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Abstract

The domestication of plants and animals has resulted in one of the most
significant cultural and socio-economical transitions in human history.
Domestication of animals, including human-supervised reproduction, largely
uncoupled particular animal species from their natural, evolutionary history
driven by environmental and ecological factors. The primary motivations
for domesticating animals were, and still are, producing food and materials
(e.g. meat, eggs, honey or milk products, wool, leather products, jewelry and
medication products) to support plowing in agriculture or in transportation
(e.g. horse, cattle, camel and llama) and to facilitate human activities (for
hunting, rescuing, therapeutic aid, guarding behavior and protecting or just as
a companion). In recent years, decoded genetic information from more than 40
domesticated animal species have become available; these studies have identified
genes and mutations associated with specific physiological and behavioral
traits contributing to the complex genetic background of animal domestication.
These breeding-altered genomes provide insights into the regulation of different
physiological areas, including information on links between e.g. endocrinology
and behavior, with important pathophysiological implications (e.g. for obesity
and cancer), extending the interest in domestication well beyond the field.
Several genes that have undergone selection during domestication and breeding
encode specific G protein-coupled receptors, a class of membrane-spanning
receptors involved in the regulation of a number of overarching functions such
as reproduction, development, body homeostasis, metabolism, stress responses,
cognition, learning and memory. Here we summarize the available literature on
variations in G protein-coupled receptors and their ligands and how these have
contributed to animal domestication.
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INTRODUCTION

Domestication of animals is a complex process that
has resulted in animals with improved desirable traits
(from a human perspective). It has affected a broad
range of phenotypic traits including life history and
reproduction (to control photoperiodic reactions,

fertility and mating behavior), diet and metabolism
(to increase e.g. meat, milk, honey, leather produc-
tion and muscle strength), behavior and cognition (to
modify sensory perception, social and aggressive be-
haviors; Driscoll et al., 2009; Hecht et al., 2023; Wang
et al., 2014). In this context, the term domestication can
be used to define species that have become dependent
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through the active management of the domesticator.
However, the initial phases of domestication could
arise without intentional behavior on the part of the
proto-domesticator: the commensal hypothesis posits
that domestication can emerge when an opportunistic
species utilizes a niche created as a byproduct of an-
other species’ behavior, establishing a mutualism be-
tween two species (Zeder, 2015). Finally, it needs to be
emphasized that domestication is a two-way process in
which the fitness of both the domesticator and the do-
mesticated species is altered through reciprocal inter-
actions (Purugganan, 2022).

Domestication not only consists of the diversifica-
tion of a species from its wild ancestor, but also aims
to increase phenotypic variation within the domesti-
cated species by the appearance and selection of new
traits that are further promoted. It can thus be seen
as a multi-step process governed by the pressure of
human environment, with its peculiar needs and goals.
Several aspects of ‘animal-optimization’ have had and
still have an enormous socio-economic impact, and
some will become increasingly important in the future,
such as those linked to lifespan and climate tolerance,
the latter being a crucial issue in agriculture already
(Larson & Burger, 2013).

For humans, animal domestication started with canid
domestication, whose beginning, originally estimated to
occur between 16000 and 11000years ago, is still mat-
ter of debate as more recent genomics studies indicate
a much older origin, around 40000-30000years ago
(Bergstrom et al., 2020). In the Neolithic period, between
11000 and 4000years ago, the emergence of farming
promoted the domestication of other species including
sheep, goats, pigs, chickens, cattle and horses (Frantz
et al., 2020). Traditionally, it is believed that domestica-
tion involves an initial stage that, in animals, consists
of changes in key traits including increased docility, re-
duced aggression and fear, and altered reproduction and
coat color. A second stage involves genes that progres-
sively optimize desirable and useful traits, contributing
to the aforementioned diversification process (Herbeck
& Gulevich, 2019; Schmutz & Berryere, 2007; Wang
et al., 2014).

A main goal of animal genetics has been to identify the
genes involved in these stages, in an attempt to retrace
the geographic and temporal origin of domestication for
each animal lineage and, eventually, to identify common
genes and shared evolutionary strategies (Andersson
& Georges, 2004; Frantz et al., 2020). As a result, a de-
tailed picture of complex genetic mechanisms underly-
ing domestication and related phenotypic diversity has
started to be delineated, thanks to the increased capac-
ity for genomic analyses (e.g. whole-genome sequencing,
mapping, cloning, and gene isolation; Wang et al., 2014).
The analysis of the genomes of many domesticated an-
imals strongly suggests that animal domestication has
a highly polygenic background with no obvious single

‘domestication gene’ of major importance (Andersson
& Purugganan, 2022). Instead, domesticated animals
evolved through the accumulation of mutations in a va-
riety of genes that include several G protein-coupled re-
ceptors (GPCRs). The aim of this review is to highlight
how changes in the genes for GPCRs and their ligands
have contributed to animal domestication owing to their
pivotal role in many phenotypic traits altered during do-
mestication, such as behavior, pigmentation, metabolic
regulation, circadian rhythm and reproduction.

G protein-coupled receptors are membrane-spanning
proteins and form the largest group of cell surface re-
ceptors with about 830 members in human. G protein-
coupled receptors and their interaction partners (e.g.
ligands, G proteins and arrestins) are involved in the
regulation of many physiological processes in animals
and fungi (Limbird, 2004). The relevance of GPCRs
(Alexander et al., 2019) is based on their key role in signal
transduction from the extracellular side to the intracel-
lular interior induced by a variety of stimuli (Hofmann
et al., 2009; Kobilka & Deupi, 2007). Receptor ligand
stimulants (agonists) include odors, ions, metabolites,
light, nucleotides, amines, fatty acids, peptides and
even larger proteins (Kristiansen, 2004). Ligand-agonist
binding results in the stabilization of an active state con-
formation with an increased capacity for intracellular
coupling and subsequent activation of e.g. G proteins or
arrestins (Weis & Kobilka, 2018).

Activation of G proteins triggers activation of second
messenger signaling pathways regulating ion-channel
activity, cytoplasmic targets and/or gene expression (Ho
et al., 2009; Veldhuis et al., 2015). G protein-coupled
receptors share a common structural architecture
(Figure 1) consisting of an extracellular N-terminus
and an intracellular C-terminus, seven transmembrane
helices connected via three intracellular and three ex-
tracellular loops, respectively. They are subdivided into
five distinct classes based on specific sequence signa-
tures (Fredriksson et al., 2003) having evolved from an
ancestral gene (Nordstrom et al., 2011) very early in eu-
karyotic evolution (de Mendoza et al., 2014; Schoneberg
et al., 2007). Malfunctions of about 100 GPCRs are as-
sociated with human disease (Hutchings et al., 2010),
including viral infections, cancer, infertility, inflam-
mation, metabolic and neurological disorders (Dorsam
& Gutkind, 2007; Garcia-Jimenez & Santisteban, 2007;
Schoneberg et al., 2004; Seifert & Wenzel-Seifert, 2002;
Vassart & Costagliola, 2011). Owing to their essential
regulatory role in physiological processes and known
associations between GPCR functions, dysfunction and
pathological states, these receptors are priority targets
in drug development (Hauser et al., 2017; Overington
et al., 2006; Sriram & Insel, 2018). Interestingly, this
also includes the finding of insecticides (Liu et al., 2021;
Mysore et al., 2023; Roeder, 2005), because a large
number of invertebrate GPCRs exist (~200; Brody &
Cravchik, 2000; Hill et al., 2002) as odorants and taste
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FIGURE 1 Structural complex between a class A G protein-
coupled receptor (GPCR; melancortin-4 receptor, PDB ID 7piv;
Heyder et al., 2021), an agonistic ligand peptide and the trimeric

Gs. The ligand (surface representation, lilac) binds extracellularly
and thereby modifies the receptor structure via intermolecular
interactions, which consequently enables coupling and activation

of the G protein hetero-trimer (surface representation) at the
intracellular side. The activated G protein further stimulates second
messenger signaling dependent on the G protein subtype.

receptors, opsins or aminergic receptors. Of note, insec-
tides targeting invertebrate GPCRs can also have patho-
logical effects on vertebrates owing to cross-reactivity
with similar GPCRs (Ngai & McDowell, 2017; Van Hiel
et al., 2010), and in turn, drugs (ligands) used for verte-
brates can modify invertebrate GPCR functions.

G protein-coupled receptors belonging to a specific
subfamily are often activated by cognate ligands that
share structural similarities — as we will discuss e.g. in
the case of melanocortin receptors — leading to overlap-
ping but also very distinct functional roles. Within spe-
cific species and genders, the distribution of receptors
in particular cell types and organs allows further diver-
sification of GPCR function. A single GPCR subtype
can be expressed in very different organs where it can be
involved in modulating diverse responses. For example,
the product of one vasopressin receptor gene (AVPRIa)
contributes to regulating blood pressure in the blood
vessels and metabolism in the liver as well as social be-
havior, aggression and circadian rhythms (among other

ANIMAL GENETICS RYVTE VR

functions) in the central nervous system (Koshimizu
et al., 2012). Thus, it is feasible that selective mutations in
a single receptor gene such as the Vla receptor can simul-
taneously affect several traits relevant to domestication.

We here focus on GPCRs and GPCR-ligands that are
reported to be associated with domestication, such as the
thyrotropin receptor (TSHR), which is involved in circa-
dian rhythms, seasonality of reproduction, the melano-
cortin-4 receptor (MC4R), controlling weight gain and
metabolism, the melanocortin-1 receptor (MCIR), which
is responsible for coat color variations, and the vasopres-
sin/oxytocin receptors, involved in controlling social be-
havior, fear and aggression (Table 1). The involvement
of metabotropic glutamate receptors, a group of GPCRs
involved (among other functions) in the modified stress
responses observed in the hypothalamic—pituitary—ad-
renal axis of several domesticated species, has been ex-
tensively discussed in an excellent and exhaustive review
(O'Rourke & Boeckx, 2020) and will not be further dis-
cussed here.

GPCRS AND LIGANDS INVOLVED
IN BEHAVIOR CHANGES
RELEVANT FOR DOMESTICATION

During the domestication process, artificial selection by
humans and natural selection in the agricultural environ-
ment are expected to lead to significant changes in stress
responses, aggressiveness and anxiety (Jensen, 2014).
Improved quality of human-animal communication,
safe interactions and non-agressiveness are indeed fun-
damental prerequisites for successful domestication
of animals. Stress responses are regulated by two sys-
tems, the sympathetic-adrenomedullary system and
the hypothalamic—pituitary—adrenal axis. G protein-
coupled receptors and diverse ligands have contributed
to these crucial behavioral changes (Kikusui et al., 2019).
Activation of the sympathetic-adrenomedullary system
via downstream projections to the adrenal medulla ulti-
mately leads to the release of adrenaline and noradrena-
line, activating the ‘fight or flight’ response. In parallel,
the release of corticotropin-releasing hormone and argi-
nine vasopressin (AVP) from the hypothalamus trigger
secretion of the adrenocorticotropic hormone (ACTH)
from the anterior pituitary, inducing the secretion of cor-
ticosteroids from the cortical medulla. The activity of the
stress response systems is generally reduced in domesti-
cated species, as suggested in an experiment carried out
by Russian scientists to tame silver foxes (reviewed in
Herbeck & Gulevich, 2019). In this animal-domestication
model, silver foxes (Vulpes vulpes) underwent more than
60years of selection, first against aggression and then in
favor of an increased emotionally positive response to
humans (Popova et al., 1991). Although no direct link
between alteration of GPCRs and ‘artificial’ domesti-
cation of foxes has been reported, compelling evidence
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(Continued)

TABLE 1

Evidence basis (causal mutations (M), genetic

associations (A), expression data (E))

(E)

References

Suggested phenotypical modifications

Animal species

GPCR

Rubin et al. (2010)

Reproductive seasonality

Gallus gallus (chicken)

TSHR

and Fallahshahroudi

et al. (2021)

Signer-Hasler et al. (2022)

Peng et al. (2018)

(M)
A)

Reproductive seasonality

Capra aegagrus hircus (goat)

Flightlessness of domesticated geese

Anser (geese)
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for a reduction in ACTH and cortisol plasma levels and
blunted adrenal reactivity were present in tamed foxes as
compared to wild-type controls (Rosenfeld et al., 2020).
Interestingly, a crossbreeding study using a similar do-
mestication model for rats revealed a highly significant
quantitative trait locus affecting both tameness and the
size of the adrenal gland (Albert et al., 2009).

Vasopressin and oxytocin receptors

The vasopressin receptor (AVPR) and oxytocin recep-
tor (OTR) belong to the same GPCR subfamily, as they
share high sequence identity and bind the highly related
peptides oxytocin (OT) and AVP, which are structurally
related cyclic nona-peptides synthesized in the same hy-
pothalamic nuclei (Rae et al., 2022). These two neuro-
peptides and their receptors play a crucial role in shaping
social behavior as they regulate empathy, social motiva-
tion, social anxiety, pair bonding, affiliation and group
cooperation, representing candidate genes possibly in-
volved in domestication (Herbeck & Gulevich, 2019).
A study that revealed a dynamic scenario in which the
OTR was found to be under evolutionary constraint in
placental mammals, while the vasopressin receptors
AVPRl1a, AVPR1b and AVPR2 exhibited accelerated
rates of evolution (Pare et al., 2016), led to the hypoth-
esis that amino acid changes in these receptors could be
associated with animal domestication. Specific sites in
AVPRIb and AVPR2 genes that are under positive se-
lection were indeed identified, supporting the hypothesis
that they could be involved in behavior and physiological
changes related to domestication (Fam et al., 2018). In
addition, the AVPR la subtype was found to be under re-
laxed selective constraint in domesticated species (Fam
et al., 2018). It is noteworthy that OT binds to the OTR,
whose involvement in domestication has also been inves-
tigated in a few studies, but definitive evidence for OTR
involvement in the context of domestication/breeding
has not yet been provided (Herbeck & Gulevich, 2019).

Serotonin receptors

In a comparative study of wolves and Chinese native
dogs, a highly differentiated genomic region containing
the serotonin receptor-4 (HTR4) gene was identified (Li
et al., 2013). Altered expression of other serotonin recep-
tor subtypes (HTR1A and HTR2C) was reported for tame
foxes and rats in different brain regions including the hy-
pothalamus (Kukekova et al., 2011; Popova et al., 2010).

Corticotropin releasing hormone receptor 1

The corticotropin releasing hormone receptor |
(CRHR]I) gene has been suggested to be associated with
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chicken domestication (Lotvedt et al., 2017). Expression
of a panel of genes in five tissues known for their involve-
ment in the stress response (hippocampus, hypothala-
mus, pituitary, adrenal glands and liver) of domesticated
white Leghorn chickens was investigated and compared
with the wild ancestor of domesticated breeds, the Red
Junglefowl. The authors reported a decrease in expres-
sion of CRHRI in the pituitary gland of chickens after
stress, which can be involved in negative feedback reg-
ulation of the stress response and, thereby, explain the
attenuated stress response in the domesticated birds.
However, here a causal relationship between changes in
gene expression and an altered stress response needs fur-
ther validation.

Finally, many studies have suggested behavior-
associated genes including GPCRs (Table 1) that may
be involved in the domestication of different species.
However, it has been difficult to find conclusive evidence
for specific genetic changes in GPCR switches that have
led to behavioral change in domesticated animals. The
most likely explanation is that animal domestication
has a highly polygenic background, in which allele fre-
quency changes at many loci with small effects dominate
(Carneiro et al., 2014).

GPCRS AND LIGANDS INVOLVED
IN MORPHOLOGICAL CHANGES

Pigmentation

One of the most characteristic phenotypic changes in
domesticated animals concerns hair (Cieslak et al., 2011)
and feather pigmentation. It has been argued that
changes in pigmentation are a by-product of selection
for tameness assuming that some genes affect both neu-
ral development and pigmentation (Wilkins et al., 2014).
However, no conclusive evidence supporting this specu-
lation has been reported yet. It is more likely that the
most important reason for the extensive diversity in
pigmentation among domestic animals is direct diver-
sifying selection on genes affecting pigmentation (Fang
et al., 2009). The reason is that humans care about the
appearance of their domestic animals, and a novel coat
or feather color variant is likely to be maintained and
spread unless it is associated with an obvious defect like
poor vision or hearing.

Melanocortin-receptor 1 and agouti-signaling
protein

The most common pathway affecting pigmentation in
domestic animals involves the G protein-coupled recep-
tor MCIR and the interaction with agouti-signaling pro-
tein (ASIP). MCIR signaling is stimulated by the ligands
a- and p-melanocyte-stimulating hormones (MSH,

melanotropin) both derived from pro-opiomelanocortin
(POMC), while ASIP blocks MCIR activation (Lu
et al., 1994). MCIR-ASIP interaction determines pig-
ment switching, whereby MCIR signaling activates the
synthesis of black/brown eumelanin, while MCIR inac-
tivation owing to the action of ASIP causes the produc-
tion of red/yellow pheomelanin. Pigmentation in most
animals involves a combination of both eumelanin and
pheomelanin. MCIR mutations occur in most, if not all,
domestic animals (Cieslak et al., 2011). The reason why
MCIR mutations are common, both in domestic and
wild animals, is possibly that mutations in this gene do
not cause negative pleiotropic effects on other traits.

Loss-of-function mutations in MCIR are recessive
and cause pure red/yellow pheomelanin pigmentation,
whereas mutations causing constitutive activation of
MCIR signaling show dominant inheritance and are
associated with black/brown mutation. In many spe-
cies an MCIR allelic series occurs. One example is the
pig where alleles are present with the following order of
dominance: dominant black (EP), wild-type (E™), black
spotting (E”) and recessive yellow (e) (Kijas et al., 2001).
The black-spotting allele is particularly interesting
since it is due to the combination of two different mu-
tations. One is a missense mutation (Leu99Pro) caus-
ing the dominant black color and the other is a 2bp
insertion in codon 23 causing a frameshift and com-
plete inactivation. Thus, the expected phenotype of
EP/EP homozygotes is red color. However, the 2bp in-
sertion is somatically unstable and frequently reverts
to the wild-type sequence, under which circumstances
the dominant black mutation is reactivated, causing
black spots (Kijas et al., 2001).

ASIP mutations also occur in many domestic an-
imals but are not as common as MCI/R mutations.
Compared with MCIR, ASIP mutations show the op-
posite trend to that expected because ASIP is an an-
tagonist to MCIR. Thus, inactivating mutations in
ASIP cause recessive black, eumelanin pigmentation,
whereas gain-of-function may cause a dominant white/
yellow color. An example of the former case is recessive
black color in horses caused by homozygosity for an
11 bp deletion in ASIP exon 2 leading to a frameshift
(Rieder et al., 2001). In contrast, a 190kb duplication
encompassing ASIP leads to upregulated ASIP ex-
pression causing a dominant white/tan color in sheep
(Norris & Whan, 2008).

Endothelin receptor type B and its ligand
endothelin-3

Endothelin receptor type B (EDNRB) is another
GPCR with a critical role in pigmentation biology.
EDNRB and its interaction with the ligand endothe-
lin-3 (EDN3) is crucial for melanocyte proliferation
and migration (Cieslak et al., 2011). However, EDNRB
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function is also critical for the development of nerves
of the intestine (enteric nerves) and, therefore, mu-
tations in EDNRB tend to show pleiotropic effects
on pigmentation and enteric nerves. One example is
Hirschprung disease II in humans, characterized by
an aganglionic megacolon and a white forelock (Amiel
et al., 2008). Overo lethal white syndrome is a simi-
lar disease in horses caused by a missense mutation
Ilel18Lys in EDNRB (Metallinos et al., 1998; Santschi
etal., 1998; Yanget al., 1998). Horses that are heterozy-
gous for this mutation show the Overo white spotting
phenotype whereas foals that are homozygous for the
mutation are born white and die within days owing to
intestinal aganglionosis. Interestingly, white spotting
phenotypes caused by EDNR B2 mutations occur both
in Japanese quail (Miwa et al., 2007) and in chicken
(Kinoshita et al., 2014), but these are not associated
with aganglionosis. The reason for this is that the
EDNRB gene is duplicated in the avian lineage which
has allowed subfunctionalization of the two copies and
consequently mutations in EDNRB2 apparently only
affect pigmentation in birds.

Reduced EDNRB signaling is associated with de-
fective melanocyte migration and white spotting phe-
notypes (lack of pigment cells in skin, hair or feather
follicles). Thus, increased EDNRB signaling is expected
to lead to expansion of melanocytes and darker pig-
mentation. A spectacular example of this is fibromela-
nosis (dermal hyperpigmentation) in chicken, which is
characterized by a massive expansion of pigment cells
both in skin and in connective tissue. This phenotype is
caused by a complex rearrangement causing a duplica-
tion of the EDN3 gene and upregulated expression of the
EDN3 transcript (Dorshorst et al., 2011). This specific
mutation causes fibromelanosis in a number of breeds
including Chinese Silkie chicken, Ayam Cemani from
Indonesia, Black H’'mong from Vietnam and Svarthona
from Sweden (Dorshorst et al., 2011).

Growth, development, body weight, milk
production and meat quality

Melanocortin-4 receptor

MC4R is a key component of the hypothalamic lep-
tin—melanocortin pathway controlling appetite. This
pathway has many components including leptin, the
leptin receptor, MSH, agouti-related protein and MC4R
(Fatima et al., 2022). In fed individuals, leptin is released
from adipose tissue and binds the leptin receptor in the
hypothalamus, which in turn stimulates POMC neurons
to release MSH which binds MC4R and this MC4R
signaling results in a satiety signal and reduced appetite
(Kuhnen et al., 2019). Furthermore, expression of agouti-
related protein can block MC4R signaling in the same
way that ASIP can block MCIR signaling in pigment
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cells. Mutations in a number of the genes taking part
in this pathway cause defects in appetite regulation and
mutations, leading to reduced MC4R signaling, which
ise associated with hyperphagia and obesity. In humans,
more than 160 partial or complete loss-of-function muta-
tions associated with obesity have been reported (Heyder
et al., 2019).

There has been strong selection for growth in domes-
tic animals and a good appetite is an essential prerequi-
site for rapid growth. Therefore, it is unsurprising that
MC4R is considered a candidate gene for growth and
production traits in domestic animals. Kim et al. (2000)
reported a significant association between a missense
mutation Asp298Asn in MC4R and variation in fatness,
growth and feed intake in pigs. This association has
been supported in several subsequent studies (Bruun
et al., 2006; Ovilo et al., 2006). A possible association
between MC4R and growth has also been suggested for
chicken (Kubota et al., 2019), but this result needs to be
confirmed by additional studies.

Sequencing of candidate genes for obesity in
Labrador Retrievers and Flat-coated Retrievers identi-
fied a 14 base pair deletion at nucleotide position 17 in
POMC (Dittmann et al., 2024; Raffan et al., 2016). The
deletion disrupts f-MSH and p-endorphin production
and is associated with obesity, higher blood pressure
and greater food motivation in these breeds (with an
allele frequency of 12% in Labradors and 60% in Flat-
coated Retrievers), potentially also influencing other
behavioral traits.

Melanocortin-3 receptor

Melanocortin-3 receptor (MC3R) was reported to be a
candidate locus for several production traits in chicken
such as feed conversion and body weight in commer-
cial broiler breeding stock (Sharma et al., 2008). It was
further demonstrated that three missense mutations in
chicken were all significantly associated with production
traits, but only Glyl04Ser and Leul51Arg were linked
to severe defects in receptor pharmacology (Zhang
et al., 2021). Notably, the MC3R was recently reported
to connect energy homeostasis with anxiety-related be-
havior in mice (Cho et al., 2023), which highlights this
receptor as having pleiotropic effects.

G protein-coupled receptor 126

In a study that used whole-genome sequencing to ex-
plore the genetic relationships between Berkshire pigs
and breeds that are distributed worldwide, the adhesion
G protein-coupled receptor 126 (GPR126) (ADGRG6)
was identified as a genetic component under selec-
tion (Li et al., 2014). In principle GPR126 can be acti-
vated by mechanical stimuli (Mitgau et al., 2022; Musa
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et al., 2019) or other external stimuli (Li et al., 2024), as
shown by in vitro studies, and is involved in the regula-
tion of many physiological parameters (Li et al., 2024),
e.g. body length and bone mass (Sun et al., 2020), pla-
cental development (Torregrosa-Carrion et al., 2021),
‘Schwann cell’ function (Fernandez et al., 2017) and glial
cell development (Mehta & Piao, 2017), as well as myeli-
nation of peripheral nerves (Ravenscroft et al., 2015). In
conclusion, GPR126 is of importance for many physi-
ological processes; however, its specific role for genetic
change in Berkshire pigs has not yet been clarified (Li
etal., 2014).

Serotonin receptors 3C and 3B (HTR3C,
HTRI1B)

The agonistic ligand serotonin is a neurotransmitter es-
sential for the regulation of milk synthesis in the epithe-
lium of the mammary gland (Fricke & Hernandez, 2023).
Genetic polymorphisms in both HTRI/B and HTR3C
are reported to be associated with milk yield in cattle
(Korkuc et al., 2023; Zhang et al., 2008).

Relaxin family peptide receptor 2 (RXFP2,
formerly LGRS)

Horns, for example, in cattle, goats, yaks and sheep, play
a role in social behavior and in defense against preda-
tors. Generally, the development of horns involves hun-
dreds of genes and occurs early during embryogenesis,
and there is a wide variety of naturally occurring forms
of horn size, shape and position, including rare forms
of hornlessness (polledness) (Pan et al., 2018; Simon
et al., 2022). Horned domesticated animals pose a dan-
ger when interacting with humans, which leads to a
preference for polled animals and an interest in geneti-
cally polled animals (Simon et al., 2022). Of note, genetic
causes of polledness are different between the respective
species (reviewed in Simon et al., 2022).

Several genes associated with horn size and shape
were identified in Tibetan sheep, which includes the
GPCR, RXFP2 (Hu et al.,, 2019). In addition, a study
on Chinese sheep (Pan et al., 2018) detected signals of
rapid evolution (a unique haplotype at the RXFP2 locus
under positive selection) of the horn-related RXFP2 gene
in semiferal Tibetan sheep populations and proposed
that semi-feralization (feralization="‘reversed domesti-
cation’ in which formerly domesticated animals escape
controlled breeding or cultivation, e.g. dingos; Gering
et al., 2019) is a factor responsible for the large and spi-
ral horn phenotype. Further evidence of the importance
of the RXFP2 for horn growth and development (length
and shape) was provided by studies on cattle, goats and
sheep (Johnston et al., 2013; Simon et al., 2022; Wiedemar
et al., 2014; Wiedemar & Drogemuller, 2015).

Specific hormone ligands of GPCRs involved
in growth regulation

Several neuroendocrine hormones with impact on
animal growth, such as growth hormone, growth-
hormone-releasing hormone and somastation, were
suggested to be related to domestication (McMahon
et al., 2001). Growth-hormone-releasing hormone and
somastation are both ligands of GPCRs (somastatin
receptors and growth hormone releasing hormone re-
ceptor, respectively), which consequently makes these
receptors relevant to the genetics of domestication,
while these have not been identified yet as direct genetic
switches. Interestingly, transgenic growth hormone (Du
et al., 1992) of Atlantic salmon has a strong impact on
the growth rate in aquaculture systems. This indicates
the possilibility of a potential animal modification using
a modified ligand—GPCR axis, especially given recent
developments of new specific peptidic GPCR ligands
(Moran et al., 2016), as e.g. dual and triple agonists for
diverse class B GPCRs that are highly relevant in weight
regulation (Bass et al., 2023; Muller & Tschop, 2022)
or superagonistic glycoprotein hormone analogs such
as thyrotropin (TSH) and follitropin (Grossmann
et al., 1998; Szkudlinski, 2015). Finally, high expression
of POMC, the precursor of MCR ligands like MSH and
ACTH, might contribute to the special feeding habits of
mandarin fish (Lu et al., 2023).

GPCRS AND LIGANDS INVOLVED
IN CIRCADIAN RHYTHMS,
REPRODUCTION, TASTE

AND SMELL

Chronobiological mechanisms are, in addition to other
factors, regulated by light (day-length, wavelength consti-
tution) and a diverse set of proteins transmitting a light-
induced signal into physiological reactions, like sleeping
rhythms, reproduction and regulation of metabolism.
The underlying and also species-specific mechanisms
of such regulation are under intensive investigation for
different branches of the animal kingdom, e.g. in verte-
brates including birds, fishes and mammals (Tkegami &
Yoshimura, 2013, 2016). These mechanisms have a strong
impact on animal traits which is also interesting for do-
mestication, because ‘uncoupling’ breeds from natural
chronobiology can be advantageous in terms of, for
example, reproduction (e.g. fertility rhythms) to allow
domestic animals to reproduce all year round, or for in-
stance to produce eggs throughout the year.

GPCR hormone ligand thyrotropin

One key protein in chronobiology is the heterodimeric
thyrotropin (thyroid stimulating hormone; Nakayama &
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Yoshimura, 2018), a member of the glycoprotein hormone
group, that is mainly synthesized by the thyrotrophs of
the anterior pituitary gland (Hearn & Gomme, 2000;
Szkudlinski et al., 2002) and regulates growth and func-
tion of the thyroid gland (Vassart & Dumont, 1992).
Thyrotropin a- and f-subunit expression has been re-
ported for specific pituitary cells (ovine, pars tuberalis,
PT) (Bockmann, Bockers, et al., 1997), which is interest-
ing with respect to two aspects recognized in previous
investigations related to mechanisms of chronobiology
and domestication. First, it was demonstrated that tran-
scription and translation of TSH subunits in Djungarian
hamsters (Phodopus sungorus) are regulated by photo-
period in PT-specific cells (Bockmann et al., 1996). This
connection between TSH and photoperiodic regulations
was then extended by studies indicating that the TSH-
expressing cells of the PT play an ancestral role in sea-
sonal reproductive control among vertebrates (e.g. in the
European hamster, Cricetus crietus; Hanon et al., 2010),
and in mammals this relation provides the missing
link between the pineal melatonin signal and thyroid-
dependent seasonal biology (Hanon et al., 2008). The
involvement of TSH in photoperiodic signal transduc-
tion at least for TSHB, for which functional action of the
expressed single monomeric f-TSH subunit on TSHR
can be disclosed (reviewed in Kleinau et al., 2013), was
also demonstrated in mice (Ono et al., 2008). Increased
TSH expression in the PT of quail (Callipepla) was sup-
posed to trigger long-day photoinduced seasonal breed-
ing (Nakao et al., 2008).

TSH receptor

Second, TSHR, which is usually mainly expressed in the
follicular epithelial cells of the thyroid gland, is known
to also be expressed in extra-thyroidal tissues, includ-
ing the skin, testis, kidney and eye (Bodo et al., 2010;
Cianfarani et al., 2010; de Lloyd et al., 2010; Fernando
et al., 2012; Marcus et al., 1988; Rocha et al., 2007), and
in the brain (Bockmann, Winter, et al., 1997; Unfried
et al., 2009). Moreover, it has been shown that TSHR
gene variants have a major impact on light-regulated,
seasonal reproduction in the Atlantic herring (Clupea
harengus) (Chen et al., 2021; Lamichhaney et al., 2017).
Interestingly, TSHR is the responsive signaling protein
of TSH, and was also identified as a hot-spot of genetic
adaptions in domesticated animals, which are more or
less uncoupled from natural chronobiology (Karlsson
et al., 2016). Whole genome sequencing first revealed
that the 7SHR locus is one of the regions in the genome
that shows the strongest genetic differentiation between
wild Red Jungle Fowl and domestic chickens (Rubin
et al., 2010). Furthermore, in line with findings in chick-
ens, a selective sweep signal at the TSHR locus has also
been reported in domestic sheep (Kijas et al., 2012). In
goats, a TSHR variant (Lys139Arg) was suggested to be
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associated with changes in the seasonality of reproduc-
tion (Signer-Hasler et al., 2022).

GPR176

A genetic study of native Korean cattle identified a selec-
tive sweep signal at the GPR176 gene (Lee et al., 2013),
but the physiological function of this orphan receptor
was unclear at the time of the report. Afterwards it was
recognized, that Gpri76 sets the pace of circadian behav-
ior (Doi et al., 2016). Gprl76 is expressed in a circadian
manner by nucleus suprachiasmaticus neurons and re-
presses cAMP signaling in an agonist-independent man-
ner and by activation of the G-protein subclass Gz.

Taste 2 receptors

Characterization of the porcine nutrient and taste re-
ceptor gene repertoire in domestic and wild popula-
tions across the globe revealed that bitter taste taste 2
receptor (Tas2r family) is a plastic trait, possibly asso-
ciated with the ability of pigs to adapt to diverse envi-
ronments, that may be subject to balancing selection (da
Silva et al., 2014). Tas2r5 was also reported to be associ-
ated with selection in the feralization process of dingos
(Zhang et al., 2020).

FINAL REMARKS

In conclusion, there is a wealth of research clearly show-
ing that various GPCRs and diverse GPCR ligands have
been associated with animal domestication, and they
appear to be involved in core features such as behav-
ior, meat and milk production, and coat/feather color.
However, for several identified genes or gene variants
further research is needed to clarify the exact molecu-
lar role in domestication. Gaining knowledge of the key
players at each biological level of domestication may not
only be of scientific benefit but may also guide trans-
genic approaches (genome editing), which could be also
relevant under particular circumstances, e.g. changing
environmental conditions (Ruan et al., 2017). While the
rapid and targeted modification of animals can bring
benefits in the production of resources for human needs,
there are certainly strong ethical issues and concerns
that need to be carefully considered.

AUTHOR CONTRIBUTIONS

Gunnar Kleinau: Conceptualization; data curation; for-
mal analysis; funding acquisition; investigation; meth-
odology; project administration; resources; supervision;
validation; visualization; writing — original draft; writ-
ing — review and editing. Bice Chini: Conceptualization;
data curation; formal analysis; investigation; validation;

85U80|7 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe sajoie YO ‘@SN JO Sa|NJ 104 Akeid 18Ul UQ AB]1 UO (SUORIPUOD-PUR-SWBIW0D A8 | IM A eIq Ul [UO//:SANY) SUOIPUOD pue swie | 8 88S *[6202/T0/TE] Uo AriqiTauluo Aeim ‘Ariqil Aisienun eesddn Aq 9/v€Ta0e/TTTT 0T/I0p/wW00 A8 1M AReiq 1 |euluo//Sdiy Wiy papeojumod ‘9 ‘202 ‘Z502S9ET



KLEINAU ET AL.

LW\ VAL GENETICS

writing — original draft; writing — review and editing. Leif
Andersson: Conceptualization; data curation; formal
analysis; funding acquisition; investigation; methodology;
supervision; validation; writing — original draft; writing —
review and editing. Patrick Scheerer: Conceptualization;
data curation; formal analysis; funding acquisition; inves-
tigation; methodology; project administration; resources;
supervision; validation; visualization; writing — original
draft; writing — review and editing.

ACKNOWLEDGEMENTS

G.K. and P.S. are supported by grants from the Deutsche
Forschungsgemeinschaft through SFBI1423 ‘Structural
Dynamics of GPCR Activation and Signaling’, project
number 421152132, subprojects A0l and AO05; through
SFBI1078 ‘Protonation Dynamics in Protein Function’,
project number 221545957, subproject B06; through DFG
under Germany's Excellence Strategy — EXC 311 2008/1
(UniSysCat) — 390540038 (Research Unit C/D/E); and
through the European Union's Horizon 2020 research
and innovation program under the Marie Sktodowska—
Curie grant agreement no. 956314 [ALLODD]. L.A. is
supported by Vetenskapsradet (2017-02907) and the Knut
and Alice Wallenberg Foundation (KAW 2016.0361).
B.C. is supported by National Recovery and Resilience
Plan funded by the European Union, NextGenerationEU
Project PRIN2022JLA3EA by the Italian Ministry of
University and Research (MUR). Open Access funding
enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new
data were created or analyzed in this study.

ORCID
Gunnar Kleinau ‘© https://orcid.org/0000-0003-2131-671X
Leif Andersson @ https://orcid.org/0000-0002-4085-6968

Patrick Scheerer © https:/lorcid.
org/0000-0001-5028-2075

REFERENCES

Albert, FW., Carlborg, O., Plyusnina, 1., Besnier, F., Hedwig, D.,
Lautenschlager, S. et al. (2009) Genetic architecture of tameness
in a rat model of animal domestication. Genetics, 182, 541-554.

Alexander, S.P.H., Christopoulos, A., Davenport, A.P., Kelly, E.,
Mathie, A., Peters, J.A. et al. (2019) The concise guide to phar-
macology 2019/20: G protein-coupled receptors. British Journal
of Pharmacology, 176(Suppl 1), S21-S141.

Amiel, J., Sproat-Emison, E., Garcia-Barcelo, M., Lantieri, F.,
Burzynski, G., Borrego, S. et al. (2008) Hirschsprung disease,
associated syndromes and genetics: a review. Journal of Medical
Genetics, 45, 1-14.

Andersson, L. (2003) Melanocortin receptor variants with pheno-
typic effects in horse, pig, and chicken. Annals of the New York
Academy of Sciences, 994, 313-318.

Andersson, L., Bed'hom, B., Chuong, C.-M., Inaba, M., Okimoto, R.
& Tixier-Boichard, M. (2020) The genetic basis for pigmenta-
tion phenotypes in poultry. In: Aggrey, S.E., Zhou, H., Tixier-
Boichard, M. & Rhoads, D.D. (Eds.) Advances in poultry genetics
and genomics. Cambridge: Burleigh Dodds Science Publishing.

Andersson, L. & Georges, M. (2004) Domestic-animal genomics: de-
ciphering the genetics of complex traits. Nature Reviews Genetics,
5,202-212.

Andersson, L. & Purugganan, M. (2022) Molecular genetic variation
of animals and plants under domestication. Proceedings of the
National Academy of Sciences of the United States of America,
119, €2122150119.

Bass, J., Tschop, M.H. & Beutler, L.R. (2023) Dual gut hormone re-
ceptor agonists for diabetes and obesity. The Journal of Clinical
Investigation, 133(3), e167952.

Bergstrom, A., Frantz, L., Schmidt, R., Ersmark, E., Lebrasseur, O.,
Girdland-Flink, L. et al. (2020) Origins and genetic legacy of pre-
historic dogs. Science, 370, 557-564.

Bockmann, J., Bockers, T.M., Vennemann, B., Niklowitz, P., Muller,
J., Wittkowski, W. et al. (1996) Short photoperiod-dependent
down-regulation of thyrotropin-alpha and -beta in hamster
pars tuberalis-specific cells is prevented by pinealectomy.
Endocrinology, 137, 1804—-1813.

Bockmann, J., Bockers, T.M., Winter, C., Wittkowski, W., Winterhoff,
H., Deufel, T. et al. (1997) Thyrotropin expression in hypoph-
yseal pars tuberalis-specific cells is 3,5,3'-triiodothyronine,
thyrotropin-releasing hormone, and pit-l independent.
Endocrinology, 138, 1019-1028.

Bockmann, J., Winter, C., Wittkowski, W., Kreutz, M.R. & Bockers,
T.M. (1997) Cloning and expression of a brain-derived TSH re-
ceptor. Biochemical and Biophysical Research Communications,
238, 173-178.

Bodo, E., Kany, B., Gaspar, E., Knuver, J., Kromminga, A., Ramot,
Y. et al. (2010) Thyroid-stimulating hormone, a novel, locally
produced modulator of human epidermal functions, is regu-
lated by thyrotropin-releasing hormone and thyroid hormones.
Endocrinology, 151, 1633-1642.

Brody, T. & Cravchik, A. (2000) Drosophila melanogaster G protein-
coupled receptors. The Journal of Cell Biology, 150, F83-F88.

Bruun, C.S., Jorgensen, C.B., Nielsen, V.H., Andersson, L. &
Fredholm, M. (2006) Evaluation of the porcine melanocortin
4 receptor (MC4R) gene as a positional candidate for a fatness
QTL in a cross between Landrace and Hampshire. Animal
Genetics, 37, 359-362.

Carneiro, M., Rubin, C.J., Di Palma, F., Albert, FW., Alfoldi, J.,
Martinez, B.A. et al. (2014) Rabbit genome analysis reveals a
polygenic basis for phenotypic change during domestication.
Science, 345, 1074-1079.

Chen, J., Bi, H., Pettersson, M.E., Sato, D.X., Fuentes-Pardo, A.P.,
Mo, C. et al. (2021) Functional differences between TSHR alleles
associate with variation in spawning season in Atlantic herring.
Communications Biology, 4, 795.

Cho, D., O'Berry, K., Possa-Paranhos, I.C., Butts, J., Palanikumar,
N. & Sweeney, P. (2023) Paraventricular thalamic MC3R cir-
cuits link energy homeostasis with anxiety-related behavior. The
Journal of Neuroscience, 43, 6280—6296.

Cianfarani, F., Baldini, E., Cavalli, A., Marchioni, E., Lembo,
L., Teson, M. et al. (2010) TSH receptor and thyroid-specific
gene expression in human skin. The Journal of Investigative
Dermatology, 130, 93-101.

Cieslak, M., Reissmann, M., Hofreiter, M. & Ludwig, A. (2011)
Colours of domestication. Biological Reviews of the Cambridge
Philosophical Society, 86, 885-899.

da Silva, E.C., de Jager, N., Burgos-Paz, W., Reverter, A., Perez-
Enciso, M. & Roura, E. (2014) Characterization of the porcine
nutrient and taste receptor gene repertoire in domestic and wild
populations across the globe. BMC Genomics, 15, 1057.

85U80|7 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe sajoie YO ‘@SN JO Sa|NJ 104 Akeid 18Ul UQ AB]1 UO (SUORIPUOD-PUR-SWBIW0D A8 | IM A eIq Ul [UO//:SANY) SUOIPUOD pue swie | 8 88S *[6202/T0/TE] Uo AriqiTauluo Aeim ‘Ariqil Aisienun eesddn Aq 9/v€Ta0e/TTTT 0T/I0p/wW00 A8 1M AReiq 1 |euluo//Sdiy Wiy papeojumod ‘9 ‘202 ‘Z502S9ET


https://orcid.org/0000-0003-2131-671X
https://orcid.org/0000-0003-2131-671X
https://orcid.org/0000-0002-4085-6968
https://orcid.org/0000-0002-4085-6968
https://orcid.org/0000-0001-5028-2075
https://orcid.org/0000-0001-5028-2075
https://orcid.org/0000-0001-5028-2075

GPCRs ASSOCIATED WITH ANIMAL DOMESTICATION

de Lloyd, A., Bursell, J., Gregory, J.W., Rees, D.A. & Ludgate, M.
(2010) TSH receptor activation and body composition. The
Journal of Endocrinology, 204, 13-20.

de Mendoza, A., Sebe-Pedros, A. & Ruiz-Trillo, 1. (2014) The evolu-
tion of the GPCR signaling system in eukaryotes: modularity,
conservation, and the transition to metazoan multicellularity.
Genome Biology and Evolution, 6, 606—619.

Dittmann, M.T., Lakatos, G., Wainwright, J.F., Mokrosinski, J.,
Cross, E., Farooqi, LS. et al. (2024) Low resting metabolic rate
and increased hunger due to beta-MSH and beta-endorphin de-
letion in a canine model. Science Advances, 10, eadj3823.

Doi, M., Murai, I., Kunisue, S., Setsu, G., Uchio, N., Tanaka, R.
et al. (2016) Gprl76 is a Gz-linked orphan G-protein-coupled
receptor that sets the pace of circadian behaviour. Nature
Communications, 7, 10583.

Dorsam, R.T. & Gutkind, J.S. (2007) G-protein-coupled receptors
and cancer. Nature Reviews Cancer, 7, 79-94.

Dorshorst, B., Molin, A.M., Rubin, C.J., Johansson, A.M., Stromstedt,
L., Pham, M.H. et al. (2011) A complex genomic rearrangement
involving the endothelin 3 locus causes dermal hyperpigmenta-
tion in the chicken. PLoS Genetics, 7, €1002412.

Driscoll, C.A., Macdonald, D.W. & O'Brien, S.J. (2009) From wild an-
imals to domestic pets, an evolutionary view of domestication.
Proceedings of the National Academy of Sciences of the United
States of America, 106(Suppl 1), 9971-9978.

Du, S.J., Gong, Z.Y., Fletcher, G.L., Shears, M.A., King, M.J., Idler,
D.R. et al. (1992) Growth enhancement in transgenic Atlantic
salmon by the use of an ‘all fish’ chimeric growth hormone gene
construct. Biotechnology, 10, 176—-181.

Fallahshahroudi, A., Johnsson, M., Sorato, E., Ubhayasekera, S.,
Bergquist, J., Altimiras, J. et al. (2021) Effects of the domestic
thyroid stimulating hormone receptor (TSHR) variant on the
hypothalamic-pituitary-thyroid axis and behavior in chicken.
Genetics, 217, 1-9.

Fam, B.S.O., Pare, P, Felkl, A.B., Vargas-Pinilla, P., Paixao-Cortes,
V.R., Viscardi, L.H. et al. (2018) Oxytocin and arginine vasopres-
sin systems in the domestication process. Genetics and Molecular
Biology, 41, 235-242.

Fang, M., Larson, G., Ribeiro, H.S., Li, N. & Andersson, L. (2009)
Contrasting mode of evolution at a coat color locus in wild and
domestic pigs. PLoS Genetics, 5, €1000341.

Fatima, M.T., Ahmed, 1., Fakhro, K.A. & Akil, A.S.A. (2022)
Melanocortin-4 receptor complexity in energy homeosta-
sis,obesity and drug development strategies. Diabetes, Obesity &
Metabolism, 24, 583-598.

Fernandez, C., Iyer, M. & Low, L. (2017) Gprl26 is critical for Schwann
cell function during peripheral nerve regeneration. The Journal
of Neuroscience, 37, 3106-3108.

Fernando, R., Atkins, S., Raychaudhuri, N., Lu, Y., Li, B., Douglas,
R.S. et al. (2012) Human fibrocytes coexpress thyroglobulin and
thyrotropin receptor. Proceedings of the National Academy of
Sciences of the United States of America, 109, 7427-7432.

Fontanesi, L., Tazzoli, M., Beretti, F. & Russo, V. (2006) Mutations
in the melanocortin 1 receptor (MCIR) gene are associated
with coat colours in the domestic rabbit (Oryctolagus cuniculus).
Animal Genetics, 37, 489-493.

Frantz, L.A.F., Bradley, D.G., Larson, G. & Orlando, L. (2020)
Animal domestication in the era of ancient genomics. Nature
Reviews Genetics, 21, 449-460.

Fredriksson, R., Lagerstrom, M.C., Lundin, L.G. & Schioth, H.B.
(2003) The G-protein-coupled receptors in the human ge-
nome form five main families. Phylogenetic analysis, paral-
ogon groups, and fingerprints. Molecular Pharmacology, 63,
1256-1272.

Fricke, H.P. & Hernandez, L.L. (2023) The serotonergic system and
bone metabolism during pregnancy and lactation and the impli-
cations of SSRI use on the maternal-offspring dyad. Journal of
Mammary Gland Biology and Neoplasia, 28, 7.

ANIMAL GENETICS RYVTE v

Garcia-Jimenez, C. & Santisteban, P. (2007) TSH signalling and can-
cer. Arquivos Brasileiros de Endocrinologia e Metabologia, 51,
654-671.

Gering, E., Incorvaia, D., Henriksen, R., Conner, J., Getty, T. &
Wright, D. (2019) Getting back to nature: feralization in animals
and plants. Trends in Ecology & Evolution, 34, 1137-1151.

Grossmann, M., Leitolf, H., Weintraub, B.D. & Szkudlinski, M.W.
(1998) A rational design strategy for protein hormone superag-
onists. Nature Biotechnology, 16, 871-875.

Gustafson, N.A., Gandolfi, B. & Lyons, L.A. (2017) Not another type
of potato: MCIR and the russet coloration of Burmese cats.
Animal Genetics, 48, 116—120.

Hanon, E.A., Lincoln, G.A., Fustin, J.M., Dardente, H., Masson-
Pevet, M., Morgan, P.J. et al. (2008) Ancestral TSH mechanism
signals summer in a photoperiodic mammal. Current Biology, 18,
1147-1152.

Hanon, E.A., Routledge, K., Dardente, H., Masson-Pevet, M.,
Morgan, P.J. & Hazlerigg, D.G. (2010) Effect of photoperiod
on the thyroid-stimulating hormone neuroendocrine sys-
tem in the European hamster (Cricetus cricetus). Journal of
Neuroendocrinology, 22, 51-55.

Hauser, A.S., Attwood, M.M., Rask-Andersen, M., Schioth, H.B.
& Gloriam, D.E. (2017) Trends in GPCR drug discovery: new
agents, targets and indications. Nature Reviews Drug Discovery,
16, 829-842.

Hearn, M.T. & Gomme, P.T. (2000) Molecular architecture and
biorecognition processes of the cystine knot protein superfam-
ily: part 1. The glycoprotein hormones. Journal of Molecular
Recognition, 13, 223-278.

Hecht, E.E., Barton, S.A., Rogers Flattery, C.N. & Meza, A. (2023)
The evolutionary neuroscience of domestication. Trends in
Cognitive Sciences, 27, 553-567.

Herbeck, Y.E. & Gulevich, R.G. (2019) Neuropeptides as facilitators
of domestication. Cell and Tissue Research, 375, 295-307.

Heyder, N., Kleinau, G., Szczepek, M., Kwiatkowski, D., Speck, D.,
Soletto, L. et al. (2019) Signal transduction and pathogenic mod-
ifications at the Melanocortin-4 receptor: a structural perspec-
tive. Frontiers in Endocrinology, 10, 515.

Heyder, N.A., Kleinau, G., Speck, D., Schmidt, A., Paisdzior, S.,
Szczepek, M. et al. (2021) Structures of active melanocortin-4
receptor-Gs-protein complexes with NDP-alpha-MSH and set-
melanotide. Cell Research, 31, 1176-1189.

Hill, C.A., Fox, A.N., Pitts, R.J., Kent, L.B., Tan, P.L., Chrystal, M.A.
et al. (2002) G protein-coupled receptors in Anopheles gambiae.
Science, 298, 176-178.

Ho, M.K., Su, Y., Yeung, WW. & Wong, Y.H. (2009) Regulation of
transcription factors by heterotrimeric G proteins. Current
Molecular Pharmacology, 2, 19-31.

Hofmann, K.P., Scheerer, P., Hildebrand, P.W., Choe, HW., Park,
J.H., Heck, M. et al. (2009) A G protein-coupled receptor at
work: the rhodopsin model. Trends in Biochemical Sciences, 34,
540-552.

Hu, X.J,, Yang, J., Xie, X.L., Lv, F.H., Cao, Y.H., Li, W.R. et al. (2019)
The genome landscape of Tibetan sheep reveals adaptive in-
trogression from argali and the history of early human settle-
ments on the Qinghai-Tibetan plateau. Molecular Biology and
Evolution, 36, 283-303.

Hutchings, C.J., Koglin, M. & Marshall, F.H. (2010) Therapeutic
antibodies directed at G protein-coupled receptors. MAbs, 2,
594-606.

Ikegami, K. & Yoshimura, T. (2013) Seasonal time measure-
ment during reproduction. The Journal of Reproduction and
Development, 59, 327-333.

Ikegami, K. & Yoshimura, T. (2016) Comparative analysis reveals
the underlying mechanism of vertebrate seasonal reproduction.
General and Comparative Endocrinology, 227, 64—68.

Jensen, P. (2014) Behavior genetics and the domestication of animals.
Annual Review of Animal Biosciences, 2, 85-104.

85U80|7 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe sajoie YO ‘@SN JO Sa|NJ 104 Akeid 18Ul UQ AB]1 UO (SUORIPUOD-PUR-SWBIW0D A8 | IM A eIq Ul [UO//:SANY) SUOIPUOD pue swie | 8 88S *[6202/T0/TE] Uo AriqiTauluo Aeim ‘Ariqil Aisienun eesddn Aq 9/v€Ta0e/TTTT 0T/I0p/wW00 A8 1M AReiq 1 |euluo//Sdiy Wiy papeojumod ‘9 ‘202 ‘Z502S9ET



KLEINAU ET AL.

ANV \ VAL GENETICS

Ji, R.L. & Tao, Y.X. (2022) Melanocortin-1 receptor mutations and
pigmentation: insights from large animals. Progress in Molecular
Biology and Translational Science, 189, 179-213.

Johnston, S.E., Gratten, J., Berenos, C., Pilkington, J.G., Clutton-
Brock, T.H., Pemberton, J.M. et al. (2013) Life history trade-offs
at a single locus maintain sexually selected genetic variation.
Nature, 502, 93-95.

Kaelin, C.B. & Barsh, G.S. (2013) Genetics of pigmentation in dogs
and cats. Annual Review of Animal Biosciences, 1, 125-156.
Karlsson, A.C., Fallahshahroudi, A., Johnsen, H., Hagenblad, J.,
Wright, D., Andersson, L. et al. (2016) A domestication related
mutation in the thyroid stimulating hormone receptor gene
(TSHR) modulates photoperiodic response and reproduction
in chickens. General and Comparative Endocrinology, 228,

69-78.

Kijas, J.M., Moller, M., Plastow, G. & Andersson, L. (2001) A frame-
shift mutation in MCIR and a high frequency of somatic rever-
sions cause black spotting in pigs. Genetics, 158, 779-785.

Kijas, J.W., Lenstra, J.A., Hayes, B., Boitard, S., Porto Neto, L.R., San
Cristobal, M. et al. (2012) Genome-wide analysis of the world's
sheep breeds reveals high levels of historic mixture and strong
recent selection. PLoS Biology, 10, €1001258.

Kikusui, T., Nagasawa, M., Nomoto, K., Kuse-Arata, S. & Mogi, K.
(2019) Endocrine regulations in human-dog coexistence through
domestication. Trends in Endocrinology and Metabolism, 30,
793-806.

Kim, K.S., Larsen, N., Short, T., Plastow, G. & Rothschild, M.F.
(2000) A missense variant of the porcine melanocortin-4 recep-
tor (MC4R) gene is associated with fatness, growth, and feed in-
take traits. Mammalian Genome, 11, 131-135.

Kinoshita, K., Akiyama, T., Mizutani, M., Shinomiya, A., Ishikawa,
A., Younis, H.H. et al. (2014) Endothelin receptor B2 (EDNRB2)
is responsible for the tyrosinase-independent recessive white
(mo(w)) and mottled (mo) plumage phenotypes in the chicken.
PLo0S One, 9, e86361.

Kleinau, G., Neumann, S., Gruters, A., Krude, H. & Biebermann, H.
(2013) Novel insights on thyroid-stimulating hormone receptor
signal transduction. Endocrine Reviews, 34, 691-724.

Kobilka, B.K. & Deupi, X. (2007) Conformational complexity of G-
protein-coupled receptors. Trends in Pharmacological Sciences,
28, 397-406.

Korkuc, P, Neumann, G.B., Hesse, D., Arends, D., Reissmann, M.,
Rahmatalla, S. et al. (2023) Whole-genome sequencing data re-
veal new loci affecting milk production in German black pied
cattle (DSN). Genes (Basel), 14, 581.

Koshimizu, T.A., Nakamura, K., Egashira, N., Hiroyama, M.,
Nonoguchi, H. & Tanoue, A. (2012) Vasopressin Vla and V1b re-
ceptors: from molecules to physiological systems. Physiological
Reviews, 92, 1813-1864.

Kristiansen, K. (2004) Molecular mechanisms of ligand binding,
signaling, and regulation within the superfamily of G-protein-
coupled receptors: molecular modeling and mutagenesis ap-
proaches to receptor structure and function. Pharmacology &
Therapeutics, 103, 21-80.

Kubota, S., Vandee, A., Keawnakient, P., Molee, W., Yongsawatdikul,
J. & Molee, A. (2019) Effects of the MC4R, CAPNI1, and ADSL
genes on body weight and purine content in slow-growing chick-
ens. Poultry Science, 98, 4327-4337.

Kuhnen, P., Krude, H. & Biebermann, H. (2019) Melanocortin-4 re-
ceptor Signalling: importance for weight regulation and obesity
treatment. Trends in Molecular Medicine, 25, 136-148.

Kukekova, A.V., Trut, L.N., Chase, K., Kharlamova, A.V., Johnson,
J.L., Temnykh, S.V. et al. (2011) Mapping loci for fox domestica-
tion: deconstruction/reconstruction of a behavioral phenotype.
Behavior Genetics, 41, 593-606.

Lamichhaney, S., Fuentes-Pardo, A.P., Rafati, N., Ryman, N.,
McCracken, G.R., Bourne, C. et al. (2017) Parallel adaptive evo-
lution of geographically distant herring populations on both

sides of the North Atlantic Ocean. Proceedings of the National
Academy of Sciences of the United States of America, 114,
E3452-E346l.

Larson, G. & Burger, J. (2013) A population genetics view of animal
domestication. Trends in Genetics, 29, 197-205.

Lee, T., Cho, S., Seo, K.S., Chang, J., Kim, H. & Yoon, D. (2013)
Genetic variants and signatures of selective sweep of Hanwoo
population (Korean native cattle). BMB Reports, 46, 346-351.

Li, M., Tian, S., Yeung, C.K., Meng, X., Tang, Q., Niu, L. et al. (2014)
Whole-genome sequencing of Berkshire (European native pig)
provides insights into its origin and domestication. Scientific
Reports, 4, 4678.

Li, Q., Huo, A., Li, M., Wang, J., Yin, Q., Chen, L. et al. (2024)
Structure, ligands, and roles of GPR126/ADGRG®6 in the devel-
opment and diseases. Genes & Diseases, 11, 294-305.

Li, Y., Vonholdt, B.M., Reynolds, A., Boyko, A.R., Wayne, R.K.,
Wu, D.D. et al. (2013) Artificial selection on brain-expressed
genes during the domestication of dog. Molecular Biology and
Evolution, 30, 1867-1876.

Limbird, L.E. (2004) The receptor concept: a continuing evolution.
Molecular Interventions, 4, 326-336.

Liu, N., Li, T., Wang, Y. & Liu, S. (2021) G-protein coupled receptors
(GPCRys) in insects — a potential target for new insecticide devel-
opment. Molecules, 26(10), 2993.

Lotvedt, P., Fallahshahroudi, A., Bektic, L., Altimiras, J. & Jensen,
P. (2017) Chicken domestication changes expression of stress-
related genes in brain, pituitary and adrenals. Neurobiology of
Stress, 7, 113-121.

Lu, D., Willard, D., Patel, .LR., Kadwell, S., Overton, L., Kost, T.
et al. (1994) Agouti protein is an antagonist of the melanocyte-
stimulating-hormone receptor. Nature, 371, 799-802.

Lu, H.L., Li, L., Miao, Y.L., Liang, H., Zou, J.M., You, J.J. et al.
(2023) Effects and regulatory pathway of proopinmelanocor-
tin on feeding habit domestication in mandarin fish. Gene, 878,
147581.

Marcus, C., Ehren, H., Bolme, P. & Arner, P. (1988) Regulation of li-
polysis during the neonatal period. Importance of thyrotropin.
The Journal of Clinical Investigation, 82, 1793-1797.

Marklund, L., Moller, M.J., Sandberg, K. & Andersson, L. (1996) A
missense mutation in the gene for melanocyte-stimulating hor-
mone receptor (MCIR) is associated with the chestnut coat color
in horses. Mammalian Genome, 7, 895-899.

McMahon, C.D., Radcliff, R.P., Lookingland, K.J. & Tucker, H.A.
(2001) Neuroregulation of growth hormone secretion in domes-
tic animals. Domestic Animal Endocrinology, 20, 65-87.

Mehta, P. & Piao, X. (2017) Adhesion G-protein coupled receptors
and extracellular matrix proteins: roles in myelination and glial
cell development. Developmental Dynamics, 246, 275-284.

Metallinos, D.L., Bowling, A.T. & Rine, J. (1998) A missense muta-
tion in the endothelin-B receptor gene is associated with lethal
white foal syndrome: an equine version of Hirschsprung disease.
Mammalian Genome, 9, 426-431.

Mitgau, J., Franke, J., Schinner, C., Stephan, G., Berndt, S.,
Placantonakis, D.G. et al. (2022) The N terminus of adhesion
G protein-coupled receptor GPR126/ADGRG6 as allosteric
force integrator. Frontiers in Cell and Development Biology, 10,
873278.

Miwa, M., Inoue-Murayama, M., Aoki, H., Kunisada, T., Hiragaki,
T., Mizutani, M. et al. (2007) Endothelin receptor B2 (EDNRB2)
is associated with the panda plumage colour mutation in
Japanese quail. Animal Genetics, 38, 103—108.

Moran, B.M., McKillop, A.M. & O'Harte, F.P. (2016) Development
of novel ligands for peptide GPCRs. Current Opinion in
Pharmacology, 31, 57-62.

Muller, T.D. & Tschop, M.H. (2022) Gut-hormone triple agonists:
clinical safety and metabolic benefits. Lancet, 400, 1826-1828.

Musa, G., Cazorla-Vazquez, S., van Amerongen, M.J., Stemmler,
M.P.,, Eckstein, M., Hartmann, A. etal. (2019) Gpr126 (Adgrg6) is

85U80|7 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe sajoie YO ‘@SN JO Sa|NJ 104 Akeid 18Ul UQ AB]1 UO (SUORIPUOD-PUR-SWBIW0D A8 | IM A eIq Ul [UO//:SANY) SUOIPUOD pue swie | 8 88S *[6202/T0/TE] Uo AriqiTauluo Aeim ‘Ariqil Aisienun eesddn Aq 9/v€Ta0e/TTTT 0T/I0p/wW00 A8 1M AReiq 1 |euluo//Sdiy Wiy papeojumod ‘9 ‘202 ‘Z502S9ET



GPCRs ASSOCIATED WITH ANIMAL DOMESTICATION

expressed in cell types known to be exposed to mechanical stim-
uli. Annals of the New York Academy of Sciences, 1456, 96-108.

Mysore, K., Njoroge, T.M., Stewart, A.T.M., Winter, N., Hamid-
Adiamoh, M., Sun, L. et al. (2023) Characterization of a novel
RNAI yeast insecticide that silences mosquito 5-HT1 receptor
genes. Scientific Reports, 13, 22511.

Nakao, N., Ono, H., Yamamura, T., Anraku, T., Takagi, T., Higashi,
K. et al. (2008) Thyrotrophin in the pars tuberalis triggers pho-
toperiodic response. Nature, 452, 317-322.

Nakayama, T. & Yoshimura, T. (2018) Seasonal rhythms: the role of
thyrotropin and thyroid hormones. Thyroid, 28, 4-10.

Ngai, M. & McDowell, M.A. (2017) The search for novel insecticide
targets in the post-genomics era, with a specific focus on G-
protein coupled receptors. Memdrias do Instituto Oswaldo Cruz,
112, 1-7.

Nordstrom, K.J., Sallman, A.M., Edstam, M.M., Fredriksson, R.
& Schioth, H.B. (2011) Independent HHsearch, Needleman—
Wunsch-based, and motif analyses reveal the overall hierarchy
for most of the G protein-coupled receptor families. Molecular
Biology and Evolution, 28, 2471-2480.

Norris, B.J. & Whan, V.A. (2008) A gene duplication affecting expres-
sion of the ovine ASIP gene is responsible for white and black
sheep. Genome Research, 18, 1282-1293.

Ono, H., Hoshino, Y., Yasuo, S., Watanabe, M., Nakane, Y., Murai,
A. et al. (2008) Involvement of thyrotropin in photoperiodic sig-
nal transduction in mice. Proceedings of the National Academy of
Sciences of the United States of America, 105, 18238-18242.

O'Rourke, T. & Boeckx, C. (2020) Glutamate receptors in domes-
tication and modern human evolution. Neuroscience and
Biobehavioral Reviews, 108, 341-357.

Overington, J.P., Al-Lazikani, B. & Hopkins, A.L. (2006) How
many drug targets are there? Nature Reviews Drug Discovery, 5,
993-996.

Ovilo, C., Fernandez, A., Rodriguez, M.C., Nieto, M. & Silio, L.
(2006) Association of MC4R gene variants with growth, fatness,
carcass composition and meat and fat quality traits in heavy
pigs. Meat Science, 73, 42-47.

Pan, Z., Li, S., Liu, Q., Wang, Z., Zhou, Z., Di, R. et al. (2018) Whole-
genome sequences of 89 Chinese sheep suggest role of RXFP2 in
the development of unique horn phenotype as response to semi-
feralization. GigaScience, 7, giy019.

Pare, P., Paixao-Cortes, V.R., Tovo-Rodrigues, L., Vargas-Pinilla, P.,
Viscardi, L.H., Salzano, F.M. et al. (2016) Oxytocin and arginine
vasopressin receptor evolution: implications for adaptive novel-
ties in placental mammals. Genetics and Molecular Biology, 39,
646-657.

Peng, Q., Wang, Y., Hu, Y., Lan, D., He, D., Li, S. et al. (2018) High
sequence variation in the exon 10 of TSHR gene is associated
with flightless-domestic geese. 3 Biotech, 8, 353.

Popova, N.K., Naumenko, V.S., Kozhemyakina, R.V. & Plyusnina,
1.Z. (2010) Functional characteristics of serotonin 5-HT2A and
5-HT2C receptors in the brain and the expression of the 5-HT2A
and 5-HT2C receptor genes in aggressive and non-aggressive
rats. Neuroscience and Behavioral Physiology, 40, 357-361.

Popova, N.K., Voitenko, N.N., Kulikov, A.V. & Avgustinovich,
D.F. (1991) Evidence for the involvement of central serotonin
in mechanism of domestication of silver foxes. Pharmacology,
Biochemistry, and Behavior, 40, 751-756.

Purugganan, M.D. (2022) What is domestication? Trends in Ecology &
Evolution, 37, 663—671.

Rae, M., Lemos, D.M., Gomes, I., Camarini, R. & Devi, L.A.
(2022) Oxytocin and vasopressin: signalling, behavioural mod-
ulation and potential therapeutic effects. British Journal of
Pharmacology, 179, 1544-1564.

Raffan, E., Dennis, R.J., O'Donovan, C.J., Becker, J.M., Scott, R.A.,
Smith, S.P. et al. (2016) A deletion in the canine POMC gene is
associated with weight and appetite in obesity-prone labrador
retriever dogs. Cell Metabolism, 23, 893-900.

ANIMAL GENETICS RYVTEvEG

Ravenscroft, G., Nolent, F., Rajagopalan, S., Meireles, A.M., Paavola,
K.J., Gaillard, D. et al. (2015) Mutations of GPR126 are respon-
sible for severe arthrogryposis multiplex congenita. American
Journal of Human Genetics, 96, 955-961.

Rieder, S., Taourit, S., Mariat, D., Langlois, B. & Guerin, G. (2001)
Mutations in the agouti (ASIP), the extension (MCIR), and the
brown (TYRPI) loci and their association to coat color pheno-
typesin horses (Equus caballus). Mammalian Genome, 12,450-455.

Rocha, A., Gomez, A., Galay-Burgos, M., Zanuy, S., Sweeney, G.E.
& Carrillo, M. (2007) Molecular characterization and seasonal
changes in gonadal expression of a thyrotropin receptor in the
European sea bass. General and Comparative Endocrinology, 152,
89-101.

Roeder, T. (2005) Tyramine and octopamine: ruling behavior and me-
tabolism. Annual Review of Entomology, 50, 447-477.

Rosenfeld, C.S., Hekman, J.P., Johnson, J.L., Lyu, Z., Ortega, M.T,,
Joshi, T. et al. (2020) Hypothalamic transcriptome of tame and
aggressive silver foxes (Vulpes vulpes) identifies gene expres-
sion differences shared across brain regions. Genes, Brain, and
Behavior, 19, €12614.

Ruan, J., Xu, J., Chen-Tsai, R.Y. & Li, K. (2017) Genome editing in
livestock: are we ready for a revolution in animal breeding indus-
try? Transgenic Research, 26, 715-726.

Rubin, C.J., Zody, M.C., Eriksson, J., Meadows, J.R., Sherwood, E.,
Webster, M.T. et al. (2010) Whole-genome resequencing reveals
loci under selection during chicken domestication. Nature, 464,
587-591.

Santschi, E.M., Purdy, A.K., Valberg, S.J., Vrotsos, P.D., Kaese, H. &
Mickelson, J.R. (1998) Endothelin receptor B polymorphism as-
sociated with lethal white foal syndrome in horses. Mammalian
Genome, 9, 306-309.

Schmutz, S.M. & Berryere, T.G. (2007) Genes affecting coat colour
and pattern in domestic dogs: a review. Animal Genetics, 38,
539-549.

Schoneberg, T., Hofreiter, M., Schulz, A. & Rompler, H. (2007)
Learning from the past: evolution of GPCR functions. Trends in
Pharmacological Sciences, 28, 117-121.

Schoneberg, T., Schulz, A., Biebermann, H., Hermsdorf, T., Rompler,
H. & Sangkuhl, K. (2004) Mutant G-protein-coupled receptors
as a cause of human diseases. Pharmacology & Therapeutics, 104,
173-206.

Seifert, R. & Wenzel-Seifert, K. (2002) Constitutive activity of G-
protein-coupled receptors: cause of disease and common prop-

erty of wild-type receptors. Naunyn-Schmiedeberg's Archives of

Pharmacology, 366, 381-416.

Sharma, P., Bottje, W. & Okimoto, R. (2008) Polymorphisms in un-
coupling protein, melanocortin 3 receptor, melanocortin 4 re-
ceptor, and pro-opiomelanocortin genes and association with
production traits in a commercial broiler line. Poultry Science,
87, 2073-2086.

Signer-Hasler, H., Henkel, J., Bangerter, E., Bulut, Z., VarGoats, C.,
Drogemuller, C. et al. (2022) Runs of homozygosity in Swiss
goats reveal genetic changes associated with domestication and
modern selection. Genetics, Selection, Evolution, 54, 6.

Simon, R., Drogemuller, C. & Luhken, G. (2022) The complex and di-
verse genetic architecture of the absence of horns (polledness) in
domestic ruminants, including goats and sheep. Genes (Basel),
13(5), 832.

Sriram, K. & Insel, P.A. (2018) G protein-coupled receptors as tar-
gets for approved drugs: how many targets and how many drugs?
Molecular Pharmacology, 93, 251-258.

Sun, P, He, L., Jia, K., Yue, Z., Li, S., Jin, Y. et al. (2020) Regulation
of body length and bone mass by Gprl26/Adgrg6. Science
Advances, 6, eaaz0368.

Szkudlinski, M.W. (2015) Patent No. US 9,187,545 B2. Unitet States
Patent.

Szkudlinski, M.W., Fremont, V., Ronin, C. & Weintraub, B.D. (2002)
Thyroid-stimulating hormone and thyroid-stimulating hormone

85U80|7 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe sajoie YO ‘@SN JO Sa|NJ 104 Akeid 18Ul UQ AB]1 UO (SUORIPUOD-PUR-SWBIW0D A8 | IM A eIq Ul [UO//:SANY) SUOIPUOD pue swie | 8 88S *[6202/T0/TE] Uo AriqiTauluo Aeim ‘Ariqil Aisienun eesddn Aq 9/v€Ta0e/TTTT 0T/I0p/wW00 A8 1M AReiq 1 |euluo//Sdiy Wiy papeojumod ‘9 ‘202 ‘Z502S9ET



KLEINAU ET AL.

| wiLey- I EIE

receptor structure-function relationships. Physiological Reviews,
82, 473-502.

Terenina, E., Babigumira, B.M., Le Mignon, G., Bazovkina, D.,
Rousseau, S., Salin, F. et al. (2013) Association study of molecu-
lar polymorphisms in candidate genes related to stress responses
with production and meat quality traits in pigs. Domestic Animal
Endocrinology, 44, 81-97.

Torregrosa-Carrion, R., Pineiro-Sabaris, R., Siguero-Alvarez, M.,
Grego-Bessa, J., Luna-Zurita, L., Fernandes, V.S. et al. (2021)
Adhesion G protein-coupled receptor Gprl26/Adgrg6 is essen-
tial for placental development. Science Advances, 7, eabj5445.

Unfried, C., Ansari, N., Yasuo, S., Korf, HW. & von Gall, C. (2009)
Impact of melatonin and molecular clockwork components on the
expression of thyrotropin beta-chain (Tshb) and the Tsh receptor
in the mouse pars tuberalis. Endocrinology, 150, 4653-4662.

Utomo, B., Rimayanti, R., Triana, ILN. & Fadholly, A. (2021)
Melanocortin-4 receptor and leptin as genes for the selection of
superior Madrasin cattle. Veterinary World, 14, 3224-3228.

Van Hiel, M.B., Van Loy, T., Poels, J., Vandersmissen, H.P., Verlinden,
H., Badisco, L. et al. (2010) Neuropeptide receptors as possible
targets for development of insect pest control agents. Advances in
Experimental Medicine and Biology, 692, 211-226.

Vassart, G. & Costagliola, S. (2011) G protein-coupled receptors: mu-
tations and endocrine diseases. Nature Reviews Endocrinology,
7,362-372.

Vassart, G. & Dumont, J.E. (1992) The thyrotropin receptor and the
regulation of thyrocyte function and growth. Endocrine Reviews,
13, 596-611.

Veldhuis, N.A., Poole, D.P., Grace, M., Mclntyre, P. & Bunnett, N.W.
(2015) The G protein-coupled receptor-transient receptor poten-
tial channel axis: molecular insights for targeting disorders of
sensation and inflammation. Pharmacological Reviews, 67, 36-73.

Wang, G.D., Xie, H.B., Peng, M.S., Irwin, D. & Zhang, Y.P. (2014)
Domestication genomics: evidence from animals. Annual Review
of Animal Biosciences, 2, 65-84.

Wang, L., Guo, J., Xi, Y., Ma, S., Li, Y., He, H. et al. (2020)
Understanding the genetic domestication history of the
Jianchang duck by genotyping and sequencing of genomic genes
under selection. G3 (Bethesda), 10, 1469-1476.

Weis, W.I. & Kobilka, B.K. (2018) The molecular basis of G protein-
coupled receptor activation. Annual Review of Biochemistry, 87,
897-919.

Wiedemar, N. & Drogemuller, C. (2015) A 1.8-kb insertion in the 3'-
UTR of RXFP2 is associated with polledness in sheep. Animal
Genetics, 46, 457-461.

Wiedemar, N., Tetens, J., Jagannathan, V., Menoud, A.,
Neuenschwander, S., Bruggmann, R. et al. (2014) Independent
polled mutations leading to complex gene expression differences
in cattle. PLoS One, 9, €93435.

Wilkins, A.S., Wrangham, R.W. & Fitch, W.T. (2014) The
‘domestication syndrome’ in mammals: a unified explanation
based on neural crest cell behavior and genetics. Genetics, 197,
795-808.

Yang, G.C., Croaker, D., Zhang, A.L., Manglick, P., Cartmill, T. &
Cass, D. (1998) A dinucleotide mutation in the endothelin-B
receptor gene is associated with lethal white foal syndrome
(LWES); a horse variant of Hirschsprung disease. Human
Molecular Genetics, 7, 1047-1052.

Zeder, M.A. (2015) Core questions in domestication research.
Proceedings of the National Academy of Sciences of the United
States of America, 112, 3191-3198.

Zhang, C.L., Chen, H., Wang, Y.H., Zhang, R.F., Lan, XY, Lei, C.Z.
et al. (2008) Serotonin receptor 1B (HTRIB) genotype associ-
ated with milk production traits in cattle. Research in Veterinary
Science, 85, 265-268.

Zhang, H.J., Cui, Z.H., Liu, M., Min, T.Q., Xiao, X., Wang, Z.Q. et al.
(2021) Pharmacological characterization of three chicken mela-
nocortin-3 receptor mutants. Domestic Animal Endocrinology,
74, 106507.

Zhang, S.J., Wang, G.D., Ma, P., Zhang, L.L., Yin, T.T., Liu, Y.H.
et al. (2020) Genomic regions under selection in the feralization
of the dingoes. Nature Communications, 11, 671.

How to cite this article: Kleinau, G., Chini, B.,
Andersson, L. & Scheerer, P. (2024) The role of G
protein-coupled receptors and their ligands in
animal domestication. Animal Genetics, 55, 893—
906. Available from: https:/doi.org/10.1111/age.13476

85U80|7 SUOWIWOD A0 3|cedl|dde ays Aq peusenob afe sajoie YO ‘@SN JO Sa|NJ 104 Akeid 18Ul UQ AB]1 UO (SUORIPUOD-PUR-SWBIW0D A8 | IM A eIq Ul [UO//:SANY) SUOIPUOD pue swie | 8 88S *[6202/T0/TE] Uo AriqiTauluo Aeim ‘Ariqil Aisienun eesddn Aq 9/v€Ta0e/TTTT 0T/I0p/wW00 A8 1M AReiq 1 |euluo//Sdiy Wiy papeojumod ‘9 ‘202 ‘Z502S9ET


https://doi.org/10.1111/age.13476

	The role of G protein-coupled receptors and their ligands in animal domestication
	Abstract
	INTRODUCTION
	GPCRS AND LIGANDS INVOLVED IN BEHAVIOR CHANGES RELEVANT FOR DOMESTICATION
	Vasopressin and oxytocin receptors
	Serotonin receptors
	Corticotropin releasing hormone receptor 1

	GPCRS AND LIGANDS INVOLVED IN MORPHOLOGICAL CHANGES
	Pigmentation
	Melanocortin-receptor 1 and agouti-signaling protein
	Endothelin receptor type B and its ligand endothelin-3

	Growth, development, body weight, milk production and meat quality
	Melanocortin-4 receptor
	Melanocortin-3 receptor
	G protein-coupled receptor 126
	Serotonin receptors 3C and 3B (HTR3C, HTR1B)
	Relaxin family peptide receptor 2 (RXFP2, formerly LGR8)
	Specific hormone ligands of GPCRs involved in growth regulation


	GPCRS AND LIGANDS INVOLVED IN CIRCADIAN RHYTHMS, REPRODUCTION, TASTE AND SMELL
	GPCR hormone ligand thyrotropin
	TSH receptor
	GPR176
	Taste 2 receptors

	FINAL REMARKS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


