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Abstract: The process of canine domestication represents certainly one of the most interesting ques-
tions that evolutionary biology aims to address. A “multiphase” view of this process is now accepted,
with a first phase during which different groups of wolves were attracted by the anthropogenic niche
and a second phase characterized by the gradual establishment of mutual relationships between
wolves and humans. Here, we provide a review of dog (Canis familiaris) domestication, highlighting
the ecological differences between dogs and wolves, analyzing the molecular mechanisms which
seem to have influenced the affiliative behaviors first observed in Belyaev’s foxes, and describing
the genetics of ancient European dogs. Then, we focus on three Mediterranean peninsulas (Balkan,
Iberian and Italian), which together represent the main geographic area for studying canine domes-
tication dynamics, as it has shaped the current genetic variability of dog populations, and where a
well-defined European genetic structure was pinpointed through the analysis of uniparental genetic
markers and their phylogeny.

Keywords: dog; Canis familiaris; domestication; wolves; mitochondrial DNA; Y chromosome;
Mediterranean area

1. Introduction

Domestication represents the evolutionary process in which the genetic, physiological,
and behavioral (and cognitive) profile of a species is reshaped to adapt to a man-made
environment. It arises from mutualism between two species, where the domesticator creates
an environment and actively manages both the survival and reproduction of another species
(the domesticated), which provides the former with resources and/or services [1].

The selective pressures involved in domestication are likely to have varied over time
and across taxa, although it is believed that in many species, the early stages of this process
were largely dependent on the evolutionary reduction of fear and aggression toward
humans [2]. The domestication of plants and animals represents undoubtedly one of the
greatest achievements mankind has ever made, as the cultivation of “selected” plant species
enabled humans to increase their food supply, while the domestication of animal species
made it easier to perform diversified tasks, such as hunting and managing cultivated
land. The domestication of surrounding flora and fauna by ancient human populations
required an intentionality and an understanding of other species’ behavior and reproductive
biology [3,4]; thus, the cognitive demands of the human-mediated domestication process
constitute a phenomenon distinct from other interspecific mutualisms, i.e., those evolved
by social insects [5,6].

The massive domestication of plants and animals by humans was likely triggered by
the significant climatic and environmental changes that characterized the global transition
from the Last Glacial Maximum (LGM) to the current Holocene interglacial period [7].
The demographic pressure produced by the exponential growth of the human population
was proposed as a random factor favoring domestication, since it produced an increase in
relationships between humans and animals.
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In some species, such as dogs (C. f.), domestication fostered not only social tolerance
toward humans, but also active social bonds and relationships rooted in attachment [8].
A variety of both paleontological and genetic evidence has been collected attesting to the
dog being one of the first (or the first ever) animals to be domesticated thousands of years
before the human transition from hunter-gatherer to an agriculture-based lifestyle. Other
domesticated animal species appeared later, about 10,000 years ago, when the dog was
already a domesticated and integrated part of human social life [9]. Among all the animal
species domesticated by humans, dogs show the most pronounced morphological and
behavioral variability currently observable. They are able to perform different tasks within
the human social sphere, such as acting as companion animals and assisting disabled
people or becoming faithful supporters of the police force.

During the past three decades, studies of population and forensic genetics, ancient
DNA (aDNA), and more recently, paleogenomics have provided abundant evidence in
support of Charles Darwin’s thesis that domesticated animal populations and the process of
domestication of wild populations represent perfect models for understanding evolutionary
processes on a large temporal scale [10].

2. Canine Domestication Process

The first domesticated taxa were dogs, which diverged from their main ancestor,
the gray wolf (Canis lupus), between 32,000 and 11,000–16,000 years ago [11,12]. This
phenomenon was probably characterized by two functionally distinct phases. The first
involved the opening of an anthropogenic niche, which facilitated new and lasting asso-
ciations between some wolves and human populations. Some theories suggest that wolf
populations were first attracted to human-generated waste, which was considered a new
food ecology exploited by those wolves that did not show fear of human communities [13].
Other theories propose that human–wolf interactions began with the capture and breeding
of newborn wolves carried out by humans [14,15] or through mutualism resulting from the
complementary hunting strategies of Paleolithic humans and wolves [16]. Regardless of
the circumstances that fostered such human–wolf associations, it can be said that wolf pop-
ulations initially occupied these ecological niches as “synanthropes,” i.e., non-domesticated
species that benefit from an anthropized environment. The second phase of domestication
was characterized by a gradual change in “human–dog” interactions, and dogs began to
be selected for behavioral characteristics. During this phase, it is likely that social bonds
between individual dogs and humans became increasingly important, perhaps favoring
those specimens that were biologically better prepared to develop such interspecific rela-
tionships [13]. Although wolves can develop relationships with humans if fed “by hand”
from puppyhood [15,17], domestication appears to have relaxed the conditions required
for such relationships in dogs [13]. While the early stages of the domestication process
likely aimed to reduce the fear and the anxiety required for living in an anthropogenic en-
vironment, in later stages the selection may have acted more specifically on socioemotional
processes related to interspecific social bonding and cooperation [13].

2.1. Sources of Selective Pressure: The Environment and Humans

Regardless of the initial process, domestication took place for about
15,000–30,000 years [18,19]. Dogs firstly associated with hunter-gatherers, then humans
organized themselves into small settlements, and finally, into larger villages. The analysis
of the domestication process, which produced marked differences between wolves and
dogs, individuated three types of selective pressures (natural and sexual, human-mediated
and improved selection), as depicted by Range and Marshall-Pescini in 2022 (Figure 1) [20].
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Figure 1. Simplified diagram of the domestication process from [20]. The figure summarizes the wolf
domestication process and the respective selective pressures that are likely to have been active during
the process. Abbreviation: FRD, free-ranging dogs.

At the beginning, the natural and sexual selection shaped, and continues to shape,
the cognitive and behavioral spheres of dogs. Many studies highlight genetic adaptations
to specific environments [19,21] and preferences in the mating of wild dogs [22]. Then,
humans “negatively” selected some specific characteristics (consciously or not). This
selection allowed coexistence between dogs and humans for many thousands of years (for
example, overly aggressive animals were killed). In the end, humans deliberately and
directly “positively” selected specific phenotypic traits, a process that began with selecting
dogs for different functions, became popular during the Victorian era, and nowadays, is
reflected in the multitudes of dog breeds [20].

However, it should be noted that alongside the traits selected by man, the adaptation
of dogs to a new ecological niche represents a fundamental part of the domestication
process, since cognitive abilities are shaped by the social ecology of species, which differs
greatly in the case of dogs and wolves [23].

2.2. One Experimental Domestication Model: Belyaev’s Foxes

In 1959, the Russian geneticist Dmitri Belyaev began a study to simulate the process
of animal domestication. He aimed to create a selective regime that would reflect the
conditions envisioned as “critical” for animal training and to understand the biological
basis of the phenotypic changes produced by the domestication process, thus proposing
that domestication was based essentially on “selection by tamability” [2]. The experiment
was designed to record the effects of additionally intense selection for tameness and the
correlated emergence of unexpected morphological and genetic traits [24]. To test this
hypothesis, Belyaev used silver foxes, a melanistic variant of the red fox (Vulpes vulpes),
from a Canadian population of farmed foxes selected over more than 50 generations
for increased docility [25]. Then, he systematically bred and tested hundreds of these
individuals to verify their “friendliness” toward humans [2,26]. Over a span of 60 years,
Belyaev and collaborators documented phenotypic changes in “their” foxes that closely
resembled those produced by canine domestication [27] and discovered a drastic reduction
in blood cortisol concentrations and less adrenal cortex reactivity in foxes selected for
tameness compared to wild-type controls [2,28,29] (Figure 2).

As evidenced by Belyaev, domestic animals differ from their “wild” ancestors from the
physiological, morphological, and behavioral points of view, and they appear less fearful
than humans and much more socially tolerant of conspecifics. All these changes are consid-
ered to be deeply connected to the so-called “Domestication Syndrome” [2,27,28,30], a set



Genes 2023, 14, 992 4 of 17

of different traits associated with early domestication and observed in some domesticated
mammals [31]. However, none of these traits can be found in all domestic mammals, which
underwent selective pressures that led to a differentiation within species/breed [31,32]. In
2014, Wilkins and colleagues suggested that all variations observed during domestication
are the result of a mild neural crest stem cell deficiency during embryonic development
(the Neural Crest Cell Hypothesis; NCCH) [33]. In this complex scenario, there has recently
been a debate about the recognition of Domestication Syndrome as a model to describe
the phenomenon of domestication [25,31,34–40]. Lord and colleagues argued that focusing
only on behavioral selection represents a severe limitation and so invited the scientific
community to consider animal adaptations to a human-modified environment in order to
adopt a more thorough approach [25]. Other authors stated that even if we assume that
Domestication Syndrome exists and responds to a behavioral selection, it could be due
to a selection caused by pleiotropy and mediated by trait-specific mechanisms involving
(or not) the neural crest [39]. Despite this, the possibility that dogs have become “less
selectively social” is supported by recent studies linking “hypersociality” in dogs to genetic
variants associated with “Williams–Beuren Syndrome” [41], a neurodevelopmental dis-
order characterized by extreme gregariousness and attraction to strangers, in which both
oxytocin and vasopressin appear to be unregulated [42].

Figure 2. Mechta (Dream), the first of the domesticated foxes to have floppy ears (1969) from [27].

2.3. A Possible Role for Oxytocin in Domestication

Oxytocin is a neuropeptide synthesized by the hypothalamus of mammals and all
vertebrates [43,44], and it plays a key role in the development of selective social bonds, such
as between monogamous dyads or between adults and infants [45,46]. It was observed that
oxytocin seems to trigger an increase in social trust [47,48], modulate social attention and
different aspects of social engagement, such as eye contact [49,50], and promote behavioral
synchrony, which is critical for coordinating group actions [51,52]. Studies performed on
primates and rodents suggest that oxytocin also affects serotonin regulation, stimulating its
release in limbic regions and increasing the availability of serotonin receptors [53–55].

Based on data combining the variation in the serotonin concentration in the blood
of Belyaev’s foxes [56] with the well-known role of serotonin in inhibiting aggressive
behavior [57,58], it was inferred that oxytocin–serotonin interactions also contribute to the
reduction of aggressive behavior [13]. Herbeck and colleagues hypothesized that in the
early stages of domestication, the most important functions covered by oxytocin were those
associated with an attenuation of stress reactivity and an inhibition of aggressive behavior.
However, the effects of this neuropeptide are known to be highly context-dependent and
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moderated by a wide range of biological and social factors, and such phenomena have
been recently observed in domestic dogs [13].

During calm and affiliative human–animal interactions, both humans and dogs show
increased blood concentrations of oxytocin [59–62]. In the contexts of interactions, the
exogenous administration of this molecule is able to increase affiliative social behavior,
such as exchanging glances and contact seeking [63,64]. By contrast, the exogenous ad-
ministration of oxytocin under different conditions, including threat, has been shown to
produce an inhibitory effect on dogs’ friendly behavior toward humans [65], and a “not
always prosocial” effect for oxytocin as was proposed [13,66,67].

In the early stages of domestication, the establishment of conditions in which some
populations of wolves and humans maintained regular physical proximity was essen-
tial [13], and humans led a highly dynamic lifestyle. It is likely that they exploited many
of the same territories occupied by wolves. Recent studies show that wolf packs tend to
regulate their activity within a territory in order to avoid human encroachment [68]. Such
conditions may have created chronic stressors for some wolf populations, which started
to reduce their land use or adopt behavioral strategies to coexist in human-trafficked
areas [13,69]. Over generations, these wolves may have been more inclined to occupy
territories in proximity to human settlements, raising offspring that showed further re-
ductions in fear and anxiety through exposure to the anthropogenic environment. It is
also possible that the anthropic niche has favored a transition from the “highly selective”
sociality observed in wolves to a less structured social system, in which selective sociality
(including monogamous reproduction) has become less crucial, perhaps in response to the
transition from cooperative hunting to solitary scavenging.

3. Wolves vs. Dogs: A Socio-Ecological Clash

Wolves are cursorial predators capable of hunting in groups (pack-hunting specialists)
that base their diet mainly on ungulates. Their social organization involves a monogamous
pair, accompanied by their offspring, composed of adults, subadults and puppies (nuclear
family organization), and sometimes, unrelated individuals join the pack [20]. The size
of the pack has a fundamental role in the success rates of hunting and in the defense of
the territory, and very often clashes between schools result in lethal aggressions. Overall,
it seems that wolves are heavily dependent on their social structure as a cohesive and
functional pack, which allows them to get enough food, breed their cubs, and defend the
territory [23]. As for dogs, free-ranging dogs show a feeding ecology closely related to the
occupied niche in the human environment. Their diet consists mainly of human food waste,
and in many populations, hunting (including pack hunting) plays a minor role. They have
been considered “optionally social”, since the size of the group depends on the abundance
of food. In contrast to wolves, they have a much more flexible pack structure, as members
of one pack often join another. Regarding the care of the offspring, dogs differ much from
wolves. The cubs of free-ranging dogs are bred mainly by mothers [20], while among
wolves, the occurrence of cooperative breeding of cubs by the pack with alloparental care
is now well known [70].

In support of a reduction in fear related to the domestication process, wolves appear
to be more neophobic toward humans and require intense early socialization to foster
“confident” man–wolf interactions [20]. Even when trust relationships are established, they
are limited to specific caregivers and not easily generalized to outsiders [71,72].

Socialized adult wolves react with fear to humans, and if only partially socialized, fear
can turn into aggression [20]. In addition, wolves who have socialized with humans (both
puppies and adults) also show a greater neophobia than dogs toward objects [20,23,73–75].

However, it must be said that the populations of wolves which have never been hunted
by men, such as the Arctic wolves (C. lupus arctos), show minimal reactions of fear toward
humans and their artifacts [76]. Once the “initial fear” is overcome, wolves seem to be
more exploratory [20,23,73,75], persistent in manipulating objects [77], and more prone to
risk [78] in comparison to dogs. These findings are very interesting, as they suggest that the
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differences between the wolf and the dog in terms of fear reactions may be partly explained
by the selection for human fear/shyness in wolves, due to the strong persecution that these
animals have suffered over time, and not only due to the selection against fear in dogs [20].

4. Genetics of Ancient European Dogs

The origin of dogs can be traced back to the ancient coevolution and mutualism
established between Paleolithic humans and wolves. Archaeological and paleontologi-
cal evidence of ancient canid remains from France, Germany, and Spain indicates that
the earliest domestic dogs identified certainty originated at least 15,000 or 13,500 years
ago [79,80]. By contrast, some studies have described Paleolithic dogs dating back to
40,000–16,000 years ago from Belgium (Goyet Cave), Russia, Germany and Czech Republic,
although the taxonomic attribution of these specimens is still controversial [81], while
others have redefined the time interval within which the phenomenon of domestication
is likely to have occurred [82–84]. The archeozoological analysis of fossils of large canids
unearthed from different excavation sites located in Moravia (Eastern Czech Republic)
dating back to the Pavlovian (29,000–25,000 years ago) allowed the attribution of these
remains to C. l. and stated that the Pavlovian hunter-gatherers shared a rather conflicting
relationship with these wolves [82]. The clash was probably motivated both by competition
for the same trophic resources (overlapping of preys) and survival (overlapping of ranges).
Furthermore, the absence of traces of gnawing on the examined fossil bones could be
indirect evidence of the absence of domesticated dogs in such human settlements [82]. This
scenario is far from being described as an example of ancient coexistence between dogs
and humans, and it seems to place the “beginning” of dog domestication much later than
40,000 years ago.

Early genetic research on the origin of C. f. focused on the mitochondrial DNA
(mtDNA) control region [85,86], as the high mutational rate and maternal inheritance
make it an excellent marker for population studies and lineage tracking [87]. The first
large-scale study focusing on the mtDNA control region of 140 domestic dogs and wolves
was published in 1997 and revealed four different clades [85]. The haplotypes of the dog
and wolf differed by a maximum of 12 mutations, while the haplotypes of the dog and
coyote/dhole differed by at least of 20 mutations, thus indicating that the wolf is the direct
ancestor of the domestic dog [85].

The recent development of sequencing techniques and new protocols for also pro-
cessing ancient DNA (aDNA) has made it possible to obtain data with a quality never
seen before. Several paleogenomics studies have revealed the long-standing history and
proximity of the dog to humans during the Paleolithic, supporting predictions based on the
Taimyr wolf genome dated to 35,000 years ago [88] and the profound diversification of dogs
in the Early Holocene, with the presence at least of five ancestral dog lineages dating back
to 11,000 years ago [89]. The study of ancient human genomes has revealed an important
transformation in ancestry associated with the expansion of Neolithic farmers from the
Near East to Europe [89], and a study of the mtDNA of ancient dogs suggested that such
human populations were accompanied by these animals [90]. The western (Anatolian
and Levant) and eastern (Zagros Mountains of Iran) human populations of the Fertile
Crescent were highly genetically differentiated, and the western groups were the primary
source of gene flow into Europe and Africa during the Neolithic period [89]. A source of
African canine ancestry from the Levant (7000 years ago) is more suitable than that from
Iran (5800 years ago), reflecting human and cattle history, while the expansion of steppe
pastoralists associated with the Yamnaya and Corded Ware cultures into the Late Neolithic
and Bronze Age Europe profoundly transformed the ancestry of human populations [89].
Comparing genomes from ancient human and canine datasets, Bergström and colleagues
have also inferred different dispersal patterns, showing interesting concordances (i.e., an-
cestors related to the Levant in Africa and early agricultural Europe) or discrepancies
(pastoral expansion into the steppes in Eurasia) between the population dynamics of these
two species over time and space [89]. They hypothesized that the cline of genomic ancestry
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observed in ancient European dogs might be due to an admixture between dogs associated
with Mesolithic hunter-gatherers and incoming Neolithic farmers. Furthermore, a com-
parison between modern African and ancient dogs from the Levant and Iran suggested a
Near-Eastern origin [89].

Despite the potential correlation between the steppe and the Corder Ware culture [91],
most of the later European dogs did not show clear affinities with the Srubnaya culture [89],
while modern European dogs clustered with Neolithic European dogs and did not reflect
the sustained change in ancestry observed in human populations after pastoral expansion.
The relative continuity between Neolithic and present-day individuals suggests that the
arrival of steppe pastoralists did not result in large-scale persistent changes in the genetics of
European dogs [89], and a single [89,91] or dual [92] origin for domestic dogs is supposed.

In general, ancient dogs are more genetically diverse than modern dogs, and this wide
genetic diversity disappeared long before the Victorians started creating new breeds [89].
Despite all European dogs appearing to have descended from one group of ancient Euro-
pean dogs, the great diversity in shape and size among modern dogs indicates a human
selection focused on certain genes. The first modern dog genome to be sequenced belonged
to a male poodle, with a coverage of 1.5×; however, large regions of the genome were
not sequenced, resulting in a fragmentary genome and the impossibility of identifying
with certainty the sequences of the canine Y chromosome [93]. The second attempt was
made on a female boxer. In this case, the canine genome was sequenced with a coverage
of 7.5×, obtaining almost the entire genome [94]. The dog genome consists of 39 pairs
of chromosomes, and the size of the euchromatic (genetically active) genome has been
estimated to be between 2.31 and 2.47 Gb [93,94], with a low proportion of repeat insertions.
The rate of SNP (single-nucleotide polymorphism) in the canine genome between different
breeds has been estimated at about one SNP per 900 bp, while between boxers and grey
wolves it was one SNP per 580 bp and for coyotes 1/420 bp [94].

4.1. Canine Y Chromosome Marker

In population studies, the uniparental genetic marker Y chromosome represents a
powerful tool for understanding the historical development of dog breeds [95,96]. It is a
male-specific chromosome and contains the MSY gene, whose activity induces maleness,
and several genes implicated in spermatogenesis [95,97]. The Y chromosome has been
employed in many studies concerning animal populations, i.e., as recently reviewed with
regard to horses [98] or cattle [99], evaluating a potential founder effect [100,101] and
focusing on microsatellites [102] and SNP [103]. Compared to maternal line data, relatively
little is known about the diversity of the Y-chromosome haplogroups found among ancient
dogs in Europe. As seen in mtDNA analyses, contemporary sample studies show that the
phylogenetic tree constructed on the basis of Y chromosome data is characterized by deep
splits between dogs [104].

A study based on 151 dogs revealed the existence of five Y-chromosome haplogroups
(ChY Hgs) [105], while a more extensive analysis conducted on hundreds of canine samples
showed a high diversity of Y-chromosome haplotypes in Africa, India, Central Asia and
South-Western Asia [106]. More recently, the diversity of Y-chromosome haplotypes ob-
served among contemporary and ancient dogs was investigated by remapping 151 markers
present in the 170 K Illumina HD Canine SNP Array to the assembly of the Y chromosome
published by Li et al. [107,108]. Oetjens and colleagues made a phylogenetic reconstruction
of 118 canid Y chromosomes and a common ancestor of HG1-3, HG27, and HG6 that arose
long after separation from HG9 [108] (Figure 3).

In line with previous analyses of the canid Y chromosome and mtDNA [104,109],
among the deepest branches (belonging to the coyote, red wolf and Great Lakes wolf) of
the Y-chromosome phylogeny, coyote (C. latrans) diverged from the “dog–gray wolf” clade
and shared a clade with the red wolf (C. rufus), which is known to be characterized by a
genome resulting from frequent crossbreeding events with the coyote [110,111], while a
wolf sample from the Great Lakes in Minnesota [112] presented an incredibly divergent
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Y chromosome with 199 unique derived alleles [108]. Moreover, in order to produce a
first representation of the diversity of ChY among ancient dogs, Oetjens and colleagues
determined the haplotypes of three European fossil samples previously analyzed [91,92]
and confirmed a long-lasting population structure for European dogs, with at least two ChY
haplogroups present during the Neolithic [108]. These included an ancient dog from the
Newgrange tombs complex (NGD; Ireland) and dating back 4800 years, a sample from the
Early Neolithic archaeological site in Herxheim (HXH; Germany) dating back to 7000 years
ago, and a sample from the Cherry Tree Cave in Bavaria (CTC; Germany) dating back
4700 years. Both CTC and HXH had derived alleles at all the diagnostic sites of HG8–HG23,
although sites specifically diagnostic for the HG23 or HG8 clades were not selectable for
these two samples. However, CTC had two of the four selectable derived alleles unique to
the Indian wolf line (HG23 haplotype), and differently from the NGD Y chromosome which
belonged to the HG1-3 lineage, it had no diagnostic alleles that could match contemporary
modern dogs or wolves within this haplogroup [108].

Figure 3. Maximum likelihood phylogeny of 118 canid Y chromosomes from [108]. The clades in the
tree have been collapsed by haplogroup assignment. The number of samples within each collapsed
node is indicated in parentheses next to the haplogroup assignment. The locations of three ancient
samples (NGD: Newgrange grave complex in Ireland; HXH: early Neolithic site of Herxheim in
Germany; CTC: Cherry Tree Cave in Bavaria, Germany), as based on the presence of diagnostic
mutations, are indicated in red.

4.2. A Focus on the Ancient mtDNA Phylogeny in Three Mediterranean Peninsulas

Most recent studies focused on the female counterpart of mtDNA to inspect the
evolutionary processes that affected the maternal lineages, and dogs were conventionally
grouped into four main mtDNA haplogroups (Hgs): A, B, C, and D.

Europe is one of the most investigated regions concerning ancient dogs, since it was
observed that old Europe (from the Pleistocene to the Holocene) presents four regions
of dog populations: Northern Europe, presenting both the A and C haplogroups [90,92];
Central/Western Europe, with high frequencies of the Hgs C and D [88,90–92,109,113];
Eastern Europe, characterized by the presence of HgD, as the main clade (over 90%),
together with A and C [90,92,109]; and Southern Europe, showing the detection of the A, B,
and C lineages [90,92,114], with the first record for high frequencies of HgA in pre-Neolithic
Europe [115].
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In 2016, Frantz and colleagues pointed out that ancient European dogs belonged to
HgC or HgD, with HgC being the most frequently observed in Europe before the Neolithic
period (more than 8000 years ago); however, most modern European dogs belong to HgA
and HgB [92]. The first mtDNA lineage present in Europe before the Neolithic seems to be
HgC, while HgA and HgD are believed to have arrived in Europe during Neolithic and
post-Neolithic migrations together with humans [90]. It appears that crossbreeding between
the dog and the wolf did not contribute significantly to the gene pool of mitochondrial
DNA in the domestic dog [116].

Despite scholars still debating the times and places of dog domestication [90,117], it is
well-known that the Mediterranean area has played a key role in re-shaping the genetic
variability of dogs after the Last Glacial Maximum (LGM; 24,000–18,000 years ago). In
this scenario, the Italian (Apennines refuge), Iberian and Balkan peninsulas represent
crucial territories due to their geographic position and the presence of three glacial refuges
during the LMG. The Italian Peninsula has been the object of different human population
studies [118–121] (as examples), thus being particularly interesting for the analysis of
canine population dynamics and migrations [81] strictly connected to human patterns.
Recently, a few samples of ancient Italian canids have been genetically analyzed, and these
were mainly wolves. In 2019, Ciucani and colleagues demonstrated that mtDNA HgA
spread significantly earlier than previously expected by analyzing a short portion of the
hypervariable region 1 (HVR-1) of the mtDNA from 19 skeletal remains of Italian canids
dating back to the Late Pleistocene, Bronze Age, and Middle Ages from three different
locations in Northern Italy [122].

These findings, combined with those of Pires and colleagues highlighting the presence
of late Pleistocene wolves and Mesolithic dogs belonging to HgA in another glacial refuge
(Iberian Peninsula) [115], stimulated strong interest in the southern area of the European
continent and its role within the canine domestication process [81]. Neolithic Bulgarian
dogs from the Balkan Peninsula showed a high percentage of HgA [123], while Koupadi
and colleagues analyzed the mtDNA HVR-1 region of 27 fossil canid samples and found
seven different haplogroups [81].

Based on the subdivision of the two major and distinct wolfish mitochondrial hap-
logroups (known as Hg1 and Hg2) proposed by Pilot et al. [124], one sequence was at-
tributed to the wolf haplogroup (Hg2), while the remaining samples were assigned to
canine haplogroups A–D (five sequences assigned to HgA, four to HgC, and one to HgD).
The analysis of canine maternal lines in ancient Eurasian dogs attested to the presence of
HgA in Italy dating back more than 15,000 years and the appearance of the HgD haplogroup
about 8000 years ago [81].

Phylogenetic data suggested a close relationship between Italian [81], Iberian [115],
and Balkan [123] canids, since in different cases they share the same mitochondrial haplo-
type, and corroborated the theory that these geographical areas have played a crucial role
in the dynamics of canine domestication. By analyzing a pool of 97 ancient dog mtDNA
samples of different dates (time interval from Late Pleistocene to Late Antiquity) belong-
ing to the three Mediterranean peninsulas (Iberian [115,125,126], Italian [81,114,122,127]
and Balkan [80,123]) (Table S1), we could analyze the abundance and the distribution
of canine mitochondrial haplogroups within the three geographic locations of the fossil
recoveries (Figure 4).

The high presence of HgB recorded in dogs and wolves from the Balkans seems to
indicate that some hybridization events occurred before the Neolithic period [123], while
the increasing HgA frequencies follows a geographic gradient from East to West and is
proposed to be a consequence of Neolithic farmer migration from the Middle East to-
ward Europe [90]. Nevertheless, its detection in Iberian Mesolithic samples, presenting
mitogenomes different from Middle Eastern dogs, seems to evidence a pre-Neolithic local
process of Iberian wolf domestication [115]. Although it is believed that the earliest Euro-
pean dog populations belonged to haplogroup C, the presence of an Italian 24,700-year-old
canid belonging to HgA [122] raised the need to further investigate the origin of dog
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domestication in Europe. The comparative analysis of five Bronze-Age samples revealed
a correlation with this Italian canid, as they differ only in one nucleotide position, and
confirmed the early presence of HgA in Europe [81].

Figure 4. Frequencies of the four main canine mtDNA haplogroups (A, B, C and D) in the three
Mediterranean peninsulas. Details are reported in Table S1.

The analysis of the abundance of canine mitochondrial haplogroups as a function of
the temporal dating for each peninsula allowed us to construct a graph to observe any
changes in the occurrence of the four mtDNA haplogroups during the last 20,000 years
(Figure 5). Unfortunately, however, the same time interval could not be analyzed for all
the geographic areas because of a slight divergence between the temporal focuses of the
studies here considered.

Figure 5. Frequency of the four main mtDNA haplogroups (A–D) in different time periods (A) and
their temporal distribution in the Balkan (B), Italian (C) and Iberian (D) peninsulas. The most
recent dogs here considered are from Late Antiquity [81]. Details and frequencies are reported in
Tables S1 and S2.

The graphs display high HgC frequencies for the oldest samples found in the Mediter-
ranean area and the strong presence of HgA also until more recent periods, thus confirming
a well-defined European genetic dog structure with a clear separation between eastern
(clades B and D) and central–western (clade C) Europe.
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Moreover, in order to graphically display and summarize the mitogenetic relationships
among the three Mediterranean peninsulas in different time periods, a Principal Component
Analysis (PCA) was performed using Excel software implemented by XLSTAT and with
the haplogroup frequencies used as input data (Figure 6; Table S3).

A geographic differentiation is clear in the PCA plot, where the contribution of HgA
pushes the Iberian samples from the Late Pleistocene into a separate quarter. Except for the
Italian Peninsula, which seems to be near to the others depending on the period, the Balkan
Peninsula remains dating back from 8500 years ago to the Roman age are separated by
the PC2 due to the high contribution of the B and D haplogroups. These results reflect the
geographic position of the Italian Peninsula, which is considered a key crossing point in the
Mediterranean landscape, and confirm the role of exchanges that have largely influenced
the effective gene flow within the native populations of the Mediterranean Basin [128].
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5. Conclusions and Perspectives

The mechanisms behind canine domestication represent one of the most difficult
challenges in the field of evolutionary biology. It was a “multiphase” process, with a first
phase during which different groups of wolves were attracted by the anthropogenic niche
and a second phase characterized by the gradual establishment of mutual relationships
between wolves and humans. Dog (C. f.) domestication was subject to different sources of
selective pressure caused by both the environment and humans, and various molecular
mechanisms influenced the affiliative behaviors first observed in Belyaev’s foxes. Animal’s
cognitive abilities are modelled by the social ecology, and the different behavioral attitudes
of dogs and wolves seem to be due to the action of oxytocin and the arginine vasopressin
neuropeptides. Furthermore, the diversity between wolfs and dogs in terms of fear reactions
may be also explained by a selection for human fear/shyness carried out on wolves due to
the strong persecution that these animals have suffered over time.
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From a genetic point of view, recent paleogenomics studies allowed the reconstruction
of the dispersal patterns of Pleistocene canids and adjusted the focus on the exact location of
the main centers of canine speciation. The use of uniparental genetic markers has deepened
our knowledge of canine phylogeny, finding out the possible existence of genetic admixture
events between dogs and wolves through ChrY analysis and redefining the evolutionary
history of the genus Canis based on mtDNA studies. In particular, three Mediterranean
peninsulas (Balkan, Iberian and Italian) represent the main geographic area for the study of
canine domestication dynamics, thus highlighting the spread of HgA during the Neolithic
farmer migration from the Middle East and confirming a well-defined European genetic
dog structure with a clear separation between eastern (clades B and D) and central–western
(clade C) Europe.

Yet, the biological basis for the fascinating phenomenon of dog domestication needs
to be further investigated, both to broaden our view of the evolutionary biological picture
and to better understand the extent to which humans are actually affecting the fitness of
the global ecosystem.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/genes14050992/s1, Table S1: Dataset consisting of 97 samples
of ancient dogs from the three Mediterranean peninsulas: Iberian (Spain and Portugal), Italian, and
Balkan (Bulgaria and Romania); Table S2: Frequencies of the four mtDNA haplogroups of ancient
dogs from the three Mediterranean peninsulas during different ages; Table S3: Source data for the
PCA of the four mtDNA haplogroups of ancient dogs from the three Mediterranean peninsulas
during different ages.

Author Contributions: Conceptualization, D.T. and I.C.; formal analysis, D.T. and I.C.; writing—
original draft preparation, D.T. and I.C.; writing—review and editing, D.T. and I.C.; supervision, I.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were analyzed in this study. Data sharing is not applicable
to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Purugganan, M.D. What Is Domestication? Trends Ecol. Evol. 2022, 37, 663–671. [CrossRef]
2. Belyaev, D.K. Destabilizing Selection as a Factor in Domestication. J. Hered. 1979, 70, 301–308. [CrossRef] [PubMed]
3. Larson, G.; Piperno, D.R.; Allaby, R.G.; Purugganan, M.D.; Andersson, L.; Arroyo-Kalin, M.; Barton, L.; Climer Vigueira, C.;

Denham, T.; Dobney, K.; et al. Current Perspectives and the Future of Domestication Studies. Proc. Natl. Acad. Sci. USA 2014, 111,
6139–6146. [CrossRef] [PubMed]

4. Larson, G.; Fuller, D.Q. The Evolution of Animal Domestication. Annu. Rev. Ecol. Evol. Syst. 2014, 45, 115–136. [CrossRef]
5. Vigne, J.-D. Early Domestication and Farming: What Should We Know or Do for a Better Understanding? Anthropozoologica 2015,

50, 123–150. [CrossRef]
6. Zeder, M.A. Core Questions in Domestication Research. Proc. Natl. Acad. Sci. USA 2015, 112, 3191–3198. [CrossRef]
7. Rehfeld, K.; Münch, T.; Ho, S.L.; Laepple, T. Global Patterns of Declining Temperature Variability from the Last Glacial Maximum

to the Holocene. Nature 2018, 554, 356–359. [CrossRef]
8. Prato Previde, E.; Valsecchi, P. The Immaterial Cord. In The Social Dog; Elsevier: Amsterdam, The Netherlands, 2014; pp. 165–189.

ISBN 978-0-12-407818-5.
9. Oskarsson, M. Analysis of Origin and Spread of the Domestic Dog Using Y-Chromosome DNA and MtDNA Sequence Data; KTH Royal

Institute of Technology, School of Biotechnology, Gene Technology: Stockholm, Sweden, 2012; ISBN 978-91-7501-364-0.
10. McHugo, G.P.; Dover, M.J.; MacHugh, D.E. Unlocking the Origins and Biology of Domestic Animals Using Ancient DNA and

Paleogenomics. BMC Biol. 2019, 17, 98. [CrossRef]
11. Freedman, A.H.; Gronau, I.; Schweizer, R.M.; Ortega-Del Vecchyo, D.; Han, E.; Silva, P.M.; Galaverni, M.; Fan, Z.; Marx, P.;

Lorente-Galdos, B.; et al. Genome Sequencing Highlights the Dynamic Early History of Dogs. PLoS Genet. 2014, 10, e1004016.
[CrossRef]

https://www.mdpi.com/article/10.3390/genes14050992/s1
https://www.mdpi.com/article/10.3390/genes14050992/s1
https://doi.org/10.1016/j.tree.2022.04.006
https://doi.org/10.1093/oxfordjournals.jhered.a109263
https://www.ncbi.nlm.nih.gov/pubmed/528781
https://doi.org/10.1073/pnas.1323964111
https://www.ncbi.nlm.nih.gov/pubmed/24757054
https://doi.org/10.1146/annurev-ecolsys-110512-135813
https://doi.org/10.5252/az2015n2a5
https://doi.org/10.1073/pnas.1501711112
https://doi.org/10.1038/nature25454
https://doi.org/10.1186/s12915-019-0724-7
https://doi.org/10.1371/journal.pgen.1004016


Genes 2023, 14, 992 13 of 17

12. Wang, G.-D.; Zhai, W.; Yang, H.-C.; Wang, L.; Zhong, L.; Liu, Y.-H.; Fan, R.-X.; Yin, T.-T.; Zhu, C.-L.; Poyarkov, A.D.; et al. Out of
Southern East Asia: The Natural History of Domestic Dogs across the World. Cell Res. 2016, 26, 21–33. [CrossRef]

13. Herbeck, Y.E.; Eliava, M.; Grinevich, V.; MacLean, E.L. Fear, Love, and the Origins of Canid Domestication: An Oxytocin
Hypothesis. Compr. Psychoneuroendocrinol. 2022, 9, 100100. [CrossRef] [PubMed]

14. Serpell, J.A. Commensalism or Cross-Species Adoption? A Critical Review of Theories of Wolf Domestication. Front. Vet. Sci.
2021, 8, 662370. [CrossRef]

15. Mech, L.D.; Janssens, L.A.A. An Assessment of Current Wolf Canis Lupus Domestication Hypotheses Based on Wolf Ecology and
Behaviour. Mammal Rev. 2022, 52, 304–314. [CrossRef]

16. Shipman, P. How Do You Kill 86 Mammoths? Taphonomic Investigations of Mammoth Megasites. Quat. Int. 2015, 359–360, 38–46.
[CrossRef]

17. Wheat, C.H.; Larsson, L.; Berner, P.; Temrin, H. Hand-Reared Wolves Show Attachment Comparable to Dogs and Use Human
Caregiver as a Social Buffer in the Strange Situation Test. bioRxiv 2020.

18. Freedman, A.H.; Wayne, R.K. Deciphering the Origin of Dogs: From Fossils to Genomes. Annu. Rev. Anim. Biosci. 2017, 5,
281–307. [CrossRef] [PubMed]

19. Wang, G.-D.; Fan, R.-X.; Zhai, W.; Liu, F.; Wang, L.; Zhong, L.; Wu, H.; Yang, H.-C.; Wu, S.-F.; Zhu, C.-L.; et al. Genetic Convergence
in the Adaptation of Dogs and Humans to the High-Altitude Environment of the Tibetan Plateau. Genome Biol. Evol. 2014, 6,
2122–2128. [CrossRef] [PubMed]

20. Range, F.; Marshall-Pescini, S. Comparing Wolves and Dogs: Current Status and Implications for Human ‘Self-Domestication. ’
Trends Cogn. Sci. 2022, 26, 337–349. [CrossRef]

21. Axelsson, E.; Ratnakumar, A.; Arendt, M.-L.; Maqbool, K.; Webster, M.T.; Perloski, M.; Liberg, O.; Arnemo, J.M.; Hedhammar,
Å.; Lindblad-Toh, K. The Genomic Signature of Dog Domestication Reveals Adaptation to a Starch-Rich Diet. Nature 2013, 495,
360–364. [CrossRef] [PubMed]

22. Cafazzo, S.; Bonanni, R.; Valsecchi, P.; Natoli, E. Social Variables Affecting Mate Preferences, Copulation and Reproductive
Outcome in a Pack of Free-Ranging Dogs. PLoS ONE 2014, 9, e98594. [CrossRef]

23. Marshall-Pescini, S.; Cafazzo, S.; Virányi, Z.; Range, F. Integrating Social Ecology in Explanations of Wolf–Dog Behavioral
Differences. Curr. Opin. Behav. Sci. 2017, 16, 80–86. [CrossRef]

24. Statham, M.J.; Trut, L.N.; Sacks, B.N.; Kharlamova, A.V.; Oskina, I.N.; Gulevich, R.G.; Johnson, J.L.; Temnykh, S.V.; Acland, G.M.;
Kukekova, A.V. On the Origin of a Domesticated Species: Identifying the Parent Population of Russian Silver Foxes (Vulpes
Vulpes): The Origin of Russian Silver Foxes. Biol. J. Linn. Soc. 2011, 103, 168–175. [CrossRef] [PubMed]

25. Lord, K.A.; Larson, G.; Coppinger, R.P.; Karlsson, E.K. The History of Farm Foxes Undermines the Animal Domestication
Syndrome. Trends Ecol. Evol. 2020, 35, 125–136. [CrossRef] [PubMed]

26. Trut, L.N. Early Canid Domestication: The Farm-Fox Experiment: Foxes Bred for Tamability in a 40-Year Experiment Exhibit
Remarkable Transformations That Suggest an Interplay between Behavioral Genetics and Development. Am. Sci. 1999, 87,
160–169. [CrossRef]

27. Dugatkin, L.A. The Silver Fox Domestication Experiment. Evol. Edu. Outreach 2018, 11, 16. [CrossRef]
28. Trut, L.; Oskina, I.; Kharlamova, A. Animal Evolution during Domestication: The Domesticated Fox as a Model. BioEssays 2009,

31, 349–360. [CrossRef]
29. Herbeck, Y.E.; Gulevich, R.G.; Eliava, M.; Shepeleva, D.V.; Trut, L.N.; Grinevich, V. Domestication: Neuroendocrine Mechanisms

of Canidae -Human Bonds. In Model Animals in Neuroendocrinology; Ludwig, M., Levkowitz, G., Eds.; John Wiley & Sons Ltd.:
Chichester, UK, 2018; pp. 313–334. ISBN 978-1-119-39112-8.

30. Sánchez-Villagra, M.R.; Geiger, M.; Schneider, R.A. The Taming of the Neural Crest: A Developmental Perspective on the Origins
of Morphological Covariation in Domesticated Mammals. R. Soc. Open Sci. 2016, 3, 160107. [CrossRef]

31. Wilkins, A.S.; Wrangham, R.; Fitch, W.T. The Neural Crest/Domestication Syndrome Hypothesis, Explained: Reply to Johnsson,
Henriksen, and Wright. Genetics 2021, 219, iyab098. [CrossRef]

32. Hecht, E.E.; Smaers, J.B.; Dunn, W.D.; Kent, M.; Preuss, T.M.; Gutman, D.A. Significant Neuroanatomical Variation Among
Domestic Dog Breeds. J. Neurosci. 2019, 39, 7748–7758. [CrossRef]

33. Wilkins, A.S.; Wrangham, R.W.; Fitch, W.T. The “Domestication Syndrome” in Mammals: A Unified Explanation Based on Neural
Crest Cell Behavior and Genetics. Genetics 2014, 197, 795–808. [CrossRef]

34. Pendleton, A.L.; Shen, F.; Taravella, A.M.; Emery, S.; Veeramah, K.R.; Boyko, A.R.; Kidd, J.M. Comparison of Village Dog and
Wolf Genomes Highlights the Role of the Neural Crest in Dog Domestication. BMC Biol. 2018, 16, 64. [CrossRef] [PubMed]

35. Hansen Wheat, C.; van der Bijl, W.; Wheat, C.W. Morphology Does Not Covary with Predicted Behavioral Correlations of the
Domestication Syndrome in Dogs. Evol. Lett. 2020, 4, 189–199. [CrossRef] [PubMed]

36. Lord, K.A.; Larson, G.; Karlsson, E.K. Brain Size Does Not Rescue Domestication Syndrome. Trends Ecol. Evol. 2020, 35, 1061–1062.
[CrossRef]

37. Wilkins, A.S. A Striking Example of Developmental Bias in an Evolutionary Process: The “Domestication Syndrome”. Evol. Dev.
2020, 22, 143–153. [CrossRef]

38. Zeder, M.A. Straw Foxes: Domestication Syndrome Evaluation Comes Up Short. Trends Ecol. Evol. 2020, 35, 647–649. [CrossRef]
[PubMed]

https://doi.org/10.1038/cr.2015.147
https://doi.org/10.1016/j.cpnec.2021.100100
https://www.ncbi.nlm.nih.gov/pubmed/35755921
https://doi.org/10.3389/fvets.2021.662370
https://doi.org/10.1111/mam.12273
https://doi.org/10.1016/j.quaint.2014.04.048
https://doi.org/10.1146/annurev-animal-022114-110937
https://www.ncbi.nlm.nih.gov/pubmed/27912242
https://doi.org/10.1093/gbe/evu162
https://www.ncbi.nlm.nih.gov/pubmed/25091388
https://doi.org/10.1016/j.tics.2022.01.003
https://doi.org/10.1038/nature11837
https://www.ncbi.nlm.nih.gov/pubmed/23354050
https://doi.org/10.1371/journal.pone.0098594
https://doi.org/10.1016/j.cobeha.2017.05.002
https://doi.org/10.1111/j.1095-8312.2011.01629.x
https://www.ncbi.nlm.nih.gov/pubmed/21625363
https://doi.org/10.1016/j.tree.2019.10.011
https://www.ncbi.nlm.nih.gov/pubmed/31810775
https://doi.org/10.1511/1999.20.160
https://doi.org/10.1186/s12052-018-0090-x
https://doi.org/10.1002/bies.200800070
https://doi.org/10.1098/rsos.160107
https://doi.org/10.1093/genetics/iyab098
https://doi.org/10.1523/JNEUROSCI.0303-19.2019
https://doi.org/10.1534/genetics.114.165423
https://doi.org/10.1186/s12915-018-0535-2
https://www.ncbi.nlm.nih.gov/pubmed/29950181
https://doi.org/10.1002/evl3.168
https://www.ncbi.nlm.nih.gov/pubmed/32547780
https://doi.org/10.1016/j.tree.2020.10.004
https://doi.org/10.1111/ede.12319
https://doi.org/10.1016/j.tree.2020.03.001
https://www.ncbi.nlm.nih.gov/pubmed/32668211


Genes 2023, 14, 992 14 of 17

39. Johnsson, M.; Henriksen, R.; Wright, D. The Neural Crest Cell Hypothesis: No Unified Explanation for Domestication. Genetics
2021, 219, iyab097. [CrossRef]

40. Wilson, L.A.B.; Balcarcel, A.; Geiger, M.; Heck, L.; Sánchez-Villagra, M.R. Modularity Patterns in Mammalian Domestication:
Assessing Developmental Hypotheses for Diversification. Evol. Lett. 2021, 5, 385–396. [CrossRef]

41. von Holdt, B.M.; Shuldiner, E.; Koch, I.J.; Kartzinel, R.Y.; Hogan, A.; Brubaker, L.; Wanser, S.; Stahler, D.; Wynne, C.D.L.;
Ostrander, E.A.; et al. Structural Variants in Genes Associated with Human Williams-Beuren Syndrome Underlie Stereotypical
Hypersociability in Domestic Dogs. Sci. Adv. 2017, 3, e1700398. [CrossRef]

42. Dai, L.; Carter, C.S.; Ying, J.; Bellugi, U.; Pournajafi-Nazarloo, H.; Korenberg, J.R. Oxytocin and Vasopressin Are Dysregulated in
Williams Syndrome, a Genetic Disorder Affecting Social Behavior. PLoS ONE 2012, 7, e38513. [CrossRef]

43. Knobloch, H.S.; Grinevich, V. Evolution of Oxytocin Pathways in the Brain of Vertebrates. Front. Behav. Neurosci. 2014, 8, 31.
[CrossRef]

44. Banerjee, P.; Joy, K.P.; Chaube, R. Structural and Functional Diversity of Nonapeptide Hormones from an Evolutionary Perspective:
A Review. Gen. Comp. Endocrinol. 2017, 241, 4–23. [CrossRef] [PubMed]

45. Kenkel, W.M.; Paredes, J.; Yee, J.R.; Pournajafi-Nazarloo, H.; Bales, K.L.; Carter, C.S. Neuroendocrine and Behavioural Responses
to Exposure to an Infant in Male Prairie Voles: Exposure to an Infant in Male Prairie Voles. J. Neuroendocrinol. 2012, 24, 874–886.
[CrossRef]

46. Feldman, R. Oxytocin and Social Affiliation in Humans. Horm. Behav. 2012, 61, 380–391. [CrossRef]
47. Nave, G.; Camerer, C.; McCullough, M. Does Oxytocin Increase Trust in Humans? A Critical Review of Research. Perspect.

Psychol. Sci. 2015, 10, 772–789. [CrossRef] [PubMed]
48. Kosfeld, M.; Heinrichs, M.; Zak, P.J.; Fischbacher, U.; Fehr, E. Oxytocin Increases Trust in Humans. Nature 2005, 435, 673–676.

[CrossRef] [PubMed]
49. Guastella, A.J.; Mitchell, P.B.; Dadds, M.R. Oxytocin Increases Gaze to the Eye Region of Human Faces. Biol. Psychiatry 2008, 63,

3–5. [CrossRef]
50. Domes, G.; Steiner, A.; Porges, S.W.; Heinrichs, M. Oxytocin Differentially Modulates Eye Gaze to Naturalistic Social Signals of

Happiness and Anger. Psychoneuroendocrinology 2013, 38, 1198–1202. [CrossRef] [PubMed]
51. Mu, Y.; Guo, C.; Han, S. Oxytocin Enhances Inter-Brain Synchrony during Social Coordination in Male Adults. Soc. Cogn. Affect.

Neurosci. 2016, 11, 1882–1893. [CrossRef]
52. Feldman, R. Sensitive Periods in Human Social Development: New Insights from Research on Oxytocin, Synchrony, and

High-Risk Parenting. Dev. Psychopathol. 2015, 27, 369–395. [CrossRef]
53. Lefevre, A.; Richard, N.; Jazayeri, M.; Beuriat, P.-A.; Fieux, S.; Zimmer, L.; Duhamel, J.-R.; Sirigu, A. Oxytocin and Serotonin Brain

Mechanisms in the Nonhuman Primate. J. Neurosci. 2017, 37, 6741–6750. [CrossRef]
54. Yoshida, M.; Takayanagi, Y.; Inoue, K.; Kimura, T.; Young, L.J.; Onaka, T.; Nishimori, K. Evidence That Oxytocin Exerts Anxiolytic

Effects via Oxytocin Receptor Expressed in Serotonergic Neurons in Mice. J. Neurosci. 2009, 29, 2259–2271. [CrossRef]
55. Pagani, J.H.; Williams Avram, S.K.; Cui, Z.; Song, J.; Mezey, É.; Senerth, J.M.; Baumann, M.H.; Young, W.S. Raphe Serotonin

Neuron-Specific Oxytocin Receptor Knockout Reduces Aggression without Affecting Anxiety-like Behavior in Male Mice Only:
5-HT Oxtr KO Decouples Aggression from Anxiety. Genes Brain Behav. 2015, 14, 167–176. [CrossRef] [PubMed]

56. Popova, N.K.; Voitenko, N.N.; Kulikov, A.V.; Avgustinovich, D.F. Evidence for the Involvement of Central Serotonin in Mechanism
of Domestication of Silver Foxes. Pharmacol. Biochem. Behav. 1991, 40, 751–756. [CrossRef] [PubMed]

57. Audero, E.; Mlinar, B.; Baccini, G.; Skachokova, Z.K.; Corradetti, R.; Gross, C. Suppression of Serotonin Neuron Firing Increases
Aggression in Mice. J. Neurosci. 2013, 33, 8678–8688. [CrossRef] [PubMed]

58. Takahashi, A.; Miczek, K.A. Neurogenetics of Aggressive Behavior: Studies in Rodents. In Neuroscience of Aggression; Miczek,
K.A., Meyer-Lindenberg, A., Eds.; Current Topics in Behavioral Neurosciences; Springer: Heidelberg, Berlin, 2013; Volume 17,
pp. 3–44. ISBN 978-3-662-44280-7.

59. MacLean, E.L.; Gesquiere, L.R.; Gee, N.R.; Levy, K.; Martin, W.L.; Carter, C.S. Effects of Affiliative Human–Animal Interaction on
Dog Salivary and Plasma Oxytocin and Vasopressin. Front. Psychol. 2017, 8, 1606. [CrossRef]

60. Handlin, L.; Hydbring-Sandberg, E.; Nilsson, A.; Ejdebäck, M.; Jansson, A.; Uvnäs-Moberg, K. Short-Term Interaction between
Dogs and Their Owners: Effects on Oxytocin, Cortisol, Insulin and Heart Rate—An Exploratory Study. Anthrozoös 2011, 24,
301–315. [CrossRef]

61. Nagasawa, M.; Kikusui, T.; Onaka, T.; Ohta, M. Dog’s Gaze at Its Owner Increases Owner’s Urinary Oxytocin during Social
Interaction. Horm. Behav. 2009, 55, 434–441. [CrossRef] [PubMed]

62. Odendaal, J.S.J.; Meintjes, R.A. Neurophysiological Correlates of Affiliative Behaviour between Humans and Dogs. Vet. J. 2003,
165, 296–301. [CrossRef] [PubMed]

63. Nagasawa, M.; Mitsui, S.; En, S.; Ohtani, N.; Ohta, M.; Sakuma, Y.; Onaka, T.; Mogi, K.; Kikusui, T. Oxytocin-Gaze Positive Loop
and the Coevolution of Human-Dog Bonds. Science 2015, 348, 333–336. [CrossRef]

64. Romero, T.; Nagasawa, M.; Mogi, K.; Hasegawa, T.; Kikusui, T. Oxytocin Promotes Social Bonding in Dogs. Proc. Natl. Acad. Sci.
USA 2014, 111, 9085–9090. [CrossRef]

65. Hernádi, A.; Kis, A.; Kanizsár, O.; Tóth, K.; Miklósi, B.; Topál, J. Intranasally Administered Oxytocin Affects How Dogs (Canis
familiaris) React to the Threatening Approach of Their Owner and an Unfamiliar Experimenter. Behav. Process 2015, 119, 1–5.
[CrossRef] [PubMed]

https://doi.org/10.1093/genetics/iyab097
https://doi.org/10.1002/evl3.231
https://doi.org/10.1126/sciadv.1700398
https://doi.org/10.1371/journal.pone.0038513
https://doi.org/10.3389/fnbeh.2014.00031
https://doi.org/10.1016/j.ygcen.2016.04.025
https://www.ncbi.nlm.nih.gov/pubmed/27133544
https://doi.org/10.1111/j.1365-2826.2012.02301.x
https://doi.org/10.1016/j.yhbeh.2012.01.008
https://doi.org/10.1177/1745691615600138
https://www.ncbi.nlm.nih.gov/pubmed/26581735
https://doi.org/10.1038/nature03701
https://www.ncbi.nlm.nih.gov/pubmed/15931222
https://doi.org/10.1016/j.biopsych.2007.06.026
https://doi.org/10.1016/j.psyneuen.2012.10.002
https://www.ncbi.nlm.nih.gov/pubmed/23117026
https://doi.org/10.1093/scan/nsw106
https://doi.org/10.1017/S0954579415000048
https://doi.org/10.1523/JNEUROSCI.0659-17.2017
https://doi.org/10.1523/JNEUROSCI.5593-08.2009
https://doi.org/10.1111/gbb.12202
https://www.ncbi.nlm.nih.gov/pubmed/25677455
https://doi.org/10.1016/0091-3057(91)90080-L
https://www.ncbi.nlm.nih.gov/pubmed/1816562
https://doi.org/10.1523/JNEUROSCI.2067-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23678112
https://doi.org/10.3389/fpsyg.2017.01606
https://doi.org/10.2752/175303711X13045914865385
https://doi.org/10.1016/j.yhbeh.2008.12.002
https://www.ncbi.nlm.nih.gov/pubmed/19124024
https://doi.org/10.1016/S1090-0233(02)00237-X
https://www.ncbi.nlm.nih.gov/pubmed/12672376
https://doi.org/10.1126/science.1261022
https://doi.org/10.1073/pnas.1322868111
https://doi.org/10.1016/j.beproc.2015.07.001
https://www.ncbi.nlm.nih.gov/pubmed/26165175


Genes 2023, 14, 992 15 of 17

66. Crespi, B.J. Oxytocin, Testosterone, and Human Social Cognition: Oxytocin and Social Behavior. Biol. Rev. 2016, 91, 390–408.
[CrossRef] [PubMed]

67. Egito, J.H.; Nevat, M.; Shamay-Tsoory, S.G.; Osório, A.A.C. Oxytocin Increases the Social Salience of the Outgroup in Potential
Threat Contexts. Horm. Behav. 2020, 122, 104733. [CrossRef]

68. Anton, C.B.; Smith, D.W.; Suraci, J.P.; Stahler, D.R.; Duane, T.P.; Wilmers, C.C. Gray Wolf Habitat Use in Response to Visitor
Activity along Roadways in Yellowstone National Park. Ecosphere 2020, 11, e03164. [CrossRef]

69. Zepeda, E.; Payne, E.; Wurth, A.; Sih, A.; Gehrt, S. Early Life Experience Influences Dispersal in Coyotes (Canis latrans). Behav.
Ecol. 2021, 32, 728–737. [CrossRef]

70. Berghänel, A.; Lazzaroni, M.; Cimarelli, G.; Marshall-Pescini, S.; Range, F. Cooperation and Cognition in Wild Canids. Curr. Opin.
Behav. Sci. 2022, 46, 101173. [CrossRef]

71. Bentosela, M.; Wynne, C.D.L.; D’Orazio, M.; Elgier, A.; Udell, M.A.R. Sociability and Gazing toward Humans in Dogs and Wolves:
Simple Behaviors with Broad Implications: Sociability and Gazing in Dogs and Wolves. J. Exp. Anal. Behav. 2016, 105, 68–75.
[CrossRef]

72. Wirobski, G.; Range, F.; Schaebs, F.S.; Palme, R.; Deschner, T.; Marshall-Pescini, S. Life Experience Rather than Domestication
Accounts for Dogs’ Increased Oxytocin Release during Social Contact with Humans. Sci. Rep. 2021, 11, 14423. [CrossRef]

73. Lord, K. A Comparison of the Sensory Development of Wolves (Canis lupus Lupus) and Dogs (Canis lupus familiaris). Ethology
2013, 119, 110–120. [CrossRef]

74. Hansen Wheat, C.; van der Bijl, W.; Temrin, H. Dogs, but Not Wolves, Lose Their Sensitivity Toward Novelty With Age. Front.
Psychol. 2019, 10, 2001. [CrossRef]

75. Moretti, L.; Hentrup, M.; Kotrschal, K.; Range, F. The Influence of Relationships on Neophobia and Exploration in Wolves and
Dogs. Anim. Behav. 2015, 107, 159–173. [CrossRef] [PubMed]

76. Mech, L.D.; Cluff, H.D. Prolonged Intensive Dominance Behavior Between Gray Wolves, Canis Lupus. Can. Field Nat. 2010, 124,
215. [CrossRef]

77. Rao, A.; Bernasconi, L.; Lazzaroni, M.; Marshall-Pescini, S.; Range, F. Differences in Persistence between Dogs and Wolves in an
Unsolvable Task in the Absence of Humans. PeerJ 2018, 6, e5944. [CrossRef] [PubMed]

78. Marshall-Pescini, S.; Besserdich, I.; Kratz, C.; Range, F. Exploring Differences in Dogs’ and Wolves’ Preference for Risk in a
Foraging Task. Front. Psychol. 2016, 7, 1241. [CrossRef] [PubMed]

79. Street, M.; Napierala, H.; Janssens, L. The Late Palaeolithic Dog from Bonn-Oberkassel in Context. In The Late Glacial Burial from
Oberkassel Revisited; Giemsch, L., Schmitz, R.W., Eds.; Rheinische Ausgrabungen: Bonn, Germany, 2015; Volume 72, pp. 253–274.
ISBN 978-3-8053-4970-3.

80. Pionnier-Capitan, M.; Bemilli, C.; Bodu, P.; Célérier, G.; Ferrié, J.-G.; Fosse, P.; Garcià, M.; Vigne, J.-D. New Evidence for Upper
Palaeolithic Small Domestic Dogs in South-Western Europe. J. Archaeol. Sci. 2011, 38, 2123–2140. [CrossRef]

81. Koupadi, K.; Fontani, F.; Ciucani, M.M.; Maini, E.; De Fanti, S.; Cattani, M.; Curci, A.; Nenzioni, G.; Reggiani, P.; Andrews, A.J.;
et al. Population Dynamics in Italian Canids between the Late Pleistocene and Bronze Age. Genes 2020, 11, 1409. [CrossRef]
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O.; Arbogast, R.-M.; et al. Dogs Accompanied Humans during the Neolithic Expansion into Europe. Biol. Lett. 2018, 14, 20180286.
[CrossRef] [PubMed]

91. Botigué, L.R.; Song, S.; Scheu, A.; Gopalan, S.; Pendleton, A.L.; Oetjens, M.; Taravella, A.M.; Seregély, T.; Zeeb-Lanz, A.; Arbogast,
R.-M.; et al. Ancient European Dog Genomes Reveal Continuity since the Early Neolithic. Nat. Commun. 2017, 8, 16082. [CrossRef]

92. Frantz, L.A.F.; Mullin, V.E.; Pionnier-Capitan, M.; Lebrasseur, O.; Ollivier, M.; Perri, A.; Linderholm, A.; Mattiangeli, V.; Teasdale,
M.D.; Dimopoulos, E.A.; et al. Genomic and Archaeological Evidence Suggest a Dual Origin of Domestic Dogs. Science 2016, 352,
1228–1231. [CrossRef] [PubMed]

https://doi.org/10.1111/brv.12175
https://www.ncbi.nlm.nih.gov/pubmed/25631363
https://doi.org/10.1016/j.yhbeh.2020.104733
https://doi.org/10.1002/ecs2.3164
https://doi.org/10.1093/beheco/arab027
https://doi.org/10.1016/j.cobeha.2022.101173
https://doi.org/10.1002/jeab.191
https://doi.org/10.1038/s41598-021-93922-1
https://doi.org/10.1111/eth.12044
https://doi.org/10.3389/fpsyg.2019.02001
https://doi.org/10.1016/j.anbehav.2015.06.008
https://www.ncbi.nlm.nih.gov/pubmed/26405301
https://doi.org/10.22621/cfn.v124i3.1076
https://doi.org/10.7717/peerj.5944
https://www.ncbi.nlm.nih.gov/pubmed/30515358
https://doi.org/10.3389/fpsyg.2016.01241
https://www.ncbi.nlm.nih.gov/pubmed/27602005
https://doi.org/10.1016/j.jas.2011.02.028
https://doi.org/10.3390/genes11121409
https://doi.org/10.1016/j.jaa.2020.101197
https://doi.org/10.1098/rspb.2020.3103
https://doi.org/10.1073/pnas.2010083118
https://doi.org/10.1126/science.276.5319.1687
https://doi.org/10.1126/science.1073906
https://www.ncbi.nlm.nih.gov/pubmed/12446907
https://doi.org/10.1146/annurev.genom.6.080604.162249
https://www.ncbi.nlm.nih.gov/pubmed/16124858
https://doi.org/10.1016/j.cub.2015.04.019
https://www.ncbi.nlm.nih.gov/pubmed/26004765
https://doi.org/10.1126/science.aba9572
https://www.ncbi.nlm.nih.gov/pubmed/33122379
https://doi.org/10.1098/rsbl.2018.0286
https://www.ncbi.nlm.nih.gov/pubmed/30333260
https://doi.org/10.1038/ncomms16082
https://doi.org/10.1126/science.aaf3161
https://www.ncbi.nlm.nih.gov/pubmed/27257259


Genes 2023, 14, 992 16 of 17

93. Kirkness, E.F.; Bafna, V.; Halpern, A.L.; Levy, S.; Remington, K.; Rusch, D.B.; Delcher, A.L.; Pop, M.; Wang, W.; Fraser, C.M.; et al.
The Dog Genome: Survey Sequencing and Comparative Analysis. Science 2003, 301, 1898–1903. [CrossRef] [PubMed]

94. Lindblad-Toh, K.; Wade, C.M.; Mikkelsen, T.S.; Karlsson, E.K.; Jaffe, D.B.; Kamal, M.; Clamp, M.; Chang, J.L.; Kulbokas, E.J.; Zody,
M.C.; et al. Genome Sequence, Comparative Analysis and Haplotype Structure of the Domestic Dog. Nature 2005, 438, 803–819.
[CrossRef] [PubMed]

95. Jobling, M.A.; Tyler-Smith, C. The Human Y Chromosome: An Evolutionary Marker Comes of Age. Nat. Rev. Genet. 2003, 4,
598–612. [CrossRef]

96. Underhill, P.A.; Kivisild, T. Use of Y Chromosome and Mitochondrial DNA Population Structure in Tracing Human Migrations.
Annu. Rev. Genet. 2007, 41, 539–564. [CrossRef] [PubMed]

97. Hughes, J.F.; Rozen, S. Genomics and Genetics of Human and Primate Y Chromosomes. Annu. Rev. Genom. Hum. Genet. 2012, 13,
83–108. [CrossRef]

98. Cardinali, I.; Giontella, A.; Tommasi, A.; Silvestrelli, M.; Lancioni, H. Unlocking Horse Y Chromosome Diversity. Genes 2022,
13, 2272. [CrossRef] [PubMed]

99. Rossetti, C.; Genualdo, V.; Incarnato, D.; Mottola, F.; Perucatti, A.; Pauciullo, A. State of the Art on the Physical Mapping of the
Y-Chromosome in the Bovidae and Comparison with Other Species—A Review. Anim Biosci 2022, 35, 1289–1302. [CrossRef]

100. Lancioni, H.; Di Lorenzo, P.; Cardinali, I.; Ceccobelli, S.; Capodiferro, M.R.; Fichera, A.; Grugni, V.; Semino, O.; Ferretti, L.;
Gruppetta, A.; et al. Survey of Uniparental Genetic Markers in the Maltese Cattle Breed Reveals a Significant Founder Effect but
Does Not Indicate Local Domestication. Anim. Genet. 2016, 47, 267–269. [CrossRef] [PubMed]

101. Giontella, A.; Cardinali, I.; Pieramati, C.; Cherchi, R.; Biggio, G.P.; Achilli, A.; Silvestrelli, M.; Lancioni, H. A Genetic Window on
Sardinian Native Horse Breeds through Uniparental Molecular Systems. Animals 2020, 10, 1544. [CrossRef] [PubMed]

102. Bannasch, D.L.; Bannasch, M.J.; Ryun, J.R.; Famula, T.R.; Pedersen, N.C. Y Chromosome Haplotype Analysis in Purebred Dogs.
Mamm. Genome 2005, 16, 273–280. [CrossRef]

103. Lindgren, G.; Backström, N.; Swinburne, J.; Hellborg, L.; Einarsson, A.; Sandberg, K.; Cothran, G.; Vilà, C.; Binns, M.; Ellegren, H.
Limited Number of Patrilines in Horse Domestication. Nat. Genet. 2004, 36, 335–336. [CrossRef]

104. Ding, Z.-L.; Oskarsson, M.; Ardalan, A.; Angleby, H.; Dahlgren, L.-G.; Tepeli, C.; Kirkness, E.; Savolainen, P.; Zhang, Y.-P. Origins
of Domestic Dog in Southern East Asia Is Supported by Analysis of Y-Chromosome DNA. Heredity 2012, 108, 507–514. [CrossRef]

105. Natanaelsson, C.; Oskarsson, M.C.; Angleby, H.; Lundeberg, J.; Kirkness, E.; Savolainen, P. Dog Y Chromosomal DNA Sequence:
Identification, Sequencing and SNP Discovery. BMC Genet. 2006, 7, 45. [CrossRef]

106. Shannon, L.M.; Boyko, R.H.; Castelhano, M.; Corey, E.; Hayward, J.J.; McLean, C.; White, M.E.; Abi Said, M.; Anita, B.A.;
Bondjengo, N.I.; et al. Genetic Structure in Village Dogs Reveals a Central Asian Domestication Origin. Proc. Natl. Acad. Sci. USA
2015, 112, 13639–13644. [CrossRef]

107. Li, G.; Davis, B.W.; Raudsepp, T.; Pearks Wilkerson, A.J.; Mason, V.C.; Ferguson-Smith, M.; O’Brien, P.C.; Waters, P.D.; Murphy,
W.J. Comparative Analysis of Mammalian Y Chromosomes Illuminates Ancestral Structure and Lineage-Specific Evolution.
Genome Res. 2013, 23, 1486–1495. [CrossRef] [PubMed]

108. Oetjens, M.T.; Martin, A.; Veeramah, K.R.; Kidd, J.M. Analysis of the Canid Y-Chromosome Phylogeny Using Short-Read
Sequencing Data Reveals the Presence of Distinct Haplogroups among Neolithic European Dogs. BMC Genom. 2018, 19, 350.
[CrossRef] [PubMed]

109. Thalmann, O.; Shapiro, B.; Cui, P.; Schuenemann, V.J.; Sawyer, S.K.; Greenfield, D.L.; Germonpré, M.B.; Sablin, M.V.; López-
Giráldez, F.; Domingo-Roura, X.; et al. Complete Mitochondrial Genomes of Ancient Canids Suggest a European Origin of
Domestic Dogs. Science 2013, 342, 871–874. [CrossRef]

110. von Holdt, B.M.; Pollinger, J.P.; Earl, D.A.; Knowles, J.C.; Boyko, A.R.; Parker, H.; Geffen, E.; Pilot, M.; Jędrzejewski, W.;
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