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Introduction
Our 2014 hypothesis, published in GENETICS, aimed to elucidate
a set of traits associated with mammalian domestication, a
phenomenon termed the “domestication syndrome.” Our expla-
nation focused on a special group of cells found in embryos, the
neural crest cells (NCCs) and we proposed that genetic changes
affecting their development were at the root of vertebrate domes-
tication. We now term this idea the “neural crest/domestication
syndrome” (NCDS) hypothesis. In this issue of GENETICS,
Johnsson et al. criticize our idea, arguing that it lacked a serious
genetic foundation and claiming that, despite many citations, it
has received little actual support from new findings.

In this reply to their critique, we do three things. First, we note
some key facts about animal domestication that need to be rec-
ognized in any hypothesis about its genetics. Second, we explain
the actual reasoning that led us to propose the NCDS hypothesis.
(Johnsson et al. give an account of its genesis rather distant to our
thinking.) Third, we briefly discuss some of the findings, not men-
tioned by them, that strongly support our idea and discuss how
this hypothesis can be further tested. Finally, we mention points
of agreement with Johnsson et al. but also note a few incorrect
citations in their article.

Though we disagree with their main conclusions, we were
glad to see their article. It is a serious discussion of our idea. We
point out here, however, that our proposal has already passed
one test of a worthwhile hypothesis—inspiring good research—
and that it meets another, which is the ability to be falsified, as
we will discuss.

Animal domestication is a multi-stage
process
All traditional domesticated animals (such as dogs, cattle, sheep,
goats, pigs, camels, horses, and chickens) began the process of
domestication a long time ago, frequently millennia in the past
(Francis 2015). Each of these species almost certainly experienced
two semi-distinct stages in their domestication (Zeder 2015;
Pendleton et al. 2018). The first would have involved an initial
state of increased habituation to human presence, yielding both
reduced fear and reduced reactive aggression, hence increased
docility. This stage probably involved physiological changes at

first, which eventually became genetically fixed, though early
genetic changes might also have contributed. The second phase,
a much longer “breed formation” stage, involved centuries to mil-
lennia of coexistence with humans, often accompanied by selec-
tion for various productivity properties (or later, in some species,
various ornamental properties) plus, undoubtedly, some degree
of natural selection in captivity. During this second stage, large
numbers of genetic change would have taken place, overlaying
the initial genetic changes. These two stages probably involved
different sets of genetic change (Zeder 2015; Pendleton et al. 2018;
Fitak et al. 2020), although the second often included further
changes modifying behaviors, including increased docility.
Indeed, what we are calling the “breed formation” stage would
have involved multiple sub-stages for many domesticated
species.

Our proposal concerns the early events when domestication
was first established. In our hypothesis, this early stage was
shared by all domesticated mammals and birds while later breed
formation was often highly divergent between domesticated
species, as when selecting for productivity traits such as wool
production in sheep or high egg laying in chickens, or further di-
versity amongst breeds of the same species, for instance for beef
vs milk production in different cattle breeds. This distinction be-
tween stages in domestication was implicit in our 2014 paper,
when we mentioned “initial selection” for increased docility, but
should have been stated explicitly. The basic idea, however, that
the first events in domestication were different in character from
the breed-formation phase is widely recognized; for a recent
example, see �Simi�c et al. (2021).

Defining the term “domestication
syndrome”
The term “domestication syndrome” has been applied for about
four decades to a set of correlated changes in “domesticated”
plants, namely crop plants. We use it to refer to a suite of
changes in mammals and birds—but which probably occurs in
vertebrates including fishes—that distinguish many different do-
mesticated animals from their wild relatives. Johnsson et al. state
that the expression “domestication syndrome” was first applied
to animals by E.O. Price (Price 1984, 2002). We could find no use
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of this term, however, in either of the cited sources. Instead, Price
referred to the “domesticated phenotype.”

Yet “syndrome” and “phenotype” are not strictly synonymous
and therefore not interchangeable. Taber’s Medical Dictionary
defines “syndrome” (from the Greek, “running together”) as “a
group of symptoms and signs of disordered function related to
one another by means of some anatomic, physiologic, or bio-
chemical peculiarity.” Crucially, in common medical usage a pa-
tient can suffer from a syndrome without exhibiting all of the
associated symptoms. Two examples illustrating this point are
Down syndrome and Ehlers-Danlos syndrome (De Paepe and
Malfait 2012; Bull 2020). “Syndrome” is thus a generic descriptive
term, in which variability is an intrinsic aspect. In contrast,
“phenotype,” when designating a mutationally altered property,
generally refers to a smaller number of traits without great vari-
ability, apart from degrees of expressivity.

In our usage, the “domestication syndrome” refers to a set of
unexpected physical differences that frequently show up in dif-
ferent domesticated mammals. The phenomenon was first de-
scribed, though not named, by Charles Darwin in his two-volume
study of domesticated animals and plants, Variation of Animals
and Plants under Domestication (Darwin 1868). Darwin’s goal in his
analysis of domesticated species was to derive the general mech-
anism of heredity from what had been learned about breeding
domesticated species. Although his quest to understand the basis
of heredity failed, his book launched the study of the hereditary
basis of domestication (Wilkins et al. 2014).

The unexpected traits accompanying domestication in mam-
mals that Darwin particularly focused on were: changes in coat
color such as white and brown patches, smaller jaws (muzzles)
and teeth, relatively smaller brains, floppy ears, curly tails, and
altered female sexual cycles. The striking feature of these traits
was that they had turned up independently in different domesti-
cates. In contrast to the productivity traits that had been deliber-
ately selected by humans during the long breed formation stage
in different species, the traits of the domestication syndrome had
seemingly appeared without deliberate selection. The inference
Darwin drew was that they were unintended concomitants of do-
mestication that had appeared when one selected for the domes-
ticated state, a phenomenon he called “unconscious selection”
which he attributed to the “mysterious laws of correlation.”

A further point is that none of these odd traits, seen in domes-
ticates but not their wild brethren, are found in all the domesti-
cated mammals. Indeed, different breeds within a given species
can differ in some of these traits, e.g. floppy vs “prick” ears in dif-
ferent dog breeds, and even within breeds there can be variation
in some of these traits, e.g. the size or presence of white patches.
The crucial point, however, is that the same traits were often
found in many different species of domesticated animals, having
had entirely separate origins and with little reason to suspect
their deliberate selection.

It is important to recognize that the idea of the “domestication
syndrome” is not a hypothesis, as stated elsewhere by the same
authors (Wright et al. 2020). Rather, it is a generalization from
observations. Admittedly, our application of the word “syndrome”
across species was unusual but, if anything, this suggests an
even greater range of differences in these early domestication-
associated traits. Indeed, some of the changes listed in our pro-
posed syndrome are logically impossible in particular species, e.g.
smaller teeth and floppy ears cannot be found in chickens since
chickens lack teeth and pinnae entirely.

Nevertheless, Johnsson et al. claim that our hypothesis
makes sense only if the domestication syndrome is “somewhat

universal.” The same claim was made by Lord et al. (2019) but
without the qualifier “somewhat.” However, we never believed
nor stated that the domestication syndrome involved an identical
set of altered traits. Table 1 of our 2014 paper listed which
specific traits were associated with particular domesticated
mammalian species, the clear implication being that other spe-
cies did not exhibit those traits. A careful enumeration of these
domestication-trait differences amongst mammals is given in
Sánchez-Villagra et al. (2016) and the general point about such
differences in different domesticates was further discussed in
Wilkins (2017, 2019) as well as Zeder (2020); we return to it in a
moment.

One last relevant point: to the best of our knowledge, the term
“domestication syndrome” as applied to animals was first used in
an earlier paper by one of us (RWW) and two other colleagues
(Hare et al. 2012), then in our paper (Wilkins et al. 2014). A search
for its frequency of usage, using the search engine “Dimensions,”
shows a distinct inflection upwards in 2014–2015, an upward
trend that continued through 2020 (data supplied on request).
This suggests that our paper strongly stimulated interest in this
phenomenon.

Tying the domestication syndrome to the
neural crest
The question that motivated our paper was: “why these traits in
particular?” Our starting point was realizing that many of the tis-
sues involved in the traits of the domestication syndrome derive
from the neural crest. These NCC-derived tissues include major
parts of the jaws and teeth, pigmentation cells, components of
the external ears, and cells involved in sympathetic responses
and the sexual cycle (Hall 2000; Trainor 2014) (Figure 1). The
domestication-related traits can all be interpreted as resulting
from partial reduction in the number of differentiated cells (e.g.
odontoblasts) that directly give rise to these structures which in
turn can reflect the NCC numbers giving rise to them (reviewed
in Schneider 2018). Such reductions could occur in multiple ways
(see Figure 1), for example domesticated variants could have de-
creased NCC cell numbers or delayed NCC migration, or altered
rates of proliferation or differentiation of the cells arriving at the
target sites.

The genetic corollary of this idea is that such reductions are
caused by genetic alterations affecting NCCs, specifically var-
iants that decrease their numbers or the frequency with which
they gave rise to their various derived tissues. Indeed, many
dozens of genes required for NCC formation or development
have been identified and their roles within a NCC genetic regu-
latory network (GRN) have been elucidated by Bronner and her
colleagues (see, for instance, Sim~oes-Costa and Bronner 2015).
Those genes can be provisionally designated as “neural crest
cell genes” (NCC genes). However, as Johnsson et al. emphasize
and as we were fully aware, all these genes are employed in
multiple roles or stages of development involving other cell
types. Such multi-functionality of individual gene products
is termed “pleiotropy” or “pleiotropic usage.” We used “neural
crest cell genes” as a shorthand term for genes required for NCC
development, without intending to imply that they function
only in that process.

The final element of our hypothesis concerns the possible con-
nection between the physical traits of the domestication syn-
drome and the behavioral changes that constitute domesticated
behavior. We proposed that it involved NCC gene mutations
that produce pleiotropic effects on the physical traits of the

2 | GENETICS, 2021, Vol. 219, No. 1



domestication syndrome and these behaviors. We sketched one
possible set of links as involving the hypothalamic–pituitary–
adrenal (HPA) axis and the corticosteroids produced by the
adrenal glands. Both sympathetic reactivity, controlled by the
NCC-derived sympathetic ganglia, and endocrine release from
the adrenal glands, partly derived from NCC, are known to be re-
duced and delayed in several domesticated species (Künzl and
Sachser 1999; Albert et al. 2008; Trut et al. 2009; Suzuki et al. 2012).
We suggested that such reduced activity led to increased docil-
ity—the trait at the heart of the initial domestication stage. In
principle, such mutations could affect the HPA axis at any point.
This is just one possibility since the NCCs are essential for forma-
tion of all neuroendocrine cells and many alterations in the neu-
roendocrine cells, for instance those that produce oxytocin, can
affect social behavior.

One property that might seem problematical in terms of our
hypothesis is the reduction in brain size seen in many domesti-
cates (Kruska 1988, 2005) because NCCs do not participate di-
rectly in formation of the central nervous system. Nevertheless,
experimental work in birds shows that cranial NCC play a crucial
role in fostering forebrain development via their production of
Fgf8 (Etchevers et al. 1999; Creuzet 2006), which we suggested
might be relevant (Wilkins et al. 2014). In fact, cranial NCC pro-
duce several key ligands—SHH, Fgfs, Wnts—essential for the de-
velopment of cranial nerves (La Mantia 2020). Whether these
ligands produced by cranial NCC also affect growth and size of
any brain regions is not known but seems likely. In short, the cra-
nial NCC might indirectly affect brain size and, consequently, neu-
ral circuitry and behaviors. The profound effects of several
neurocristopathies, such as Mowat-Wilson syndrome and Pitt-
Hopkins syndrome, on various cognitive properties strongly sug-
gests that cranial NCC have significant, if indirect, roles in brain
development.

Johnsson et al. suggest that we presented little or no evidence
of pleiotropic effects of mutations in NCC genes and imply that

our genetic hypothesis was simply an extrapolation from pleio-
tropic expression of NCC genes. In reality, we did discuss pleiotro-
pic effects of NCC gene mutants in our paper. Indeed, this
material was central to the paper (Wilkins 2014, pp. 799–802) and
dealt with the fact that partial loss-of-function of many of these
genes produces phenotypes resembling some of the changes seen
in domestication. Specifically, we cited the phenotypes produced
when a null mutation of the gene is heterozygous with a wild-
type allele, the kind of genotype symbolized as “�/þ.” When the
�/þ genotype shows one or more phenotypic effects instead of
recessivity of the minus allele, it is termed a “haplo-insufficient
genotype.” As Table 2 of our 2014 paper shows, many NCC genes
show haplo-insufficiency. (For details, see the references in the
table.) Indeed, many NCC genes encode transcriptional regula-
tory proteins, which frequently have pleiotropic expression and
show haplo-insufficiency in “�/þ” heterozygotes (Veitia, 2002).
That table also indicated that interactive effects between NCC
gene mutants frequently occur, a fact relevant to our proposal
that domestication involves additive effects of multiple NCC gene
mutations, a point to which we return shortly.

In contrast to such haplo-insufficient effects, homozygosity
for null mutations of neural crest genes creates much stronger
phenotypic effects, indeed causing severe genetic diseases, col-
lectively known as “neurocristopathies” (Bolande 1974; reviewed
in Vega-Lopez et al. 2018). Viable domesticated animals do not ex-
hibit clinical-level neurocristopathies. We therefore proposed
that, in domestication, only partial loss-of-function mutations of
these genes, “hypomorphs” in developmental genetic terminol-
ogy, were involved and that these states could be seen as “mild
neurocristopathies.”

Why did we suggest that the domesticated condition involved
cumulative effects of several such hypomorphs in different
genes? The reason is that it is the simplest inference from the fox
farm experiments of Dmitry Belyaev and his colleagues who se-
lected for docility over many generations of outbred foxes. This
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occurred as a gradual process, such docility or “tameness”
appearing to be a graded trait. The straightforward conclusion is
that additive effects of different mutants, when combined in the
same genome, were involved and that the more such mutations
that come together in the same genome, the stronger the behav-
ioral effect (reviewed in Belyaev 1979; Trut 1999). Significantly,
the other phenotypic effects, the physical traits of the
“domestication syndrome,” also became enhanced through this
breeding for increasingly docile foxes (who showed increasing
friendliness as well).

Though everyone agrees that Belyaev’s work was of major
importance, his interpretation of it has recently come under fire
from Lord et al. (2019), who argue that domestication had essen-
tially already been achieved in the farm-bred foxes that were
used as the initial stock in the Belyaev experiments. Indeed, the
description and pictures in Lord et al. indicate that the farm-bred
foxes used as Belyaev’s starting stock were already slightly less
wild than wild foxes. Johnsson et al. make a similar claim to that
of Lord et al. and cite the paper of Statham et al. (2011) as support.
What Statham et al. actually said is that a degree of domestication
had been established in those farm bred foxes over more than
50 years but that the Belyaev experiments took this state of do-
mestication to a much higher level. We quote: “Mitochondrial
DNA data together with historical records indicate two stages in
the selection of domesticated foxes: an initial period of about
50 years of captive breeding in fur farms with conscious selection
for fur quality and unconscious selection for behavior, followed
by a second 50 years of intensive selection for tame behaviour carried out
at the ICG in Novosibersk” (emphasis added) (Statham et al. 2011). A
recent commentary from Trut makes the same point (Trut et al.
2020). This matter returns us to the idea that domestication
needs to be seen as a process with stages or of degree, not as an
all-or-none state.

The NCDS does not attempt to reduce all
aspects of domestication to neural crest cell
biology
To recap, we proposed that the general features of behavior seen
in domesticated animals stem from multiple mutations in NCC
genes with cumulative effects (Wilkins et al. 2014). Later, we
pointed out that genetic variants in NCC genes would exert their
effects through the NCC GRN (Wilkins 2019). (It is joint member-
ship of genes within a GRN, and its hierarchical relationships
between genes, that helps explain, in modern terms, Darwin’s
“mysterious laws of correlation.”)

However, it is an over-simplification to speak of the GRN for
NCCs. First, the cranial and trunk NCC differ in many of their
properties, hence they must have distinct GRNs; indeed there are
regional differences in NCC biology within the trunk NCC (La
Mantia 2020). Second, given the disparate phylogenies of different
domesticated species, each will have its own variant NCC
GRNs, both cranial and trunk. That explains why, under our
hypothesis, there can be no “universal” domestication syndrome
of all mammals.

Johnsson et al. point out that for most complex phenotypic
traits the genetic changes that produce them are usually not lim-
ited to one GRN, hence one should not expect all genetic changes
affecting domestication to involve NCCs. We agree completely,
which is why we never said that all of the properties of domesti-
cated animals, even just the behavioral ones, stem from changes
in NCC genes. Recall that our hypothesis focused on the initial ge-
netic events in domestication. All the domesticated mammals

with a long period of association with humans have experienced
both deliberate selective breeding and the operation of natural
selection while living in captivity. Accordingly, they will have ac-
cumulated genetic variants affecting their behavior during those
periods. For example, most of the genetic differences underlying
different cognitive abilities and behaviors in dog breeds must
have arisen during the period of dog breed formation of the last
200 years or so (for details of those differences, see MacLean et al.
2019; Gnanadesikan et al. 2020). Hence, the existence of other ge-
netic changes affecting developmental processes after the neural
crest stage, in particular those affecting the developing neural
system, are to be expected (Wilkins 2017). Amongst papers
that report genetic variants associated with domestication affect-
ing genes in the neural system, we note Carneiro et al. (2014),
Montague et al. (2014), Kukekova et al. (2018), Pendleton et al.
(2018), and O’Rourke and Boeckx (2020).

On testing the NCDS hypothesis
We were pleased to see the following comment in Johnsson et al.:
“An upside of the neural crest cell hypothesis of domestication is
that it has increased the interest in development amongst
domestication researchers” (Johnsson et al. 2021). If a hypothesis
promotes research and new thinking, it has real worth, indepen-
dent of its ultimate fate. Indeed, several researchers have com-
mented explicitly on the value and relevance of the NCDS
hypothesis to their work. Those papers cover domestication in
dogs (Pilot et al. 2016; Pendleton et al. 2018), cats (Montague et al.
2014), horses (Librado et al. 2017), rats (Singh et al. 2017), and
Bengalese finches (Okanoya 2017).

Earlier, we reviewed genomic evidence for gene variants spe-
cific to domesticated lines as consistent with the NCDS hypothe-
sis (Wilkins 2017). Johnsson et al. state that such evidence has to
be treated with caution, however, because alleles picked up in
such studies will tend to reflect more recent selective sweeps
than the early ones our hypothesis predicts. We agree.
Nevertheless, two of the genome studies identified NCC gene
variants from older selective sweeps and yielded results that
the authors believed were relevant to the early stages of domes-
tication—and to our hypothesis. These were the reports of
Pendleton et al. (2018) on dogs and Librado et al. (2017) on horses.
Librado et al., indeed, extracted DNA from bones of ancient
horses for their main analysis while Pendleton et al. analyzed
DNA from three Neolithic dogs for comparison with that of con-
temporary “village dogs” and found some overlaps, confirming
that the present day village dogs had some NCC variants from
the Neolithic.

Furthermore, other kinds of evidence, not mentioned by
Johnsson et al., support the NCDS hypothesis. For instance, there
is a study of recent mouse commensal association with humans,
in which signs of the domestication syndrome appeared sponta-
neously (Geiger et al. 2018). There is also an interesting pattern of
changed DNA methylation in farm bred sea bass, including
significant epigenetic changes in several NCC genes, which was
interpreted by the authors as support for the NCDS (Anastasiadi
and Piferrer 2019). Such epigenetic changes may precede similar-
acting genetic changes in domestication (Trut et al. 2009; Wilkins
2019). Other articles have discussed applicability of the NCDS
hypothesis to the controversial but increasingly accepted idea
that Homo sapiens, modern humans, can be seen as “self-domes-
ticated” animals (Theofanopolou et al. 2017; Zanella et al. 2019;
�Simi�c et al. 2021). In particular, Zanella et al. (2019) found
distinctive variants in a well-characterized NCC regulator gene
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necessarily for facial bone development that were distinctive to
modern humans, not found in Neanderthals or Denisovans.

Nevertheless, all these findings are consistent with our hy-
pothesis but do not constitute proof that alterations in NCC genes
can promote domestication. The strongest experimental tests are
those that attempt to falsify a hypothesis: an idea that survives
such a test is a much stronger candidate for being a valid expla-
nation (Popper 1959). In our 2014 paper, we discussed such possi-
ble tests but we will extend that discussion here, noting three
approaches.

The first involves partial ablation of NCCs in embryos of ani-
mal species where the experimentally manipulated embryos
would be allowed to develop to post-natal stages, allowing scor-
ing of traits of domestication. This could involve physical abla-
tion in embryos (Creuzet et al. 2006) or more tellingly, genetic
ablation via hypomorphic knock-in mutations of NCC genes in
species where this is possible, either by the older homologous re-
combination method or by CRISPR (Kumita et al. 2019; Wu et al.
2019) The most informative experiments would employ geneti-
cally engineered embryos from wild strains using surrogate
mothers to bring them to term but such experiments are difficult.
Instead, one could use lab strains in which any additional signs
of domestication in the experimental animals could be detected.
Perhaps even marmosets, Callithrix jacchus, a sociable if not do-
mesticated primate, could be tested in this way since they are
now known to be amenable to CRISPR modification (Kumita et al.
2019). Marmosets, in fact, seem to show some behavioral and
physical signs of domestication (Ghazanfar et al. 2020). The pre-
diction is that fostered embryos having hypomorphic knock-in
mutations in NCC genes that somewhat diminish the number of
NCCs arriving at key sites should give rise to juveniles or adults
exhibiting further physical signs of the domestication syndrome.
Controls could involve knock-in hypomorphic mutations of genes
not suspected of any roles in domestication. If surviving postna-
tal offspring are raised with appropriate socialization as juveniles
(a crucial component of domesticated behavior, see Scott 1962;
Wilkins et al. 2014), the experimental animals only should also
show exaggerated physiological or behavioral signs of domestica-
tion. These genetic manipulations should be carried out on NCC
genes active in cranial NCCs since most of the traits of the
domestication syndrome involve cranial traits (see Table 1 in
Wilkins et al. 2014). A failure to see morphological or behavioral
signs of domestication in the experimental offspring would falsify
our hypothesis. Conversely, signs of domestication would
strongly support it.

The second kind of test involves comparative studies, in do-
mesticated vs wild strains of the same animal species, of NCC
numbers during genesis, delamination, and migration in the em-
bryo and at their final sites. The NCDS hypothesis predicts that
the domesticated strains will show fewer cells derived from NCCs
at their final sites than are found in the corresponding wild
strains. Ideally, multiple domesticated and wild strains would be
used for such comparisons. If there are no significant differences
in those cell numbers between domesticated and wild strains,
the hypothesis will have been falsified.

The third kind of test concerns genomic studies. The NCDS
predicts that all domesticated strains will show NCC gene muta-
tions that are not seen in the corresponding wild strains or, if the
ancestral lines no longer exist, in sibling species that still exist in
the wild. As noted above, Johnsson et al. point out that the exis-
tence of such genetic variants would not prove the hypothesis.
Yet, a failure to find such loss-of-function mutations in domesti-
cated strains would show important limitations to the generality

of our idea. Crucially, the scan for mutations must include look-
ing for variants in cis-regulatory elements of NCC genes, given
how important such regulatory mutations are to so many evolu-
tionary changes (Douglas and Hill 2014; Long et al. 2016). To date,
they have been given relatively little attention in the published
genomic domestication work. Not finding such partial loss-of-
function cis-regulatory mutations in NCC genes of domesticated
breeds would be a serious blow to the NCDS hypothesis.

Summary and conclusions
The scientific study of the animal domestication has a long his-
tory, beginning with Darwin’s opus on heredity published in 1868.
In that same year, NCCs were first described by the distinguished
German embryologist Wilhelm His (His 1868). Our 2014 article
brought these two subjects together in the NCDS hypothesis.
Here, we have addressed the critique of that idea by Johnsson
et al. Their ultimate conclusion was that the “neural crest cell hy-
pothesis is an explanation looking for a problem.” We have
shown here that that is not true. The problem we addressed was
the nature of the shared traits of the “domestication syndrome;”
our hypothesis attempted to explain their common denominator.

In this reply, we have argued that the NCDS hypothesis has
genuine explanatory power, is supported by much current evi-
dence, and is testable. We hope that further tests will illuminate
the domestication syndrome further and, in particular, how
changes in the neuroendocrine system and in neural circuitry
help shape domesticated animal social behaviors.
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