2C. The surrounding territory of VTR2B in spotted gar and of VTR2C in 

chicken were used to identify the territory of the lost VTR2B (Chr. 3:0-7 Mb and Chr.3:48-58 Mb) and VTR2C 

(VTR2Ca: Chr. 7:103-113 Mb and VTR2Cb: Chr. 12:39,5-50 Mb) in human. Genes shaded with colors: genes 

found in a 10 Mb window surrounding the OTR-VTR of interest. Genes not shaded: Genes found outside of the 
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strict 10 Mb window, but on the same chromosome as the OTR-VTR of interest. *Genes from gene families 

that have been independently found to reside in syntenic blocks (http://ohnologs.curie.fr/cgi-

bin/BrowsePage.cgi?org=human). Genes in red: genes from larger superfamilies that were not included in the 

Figures. For gene family-symbols, we followed the nomenclature proposed by the HGNC (HUGO Gene 

Nomenclature Committee). 

 

 

Table S9: Mapping of OTR-VTR regions to putative ancestral chromosomes suggested in different studies. In 

Nakatani et al. 2007 the region of VTR2A (and a ~2Mb region around it) was not included in the analysis due 

to ambiguous synteny. In Smith et al. 2018, the presumptive ancestral chromosomes were not enumerated, but 

shaded with different colors in Figure 4 of their study. Our regions of interest go back to the 5th shaded pink 

region in their Figure 4. 

 

 

Table S10: Blastn comparisons between the putative OTR-VTR in sea lamprey scaffold 49 and the rest of the 

sea lamprey OTR-VTR. 
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Supplementary Figures 

 

Figure S1: Illustration of OT and VT genes in the human genome, along with all the DNA transposable elements 

(TEs) flanking their territory. + and – denote orientation. The information on each DNA TE was retrieved from 

the UCSC Genome Browser database. According to Dfam, MER2 (MEdium Reiteration frequency interspersed) 

repeats are identified in the opposite orientation and are responsible for Target Site Duplications. 
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Figure S2: SynFind results illustrated by GeVo. a. Chicken VTR2C presents synteny (equal syntenic depth: 

https://genomevolution.org/r/10ukv) with both sea lamprey PMZ_0032217-RA (scaffold 49) and 

PMZ_0042163-RA (scaffold 10), which is the putative sea lamprey VTR2C-ortholog. b. Spotted gar VTR2C 

shows more synteny (syntenic depth: 7, https://genomevolution.org/r/10vin) with the PMZ_0045207-RA 

territory (scaffold 49), rather than with the PMZ_0042163-RA territory (scaffold 10) (syntenic depth: 3). Note: 

PMZ_0032217-RA and PMZ_0045207-RA are different transcripts of the same gene in sea lamprey.  
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Figure S3 (a-j): Plots generated with SynFind: In the x axis 0 represents the query OTR-VTR in the query 

organism (e.g. VTR1B in elephant shark in a.) and the numbers represent the genes on the 5’ (left) and on the 

3’ (right) of the query OTR-VTR in the genome (e.g. ‘30’ genes on the left of ‘0’ in b. represents the 30th gene 

on the left of VTR2A in the human genome). The y axis shows the number of the matched homologous genes 

in the reference genome for each reference receptor (e.g. in c. coelacanth OTR in red shows 4 syntenic gene 

matches with genes on the left of sea lamprey OTR, and 4 matches on the right of sea lamprey OTR). If the 

reference OTR-VTR does not show any match, then it stays in 0 in the y axis (e.g. in g. spotted gar VTR1A, in 

blue); if it matches only the query OTR-VTR it reaches 1 (e.g. in i. spotted gar OTR -in red- was only 

homologous to human VTR1A). If the reference OTR-VTR is not homologous to the query OTR-VTR but does 

show gene matches in the neighboring territory, then its line increases where the gene-match is located (e.g. in 

j. sea lamprey OTR -in red- hit 4 gene matches found approximately 30 genes on the right of chicken VTR2C, 

which is where its line increased and reached 4 in the y axis). 
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Figure S4: Example of a SynMap2-generated dotplot between sea lamprey scaffolds 10, 27 and 49 (x axis) and 

the chicken genome chromosomes (y axis). Each dot represents a syntenic homologous gene-hit between the 

two organisms (based on Last default parameters). Each gene-hit must be located at a maximum of a 20-gene 

distance from other two homologous gene-hits in each genome for it to be considered a syntenic gene-hit 

between these two species. 

 

Figure S5: Number of syntenic gene hits between Japanese medaka, zebrafish, chicken and frog chromosomes 

against sea lamprey scaffold_49. * indicate that the difference in gene hits between the first two chromosomes 
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with the highest number of hits is statistically different (p<0.05; t test). n=3 means that the minimum number 

of aligned homologous gene pairs (at a maximum of a 20-gene distance from each other in each genome) for 

these genes to be considered syntenic was 3. Chromosomes are colored based on the OTR-VTR that resides in 

them. 

 

 

Figure S6: Number of syntenic gene hits between sea lamprey, zebrafish, frog, chicken and human 

chromosomes against inshore hagfish scaffold FYBX02010521.1. n=2 means that the minimum number of 

aligned homologous gene pairs (at a maximum of a 20-gene distance from each other in each genome) for these 

genes to be considered syntenic was 2. Chromosomes are colored based on the OTR-VTR that reside in them. 

 

Figure S7: Number of homologous gene hits between sea lamprey, zebrafish, frog, chicken and human 

chromosomes against inshore hagfish scaffold FYBX02010521.1. n=0 means that in this analysis no synteny 
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was required for homologous gene pairs to appear in the results. All possible homologous gene pairs between 

chromosomes were shown in the analysis. Chromosomes are colored based on the OTR-VTR that reside in 

them. 

 

 

Figure S8: Number of syntenic gene hits between sea lamprey, zebrafish, frog, chicken and human 

chromosomes against inshore hagfish scaffold FYBX02010841.1. n=2 means that the minimum number of 

aligned homologous gene pairs (at a maximum of a 20-gene distance from each other in each genome) for these 

genes to be considered syntenic was 3. Chromosomes are colored based on the OTR-VTR that reside in them. 
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Figure S9: Number of homologous gene hits between sea lamprey, zebrafish, frog, chicken and human 

chromosomes against inshore hagfish scaffold FYBX02010841.1. n=0 means that in this analysis no synteny 

was required for homologous gene pairs to appear in the results. All possible homologous gene pairs between 

chromosomes were shown in the analysis. Chromosomes are colored based on the OTR-VTR that reside in 

them. 

 

   

 

        

          

 

 

Figure S10: Comparison (via BLASTn) of the introns and exons of elephant shark VTR1B/V1B against introns 

and exons of sea lamprey VTR1A/V1A and sea lamprey OTR in all possible combinations. Max. scores and 

percent identities are shown for the alignments that yielded beyond threshold results (maximum score>40 and 

E-value< 10−4). Sequence length is shown in bp.  
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Figure S11: Comparison (via BLASTn) of the introns and exons of coelacanth VTR2A/V2A against introns 

and exons of sea lamprey VTR2C/V2C and sea lamprey OTR in all possible combinations. Max. scores and 

percent identities are shown for the alignments that yielded beyond threshold results (maximum score>40 and 

E-value< 10−4). Sequence length is shown in bp.  

 

Figure S12: Comparisons in sea lamprey (via BLASTn) of the introns and exons of VTR1A against introns and 

exons of VTR2C and VTR2B; also comparisons of introns and exons of OTR against VTR2B in all possible 

combinations. Max. scores and percent identities are shown for the alignments that yielded beyond threshold 

results (maximum score>40 and E-value< 10−4). Sequence length is shown in bp.  

 

141



 

 

Figure S13: Comparisons in sea lamprey (via BLASTn) of the introns and exons of VTR2B against introns and 

exons of OTR and VTR2C; also comparisons of introns and exons of OTR against VTR2C in all possible 

combinations. Max. scores and percent identities are shown for the alignments that yielded beyond threshold 

results (maximum score>40 and E-value< 10−4). Sequence length is shown in bp.  

 

 

142



Figure S14: The genomic territory before the spotter gar VTR2B was found in human chromosome 3 (49-51 

Mb), 40 Mb after the location of human OTR.  

 

 

Figure S15: The genomic territory before the spotter gar VTR2B was also found in human chromosome 3 (3-5 

Mb), 5 Mb before the location of human OTR.  
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Figure S16: The genomic territory before the chicken VTR2C was found in human chromosome 7 (100-115 

Mb). 

 

Figure S17: The genomic territory after the chicken VTR2C was found in human chromosome 12 (40-43 Mb). 

 

 

 

Figure S18: SynMap2 dotplot between sea lamprey scaffold 49 and scaffolds 10 and 27. (Parameters: Maximum 

distance between two matches:10 genes; Minimum number of aligned pairs: 3). 
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