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Affiliative behaviours have evolved many times across animals. Research on

the mechanisms underlying affiliative behaviour demonstrates remarkable

convergence across species spanning wide evolutionary distances. Shared

mechanisms have been identified with genomic approaches analysing genetic

variants and gene expression differences as well as neuroendocrine and molecu-

lar approaches exploring the role of hormones and signalling molecules. We

review the genomic and neural basis of pair bonding and parental care across

diverse taxa to shed light on mechanistic patterns that underpin the convergent

evolution of affiliative behaviour. We emphasize that mechanisms underlying

convergence in complex phenotypes like affiliation should be evaluated on a

continuum, where signatures of convergence may vary across levels of biologi-

cal organization. In particular, additional comparative studies within and

across major vertebrate lineages will be essential in resolving when and why

shared neural substrates are repeatedly targeted in the independent evolution

of affiliation, and how similar mechanisms are evolutionarily tuned to give

rise to species-specific variations in behaviour.

This article is part of the theme issue ‘Convergent evolution in the

genomics era: new insights and directions’.
1. Introduction
Scientists and non-scientists alike can readily appreciate that diverse species

exhibit similar behaviours. Most animals display some form of social behav-

iour—including reproductive behaviour, parental care, aggression, and sexual

and social affiliation—with some classes of social behaviours having evolved

independently many times across animals. Yet at the same time that we see

similarities in general strategies, we also find remarkable species-specific vari-

ations on these general social behaviour themes. Despite the prevalence of

social behaviour across taxa, we know little about how broad-scale similarities

and species diversity are generated, as exploration of the neural and genomic

mechanisms underlying social behaviour in vertebrates remain largely limited

to a small number of mammalian species.

A major strength of evolutionary comparisons is the ability to determine

whether shared genomic and/or neural mechanisms are associated with similar

behaviours across species or if there are many alternative mechanistic ‘solutions’

that can produce similar behaviours. Characterization of these patterns will, in

turn, inform our understanding of when and how novel behaviours arise and

are shaped by evolutionary constraints. Thus, comparative mechanistic research

is crucial to identifying general principles shared across species, as well as

mechanistic variations responsible for species-specific adaptations and behav-

ioural diversity. Moreover, comparative work is important from a human

health perspective, as much of biomedical research relies on only a few species

and expanding this view to find general principles across animals may advance

translational insights and improve therapeutic strategies.

Evolutionary biologists have made great strides in uncovering genetic variants

associated with adaptive traits, such as linking haemoglobin mutations to altitudi-

nal adaptations [1] or melanocortin receptor mutations to skin/coat colour [2].

However, resolving how specific genetic mutations contribute to complex poly-

genic traits remains a central challenge. Behavioural traits are particularly
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Figure 1. Similar phenotypes may rely on different underlying mechanisms. (a) Conserved mechanisms produce similar phenotypes when a common ancestor also
expressed the phenotype and the same mechanisms, including the same genes, neuron cell types (top) and brain regions (middle). A behavioural example of this is
maternal care in mammals (bottom). (b) Convergent mechanisms are involved when similar phenotypes arise independently but the same genes, neuron cell types
(top) and brain regions (middle) are responsible for these similar behaviours. A behavioural example of this is paternal behaviour in mammals and fish. (c) We
encourage the use of the category of partially shared mechanisms, where the independent evolution of similar phenotypes likely relies on similar features at one
level of biological organization (e.g. same brain regions; middle panel) but different mechanisms at other levels (e.g. different neuronal cell types or gene mod-
ulatory networks; top panel). Additionally, this can also apply to partially shared mechanisms within a level, such as the involvement of a subset of brain regions,
but not a perfect overlap, in promoting the convergent evolution of behaviour. A behavioural example of this is pair bonding in mammals and birds.
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challenging in this regard, as the brain is a complex organ where

constant integration and coordination of internal and external

cues is required across molecular, neuronal and brain region

networks to produce context-specific behaviours. Behavioural

neuroscientists have made great progress in understanding

the hormonal, molecular and neural circuit mechanisms of

select social behaviours in a few select species. Comparative

mechanistic research within an evolutionary framework is cru-

cial for determining whether similar or distinct mechanisms

regulate analogous behaviours across animals, and how and

whether these patterns differ across levels of organization in

the brain.

We present here a brief comparative summary of work on

the mechanisms underlying pair bonding and parental care.

These affiliative behaviours are selective and often enduring,

facilitating reproduction and survival of oneself and/or off-

spring. We focus on these two social behaviours because they

have evolved repeatedly and independently across animals as

remarkable examples of convergent behavioural evolution.

Much of this text reviews what is known about neural and mol-

ecular mechanisms, although we include insights from genomic

studies where possible and highlight needed additional work in

this area. We focus on vertebrates for reasons of brevity and our

expertise, though many invertebrates exhibit complex affiliative

behaviours (see [3,4] for reviews). Furthermore, we emphasize

the need to unify strengths and insights across the fields of evol-

ution and neuroscience to expand our understanding of

behavioural mechanisms and their evolution.
2. Framework for considering mechanisms of
convergent behavioural evolution

Mechanisms underpinning repeated phenotypic evolution may

follow three theoretical evolutionary trajectories. First, are
distinct mechanisms, where similar behaviours across species

are governed by different genes and neural circuits. In contrast

are shared mechanisms, where convergent behaviour between

species is governed by the same genes and neural circuits.

Shared mechanisms may be classified as conserved if they

have been inherited from a common ancestor (figure 1a), or

convergent if they have arisen independently (figure 1b).

Here, we encourage the inclusion of a third category, partially

shared mechanisms (figure 1c). In the independent origins of

complex phenotypes like behaviour, the level of mechanistic

convergence may depend on the level of organization under

investigation (e.g. anatomical, neural and genetic). For example,

shared brain regions may promote convergent behaviour

but use different neuronal cell types or signalling molecules.

While this concept is commonly acknowledged by evolutionary

biologists in the context of adaptive phenotypic evolution, it is

not often discussed among behavioural neuroscientists, and we

know little about how patterns of mechanistic constraint versus

flexibility differ across levels of hierarchical organization in the

brain. Consideration of this latter category will facilitate discus-

sion of the extent to which underlying anatomical, neural or

genetic components are shared and how this informs our

understanding of the repeated, independent evolution of

complex behaviour.

Various factors may influence the extent to which mechan-

isms underlying behaviour are shared between species.

First, evolutionary distance likely has an influence, such that

genetic programmes or neural structures are more similar in

closely related organisms (e.g. among mammals) compared

to organisms separated by wider evolutionary distances

(e.g. between mammals and amphibians). Second, similar

life histories may predispose species to convergent trait evol-

ution via co-option of shared mechanisms (see example

below, in pair bonding section). Finally, hierarchical levels of

biological organization may differ in their propensity for
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Figure 2. Distribution and estimated prevalence of pair bonding and parental care across select vertebrate lineages. Data sources: Pair bonding—mammals: [5 – 7];
birds: [8]; reptiles: [9 – 11]; amphibians: [12,13]; fishes: [14 – 16]. Parental care—mammals, birds, reptiles, amphibians, fishes: [17]. Representative pair bonding
and parental species illustrated. All prevalence percentages are at the species level, except for parental care estimates of ray-finned fishes, which are at the family
level. The absence of estimated prevalence percentage indicates it is unknown. *Among Westernized societies.
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convergence. For example, we may find more shared

mechanisms at the level of neural circuits and brain regions

than gene expression or protein abundance. These factors are

not mutually exclusive nor exhaustive, but are variations on

the theme of evolutionary relatedness between organisms,

sex differences in behaviour, and the relationship between

behavioural and mechanistic convergence.

The scope for evaluating alternative hypotheses concern-

ing the evolution of behavioural mechanisms is currently

limited due to the inadequate taxonomic breadth for which

we understand mechanisms driving affiliative behaviour.

Most of what we know about how genomes and neural cir-

cuits regulate parental care and pair bonding in vertebrates

comes from a select few mammalian species. This research

bias hinders our understanding of how genomes and

neural circuits evolve to produce behavioural diversity, and

studying mechanisms across a breadth of species is critical

for two reasons. First, there are a range of unique, adaptive

behaviours that cannot be easily studied in traditional

laboratory organisms. Second, understanding how different

organisms regulate similar behaviours can provide insight

into whether the convergent evolution of complex behavioural

phenotypes relies on core mechanisms that are generalizable

across species or if there are many possible mechanistic sol-

utions. With the development of technologies applicable

across a broad array of organisms and the inclusion of more

diverse species in research programmes, there is promise

that our understanding of behaviour will move in an evolutio-

narily informed direction to provide insights for diverse fields,

from evolutionary biology to human health.
3. Pair bonding
We define pair bonding here as a selective and enduring

affiliation that is formed exclusively between two conspecifics

and maintained outside of the immediate process of mating.

In some species, heterosexuality, reproductive monogamy

and biparental care are associated with pair bonding, although

these phenomena are not required for pair bonding. Manifes-

tations of partner affiliation are species-specific, ranging from

maintaining close physical proximity (e.g. Tiliqua skinks [9]),

coordinated motor displays (e.g. Hippocampus seahorses [18]),

cooperative predator vigilance (e.g. Siganid rabbitfishes [19])

and allogrooming (e.g. common marmosets [20]). Affiliative

behaviours are often reciprocated between partners and pro-

vide mutual fitness benefits, including mate and offspring

guarding/provisioning and assisted resource defence [21].

The duration of partnerships likewise varies across species,

ranging from one reproductive season to life-long. Pair bond-

ing is phylogenetically widespread, occurring in every major

vertebrate lineage (figure 2) as well as in invertebrates [22].

However, with a few exceptions (birds, lesser apes and

New World monkeys), pair bonding is rare, occurring

in only approximately 5% of marine teleosts, 1% of amphibians

and reptiles and 9% of mammals [5].

Variability of pair-bonding behaviour and phylogenetic

prevalence questions the extent to which underlying mechan-

isms have converged and whether this depends on similar

life-history background. For example, in female mammals,

highly conserved mechanisms governing the mother–infant

bond appear to have been repeatedly co-opted during
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independent transitions to pair bonding [23]. Hence, we may

expect pair bonding mechanisms to be more converged

among female mammals relative to males or non-mammals.

However, it is unclear how these mechanisms relate to those

mediating pair bonding in males and in species without an

evolutionary history of maternal care, which is the case

for most non-mammalian vertebrates. Likewise, in males,

pre-existing territorial mechanisms are hypothesized to be

co-opted for pair bonding [24], which may further favour

divergence in pair-bonding mechanisms between sexes.

Finally, convergence might further depend upon the level

of mechanistic organization, from circuitry, to protein, to

genetic levels. Whether and how these factors have shaped

patterns of mechanistic convergence across vertebrates remains

poorly understood.

(a) Mechanisms mediating pair bonding
Extensive research into the brain regions, neural circuits, signal-

ling molecules and genes that regulate pair bonding is largely

limited to a single mammalian species, Microtus ochrogaster
(prairie voles). Recently, however, complementary studies

have begun in at least fourteen additional vertebrate species

among whom pair bonding has independently evolved.

These species represent three phylogenetically distant lineages

(mammals, birds, fishes) and diverse life-history backgrounds.

Where data permit, we compare similarity in pair-bonding

mechanisms in relation to the level of mechanistic organization,

phylogenetic distance, life-history background (parental versus

non-parental) and sex. We restrict our review to select brain

regions of the highly conserved vertebrate social decision-

making network [25], as well as the oxytocin-like, arginine

vasopressin (AVP)-like and dopaminergic systems, as these

are the neural components for which sufficient comparative

data exist.

(i) Brain regions and circuits
In prairie voles, learned association of a partner with sexual

reward promotes selective affiliation (82). Accordingly, pair

bond formation relies on neural circuitry associated with

sexual motivation, reward learning and social salience. The

current prairie vole model [26] posits that mating induces ven-

tral tegmental area dopaminergic and paraventricular oxytocin

input to the nucleus accumbens, olfactory bulb and amygdala.

Concurrently, social stimuli from the mating partner induce

amygdala-glutamate input to the accumbens/ventral palli-

dum circuit and medial amygdala AVP input to the ventral

pallidum and lateral septum (in males). Nucleus accumbens

oxytocin interacts with dopamine to promote synaptic plas-

ticity that allows mating partner stimuli to persistently

activate the accumbens/ventral pallidum circuit, leading to

an enduring social affiliation and pair bond maintenance.

In males, pair bond maintenance further involves anterior

hypothalamic AVP signalling, specifically to mediate mate-

guarding [26]. Immediate early gene studies have implicated

several other brain regions in prairie vole pair bonding, includ-

ing the prefrontal cortex, medial preoptic area, ventral

hypothalamus and bed nucleus of the stria terminalis [27,28].

Aside from prairie voles, immediate early gene expression

and functional brain imaging studies are limited to humans

[29,30], titi monkeys [31] and zebra finches [32]. Brain imaging

studies suggest the nucleus accumbens, hypothalamus and

amygdala are important for pair bonding in both humans
and titi monkeys, similar to prairie voles. Interestingly, in

prairie voles, humans and zebra finches, the involvement of

these brain regions is implicated in both males and females

(in titi monkeys this has only been tested in males). Only the

amygdala is implicated in pair bonding across all aforemen-

tioned species. In prairie voles of both sexes, immediate early

gene expression in the medial amygdala is heightened

during mating-induced pair bond formation [33,34]. In male

titi monkeys, positron emission tomography imaging shows

that glucose uptake in the medial amygdala is reduced in

males in long-term pair bonds relative to solitary counterparts

[31]. Similarly, in male and female humans, the amygdala is

differentially activated when viewing pictures of a beloved,

compared to a friend or acquaintance [29,30]. Finally, in

female zebra finches, medial amygdala neural activity is corre-

lated with partner contact behaviour [32]. Thus, there appears

to be convergence in the role of the amygdala, nucleus accum-

bens and hypothalamus in pair bonding across both male and

female mammals; and of the amygdala across mammals and

birds, at least in females. Additional studies of both sexes,

especially among reptiles and anamniotes, are needed to

resolve the extent to which brain regions have converged in

their regulation of pair bonding.
(ii) Signalling molecules and genes
The oxytocin-like system (oxytocin in mammals; mesotocin in

birds, reptiles and amphibians; and isotocin in fish) is the best-

studied neuromodulator of pair bonding, and is presumed

to modulate social recognition specifically [26]. Oxytocin

administration promotes selective partner attraction in several

mammalian species including humans [35], marmosets [36]

and prairie voles [26], whereas oxytocin receptor antagonists

attenuate this behaviour in marmosets [36], prairie voles [26]

and zebra finches [37]. Consistently, a general nonapeptide

antagonist (targeting both isotocin and arginine vasotocin

receptors) reduces affiliation towards a partner and antagon-

ism towards non-partners in convict cichlid fish [38]. Studies

such as these, as well as those examining endogenous oxytocin

levels [39,40], show that oxytocin signalling is involved in both

male and female pair bonding in mammals and birds, negating

early speculation that converged oxytocin signalling for the

repeated evolution of pair bonding is unique to female mam-

mals. Furthermore, a recent investigation found that genetic

variants of the oxytocin receptor gene contribute to individual

differences in romantic relationship status in humans and pair-

bonding behaviour in prairie voles [41], suggesting a possible

general role of oxytocin receptor polymorphisms in pair bond-

ing. In summary, oxytocin signalling appears to promote pair

bonding across phylogenetically diverse species and sexes.

AVP (arginine vasotocin—AVT—in non-mammalian

species) and the V1a receptor have been extensively studied in

the context of pair bonding, and are presumed to regulate terri-

toriality and social recognition/memory [42]. AVP delivery

induces partner preference in titi monkeys and prairie voles

[24], whereas blocking the V1aR receptor reduces partner prefer-

ence formation in prairie voles [24] and convict cichlid fish [38].

In humans, higher plasma AVP levels are related to more

attachment security and social support, and fewer negative inter-

actions between spouses [43]. Sufficient species data for AVP

signalling within specific brain regions is limited to the lateral

septum, where AVP-like signalling regulates pair bond for-

mation in Microtus voles [44], a non-human primate (common
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marmoset [45]), other rodents (pine voles [46] and California

mice [46]) and teleost fishes (Chaetodon butterflyfishes [47]).

These studies indicate no sex differences in the role of AVP-

V1aR signalling, neither peripherally nor within the lateral

septum specifically (though it has only been studied in Chaetodon
males). These preliminary studies refute the expectation that

AVP’s involvement in pair bonding is more common among

males than females, which is based on the idea that the AVP

system that mediates territoriality has been co-opted for pair

bonding [24]. Rather, it appears that AVP involvement in general,

and in the lateral septum in particular, has converged across ver-

tebrates equally in both sexes. Functional studies, especially in

females, are needed to confirm this idea. Finally, the V1aR

gene (avpr1a) has also been the focus of investigations into genetic

mechanisms of the evolution of pair bonding, as early work in

prairie voles suggested a microsatellite in the 50 regulatory

region of avpr1a promoted the emergence of pair-bonding behav-

iour [24]. However, a more comparative analysis of the avpr1a
microsatellite across 21 Microtus species and eight Peromyscus
species found no role for microsatellite involvement in the

evolution of pair bonding in these genera [24].

The involvement of dopamine and two of its receptor sub-

types, D1R and D2R, in pair bonding has been studied in five

phylogenetically divergent species: common marmosets, titi

monkeys, prairie voles, zebra finches and butterflyfishes. In

all species examined, the dopaminergic system appears to

play an important role in governing pair bonding in both

sexes (though data in titi monkeys are restricted to males). In

prairie voles, partner preference is enhanced by a D2R agonist

and inhibited by D1R activation within the nucleus accumbens

[44]. After pair bonds have been established, D1R density in the

nucleus accumbens increases, likely inhibiting the formation of

new partnerships [44]. Similarly, in common marmosets, D2Rs

regulate partner proximity behaviour in new pairs, whereas

D1Rs do so in long-term pairs [20]. In zebra finches, dopamine

levels in the brain increase with pair bond formation [48] and

decrease with pair bond maintenance [49]. These results

suggest that dopaminergic signalling pathways are different

during pair bond formation and maintenance. Although dopa-

mine signalling seems to be generally important for pair

bonding, the limited data currently available suggest that the

specific functional roles of D1R and D2R within the nucleus

accumbens may vary among species [50].

While the pair-bonding studies have focused mostly on

candidate genes, genomic technologies have progressed to

allow untargeted gene expression measurements in many

species. A recent study used RNA sequencing to determine if

similar gene expression profiles could be identified across

vertebrates that had independently evolved pair-bonding

behaviour [51]. To test this hypothesis, the authors used

RNA sequencing of whole brains from reproductive males of

monogamous and non-monogamous species pairs including

rodents, songbirds, dendrobatid frogs and cichlid fishes.

This study did not find differential gene expression in the tra-

ditional gene candidates described above, but instead found

other genes associated with the evolution of monogamy, like

Dscam (Down syndrome cell adhesion molecule) and Grm6

(glutamate metabotropic receptor 6). The lack of significant

expression differences in genes known to regulate monogamy

is difficult to interpret, as the study used whole brain (rather

than brain region-specific) sequencing, sampled males that

were not necessarily pair bonded or with a mate, and had a

sample size of only one per species. While future studies
with more anatomically and behaviourally informed sampling

and larger sample sizes are necessary, this study is valuable as

the first to find similar gene expression patterns underlying

monogamy across wide evolutionary distances.

(b) Future directions in pair-bonding research
Recent investigations into diverse species among whom pair

bonding has independently evolved provide first clues of the

extent of mechanistic convergence across vertebrates and how

it has been shaped by key factors. Based on the few studies

available, it tentatively appears that key signalling molecules

(i.e. nonapeptides and dopamine) are ubiquitously involved

in pair bonding across vertebrate species irrespective of phy-

logenetic distance, life-history background (parental versus

non-parental) and sex. Additional research characterizing

genetic and neurochemical signalling within brain regions

across diverse taxa is needed to further elucidate genetic

and neural network convergence of pair bonding.
4. Parental care
Next to pair bonding, the other affiliative behaviour that has

arisen independently many times across all major vertebrate

taxa is parental care. The extent, duration and intensity of care

vary across taxa [52,53], but broadly defined, parental care

encompasses any behaviour(s) on the part of parents that

increases offspring survival [54], in particular under harsh

environmental conditions [55,56] or in the case of altricial

young [57,58]. Parental behaviours fall largely into the cat-

egories of (i) offspring defence and (ii) offspring provisioning

with food products either physiologically produced by or

caught/collected by parents. While parental care is phylogeneti-

cally widespread, the prevalence of parental care varies across

clades (figure 2). Parental care is extremely common in mam-

mals (100% of species) and birds (greater than 99% of species),

but comparatively rare in reptiles (approx. 3% of species),

amphibians (approx. 10% of species) and fishes (approx. 20%

of species) [17]. Similarly, clades vary in their most common

care strategy, i.e. in the frequency with which male uniparental,

female uniparental or biparental care are observed.

Comparing across taxa, we can readily observe similar care

behaviours across sexes and species on the one hand, and clear

differences in the details of care behaviours and the sex perform-

ing these behaviours on the other. For example, provisioning of

physiological products encompasses fascinating examples,

including lactation in female mammals [59], crop-milk pro-

duction by both males and females in doves and pigeons [60],

provisioning with unfertilized trophic eggs by female frogs

[61], and provisioning with skin in caecilians and fish [62,63].

The juxtaposition of broad-scale similarities and detailed differ-

ences across highly divergent taxa begs the question of the

extent to which parental behaviours are mediated by shared

versus distinct mechanisms across species and sexes. Despite

the well-recognized ecological, evolutionary and societal

importance of parental care, its underlying mechanisms

remain poorly understood and such questions, therefore,

remain largely unanswered.

(a) Mechanisms mediating parental care
Despite the diversity of parental care observed across species,

most of what is known about the mechanisms mediating par-

ental care comes from research with female laboratory rodents.
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Where studies have explored neural mechanisms mediating

parental care outside of laboratory rodents, the evidence is

accumulating for mechanistic overlap across sexes and within

and across vertebrate lineages. Below, we discuss existing data

with a focus on mechanisms that have been explored across var-

ious taxa. Since we focus on brain regions and molecules for

which comparative data are available, the list of potential mech-

anisms is not exhaustive. Our aim is to provide a framework for

discussion and emphasize valuable areas for future work. In par-

ticular, more comparative mechanistic studies are needed

to leverage taxonomic and behavioural diversity to provide a

holistic view of parental care and its evolution.

(i) Brain regions and circuits
Parental care is best conceptualized as a complex set of inter-

related behaviours controlled by multiple brain regions

involved in the sensory, social, motivational and cognitive

aspects of care [64]. The high density of neuromodulators and

widespread connections with multiple brain regions makes

the hypothalamic preoptic area well-positioned to modulate

parental care [64–66]. In rodents, preoptic area immediate

early gene induction increases during parental care [67,68]

and lesions inhibit care in both sexes [69,70]. Similarly, in

birds, increased immediate early gene activity in the preoptic

area is associated with parental behaviour [71] and preoptic area

lesions disrupt parental care [72]. In fish, increased preoptic

area activity is associated with male parental care [73] and

direct simulation of the preoptic area increases nesting [74].

Although studies in reptiles and amphibians are lacking, exist-

ing data suggest widespread convergence in the role of the

preoptic area in parental care.

Beyond the preoptic area, data outside of mammals are

sparse. The bed nucleus of the stria terminalis appears to

regulate motivational aspects of parental care via interactions

with the mesolimbic dopamine system, including the ventral

tegmental area. Female retrieval of pups is disrupted when

the bed nucleus of the stria terminalis is lesioned in rats

and when ventral tegmental area activity is inhibited in

mice [75]. Increased immediate early gene abundance in the

bed nucleus of the stria terminalis is also associated with

pup care in males [76]. Similarly, increased immediate early

gene activation in the bed nucleus of the stria terminalis is

observed following brooding behaviour in quail [71] and

interactions with chicks in ring doves [77]. Along with the

medial amygdala, the bed nucleus of the stria terminalis is

also important in processing offspring cues in mammals, in

particular, odour cues coming from the main olfactory bulb

and vomeronasal organ (reviewed in [26]). Whether and

how the extended amygdala is involved in parental care in

other species is currently unknown, but may be particularly

interesting given that birds, some reptiles and fishes lack a

vomeronasal system. In summary, while there is some evi-

dence for shared functionality of core brain regions in

parental care across vertebrates, comparative studies are

sorely lacking. Moving forward, such studies will be critical

for understanding region-specific functional variation associ-

ated with the diverse life histories and ecologies associated

with parental care across lineages.

(ii) Signalling molecules and genes
In addition to its role in pair bonding, oxytocin is well known

for its role in various aspects of maternal care, including
lactation, mother-infant bonding and maternal aggression

[59]. Studies on the non-mammalian homologs of oxytocin

are less common, but evidence exists for a convergent role of

mesotocin in maternal care in birds [78] and isotocin in paternal

care in fish [73]. Oxytocin cells are concentrated in the preoptic

area, well-positioned to influence the tuning of parental care

circuits described above [26]. Indeed, changes in oxytocin

signalling within the preoptic area and connections to meso-

limbic reward pathways are known to be critical for maternal

behaviours [26]. Changes in oxytocin signalling in brain

regions important for perception and cognition have also

been shown to facilitate care behaviours and responsiveness

to offspring. For example, increased expression of oxytocin

receptors in auditory cortex increases the salience of pup voca-

lizations for mothers [79], and oxytocin knockout mice exhibit

impairments in social cognition and the initiation of maternal

care [80,81]. Though oxytocin’s effects have been described pri-

marily in the context of maternal care, there is some evidence

for increased oxytocin/isotocin signalling associated with

paternal care in rodents [82], humans [83] and fish [73].

Though there is some functional overlap in the roles of oxy-

tocin and AVP, there appears to be greater sex and species

specificity in the relationship between AVP and parental

behaviour than between oxytocin and parental behaviour

[82]. AVP has been associated with paternal involvement in

biparental versus female uniparental species of Peromyscus
mice through decades of research by Catherine Marler and col-

leagues [84], and a recent study has linked this work to

regulation at the genomic level [85]. By contrast, parental care

studies specifically focusing on AVP in non-mammalian

species are nearly non-existent. A single study in frogs found

no effect of AVT on parental care [86], and a study in stickle-

back fish found increased AVT associated with egg care,

although parental care is confounded with aggressive behav-

iour in this case [87]. Thus, while a wealth of evidence

indicates that AVP is involved in sociality, sex and species

specificity suggest that molecular convergence, in this case,

represents variation on a theme of social behaviour evolution

generally rather than parental care specifically [88]. Given

these variations, here too comparative studies will be valuable

for linking variation in underlying mechanisms to behavioural,

ecological and life-history variation that reflects the unique

selective factors acting among species and lineages.

Finally, long known to be important in feeding behaviour,

recent work has uncovered a role of galanin signalling in

mediating parental care [89]. Like the nonapeptides, popu-

lations of galanin neurons are located in the preoptic area

and are heavily interconnected both within and outside of

this brain region. Except for differences in projections to peri-

ventricular vasopressin (males) versus oxytocin (females)

neurons, galanin neuron projection and connectivity patterns

are conserved across sexes and mediate overlapping parental

behaviours [75]. Although detailed circuit level analysis in

other organisms is still technologically challenging, some

RNA sequencing experiments in fishes suggest that galanin

may also be important in parental care in non-mammalian ani-

mals. In both the bluegill sunfish and the midshipman fish,

galanin mRNA abundance is increased in courting, parental

males compared to non-courting, non-parental males [90,91].

While galanin was initially described as regulating feeding be-

haviour, recent recognition of the importance of this and other

feeding-related signalling molecules in parental care has led to

the hypothesis that feeding-related neural and molecular
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substrates are repeatedly co-opted in the evolution of parental

care and other social behaviours [92].

(b) Future directions in parental care research
A fundamental question left open by heavily female-biased

research is how sex differences in parental care behaviour

arise and evolve. Despite marked sex differences in behaviour,

the neural circuits underlying parental care appear largely con-

served between sexes, as is the expression of some key

molecules, such as galanin [75]. Some behavioural variation

can be linked to the expression of key signalling molecules

such as AVP and dopamine, and to receptor distributions.

However, the existence of flexible parenting (e.g. induction of

parental care in the typically non-parenting sex or in adoptive

parents) indicates that circuitry must be largely conserved and

that there are multiple routes of access to the activation of par-

ental care circuits [64,93]. Whether and how changes in circuit

tuning that mediate behavioural flexibility within species may

be co-opted for the evolution of alternative care strategies

among species is one of the many interesting research areas

that will profit from additional comparative data.
20180242
5. Conclusion
Our brief review of the preliminary comparative data available

indicates that parallel, independent transitions to parental care

and pair bonding both rely on at least partially overlapping
brain regions and molecules. Additional comparative data

across non-mammalian taxa (especially amphibians and rep-

tiles) is needed to determine the extent of this overlap across

vertebrates. Central to this effort will be global -omic assess-

ments of neural components (e.g. epigenomes, genomes,

transcriptomes) on a brain region-specific level, using technol-

ogies transferable across traditional and non-traditional model

organisms that allow characterization of broad-scale patterns

and identification of novel molecular mechanisms. Bridging

the gap between patterns of broad-scale regulation (e.g. circulat-

ing hormones, expression of thousands of genes), highly

specific circuit-level modulation (e.g. subpopulations of specific

neurons), and patterns of genetic variation is a central challenge

in building a holistic picture of the mechanisms regulating

affiliation [75]. Moreover, integrating comparative work with

approaches from the expanding neurogenetic toolkit will be

important for functionally verifying these observations. These

studies will shed light on why shared neural substrates are

repeatedly involved in the independent evolution of affiliation,

and how mechanisms are evolutionarily tuned to give rise to

species-specific variations in care strategies and behaviour.
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