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Abstract Dogs are unique because they are known to be the first species domesti-
cated by humans, have the greatest morphological variation among terrestrial mam-
mals, and exhibit unique bonds with humans. Yet, until very recently, the history of
domestication and the associated consequences of this artificial selection have been
a matter of speculation. Domesticated dogs are the ideal organism to study popula-
tion genomics of domestication and the impact artificial selection has had on
cognitive, social, behavioral, and disease traits. Because dogs have been associated
with humans for tens of thousands of years, they are uniquely suited to investigate
the genetic basis of selection for dietary adaptation during the agricultural revolu-
tion. Through a variety of large-scale genomics approaches, the history and conse-
quences of dog domestication are no longer a matter of speculation. This chapter
delves into the ancient origins of human-canine interactions and follows the domes-
tication of wolves into dogs with a particular focus on (a) the selection of phenotypes
underlying the strong bond between humans and their companion dogs, (b) the
morphological variation underlying dog breeds, and (c) the genetic basis of canine
diseases. The historical picture that is beginning to emerge provides a genomics
framework for understanding why and how the dog became “our best friend.”
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1 Introduction

Dogs (Canis lupus familiaris) are fondly referred to as “our best friends,” and among
all organisms on this planet are the species most closely associated with humans.
They live in our houses, sleep in our beds, ride in our cars, and even cuddle with
us on the couch, while we read and relax. Our shared history extends back tens
of thousands of years. This is by far, the longest ever genetic experiment and
continues today, with designer dogs selected from crosses of established breeds to
produce new and unique combinations of traits. For much of our shared coexistence,
the actual impact of domestication and artificial selection has been a matter of
speculation.

A wide-held belief is that domestication simply caused dogs to lose their fear
of humans. However, the footprints of selection (meaning the specific versions of
particular genes selected for in the dog genome during artificial selection) can
be detected using population genomics methods. Furthermore, the role these genes
play in physiology and biochemistry can be determined using information from
prior studies in humans, mice, and other “model” organisms. For example, if one
were to identify a gene in wolves (Canis lupus) associated with a particular trait and
observe that this gene has many different variants in the wolf population, but only a
tiny fraction of variants within domesticated dogs, this might provide support for the
hypothesis that selection for a particular variant of this gene occurred during artificial
selection.

Questions such as “How are dogs different from wolves?” and “What regions of
the dog genome encode the traits humans selected for when dogs were domesti-
cated?” are within the realm of scientific investigation. Population genomics
methods provide strategies for decoding the phenotypic consequences of patterns
of genetic variation in specific populations. By comparing patterns of genetic
variation between two populations (such as wolves and domestic dogs or between
Chihuahuas and Great Danes) specific phenotypic differences between
the populations can be associated with precise regions of the genome. Such app-
roaches, coupled with comparative genomics and bioinformatics methods, enable
us to uncover the particular genes selected during artificial selection and identify
the traits these genes encode in the dog genome. Together, this information provides
answers to questions about domestication and breed formation.

This chapter presents an informative review detailing genomics aspects of canine
domestication and breed formation, with a particular emphasis on cognitive, social,
behavioral, and disease traits. The goal of this chapter is to provide a framework
for understanding how population genetics and genomics methods have been used
to decipher the domestication history and resulting phenotypes that are observed
in dogs today. The chapter opens with a brief review of some archeological samples
of ancient canids and the results of their genetic analysis. Dogs are the oldest
domesticated species and therefore have the longest shared history with humans
among all life on the planet. Subsequently, the chapter explores the cognitive and
behavioral changes that dogs underwent during their domestication and discusses
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a number of studies that have identified the genes underlying these augmented
phenotypes that connect them to humans as both companion and working animals.

Next, dog domestication from wolves is presented in the context of sequencing
datasets and polymorphic marker analyses. These studies helped elucidate the early
history of the dog domestication process. Dogs are known for exhibiting a tremen-
dous amount of phenotypic variation within the species. The chapter then explores
the morphological variation and methods employed to deduce the genetic mecha-
nisms underlying this morphological variation. Finally, the chapter delves into
clinically relevant phenotypes between specific dog breeds and genes, mutations,
and genomic regions underlying these breed-associated diseases. Ultimately, this
chapter presents the culmination of our current genetic understanding of canid
domestication and provides numerous examples of the specific phenotypes under-
lying the transformation of ancestral wolves into the dogs we live with today.

2 Time and Place of Dog Domestication

Population genomics methods have offered an unprecedented opportunity to unravel
the mysteries underlying dog domestication. These powerful and data-dense genetic
approaches have refined our understanding of how dogs transformed from wolves
into the hundreds of breeds that exist today. Moreover, through these studies the
genomic basis underlying morphological variation between dog breeds is emerging.
Through a combination of genetic association studies, whole genome sequencing,
and gene expression studies, the veil covering our evolutionary history with dogs has
finally been lifted, and the initial discoveries consist of many surprises that, when
viewed in the context of “our best friend,” make a lot of sense.

2.1 Archeological Evidence

One of the most fundamental and frequently contemplated questions relating
humans and dogs is “When were dogs initially domesticated?” This is a particularly
important question that lies at the heart of the human-animal bond. Ovodov et al.
(2011) describe the discovery of 33,000 years old incipient dog remains within
the Altai Mountains of Siberia including a complete skull and mandible that were
excavated from the site in 1975 (Fig. 1). Evidence of human occupation within the
vicinity of the skull and mandible date back approximately 50,000–100,000 years
ago and correspond to hunter gatherers that remained in a single location for multiple
months at a time (Ovodov et al. 2011).
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2.2 Genetic Analysis of Archeological Samples

In 2015 Lee et al. reported the sequencing and phylogenetic analysis of a particular
mitochondrial (mt) genomic region, a polymorphic portion of the canine mitochon-
drial genome that exhibits a 10 bp repeat region that varies by both number of copies
and sequence variation between individuals. The data was derived from a 360,000-
to 400,000-year-old Canis cf. variabilis mandible (Fig. 2) obtained from a region in
Siberia (Fig. 3) from which multiple ancient and contemporary canid samples have
been identified. The study yielded mtDNA region sequence data for all samples
investigated leading to the discovery of nine haplotypes. Phylogenetic analysis of the
data indicated that the Canis cf. variabilis sample clustered with other wolf samples
from Asia and Russia.

Of particular interest in the Lee et al. (2015) study was the analysis of the
haplotypes across ancient wolf samples and contemporary dog breeds. The results
indicated that haplotypes obtained from 8,750-year-old samples (site 1 on the map)
and 28,000-years-old samples (site 2 on the map) are indistinguishable from

Fig. 1 33,000-year-old dog skull and mandible represent early stage of canine domestication. (a)
Aerial view, (b) profile, (c) palate, (d) left mandible, (e) left lower tooth row (scale on ruler in cm).
Subtriangular hole in the skull is the place of initial sampling for carbon-14 dating in 2007.
Originally published in Ovodov et al. (2011)
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haplotypes observed in geographically diverse dog breeds that exist today (Fig. 3).
A surprising result was that the haplotype observed in the 47,000-year-old canid
sample was quite distinct from other wolf haplotypes but differed by only a few
mutations from haplotypes observed in the present-day dogs. Taken together, these
results provide support for the idea that genetic contributions of ancient Siberian
wolves, including possibly Canis cf. variabilis, may have contributed to the genetic
structure of the domestic dog gene pool.

Interestingly, dog domestication appears to have occurred in multiple locations
at different times. For example, Thalmann et al. (2013) sequenced the complete
mitochondrial genomes of 18 prehistoric canids and compared the results to modern
dogs and wolves using maximum likelihood, coalescence, and Bayesian approaches
to ascertain phylogenetic relationships. Their findings suggest that contemporary
dogs derive their mitochondrial genomes from European canids (Thalmann et al.
2013).

A 2015 study reported by Shannon et al. employed a 185,805-marker genotyping
array to investigate the population structure of 4,676 purebred dogs (representing
over 160 breeds) and 549 free-ranging village dogs representing 38 countries. The
results identified certain geographical subsets of village dogs that appear to be
derived almost exclusively from European origins, while village dogs from countries
such as Vietnam, India, and Egypt have trace amounts of European admixture,
supporting an origin of domestication within Central Asia instead (Shannon et al.
2015).

Fig. 2 A 360,000- to 400,000-year-old Canis cf. variabilis mandible obtained from Siberia.
Originally published in Lee et al. (2015)
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3 Domestication of Dogs from Wolves

The phenotypic variation among domestic dogs is a consequence of the artificial
selection imposed during their domestication and subsequent morphological pheno-
typic variation that occurred during stratification into different breeds. As of 2018,
the American Kennel Club (AKC) recognizes close to 200 distinct dog breeds
with additional breeds added each year (http://www.akc.org/). In comparison, the
United Kennel Club (UKC) recognizes more than 300 different breeds (https://
www.ukcdogs.com) and adds new breeds to the list over time. Similarly, the largest
kennel club in the world, Fédération Cynologique Internationale (FCI), currently
recognizes close to 350 unique dog breeds (http://www.fci.be). Interestingly, there
are dog breeds that are not formally recognized by a breed club. Recently, designer
dogs, which are crosses between dogs of different breeds, have gained in popularity.
These breeds, lineages, and designer dogs represent pools of dogs that share subsets
of genetic variation and together represent one of the most phenotypically diverse
species on the planet.

3.1 Early Dog History and Models of Dog Domestication

A recent study of early dog history attempted to characterize the ancestral relation-
ships between dogs and wolves (Lindblad-Toh et al. 2005). This approach used deep
genome sequencing of (a) three gray wolves (each centered on a geographical region
presumed to correspond to a geographical dog domestication site), (b) two basal
dog lineages (the Dingo and Basenji), and (c) the golden jackal (Freedman et al.
2014). In this study the investigators also had access to the Boxer genome because
the initial dog genome sequenced published in 2005 was obtained from a female
Boxer (Lindblad-Toh et al. 2005). The distribution of samples is illustrated in Fig. 4.

Fig. 4 Geographical
distribution of canid
samples in genome
sequencing study of early
dog history. Originally
published in Freedman et al.
(2014)
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Among the data generated across the six canid genomes were 11.2 billion
sequencing reads producing over 10.2 million single nucleotide polymorphisms.
From this data, the authors inferred effective population sizes based on genome-wide
heterozygosity within each genome using a pairwise sequential Markovian coales-
cent method. By considering an average mutation rate of 1 � 10�8 per generation,
the investigators suggest that the dog population underwent a 16-fold reduction
over the past 50,000 years. To determine admixture among the genomes, the
authors used the nonparametric “ABBA-BABA” test for gene flow between diver-
gent populations. The results of the study were used to construct three models of dog
domestication (Fig. 5) that each includes estimates of population divergence and
post-divergent gene flow between sample populations.

The three models (Fig. 5) differ in how the ancestral population of wolves
ultimately gave rise to different wolf populations and dogs such as the Boxer, the
Basenji, and the Dingo. Figure 5a illustrates the model most consistent with the

Fig. 5 Models of canine domestication derived from genome sequencing study of early dog
history. Divergence times, effective population sizes (Ne), and post-divergence gene flow inferred
by G-PhoCS in joint analysis of the Boxer reference genome and the sequenced genomes of
two basal dog breeds, three wolves, and a golden jackal. The width of each population branch is
proportional to inferred population size, and stated ranges of parameter estimates indicate 95%
Bayesian credible intervals. Horizontal gray dashed lines indicate timing of lineage divergences,
with associated means in bold, and 95% credible intervals in parentheses. Migration bands are
shown in green with associated values indicating estimates of total migration rates, which are equal
to the probability that a lineage will migrate through the band during the time period when the two
populations co-occur. Panels show parameter estimates for (a) the population tree best supported by
genome-wide sequence divergence, (b) a regional domestication model, and (c) a single wolf
lineage origin model in which dogs diverged most recently from the Israeli wolf lineage (similar
star-like divergences are found assuming alternative choices for the single wolf ancestor). Estimated
divergence times and effective population sizes are calibrated assuming an average mutation rate
of 1 � 10�8 substitutions per generation and an average generation time of 3 years. Originally
published in Freedman et al. (2014)
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genome-wide sequencing divergence. In this model, the Boxer, Basenji, and Dingo
exhibit a lineage from the ancestral wolf population that is distinct from the Chinese
wolf, the Israeli wolf, and the Croatian wolf. Figure 5b shows a model in which
the Dingo splits off from the Chinese wolf lineage, the Basenji splits from the Israeli
wolf lineage, and the Boxer splits from the Croatian wolf lineage. Finally, Fig. 5c
represents a model in which all three dogs (Basenji, Dingo, and Boxer) split from the
Chinese wolf rather than the ancestral wolf population (as shown in Fig. 5a).

Shearin and Ostrander (2010) provide a quantifiable measure of similarity
between dogs and wolves stating that domestic dog differs from its closest ancestor,
the gray wolf, by just 0.04% in nuclear protein-coding DNA sequence. In other
words, dogs share 99.06% of their protein coding genome with wolves.

4 Evolution and Selection of Cognitive and Behavioral
Traits During Canine Domestication

A long-standing question many have asked relating to human domestication of
dogs is “During artificial selection was there any selection for cognitive, behavioral,
or communication phenotypes that may have contributed to a strong interspecific
bond between humans and their companion dogs?” The strength of the human-
animal bond is so strong that dogs are fondly referred to as humans’ “best friends.”
Subsequently, it seems plausible that artificial selection during domestication may
have contributed to divergent phenotypes from wolves that underlie the social
interactions between dogs and humans.

4.1 Gene Expression Differences in Brains of Dogs
and Wolves

Saetre et al. (2004) investigated the mRNA expression levels of 7,762 genes in
dogs, wolves, and coyotes (Canis latrans) in three regions of the brain: the hypo-
thalamus, the amygdala, and the frontal lobe. Interestingly, the RNA was obtained
from postmortem brains and hybridized to human microarrays. Cross-species micro-
array hybridization is inherently challenging, and the extent of sequence divergence
between the species (human, dog, wolf, and coyote) contributes to interspecific
variation in hybridization efficiency. Nonetheless, the investigators chose to focus
on a set of genes that exhibited brain region specificity for one of the three brain
regions compared to the other two. Specifically, the selected inclusion criteria
required that at least a twofold difference in expression was necessary to consider
a gene as brain region specific (Saetre et al. 2004).
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In the first set of the gene expression experiments, 156 genes were identified as
having region-specific expression in all three species. In a second set of experiments,
114 genes exhibiting expression differences between species within each brain
region were identified. Next average interspecies expression differences were deter-
mined for all 114 genes. These findings led to the observation that in the amygdala
and frontal lobe, average differences in expression were close to 30% and similar
across all three species. However, the average expression difference in the hypo-
thalamus was around 20% with a difference between coyotes and wolves of merely
13% (background “noise” was 9%). When wolves and dogs were compared for
hypothalamus gene expression, there was an average difference of 24%, and the
difference between dogs and coyotes was 22%. Gene Ontology (GO) analysis was
performed for the 25 genes that exhibited GO annotation. The results indicated that
25 genes shared annotation of overrepresented GO terms (and only 2 were expected
by random chance alone). The enriched terms included neurogenesis, cell-cell
signaling, and neurotransmission. Among the genes exhibiting such annotation,
many were downregulated in the hypothalamus of dogs. Two of these genes are
the neuropeptides NPY and CALCB implicated in energy regulation, feeding behav-
ior, and the hypothalamic pituitary adrenal (HPA)-associated neuroendocrine stress
response. Perhaps domestication of dogs occurred, in part, through genetic variation
that modulates gene expression levels in particular regions of the brain underlying
stress response phenotypes (Saetre et al. 2004).

4.2 Population Differentiation Between Native Dogs
and Wolves

A similar study by Li et al. (2013) employed a pairwise population differentiation
between Chinese native dogs and gray wolves. Chinese native dogs are dogs that live
as human commensals and were included in the study to capture the genetic structure
of dogs prior to the recent stratification associated with breed creation. Furthermore,
the authors chose to compare genome-wide divergence between the Chinese native
dogs and German Shepherds obtained from Germany. A total of 48,455 SNPs were
selected after filtering, and the average distance between the SNPs across the
genome was 23 kb. A final set of 1,878 SNPs were identified, corresponding to
the top 5% of the distribution, with FST > 0.05 and mean FST ¼ 0.63 between
Chinese native dogs and wolves. These SNPs can be considered to be under strong
selection (Li et al. 2013).

Gene Ontology biological process enrichment analysis revealed that 347 genes
were associated with behavior, and of those, 224 were associated with locomotor
behavior. The analysis of SNPs exhibiting highest FST values between Chinese
native dogs and German Shepherds lacked the extent of exacerbated brain expres-
sion that was observed among the genes identified between the Chinese native dogs
and the wolves. The authors make the case that human artificial selection during the
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primary splitting of dogs from wolves was associated with rapid brain evolution.
Furthermore, they connect the emergence of dog-specific behaviors during domes-
tication with altered gene expression changes in their brains (Li et al. 2013).

4.3 Whole Genome Sequence Differences Between Dogs
and Wolves

Li et al. (2014) compared the published resequenced genomes of three wolves and
ten dogs (five ancient dogs, five contemporary dogs) to an additional three wolves
and three Chinese native dog genomes that the group sequenced to identify regions
of the genome exhibiting the most dramatic differences between dogs and wolves.
A common hypothesis associated with dog domestication is that human artificial
selection resulted in altered stress response phenotypes, which facilitated dogs and
humans living in closer proximity than wolves and humans. Li et al. argue that if
stress-response phenotype was “selected” during domestication, one would expect to
see evidence of fixed alleles within genes mediating the phenotype to remain fixed
today (Li et al. 2014).

Surprisingly, fixed SNPs within the genes GRIK3, GABRA5, GRIK2, BCL2, and
MECP2 were identified in the analysis, and GO enrichment identified the following
biological processes as the most significantly enriched: adenylate-cyclase-inhibiting
G-protein-coupled receptor activity and glutamate receptor signaling pathway.
Glutamate is the brain’s main excitatory neurotransmitter and regulates behaviors,
emotions, cognitive abilities, as well as learning and memory. The gene expression
analysis of the GRIK2 gene indicated that it exhibited greater levels of expression
in dog prefrontal cortex compared to wolf prefrontal cortex ( p ¼ 0.0006) (Li et al.
2014).

Although not statistically significant, BCL2 and GABRA5 also exhibit changes
that distinguish the dog from the wolf. A weighted gene co-expression network
analysis revealed that GRIK2, GRIK3, GABRA5, and MECCP2 exhibit co-
expression patterns that place them all in the same coregulatory network. The
authors make the case that, during the early stages of domestication, wolves with
better learning and memory phenotypes would “come close to human settlements
more frequently, acquire greater food resources, and thus had greater opportunities
to survive (with little disadvantage). These individuals would exhibit nonaggressive
response because they would understand that the presence of humans was harmless,
and thus would have a weakened fear response.” The authors propose that instead of
reduced fear response, domestication of dogs occurred via selection for excitatory
synaptic plasticity, which would alter dog behavior and cognition to the point where
dogs could learn the meaning of human gestures and respond more favorably to
human commands (Li et al. 2014). The idea that artificial selection during domes-
tication altered the canine brain to enhance dog memory is an exciting and poten-
tially transformative event in human-animal history.
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5 Genetic Effects of Dog Domestication

Domestication events can create bottlenecks and consequently reduce genetic diver-
sity, reduce effective population size, and increase inbreeding. Understanding the
relationship between the genomic signals observed in the data and the evolutionary
mechanisms that contributed to those signals is critical if one hopes to understand
how the domestication and selective breeding history of contemporary dog breeds
exploited the morphological plasticity encoded in the ancestral canine genome.
Boyko et al. (2010) suggest long runs of homozygosity (ROHs) are the result
of inbreeding associated with recent selection events, such as breed formation.
In contrast, the authors attribute haplotype diversity and linkage disequilibrium
(LD) occurring across genomic scales less than a megabase as indicative of more
ancestral population processes (Boyko et al. 2010).

The first question addressed by Boyko et al. (2010) was to investigate genomic
signatures of canine demographic history by analyzing (1) the pairwise SNP LD,
(2) the haplotype diversity across 15-SNP windows, and (3) the extent of ROHs
greater than a megabase. They discovered that although the LD extends over 1 Mb
within every breed assessed across the entire population of dogs, it decays very
quickly. This observation implies that identity-by-descent (IBD) segments are
shared across numerous breeds and are quite small. The ROHs observed were longer
and occurred more frequently in breed dogs than wolves or the village dogs.
Individuals from almost all breeds exhibited between 10 and 50 ROHs greater
than 10 Mb. The exception was the Jack Russell Terriers, which showed fewer
ROHs and higher levels of genetic diversity than the other breeds (Boyko et al.
2010).

Autozygosity, which occurs when both chromosomes in a diploid organism are
derived from the same ancestor, indicates that inbreeding has occurred. Current
models suggest “inbreeding depression” is an increase in autozygosity coupled with
an increased risk in homozygosity at rare, partially recessive, deleterious mutations.
To investigate the impact of autozygosity, it is important to accurately identify real
autozygous ROHs from the larger set of often non-autozygous ROHs in a sample
(Boyko et al. 2010). Non-autozygous ROHs, stretches of homozygous SNPs that are
actually heterozygous at unmeasured variants, are less likely to contain rare, partially
recessive, deleterious mutations in homozygous form. Subsequently, an important
criterion for defining ROHs – rather than SNP-by-SNP homozygosity – is to assess
autozygosity. It is important to identify ROHs that are not autozygous and are
identical-by-state (IBS) from ROHs that are autozygous and are identical-by-descent
(IBD) (Howrigan et al. 2011).

According to Boyko et al. (2010), autozygosity was detected at high levels in
all breeds with Jack Russell Terriers having the lowest average autozygosity (7.5%)
and Boxers having the highest (51%). Interestingly, only a few breeds contained
genomic regions that were autozygous in all breed members genotyped at the
megabase scale. The exception was Basenjis, which showed evidence of high
haplotype diversity coupled with high autozygosity. Together these two conditions
are suggestive of a recent genetic bottleneck following breed formation that caused
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greater levels of inbreeding than would otherwise be expected in the population.
According to the breed history, Basenjis in the United States were derived from a
relatively small founder population. Linkage disequilibrium (LD), associated with
regions of chromosomes encoding shared alleles from common ancestors along a
chromosome, is known to extend greater genomic distances within breeds than
it does among breeds or within wolves. The analysis performed by the authors
indicates that the between-breed LD is much greater than wolf LD which provides
support for a bottleneck in dogs during domestication (Boyko et al. 2010).

These results support the idea that dramatic genomic selection occurred within the
dog genome on multiple time scales. One time scale, for example, corresponds to an
ancient domestication selection process when dogs were selected for affiliation with
humans. Afterwards, a more recent breed-radiation selection process occurred where
closed breeding pools were created to transform the ancestral genetic variation into
breed-specific pockets of genetic and morphological phenotypic uniformity.

6 How Did Domestication-Modulated Oxytocin Mediated
Phenotypes

6.1 Oxytocin-Mediated Social Phenotypes in Dogs

The neuropeptide hormone, oxytocin, has a well-established role underlying social
bonding in mammals where, through evolution, it has mediated hierarchical social
relationships as well as organization of social interactions. In humans, oxytocin
coordinates parental responses after physical contact with offspring, interactions
between sexual partners, interactions with friends, and empathetic interactions
with strangers (Feldman 2017).

Romero et al. (2014) described a prosocial role for oxytocin in dogs. They
suggested that oxytocin facilitates prosocial interactions among dogs and humans.
Furthermore, they make the point that evolutionary selection pressure may have
contributed to the maintenance of neurological mechanisms associated with social
bonding due to the adaptive value of long-lasting social relations (Romero et al.
2014).

6.2 Genetic Variation in Dog Oxytocin Receptor

The role of oxytocin signaling in the human-animal bond suggests that it is possible
that domesticated dogs were artificially selected for more affiliative relationships
with humans through allelic variation within genes mediating oxytocin signaling.
And indeed there is evidence for considerable genetic variation within the oxytocin
receptor in canids, as well among different dog breeds (Kis et al. 2014; Bence et al.
2017).
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Kis et al. (2014) investigated three polymorphisms within the receptor located
within either the 50 UTR or the 30 UTR of the gene. They genotyped 103 Border
Collies (46 males, 57 females), consisting of two subpopulations (59 from Hungary
and 44 from Belgium). Additionally, they genotyped a single population of 104
German Shepherd dogs (58 male, 46 female) and assessed behavioral pheno-
types across five specific tests: (1) greeting the dog, (2) separation from owner,
(3) problem-solving, (4) threatening stranger, and (5) owner hiding from dog.
The study results demonstrated evidence of an association between the G-allele
of -212AG polymorphism and the behavioral phenotype of decreased owner prox-
imity seeking in both breeds. Additionally, the authors report an association of the
rs8679684 polymorphism with friendliness; however, the breeds exhibited divergent
associations with the A-allele in German Shepherds exhibiting higher friendliness
phenotype scores, while in Border Collies, the A-allele was linked to decreased
friendliness (Kis et al. 2014). Note that the -212AG polymorphism was subsequently
renamed to the -213 AG polymorphism as the genomic coordinates for the canine
oxytocin receptor were refined.

Bence et al. (2017) characterized nine oxytocin receptor polymorphisms in
four different canid species. Their study included three novel oxytocin receptor
polymorphisms identified through direct sequencing of the gene and regulatory
regions in two Eurasian gray wolves, four North American timber wolves,
three Beagles, three Border Collies, three German Shepherds, three Golden
Retrievers, and three Siberian Huskies. This sequencing led to the identification of
-74C/G, 18575C/T, and a microsatellite marker occurring between positions
18772–18792. They also included the three polymorphisms reported in 2014 by
Kis et al., -213A/G, 19208A/G (previously called -212A/G and 19131A/G, respec-
tively), and rs8679684. Additional three polymorphisms were identified in public
database searches (Bence et al. 2017). Allele frequencies were assessed in 689 pure-
bred dogs (70 Beagles, 144 Border Collies, 128 German Shepherds, 43 Golden
Retrievers, 22 Groenendaels, 32 Hungarian Vizslas, 49 Labrador Retrievers,
40 Malinois dogs, 138 Siberian Huskies, and 23 Tervurens) as well as 42 wolves
(34 Eurasian gray, 6 North American timber, 2 Alaskan), 6 golden jackals, 8 Dingos,
and 45 Asian street dogs.

The results revealed that only the -213A/G G-allele, -94C/T C-allele, -74C/G
C-allele, -50C/G C-allele, rs22927829 T-allele, rs8679684 T-allele, and 19208A/G
G-allele were detected in all four species. Interestingly, -213A/G A -allele, -50C/G
G-allele, and 19208A/G A-allele are only found in wolf and dog, with the wolf
having a higher allele frequency than the dog in each case. The rs22927829 A-allele
was only detected in dog and Dingo, while the rs8679684 A-allele was found only in
dogs. Across the dog breeds and wolf, Bence et al. (2017) reported that only two of
the polymorphisms exhibited evidence of both alleles in Border Collie, Golden
Retriever, Labrador Retriever, Hungarian Vizsla, Beagle, Tervuren, Groenendael,
Malinois, German Shepherd, Husky, and wolf (-94T/C, -74C/G). The -213A/G
polymorphism, for which the G-allele was implicated in owner proximity seeking
(Kis et al. 2014), lacked evidence of the G-allele in Tervuren and Groenendael
breeds. These results underscore the notion that phenotypic variation in social
behavior may exist across dog breeds (Bence et al. 2017).
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6.3 Visual Communication and Oxytocin

Nagasawa et al. (2015) investigated the physiological consequence of gazing behav-
ior between dog and owner. The rationale for this study was based on the idea that
human-like modes of communicating, such as mutual gaze, may have been selected
in dogs during domestication by humans. The authors refer to maternal oxytocin
levels rising in human mothers when mother-infant gazing occurs. They designed
experiments to test the hypothesis that an oxytocin positive feedback loop may be
induced by gaze between dogs and their human owners. From the results of their
experiments, the authors suggest the existence of a self-perpetuating positive feed-
back loop mediated by oxytocin in the human-dog bond. The authors characterize
the human-dog bond as being similar to the maternal-infant bond because both
bonds are associated with oxytocin positive feedback loops across the bond mem-
bers. Nagasawa et al. (2015) extrapolate from their results and suggest that gazing
behavior between dog and owner over thousands of years of domestication and
cohabitation conferred social rewarding effects to both humans and dogs. They
further point out that this oxytocin release, in both the dog and the human, would
result in a deepening of the mutual relationship and further promote interspecies
bonding (Nagasawa et al. 2015). They also examined whether an oxytocin loop may
have been acquired during dog domestication or whether it is shared among canids
that did not undergo domestication by employing hand-raised wolves in their
research (Nagasawa et al. 2015). The wolves did not exhibit long periods of gazing
at humans. The authors interpret this finding to mean that wolves do not engage in
mutual gaze as a means of social communication and interaction with humans.
Furthermore, the authors point out that in wolves, eye contact is considered a threat
among conspecifics and wolves generally avoid eye contact with humans (Nagasawa
et al. 2015).

6.4 Interbreed Differences in Oxytocin-Mediated Phenotypes

Dog breeds differ in social behavior in response to oxytocin. Kovacs et al. (2016)
demonstrated the existence of interbreed differences in social behavior associated
with intranasal oxytocin in two dog breeds (Siberian Husky and Border Collie)
representing distinct genetic lineages. Kovacs et al. genotyped the dogs (18 Siberian
Huskies and 16 Border Collies) on the -213A/G oxytocin receptor polymorphism
and identified an association between the dog’s genotype and social behavior
(Kovacs et al. 2016).

The path to canine domestication resulted in selection for traits contributing to
enhanced social bonding with humans and increased perception of human commu-
nication and nonverbal gestures. The acquisition of these traits allowed dogs to
inhabit a unique social niche among humans. Persson et al. (2016) employed a high-
density SNP chip and identified SEZ6L as a gene exhibiting an association with
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variation in social traits. SEZ6L has been implicated in autism, a phenotype in
which social interaction and communication deficits occur. Other genes located
in proximity to the identified haplotype block in the study include ARVCF, which
has been linked to schizophrenia, and TXNRD2 and COMT, two genes that play roles
in schizophrenia and social disorders (Persson et al. 2016).

7 Regions of the Dog Genome Exhibiting Evidence
of Positive Selection During Domestication

7.1 Identification of Positively Selected Genes in Dogs
Compared to Wolves

Wang et al. (2013) performed a genomic analysis to identify genes that exhibit
evidence of positive selection. They highlight the point that artificial selection acting
on dogs occurred in two phases. The first phase was defined by the domestication of
dogs from wild canids. These descendants of wolves shared living environments
with humans and subsequently shared human dietary resources. The second phase
was much more recent, occurring over the last few hundred years when morpholog-
ical variation was created leading to the diverse array of breeds and the physical
phenotypes that define them. Wang et al. (2013) suggest that genes selected during
the first phase should be shared among all dogs today and designed the experimental
approach in this context. Specifically the authors looked for regions of the genome
that contain relatively low levels of diversity between dogs and high levels of
diversity between wolves and dogs. Regions of the dog genome that contained
low levels of diversity in wolves were excluded from the analysis to prevent the
identification of genomic regions exhibiting low diversity in dogs that were inherited
directly from wolves without selection during domestication (Wang et al. 2013).

Among a set of 17,661 orthologous gene pairs between dogs and humans, 1,708
and 233 genes exhibited evidence of positive selection for humans and dogs,
respectively. Gene Ontology enrichment analysis identified terms such as “regula-
tion of digestion,” “negative regulation of intestinal phytosterol absorption,” “regu-
lation of lipid transport,” “axon,” “neuron projection,” “cell projection,” “gamete
generation,” “sexual reproduction,” and “reproductive process in a multicellular
organism.” These terms are particularly interesting because they reflect three major
themes of evolutionary selection during the initial phase of dog domestication:
(1) digestion, (2) reproduction, and (3) neurological process (Wang et al. 2013).

Strikingly, among these three functional categories, the authors identified
orthologous genes between dogs and humans that show evidence of positive selec-
tion in both species. Those genes include ABCG5, ABCG8, PLA2G10, and PRSS1
associated with nutrition. The genes GRM8 and SLC6A4 were identified within
the neurological process group. Among the genes implicated in reproduction,
BFAR, BRE, ITGB1,MET, STK17B, and ZMYM2 were identified as being positively
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selected in both dogs and humans and are involved in cancer, apoptosis, and cell
cycle as genes within the reproductive category. Of particular interest are the
neurological genes, GRIM8 and SLC6A4, which correspond to glutamate receptor
metabotropic 8 and the serotonin transporter, respectively. These genes modulate
phenotypes associated with autism and personality traits in humans (Wang et al.
2013).

7.2 Selection for Enhanced Starch Digestion
in Domestic Dogs

A major event in the domestication of dogs was the selection for a starch diet.
Axelsson et al. (2013) used approximately four million SNPs to identify multiple
genes associated with starch digestion and fat metabolism that exhibit evidence of
selection in dogs (Axelsson et al. 2013). Specifically, the authors identified ten genes
implicated in digestion and fat metabolism that were associated with specific muta-
tions found in dogs. These results provide genetic evidence that domesticated dogs
adapted to survive on starch-rich diets compared to the carnivorous diets of their
wolf ancestors.

In a follow-up study, Arendt et al. (2014) found that high amylase activity in dogs
was correlated with pancreatic amylase (AMY2B) copy numbers in the genome. The
authors characterized the distribution of AMY2B copy numbers across 20 breeds and
showed that considerable heterogeneity in AMY2B copy number exists across dog
breeds, ranging from 6 to 14 copies per genome. Dogs living with humans that were
exposed to agricultural advances during the prehistoric rise of agriculture benefitted
from these dietary resources. Arendt et al. (2016) determined that adaptation to
starch diets did not occur early in dog domestication but rather occurred in sub-
populations that were exposed to starch-rich diets. Their results show high levels of
AMY2B copy numbers in most domesticated dogs but relatively few in dogs origi-
nating from the Arctic. This is consistent with the historical geographic spread of
agriculture (Arendt et al. 2016).

Reiter et al. (2016) demonstrated that positive selection continued to act on
dogs that were exposed to starch-rich diets well after dog domestication had
occurred. The authors analyzed the relationship between starch-rich diets and dog
breeds to gain a better understanding of the relationship the dietary starch played
in AMY2B copy numbers. Their results demonstrate that dogs exposed to dietary
starch exhibit higher allele frequencies of diploid AMY2B repeats. This relationship
can be seen within specific dog breeds, such as the Shar Pei and Pekingese (exposed
to high-starch diets) compared to the Siberian Husky and Alaskan Malamute
(exposed to low-starch diets) as illustrated in Fig. 6 (Reiter et al. 2016).

Population Genomics of Domestication and Breed Development in Canines. . .



7.3 Functional Polymorphisms Exhibiting Fixed Alternative
Alleles in Dogs and Wolves

Another study investigating genomic regions targeted by selection during dog
domestication was described by Cagan and Blass (2016). Their approach leveraged
searching a comprehensive canine polymorphism database to identify polymorphic
markers that are highly differentiated between wolves and dogs. Their approach
led to the identification of 11 genes for which functional variants are fixed for
alternative alleles in dogs and wolves. A pathway analysis of the genomic regions

Fig. 6 Diet and AMY2B copy number variation. (a) Density plot of ddPCR diploid AMY2B copy
number for dogs that traditionally consumed high-starch diets and low-starch diets. Density reflects
frequency with which a given diploid copy number appears in each population. (b) Tukey boxplot
of diploid AMY2B copy number for dogs that traditionally consumed high-starch diets and
low-starch diets. (c) Tukey boxplot of diploid AMY2B copy number for specific dog breeds that
traditionally consumed high-starch diets and low-starch diets. Originally published in Reiter et al.
(2016)
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containing the polymorphic markers with FST > 0.75 identified “adrenaline and
noradrenaline biosynthesis pathway,” “axon guidance mediated by netrin,” “dopa-
mine receptor-mediated pathway,” “nicotine pharmacodynamics pathway,” “alpha
adrenergic pathway,” and “gonadotropin-releasing hormone receptor pathway.” The
authors point out that each pathway was represented by multiple genes. Furthermore,
computational analysis suggested that within each of the pathways, there are genes
with putatively functional variants (Cagan and Blass 2016).

The authors state that domestication of dogs likely selected for reduced fight
or fight responses, which are, in part, mediated by pathways such as “adrenaline
and noradrenaline biosynthesis pathway” (nine genes with potentially functional
variants), “dopamine receptor-mediated signaling pathway” (eight potential func-
tional variant genes), “alpha adrenergic receptor signaling pathway” (five potential
functional variant genes). The identification of neuro-related pathways further lends
support to the idea that behavioral phenotypes were selected during the initial phase
of dog domestication when wolves and dogs first began diverging (Cagan and Blass
2016).

8 Genetic Structure of Dog Breeds

After dog domestication, the next most frequently pondered questions about dogs
are: “How were the different breeds created?” and “What components of the genome
are responsible for the morphological phenotypes that define these breeds?”
Answers to these questions lie at the heart of many population genetics/genomics
studies carried out on dogs.

8.1 Dog Genome Sequence and Genetic Diversity

Studies revealing the sequence of the dog genome and canine genetic variation have
provided considerable information about the population structure of purebred dogs
and the relationship between different breeds. The dog genome sequence, derived
from a female Boxer, was published in 2005 (Lindblad-Toh et al. 2005). The Boxer
was selected due to the decreased heterozygosity within the breed and an expected
easier genome assembly process than would be expected for a dog with much greater
heterozygosity (Lindblad-Toh et al. 2005).

The genome was sequenced with the whole genome shotgun approach resulting
in over 31 million sequence reads corresponding to 7.5� coverage of the ~2.4 billion
base pair genome. The assembly was anchored to dog chromosomes with data
derived from previously constructed cytogenetic and radiation hybrid maps.
The resulting genome sequence enabled the identification of an initial set of
19,300 protein-coding genes. An analysis of 13,816 1:1:1 orthologs between
human, mouse, and dog provided lineage-specific data on synonymous (KS) and
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non-synonymous (KA) changes. This allowed the investigators to calculate the
KA/KS ratio, which provides a measure of the strength of selection acting on protein
coding genes. As part of their analysis, the authors determined the median KA/KS

ratios and discovered that the ratio differed substantially across each of the lineages.
Their results placed the KA/KS ratio within the dog lineage in between the mouse and
human lineages. The authors relate this finding to the population genetics theory that
associates strength of purifying selection with increased effective population size.
Their results are consistent with this theory as smaller mammals (such as mouse)
tend to have larger effective population sizes (Lindblad-Toh et al. 2005).

To better understand canine genetic diversity, three distinct SNP datasets were
analyzed. Lindblad-Toh et al. (2005) identified a total of 770,000 SNPs within the
Boxer genome. The authors also compared a previously assembled 1.5� coverage
draft sequence of the poodle genome (Kirkness et al. 2003) to their sequence of the
Boxer. The comparison identified 1,460,000 SNPs between the two dog breeds
(Kirkness et al. 2003). Additionally, Lindblad-Toh et al. (2005) generated shotgun
sequencing data from 9 diverse dog breeds, 4 gray wolves, and 1 coyote using
22,000 sequencing reads from each that resulted in a set of 440,000 SNPs. A 1,283
subset of these SNPs were validated by resequencing which indicated a true positive
rate of 96% (Lindblad-Toh et al. 2005).

8.2 Single Nucleotide Polymorphisms in the Dog Genome
and Inference of Bottleneck Events

A comprehensive SNP map was constructed from the above three SNP datasets
resulting in a final SNP map of more than 2.5 million SNPs. On average, any two
dogs will have a single nucleotide polymorphism within approximately every
thousand base pairs between members of different breeds, while members of the
same breed will have a SNP within 1,500 bp of their genomes. According to their
analysis, the gray wolf (1/580 bp) and the coyote (1/420 bp) exhibit greater genetic
variation than the Boxer. Within the Boxer assembly itself, a SNP occurs within
roughly every 3,000 bp. Based on their identification and analysis of SNPs, the
authors conclude that a set of 10,000 SNPs is sufficient for genetic association
studies in dogs (Lindblad-Toh et al. 2005).

As part of their analysis, Lindblad-Toh et al. (2005) modeled the population
history of the domestic dog. Specifically, they built a mathematical model in which a
dog population experienced both an ancient and a recent bottleneck. The results of
their coalescent method fit well with their genetic data when they set the ancient
bottleneck to 9,000 generations ago (27,000 years ago), with a population size of
13,000 and an inbreeding coefficient of F ¼ 0.12, and to the more recent breed-
creation bottleneck 30–90 generations ago (90–270 years ago). The authors also
used the modeling approach to generate estimates of breed-specific bottlenecks that
were consistent with known histories of the breeds. The breed that exhibited the
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poorest fit to the two bottleneck model was the Akita which was created in Japan
about 450 generations ago and then underwent a subsequent bottleneck in the 1940s
when it was introduced into the United States (Lindblad-Toh et al. 2005).

8.3 Number of Dog Breeds

Worldwide, there are over 400 recognized dog breeds. The American Kennel Club
recognizes 192 dog breeds as of 2018, and each year one million dogs are registered
by the AKC with over half of all annual AKC dog registrations corresponding to just
10 breeds.

8.4 Microsatellite Analysis of the Genetic Structure of 85 Dog
Breeds

An initial analysis of 85 dog breeds (genotyping 5 unrelated dogs from each breed)
was conducted using 96 microsatellite markers that spanned the canine genome with
an average density of approximately 30 Mb (Parker and Ostrander 2005). The results
indicated that a purebred dog could be assigned to its breed of origin 99% of the
time. During the analysis, it was discovered that almost 40% of all genetic variation
occurring in dogs is detectable when comparing dogs across breeds, for example,
when comparing a Great Dane to a Chihuahua versus comparing one Chihuahua
to another Chihuahua. This is considerably greater than what has been observed
in humans, where just 5–10% of all human genetic variation occurs between
populations and races. The genotyping data was used to cluster the 85 breeds
based on genetic similarity. Although most breeds mapped cleanly to a single
cluster, some breeds such as Australian Shepherd, Bichon Frise, Flat-Coated
Retriever, Great Dane, Lhasa Apso, and Pug mapped to more than one cluster
(Fig. 7) (Parker and Ostrander 2005).

8.5 Genetic Diversity Differences in Dog Breeds

Quignon et al. (2007) assessed the extent of genetic diversity inherent in Bernese
Mountain Dogs (BMD), Flat-Coated Retrievers (FCR), Golden Retrievers (GR), and
Rottweilers (ROT) sampled in equal proportions from the United States and Europe.
The goal of the study was to better understand how genetic variation within dogs
of the same breed varies by geographic location. Genetic studies in dogs can be
confounded by population stratification resulting in false-positive associations when
population substructure exists within a breed. This can be particularly problematic
when studies are designed assuming that all dogs within a breed share the same level
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and type of genetic variation. A set of 722 SNPs from four loci on chromosome
1 was genotyped in 120 dogs (Quignon et al. 2007). The investigators determined
that the GR exhibited the greatest number of polymorphic SNPs (66.6%), while the
fewest polymorphic SNPs were detected in the BMD. The FCR had 57.7% poly-
morphic SNPs, and the ROT had 54.4% polymorphic SNPs (Quignon et al. 2007).

Fig. 7 The population structure of 85 dog breeds. The dataset includes five unrelated dogs from
each of the 85 breeds that have been genotyped using 96 (CA)n repeat-based microsatellites that
spanned the dog genome at an average density of 30 Mb. Clusters were obtained using the computer
program Structure, which implements a Bayesian model-based clustering algorithm that attempts to
identify genetically distinct subpopulations based on patterns of allele frequencies. Four distinct
clusters described by Parker et al. are depicted as colored circles: cluster one is yellow, cluster two is
blue, cluster three is green, and cluster four is red. Breeds associated with each cluster are listed
within the appropriate circle, and examples of breeds are shown in the pictures. Some breeds show
similarity to more than one cluster and are listed in the overlapping space. Originally published in
Parker and Ostrander (2005)
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The finding that dog breeds are not homogenous populations underscores the
importance of population substructure when considering case-control genetic asso-
ciation studies. The authors state that variation in allele frequencies can arise through
a population’s genetic history, ancestral geographical distributions, mating practices,
and both reproductive expansions and bottlenecks. Moreover, Quignon et al. indi-
cate that besides population stratification arising from variation in geographical
origin, artificial selection during breeding for phenotypic traits such as coat color,
herding, hunting, olfactory capabilities, memory, and cognitive ability can also result
in undetected population structure when those breeds are used in genetic studies
(Quignon et al. 2007). This study highlights the fact that although members of a dog
breed may share similar physical traits, each dog is genetically a unique individual.

8.6 Genome-Wide Genetic Structure and Evolution of Dogs
Versus Wolves

Vonholdt et al. (2010) carried out a genome-wide analysis of 48,000 SNPs in
912 dogs (representing 85 breeds) and 225 gray wolves (across 11 globally distrib-
uted populations). The goal of the study was to gain a better understanding of the
evolutionary and geographical history that gave rise to the dramatic diversification of
phenotypes observed in dogs today. The authors used Bayesian clustering methods
to identify any dog breeds that may have evidence of admixture with wolves. A
relatively small set of breeds, considered ancient dog breeds, were identified and
include breeds such as Afghan Hound, Akita, Alaskan Malamute, Basenji, Chinese
Shar Pei, Chow Chow, Dingo, and Siberian Husky to name a few. Based on
historical information, these ancient dog breeds have origins dating back more
than 500 years ago (Vonholdt et al. 2010).

To determine the main contribution of genetic diversity in domestic dogs,
Vonholdt et al. (2010) considered whether a single wolf population clustered with
dogs in neighbor-joining trees by taking into account allele sharing of individual
SNPs, 5-SNP haplotypes, and longer multi-SNP haplotypes for individuals and
breed groupings. Their results indicated that only for individual SNPs and 5-SNP
haplotypes Middle and Near Eastern gray wolves clustered with dogs. Moreover,
in this analysis all other wolves clustered together as a single genetic entity separate
from dogs. Then they tested whether haplotypes sharing of modern and ancient dog
breeds could be associated with any distinct wolf populations. For this analysis,
North American wolves were used as a negative control based on existing models
of dog domestication excluding North America as the center of dog domestication
(Vonholdt et al. 2010).

The results demonstrated that the extent of shared haplotypes between dogs
and North American wolves was lower than sharing between dogs and Old-World
wolves. More importantly, they discovered that for 5-SNP haplotypes, sharing was
greater between Middle Eastern wolves and modern dog breeds than between other
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populations of wolves. For longer multi-SNP haplotypes, the authors report that
most breeds exhibit the greatest haplotype sharing with Middle Eastern wolves,
including geographically diverse breeds such as Basenji, Bassett Hound, Borzoi, and
Chihuahua. In separate analysis, the Akita, Chinese Shar Pei, Chow Chow, and
Dingo shared most strongly with Chinese wolves. Finally, the authors note that for
the 5-SNP and longer multi-SNP haplotype analyses, the Basenji shared the most
haplotypes with Middle Eastern gray wolves than any other domestic dogs. It is
worthwhile to point out that Basenjis are a dog breed having a Middle Eastern origin.
The authors interpret this result as indicating that the Basenji had a large effective
population size early in domestication or, alternatively, they have been recently
backcrossed with wolves. Taken together, the authors conclude that the Middle East
is the main source of genetic diversity in dogs with possible minor contributions
derived from Europe and Asia (Vonholdt et al. 2010).

Vaysse et al. (2011) described a comprehensive high-density genotyping analysis
of genomic regions exhibiting evidence of selection in 509 dogs across 46 diverse
breeds and 15 wolves using 170,000 evenly spaced SNPs. Evolutionary relation-
ships between the sampled subjects were assessed by building a neighbor-joining
tree from the genetic distances in the comprehensive genotyped dataset (Fig. 8).
Visualizing this tree led to the following conclusions: (1) dogs from the same
breed clustered together as is expected from closed gene pool breeding groups,
(2) relatively no structure is present within the breeds which is consistent with
modern dog breeds arising from a common set of ancestors rather quickly, and
(3) the internal branches for Boxer and wolf are longer than those for other breeds
which make sense because SNP discovery occurred using genomic sequence data
from the Boxer genome and the longer wolf branches likely represent greater
evolutionary distance compared to the other dog breeds (Vaysse et al. 2011).

9 Genomic Basis for Morphological Variation Between Dog
Breeds

Although dog domestication began at least 15,000 years ago, it wasn’t until the
Victorian era, roughly 200 years ago, that artificial selection for breed standards in
dogs first began. The phenotypes observed in the breeds of today represent extremes
of morphological variation (Fig. 9) (Shearin and Ostrander 2010).

Phenotypic variation across breeds is the consequence of a variety of physical
traits associated with numerous anatomical regions. Variation in skeletal morphol-
ogy is associated with differences in body size, leg size, and skull shape between
breeds. Tremendous variation in hair phenotypes gives rise to differences in coat
texture, length, and color within different breeds (Fig. 9).
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9.1 Head Phenotype

Brachycephaly is a phenotype resulting in a dramatic decrease in muzzle length
accompanied by decreased length of the related bones (Fig. 10). Additionally,
brachycephalic dog breeds, such as the Boxer, Bulldog, French Bulldog, and
Pekingese, have slightly shortened and widened skulls.

An “across-breed” study was designed to investigate the genetic basis of the
brachycephalic phenotype. This genome-wide association study design required
control breeds lacking the brachycephalic phenotype and included dolichocephalic
(long muzzle) and mesaticephalic (intermediate muzzle length) breeds. The dolicho-
cephalic and mesaticephalic breeds included Akitas, Belgian Tervurens, Black

Fig. 8 Neighbor-joining tree constructed from raw genetic distances representing relationships
between samples. 170,000 SNPs were genotyped in 46 diverse dog breeds plus wolves using the
Canine HD array. The Boxer branches are longer, which likely represent the influence of ascer-
tainment bias, as the SNPs were discovered from sequence alignments involving the Boxer
reference sequence. Originally published in Vaysse et al. (2011)
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Russian Terriers, Bloodhounds, Dalmatians, German Shepherds, and Great Danes.
Bannasch et al. (2010) identified the location of the dog genomic region responsible
for the brachycephalic phenotype using an across-breed genome-wide association
approach. Using the Affymetrix Version 2 Custom Canine SNP arrays to generate
genotype calls, the authors successfully identified a brachycephalic head locus that
mapped to a region of chromosome 1 between 59.5 and 59.8 Mb (Bannasch et al.
2010). To more clearly delineate the region of association, the investigators used
88 affected dogs and 185 unaffected dogs to genotype a set of 49 SNPs overlapping
the most significantly associated region of the originally identified interval. The
results of this genotyping revealed a smaller 31 kb genomic interval that overlapped
a homozygous haplotype encoding a single gene, THBS2 within brachycephalic
breeds (Bannasch et al. 2010).

Schoenebeck et al. (2012) searched for additional genes modulating the
multigenic phenotype and cranioskeletal features differentiating dolichocephalic
skulls from brachycephalic skulls. In order to more completely characterize the
anatomical and geometric differences associated with phenotypic variation in canine
skull shape, the authors digitally captured 51 stereotyped anatomical landmarks
from 533 skulls obtained from museums representing 120 breeds and 4 gray

Fig. 9 Morphological variation in the dog. Dog breeds display extremes of morphological varia-
tion including body size and proportion, head size and shape, coat texture, color, and patterning.
Clockwise from the left: the Bloodhound, the Chinese crested, the Dandie Dinmont Terrier, the
Scottish Deerhound, the long-haired Chihuahua, and the French Bulldog (Original Image: Mary
Bloom, American Kennel Club). Originally published in Shearin and Ostrander (2010)
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wolf subspecies. The variance captured in Principal Component 1 (PC1) (59%
variation) corresponds to anatomical differences in rostrum length and angle, palate
and zygomatic arch width, and depth of neurocranium, which comprise the
cranioskeletal features giving rise to either a brachycephalic or dolichocephalic
skull phenotype (Fig. 11).

Schoenebeck et al. (2012) used one set of breed samples for phenotypic
measurements (the museum specimens) and another set of breed samples (the
DNA samples) for genotyping because purebred dogs conform to a specific mor-
phological standard that is shared among members of the breed. Morphological
phenotypes, such as skull shape, are uniformly constrained by the breed. Strong
genotype associations were found with PC1 (i.e., variations in skull morphology
differentiating brachycephalic skull phenotype from dolichocephalic skull pheno-
type) associated with polymorphic markers located at specific locations within
domestic dog, Canis familiaris, chromosomes (denoted CFA): CFA5.36476657,
CFA24.26359293, CFA30.35656568, and CFA32.8384767. Some additional
markers were weakly implicated on CFA9, CFA13, and CFA30 and another one
on CFAX (Schoenebeck et al. 2012).

Schoenebeck et al. (2012) reasoned that skull shape variation is a consequence of
artificial selection, and therefore they expected the major loci to exhibit reduced
observed heterozygosity (Ho) and elevated genetic differentiation (FST), both of
which are strong indicators of selective sweeps. The CFA32 quantitative trait
locus (QTL) was selected as a major focus because it was in the top 2 most
associated non-allometric loci that showed strong evidence of selection. The shared

Fig. 10 Brachycephaly in
dogs. Comparison of
photographs (Photos Mary
Bloom, courtesy of AKC)
and skulls from a German
Shepherd dog with a wild-
type skull shape
(non-brachycephalic) and a
brachycephalic Boxer.
Originally published in
Bannasch et al. (2010)
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haplotypes for CFA32 QTL among six of the seven most brachycephalic breeds
(Boston Terrier, Bulldog, Brussels Griffon, French Bulldog, Pekingese, and Pug)
defined a 190 kb genomic region in between 8.15 and 8.34 Mb, within which
two genes (PRKG2 and BMP3) were located (Schoenebeck et al. 2012).

In order to ascertain genotype-phenotype association within this interval,
Schoenebeck et al. (2012) performed whole genome sequence survey from 11
dogs of diverse skull phenotype (including the brachycephalic breeds of Bulldog
and Pekingese breeds). The authors identified the SNP at position 8,196,098 that
causes a missense mutation in BMP3 in which a phenylalanine is changed into a
leucine (F452L mutation). The substitution of leucine in place of phenylalanine was

Fig. 11 Quantitative and qualitative assessments of PC1 on canine cranioskeletal shape. (a) Gray
wolf (mesocephalic, ancestor to dogs) (b) Afghan hound (dolichocephalic), (c) Leonberger
(mesocephalic), (d) Pug (brachycephalic). (e) Surface scans of a gray wolf skull illustrate morpho-
logical changes associated with PC1. Columns (left to right) are dorsal, lateral, and rostral views.
Top row: a gray wolf skull morphed by positive PC1. Middle row: a gray wolf skull (no morphing).
Bottom row: a gray wolf skull morphed by negative PC1. Pseudocoloring of the gray wolf skull
indicates rostrum (ros) and neurocranium (nc). Line indicates width of the zygomatic arches (za).
Originally published in Schoenebeck et al. (2012)
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predicted to be disruptive to the BMP3 functional structure. Upon comprehensive
genotyping of 842 dogs across 113 breeds, it was found that the F452L mutation
is almost always fixed in brachycephalic breeds. This suggests that the missense
polymorphism may be the underlying cause for the brachycephalic phenotype
(Schoenebeck et al. 2012).

9.2 Genomic Basis of Breed-Associated Morphological Traits

A fundamental question in canine genomics is “What genomic mechanism enabled
selective breeding to produce the tremendous diversity of morphological phenotypes
observed in present day dog breeds?” Boyko et al. (2010) addressed this question
by genome-wide scans of SNP variation and genome-wide association mapping of
morphological traits using 60,968 SNP genotypes of 915 dogs covering 80 domestic
dog breeds coupled with 83 wild canids and 10 outbred African shelter dogs. The
genotype map was combined with external measurements using breed standards,
museum specimens, and individual dogs to identify genomic regions associated
with breed-specific phenotypic variation among 57 morphological traits. One of
the purposes of the study was to assess whether most breed-associated phenotypic
variation is the consequence of large-effect QTLs or whether most of the observed
phenotypic differences arise via the action of many QTLs of relatively weak effects.
The answer to this question will provide a better understanding of how domestica-
tion and artificial selection have impacted the dog’s genome (Boyko et al. 2010).

Boyko et al. (2010) performed a genome-wide scan to detect signatures of recent
selection and allele sharing between dog breeds. Because the data supports the idea
that relatively little sharing of IBD segments occurs among individuals from differ-
ent breeds, it is reasonable to expect that when coincident sharing occurs between
breeds with a similar phenotype, the shared genomic segments are likely encoding
the genetic variation for that trait. The top 11 most extreme FST regions of the dog
genome contained SNPs with FST � 0.57 and having a minor allele frequency
(MAF) � 0.15 (Boyko et al. 2010). Among the 11 regions detected with high FST,
6 are tightly linked to genetic variation known to affect canine morphological
phenotypes. For example, the 167 bp insertion in RSPO2 was associated with the
fur growth and texture phenotype; the IGF1 haplotype was associated with small
body size; an inserted retrogene (Fgf4) was associated with short limb length; and
three genes modulating coat color phenotypes in dogs were also associated with the
identified intervals ASIP, MC1R, and MITF. Additional regions with high FST were
identified: CFA10.11465975 (associated with body weight) and CFA1.97045173
(associated with muzzle length) (Boyko et al. 2010).

Boyko et al. (2010) performed the genome-wide association scans by measuring
55 morphological parameters in order to identify genotype-phenotype associations,
especially morphological traits that vary between dog breeds. Additionally, the
authors included genomic regions contributing to variation in body size (variation
is greatest across dog breeds than any other terrestrial species) as well as ear

Population Genomics of Domestication and Breed Development in Canines. . .



Fig. 12 Summary of associations across genomic regions for multiple traits. Each row corresponds
to a trait [either (a) absolute or (b) proportional], and each column corresponds to a genomic region
that has been found associated with at least one trait. The shading of each rectangle shows the R2
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floppiness. The genomic scan for body size [where body size ¼ log (body weight)]
resulted in the identification of multiple significant associations. The six strongest
signals occurred at CFA15.44226659, CFAX.106866624, CFA10.11440860,
CFAX.86813164, CFA4.42351982, and CFA7.46842856. Interestingly, the first
four signals identified in the body size variation scan correspond to some of the
highest FST values identified in the genome, along with CFA4 which has an
FST ¼ 0.46, consistent with diversifying selection among breeds for body size.
Interestingly, in all six regions, wolves are not highly polymorphic (MAF < 0.1),
and except for the CFA10 signal, the derived allele is at highest frequency in small
breeds (Boyko et al. 2010).

Another trait that exhibits considerable variation across breeds is ear type. All
adult wild canids have erect ears, yet dog breeds are fixed for a variety of ear
positions including floppy ears. This juvenile type trait is retained by adults of
certain breeds in a variety of domesticated mammals, such as dogs, cattle, goats,
and rabbits. SNPs associated with breeds fixed for erect or floppy ears were
identified and shown to be associated with a single interval on CFA10 that may
underlie the ear position phenotype (Boyko et al. 2010). A third trait of interest in the
Boyko et al. (2010) study was muzzle length, which varies tremendously across dog
breeds. Similar to floppy ears, short snout is another paedomorphic trait. The
strongest association signals were CFA1.59832965 and CF5.32359028, having
FST values of 0.55 and 0.42, respectively. These polymorphisms are only found in
brachycephalic breeds at high allele frequency (Boyko et al. 2010).

Boyko et al. (2010) constructed a multi-SNP predictive model for each trait. For
the models of body weight, ear type, as well as most of the measured traits, the
majority of the breed-associated variance was observed in fewer than four loci
(Fig. 12). Correlated traits, such as femur length and humerus length, exhibited
similar SNP associations. For the set of 55 measured traits, the average proportion
of variance explained by the top 1, 2, and 3 SNP models was R2 ¼ 0.52, 0.63,
and 0.67, respectively. The authors made the case that, after controlling for body
size, mean proportion of variance explained by the models was still considerable,
with R2 ¼ 0.21, 0.32, and 0.4, respectively. It is worth mentioning that the most
significant genomic regions were similar even using naïve association scans that did
not control for population structure. In terms of breed mapping, relatively little
population structure was shared among the breeds. Subsequently, whatever portion
of the population structure, which might have been shared among the breeds, was
small enough to avoid biasing the association inferences (Boyko et al. 2010).

Boyko et al. (2010) state, for the majority of traits investigated, that a few QTLs
of large effect determined the phenotype differences between breeds. These QTLs
mapped to specific locations on Canis familiaris chromosomes (CFA). As an
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Fig. 12 (continued) statistic of the single marker model for the trait for all significant associations
( p < 5.0e�5 for absolute external traits, p < 1.0e�4 for skeletal and proportional traits after
correcting for population structure). When multiple SNPs in the region are significant, the largest
value of the R2 statistics is reported. Originally published in Boyko et al. (2010)
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example, they site the proportional height at withers for which they identified a large-
effect QTL on chromosome CFA18, where they had previously determined a fgf4
retrogene that confers the phenotype associated with the chondrodysplasia dispro-
portional dwarfism in Basset Hounds, Corgis, and Dachshunds. Similarly, skull
shapes were largely determined by genomic regions on CFA1, CFA5, CFA26, and
CFA32, along with CFAX.105274087–106866624 region (also associated with
body size). Most of these regions were also associated with dental phenotypes
along with a strong association on CAF16. It seems that the relationship between
phenotypes and associated genomic intervals in domestic dog breeds can be best
described as a set of related phenotypes under the direct control of a few genomic
regions (Boyko et al. 2010).

10 Genes, Mutations, and Genomic Regions Contributing
to Clinically Relevant Phenotypes (Disease Conditions)
in Dog Breeds

In the past few years, new advances have been achieved using genome-wide
association studies (GWAS) and high throughput sequencing to unveil novel muta-
tions in dog populations associated with clinically relevant phenotypes. These
phenotypes span numerous organs, cell types, and body systems. Some interesting
examples across a variety of body systems and dog breeds are described below.

10.1 Cardiovascular

Cardiovascular disease affects different dog breeds including the Newfoundland,
Whippet, and Doberman Pinscher. Mitral valve degeneration is the most prevalent
type of heart disease in dogs and is acquired during aging as degenerative lesions
accumulate on the mitral valve. Over time, these lesions result in abnormal valve
morphology and function. In severe cases, the mitral valve may prolapse and cause
undesirable phenotypes, such as mitral regurgitation and left-sided congestive heart
failure.

Stern et al. (2015) used the 170,000 canine high-density (HD) genotyping SNP
chip and identified a region in the vicinity of position 57,770,326 on canine
chromosome 15, which is near the interval of 58,506,916 and 60,140,841 that was
also associated with mitral valve disease compared to normal dogs lacking evidence
of mitral valve disease. Within this region is follistatin-related protein 5 precursor as
well as some other genes including neuropeptide Y receptors. A region on chromo-
some 2 also exhibited partial evidence of association peaking at 37,628,875 which
is in proximity to rho GTPase-activating protein 26. In the discussion, the authors
implicate follistatin-related protein 5 with another gene (WFIKKN2) that is involved
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in metalloproteinase inhibition activity. Because metalloproteinase activity has been
considered a part of the mitral valve disease pathophysiological mechanisms, these
two genes represent viable candidates for the undesirable clinical trait of mitral valve
disease (Stern et al. 2015).

The Doberman Pinscher is one of the most commonly reported canine breeds
with familial dilated cardiomyopathy, which has been linked to congestive heart
failure and sudden cardiac death. Meurs et al. (2012) performed a GWAS using a
commercial “Canine Genome Array” containing 49,663 SNP markers and identified
a locus on CFA14 (Meurs et al. 2012). Fine-mapping of additional SNPs localized a
potential haplotype at 23,774,190–23,781,919 region from the same chromosome.
DNA sequencing identified a 16 bp deletion in the 50 donor splice site of intron
10 from the gene encoding the mitochondrial pyruvate dehydrogenase kinase
4 (PDK4) in affected dogs. The authors next demonstrated that PDK4 transcripts
derived from the homozygous deletion genotype exhibit decreased expression
of exons 10 and 11. This study tested 232 animals, with 66 affected and 66
unaffected Doberman Pinschers, plus 100 healthy dogs from 11 other breeds. The
target mutation was identified in 54 out of 66 affected dogs (82%, with 45
heterozygotes and 9 homozygotes) and 26 out of 66 of unaffected dogs (39%,
with 18 heterozygotes and 8 homozygotes). Some of the 100 unaffected dogs,
representing 11 other breeds, appeared to show the mutated allele as well. Electron
microscopy of myocardium from affected dogs demonstrated several mitochondrial
disorganization features, suggesting a dysfunction of PDK4 enzyme due to the
mutation (Meurs et al. 2012). The fact that the presence of an associated allele
may not always correlate with the associated phenotype underscores the complexity
of genetics.

The Irish Wolfhound is another breed that is predisposed to cardiac disease,
specifically dilated cardiomyopathy, with up to 20% of dogs in the breed exhibiting
the undesirable clinical phenotype. Philipp et al. (2012) performed a genome-
wide association study using 190 Irish Wolfhounds. Dilated cardiomyopathy
phenotypes were diagnosed with echocardiographic exams. Control dogs were at
least 7 years old with no signs of the dilated phenotype. The authors identified six
loci corresponding to CFA1 at 123,630,555; CFA10 at 24,159,608 (ARHGAP8
gene); CFA15 at 61,260,406 (FSTL5 gene); CFA17 at 58,604,566; CFA21 at
40,670,543 (PDE3B gene); and CFA37 at position 31,801,266. The authors report
that their associated regions overlapped with genes known to cause dilated cardio-
myopathy in humans (Philipp et al. 2012). The human form of dilated cardiomyop-
athy is a cause for heart transplants, and in the absence of transplantation, chronic
heart failure can occur. About half of human cases are inherited, and more than
60 genes have been implicated in the pathology (Toro et al. 2016).

In another example of cardiovascular phenotypes in dogs, Stern et al. (2014) used
a pedigree analysis of 45 Newfoundlands, of which 9 exhibited a subvalvular aortic
stenosis (SAS) phenotype. Twelve additional dogs in the pedigree displayed systolic
heart murmur phenotypes along with either evidence of aortic insufficiency or
a subvalvular ridge or both. When dogs with the aortic insufficiency and/or sub-
valvular ridge phenotypes were bred to normal dogs, offspring displayed undesirable
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cardiac phenotypes. A genome-wide association study followed by genomic
sequencing identified a mutation in the exonic region of the phosphatidylinositol-
binding clathrin assembly protein gene (PICALM). Interestingly, PICALM is
involved in morphogenesis of the heart. Stern et al. (2014) report that the phenotype
is likely caused by a 3 bp exonic insertion in the PICALM (599K_600LinsL
mutation) that was detected and associated with the development of SAS in that
breed. Immunohistochemistry validated the presence of PICALM protein in the
canine myocardium and area of the subvalvular ridge. Overall, 96.1% of the
SAS-affected Newfoundland dogs displayed the codon insertion mutation (34.6%
homozygous and 61.5% heterozygous), while only 26% of non-affected ones pos-
sessed the mutation (4.3% homozygous and 21.7% heterozygous). The authors state
that none of 180 control dogs of 30 different breeds possessed the mutation in any
form (Stern et al. 2014).

Following the report by Stern et al. in 2014, Drogemuller et al. (2015) provided
evidence suggesting that the mutation reported by Stern et al. may not in fact be the
causative allele associated with subvalvular aortic stenosis in Newfoundlands.
Among the evidence presented, Drogemuller et al. (2015) question the experimental
design that was used, pointing out that (a) the number of cases and controls used in
the association study would not provide the expected power needed to identify a
locus associated with a nondominant mode of inheritance (Drogemuller et al. 2015).
Furthermore, Drogemuller et al. (2015) report a replication of portions of the original
study and fail to reproduce the findings reported by Stern et al. (2014).

10.2 Endocrinology

An endocrine phenotype of clinical interest is obesity. Obesity and greater food
motivation were found as a genetic predisposed disorder in Labrador retrievers
(Raffan et al. 2016). The associated gene is pro-opiomelanocortin (POMC) that
encodes a pro-protein which is cleaved into several bioactive peptides, including
b-MSH (melanocyte-stimulating hormone) and b-endorphin. The associated geno-
type is a 14 bp deletion responsible for a frameshift after the glutamate at the position
188 (p.E188fs). It is predicted to disrupt the coding sequence of POMC and cause
loss of production of b-MSH and b-endorphin which results in increased body
weight with a mean effect size of 1.90 kg per deletion allele. Therefore, it indicates
a dominant dosage effect trait. Adiposity and food motivation were polymorphism
associated phenotypes in both Labrador Retrievers and the closely related Flat-Coat
Retrievers (FCRs). The mutation is significantly more common in Labradors
selected to become assistance dog breeding stock (allele frequency ¼ 0.45) than
those selected to be companions (allele frequency ¼ 0.12) (Raffan et al. 2016). In
humans, POMC mutations that produced aberrant forms of b-MSH reveal that this
is an important hormone in controlling appetite and obesity development (Challis
et al. 2002; Lee et al. 2006). Mice selectively lacking b-endorphin are hyperphagic
and obese (Appleyard et al. 2003). Taken together, these findings suggest that the
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loss of both neuropeptides in dogs carrying POMC p.E188fs could contribute to the
observed obese phenotype.

10.3 Ophthalmology

Progressive retinal atrophy (PRA) is a group of inherited eye diseases characterized
by retinal degeneration that culminates to blindness in dogs and is often described
as the equivalent of retinitis pigmentosa (RP) in humans. It is noteworthy that PRA
in dogs has been reported in over 100 dog breeds. Three studies, two in Golden
Retrievers and one in Shelties, have uncovered three PRA-related genes. The first
study in Golden Retrievers leveraged a genome-wide association study design to
ultimately identify a frameshift mutation within the canine solute carrier gene
SLC4A3. The undesirable allele was present in 56% of PRA dogs and exhibited
recessive inheritance with 100% penetrance (Downs et al. 2011).

The second study in Golden Retrievers (GRs), used GWAS in 10 PRA cases and
16 controls, identifying an association of a 737 kb chromosome 8 (CFA8) locus
containing six genes with a clinical ocular phenotype. Two of the genes (TTC8 and
SPATA7) have already been described as RP-associated in humans. TTC8 encodes a
protein that is a part of the BBSome complex which is responsible for ciliary
membrane biogenesis. Affected dogs showed a single nucleotide deletion in TTC8
exon 8. The frameshift mutation is predicted to cause a premature stop codon. In the
investigated cohort, this genotype (TTC8 c.669delA) is recessive, segregating cor-
rectly in 75.9% of the tested cases (22/29), whereas none of the PRA controls are
homozygous for the mutation, only 3.5% carry the PRA-associated allele, and 96.5%
are homozygous wild type (Downs et al. 2014).

Identifying genes associated with PRA provides a mechanism for developing
breeding programs that can eventually remove these undesirable alleles from
affected breeds. The pathophysiology and clinical progression of PRA have been
well characterized within the Swedish Vallhund dogs by Cooper et al. (2014). A
third study reported by Wiik et al. (2015) identified the CNGA1 gene on CFA13 as a
novel PRA-related locus using a genome-wide association approach with 15 Shet-
land Sheepdog (Sheltie) cases and 14 controls. CNGA1 is also known to be involved
in human RP. This gene encodes a protein involved in phototransduction, by
forming cGMP-gated cation channel in the plasma membrane that allows depolar-
ization of rod photoreceptors. Sequencing of this gene in affected Shelties identified
a 4 bp deletion in exon 9 (c.1752_1755delAACT). Similar to the TTC8 mutation in
Golden Retrievers, CGNA1 also alters the translation frame and generates a trun-
cated protein caused by premature termination codon (Wiik et al. 2015).

Besides PRA, other ocular phenotypes affect dogs, such as glaucoma. Two
metalloprotease genes ADAMTS10 and ADAMTS17 are implicated in primary
open angle glaucoma (POAG) in dogs: the former in Beagle (Kuchtey et al. 2013)
and Norwegian Elkhound breeds (Ahonen et al. 2014) and the latter in Basset Hound
and Basset Fauve de Bretagne breeds (Oliver et al. 2015). Regarding the latter study,
226 Basset Hounds and 27 Basset Fauve de Bretagne dogs were provided an
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ophthalmic examination and diagnosed for POAG. The affected Basset Hounds
displayed homozygosity for a 19 bp deletion in ADAMTS17 exon 2 that leads to a
frameshift predicted to form a truncated protein. Fifty clinically unaffected Basset
Hounds were genotyped for this mutation as either heterozygous or homozygous for
the wild-type allele. The affected Basset Fauve de Bretagne dogs contained a
nonsynonymous substitution in ADAMTS17 exon 11 causing a glycine to serine
amino acid exchange (G519S) in the disintegrin-like domain that might be related to
protein dysfunction. Unaffected Basset Fauve de Bretagne dogs were either hetero-
zygous for the mutation (5/24) or homozygous for the wild-type allele (19/24).
Therefore, evidence suggests that both independent POAG-associated mutations
are recessive in the two different breeds examined (Oliver et al. 2015).

10.4 Craniofacial

Wolf et al. (2015) described a mutation on the dog’s chromosome 27,
encoding a frameshift mutation within the ADAMTS20 metallopeptidase gene
(c.1360_1361delAA or p.Lys453Ilefs*3), that leads to a cleft lip with or without
cleft palate (CL/P) phenotype in the Nova Scotia Duck Tolling Retriever (NSDTR).
This undesirable phenotype exhibits a recessive mode of inheritance (Wolf et al.
2015). CL/P is the most commonly occurring craniofacial congenital disorder.
Interestingly, the same study that found ADAMTS20 as the CL/P-target gene in
NSDTR dogs has also reported a suggestive association of the same gene to CL/P
human cases in a family-based association analysis (DFAM) using a Guatemalan
cohort composed of 25 CL/P phenotypes, 420 unaffected relatives, and 392 controls.
In dogs, the mutation alters the reading frame and generates a premature stop codon
within the metalloprotease domain of ADAMTS20 protein. In humans it seems to be
associated with the SNP rs10785430 within ADAMTS20, but further studies are
required to assure whether it alters the protein function.

10.5 Dermatology

Canine atopic dermatitis (CAD) is a chronic inflammatory skin disease triggered
by environmental allergens that react with epithelial and immune cells. GWAS and
fine-mapping analyses revealed a 9-SNP-containing haplotype overlapping PKP2
gene that predisposes German Shepherd dogs to CAD. PKP2 encodes plakophilin-2
protein, which is involved in the synthesis of desmosomes, a cell adhesion structure
(Tengvall et al. 2016). The haplotype spans ~280 kb on chromosome 27 (CFA27)
which encompasses a rare ~48 kb locus shared only with other high-risk CAD
breeds. Transient transfections followed by luciferase reporter assays indicated that
seven out of the nine CAD-associated SNPs within that haplotype appeared to have
enhancer activity with allelic differences in either epithelial or immune cells. These
cells include Madin-Darby canine epithelial cell line from Cocker Spaniel (MDCK),
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human keratinocyte cell line (HaCaT), human T cell line (Jurkat), and human
erythromyeloblastoid leukemia cell line (K562). A top SNP (CFA27:19,086,778)
displayed high activity in keratinocytes with 11-fold induction of luciferase
transcription by the risk allele (T/T) versus 8-fold by the control allele (C/C)
( p ¼ 0.003). It also mapped close (~3 kb) to an ENCODE skin-specific enhancer
region. Those experiments suggest that GSDs’ predisposition to CAD is associated
with multiple variants combined in a risk haplotype that may contribute to an altered
expression of the PKP2 gene in immune and epithelial cells (Tengvall et al. 2016).

10.6 Pigmentation

A recessive genotype, within the solute carrier family 45, member 2 gene
(SLC45A2), is responsible for albinism in dogs. The SLC45A2 protein is found
in melanocytes, and, although its exact function is still being studied, it is likely
to be involved in melanin synthesis. A large deletion (g.27,141_31,223del) in
SLC45A2 was associated with oculocutaneous albinism (OCA) in Doberman
Pinschers (Fig. 13) that were homozygous for that mutation, whereas the albino
Lhasa Apso showed homozygosity for a nonsynonymous substitution in the seventh
exon of SLC45A2 (c.1478G > A) that resulted in a switch from glycine to aspartate
(p.G493D) (Wijesena and Schmutz 2015). This same study revealed that an albino
Pekingese, two albino Pomeranians, and one albino mixed breed dog that was small
and long-haired were also homozygous for the 493D allele. Colored offspring from
those small long-haired albinos were heterozygous for this allele, clearly indicating
that it is a recessive genetic trait. Structural bioinformatics investigation has
predicted that the 11th transmembrane domain (where the 493rd amino acid is
located) from the SLC45A2 (p.G493D) protein has an altered structure, which
might be deleterious for the proper protein function and, consequently, leads to the
albino phenotype due to the lack of melanin production. However, an albino Pug
was genotyped as homozygous for the 493G allele, indicating that although 493D
allele is related to albinism in some small, long-haired dog breeds, it does not explain
all albinism in dogs (Wijesena and Schmutz 2015).

10.7 Musculoskeletal

Mosher et al. (2007) identified the myostatin gene as the cause of increased muscle
mass in Whippets. Interestingly, Whippets, like Greyhounds, are bred for racing.
The Whippet is a small dog breed weighing approximately 9 kg. Within the
population of race-bred Whippets, a “Bully Whippet” phenotype emerged in
which heavily muscled Whippets were produced by breeders (Fig. 14). Although
owners report that the Bully Whippets are healthy with some incidents of muscle
cramping, they are never the less euthanized as they do not conform to the breed
standard. The authors report that a total of 22 Whippets were sequenced across the
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Fig. 13 Ocular phenotype of white Doberman Pinschers. Images taken from white Doberman
Pinschers (top row) and black standard-color Doberman Pinscher (bottom row). An image of white
Doberman Pinscher head (a) demonstrates lightly pigmented nose, lips, and eyelid margins
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three exons and most of the introns in the myostatin gene. Among those sequenced,
all four with the Bully Whippet phenotype were homozygous for a 2-bp deletion
within the third exon that removes nucleotides 939 and 940 resulting in a premature
stop codon. Of the five dogs that sired or whelped a Bully Whippet, all were
heterozygous for the 2-bp deletion mutation. None of the remaining 13 Whippets,
which all lacked the bully phenotype and had no familial history of the phenotype,
carried the 2-bp deletion mutation (Mosher et al. 2007).

The authors determined that the bully phenotype displayed a simple auto-
somal mode of inheritance. Furthermore Mosher et al. (2007) provided statistical
support for the idea that heterozygous Whippets contain, on average, 17% more
mass per centimeter of height compared to homozygous wild-type Whippets
( p-value ¼ 0.00017). When the authors analyzed the genotypes of 85 racing dogs,
for which racing results were available, an association between the mutation and
racing performance was detected. Specifically, among dogs that were heterozygous
for the mutation (N ¼ 12), 66% were classified as top racers, while less than 17% of
wild-type dogs received the same top ranking (n ¼ 72). The Bully Whippets are too
heavily muscled to perform well in races, while the heterozygotes exhibit ideal
racing performance associated with lean muscle. The authors ultimately sequenced
15 different breeds and determined the haplotypes spanning the myostatin gene
(Mosher et al. 2007).

10.8 Neoplasia

Cancers are genetically inherited diseases that occur in multiple species including
dogs and humans. Identifying tumorigenesis-associated mutations is of great
importance in veterinary medicine; dog’s neoplasias are also valuable spontaneous
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Fig. 13 (continued) compared with the same darkly pigmented structures in SDP (e). A closeup
image of WDP eye (b) shows nonpigmented leading edge of the nictitating membrane (NM),
tan-colored iris base transitioning to blue at pupillary margin, and oval-shaped dyscoric pupil
aperture. The black arrowheads (in b) demarcate a region of significant iridal stromal thinning
that was noted on examination to transilluminate (not shown in image) with retroillumination by
light reflected from the tapetum lucidum. SDP eye (f) shows darkly pigmented margin of the
nictitating membrane (NM) and brown iris with a round pupil aperture. WDP gonioscopy image (c),
which allows visualization of structures lying within the iridocorneal angle (in images c and g, this
region lies between the words “LIMBUS” and “IRIS”), shows that fibers of the pectinate ligament
(demarcated by black arrowheads) are of a similar tan color to the iris base, whereas fibers of the
pectinate ligament (demarcated by white arrowheads) are dark brown in SDP (g). WDP fundus
image (d) shows yellow-colored tapetum lucidum (labeled “TAPETUM”) and significant
hypopigmentation of the retinal pigment epithelium and choroid allowing visualization of the
choroidal vasculature. SDP fundus image (h) shows green-colored tapetum lucidum (labeled
“TAPETUM”) and heavy pigmentation of the non-tapetal fundus. For orientation purposes, images
taken at higher magnification (b–d and f–h) have the superior (S) and inferior (I) globe positions
labeled. Originally published in Winkler et al. (2014)

Population Genomics of Domestication and Breed Development in Canines. . .



models for better understanding human cancer. The same GWAS approach can
also be applied in cancer. For instance, a GWAS containing 39 dog glioma cases
and 141 controls from 25 dog breeds identified a significant locus on chromosome
26 (CFA26) (Truvé et al. 2016). Resequencing of a 3.4 Mb target region was
performed, revealing 56 SNPs that best fit the association pattern between
the resequenced cases and controls. Three candidate genes were highly associated
with glioma susceptibility: a calcium-/calmodulin-dependent protein kinase 2
(CAMKK2), a P2X ligand-gated ion channel 7 (P2RX7), and an mRNA translation
reinitiation factor (DENR) that influences the migration of cerebral cortical neurons
in mice (Haas et al. 2016).

Similarly, an investigation into canine mast cell tumors (CMCT) made use of
GWAS in Golden Retrievers from two continents [127 from the United States
(70 cases and 57 controls) and 146 from Europe (71 cases and 75 controls)],
identifying different regions in the genome associated with risk of CMCT in the
two populations (Arendt et al. 2015). Sequencing of GWAS-rescued regions and
subsequent fine-mapping identified a GNAI2 SNP associated with development of
CMCT. The GNAI2 gene encodes an alpha subunit of guanine nucleotide-binding
proteins (G proteins) that are transducers in various transmembrane signaling
systems and play a role in cell division. The identified SNP introduces an alternative
splice form that gives rise to a truncated protein. In addition, CMCT-associated

Fig. 14 Whippets with each of the three potential myostatin genotypes. (a) Dogs have two copies
of the wild-type allele (+/+). (b) Dogs are heterozygous with one wild-type allele and one mutant
cys ! stop allele (mh/+). (c) Dogs are homozygous for the mutant allele with two copies of the
cys ! stop mutation (mh/mh). All photos represent unique individuals except for the top and
middle panels in the right-hand column. Originally published in Mosher et al. (2007)
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haplotypes harboring the hyaluronidase genes HYAL4, SPAM1, and HYALP1 on
CFA14 and HYAL1, HYAL2, and HYAL3 on CFA20 were identified as separate
risk factors in US GRs and European GRs. This suggests that turnover of hyaluronic
acid is important for the development of CMCT (Arendt et al. 2015).

It appears that tumorigenesis and cancer associated phenotypes may arise through
a variety of mechanisms within the dog. Borge et al. (2015) assessed copy number
variations using microarrays to assess genotypes within 117 canine mammary
tumors obtained from 69 dogs. The authors point out that cancer cell genomes differ
from the host genome through single nucleotide polymorphisms, gain/loss of large
chromosomal regions via duplication/deletion of large genomic segments, and
expanded/contracted copy numbers of certain loci. Borge et al. (2015) employed
the Illumina 170 K canine HD array. Their analysis identified a number of genes
with known cancer associations in humans that were frequently amplified or deleted
in canine mammary tumors. Some of the genes frequently amplified in the tumors
included BCL6, FGFR2, MITF, MYC, and NPM1, while genes exhibiting deletion
loss within canine mammary tumors included PTEN, BMPR1A, KDM5C, KDM6A,
and PRF1 (Borge et al. 2015).

Squamous cell carcinoma of the digit (SCCD) in Standard Poodle (STPO) is a
locally aggressive cancer that affects only dark coat color individuals. GWAS
in 31 STPO SCCD cases and 34 unrelated black STPO controls detected a SNP
peak on canine chromosome 15 (Karyadi et al. 2013). Fine-mapping pinpointed a
region on the KIT Ligand (KITLG) locus. KITLG is a pleiotropic factor that acts in
the development of both germ and neural cells as well as in hematopoiesis, which is
involved in cell migration. Interestingly, the polymorphism within this locus impli-
cated in modulating risk for squamous cell carcinoma appears to be a copy number
variant within the transcriptional control region of the KIT locus that is predicted to
contain regulatory enhancer elements (Karyadi et al. 2013).

Other mechanisms underlying susceptibility to cancer have been identified.
Ferraresso et al. (2014) conducted an in-depth analysis of canine diffuse large
B-cell lymphoma (DLBCL) and identified the downregulation of tissue factor
pathway inhibitor 2 (TFPI-2) as a hallmark of lymph nodes associated with
DLBCL. Moreover, the authors demonstrated that hypermethylation of the TFPI-2
promoter, which increased as a function of age, correlated with decreased expression
levels of the gene and demonstrated the age-dependent epigenetic alterations
associated with canine DLBCL (Ferraresso et al. 2014).

Melin et al. (2016) performed a GWAS and identified three regions within
the canine genome associated with mammary tumors in English Springer Spaniels.
The study design consisted of 332 individuals, corresponding to 188 cases and
144 controls. The most significant genomic region was located on chromosome
11 and exhibited a complex architecture of numerous haplotypes spanning the
centrosomal cell cycle regulator CDK5 regulatory subunit-associated protein
2 (CDK5RAP2). The genomic region spanned 700 kb and was refined to a smaller
region of 446 kb. Within this region numerous SNPs, some of which are non-
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synonymous and may alter protein function, were identified. Melin et al. (2016)
assessed the relationship between the observed haplotypes using a phylogenetic tree
approach and then calculated the frequency of cases and controls among the different
haplotype groups. The cases within haplotype group 1 exhibited a lower frequency
than in haplotype groups 2 and 3. The authors report that within this region of the
genome, there are numerous noncoding RNAs such as miRNAs and snoRNAs,
potentially implicating RNA-mediated interactions as contributing to mammary
tumor susceptibility within this breed (Melin et al. 2016).

10.9 Many Clinically Relevant Traits in German Shepherd

Interestingly, the amount of genetic information about individual dog breeds is
continuing to grow rapidly. The German Shepherd dog has been the focus of
numerous genetic studies, and the results have opened the door to identification
of genetic markers implicated in a significant number of phenotypes, many of which
are associated with clinically relevant traits, such as atopic dermatitis and degener-
ative myelopathy (Table 1). Such knowledge provides opportunities for employing
genotyping technology in the artificial selection of next-generation German
Shepherds.

11 Conclusions and Future Perspectives

The tremendous wealth of dog genetics and genome information elucidated over the
last couple of decades has dramatically altered our understanding of how the dog
was domesticated and how artificial selection shaped it into the companion we live
with today. There is no doubt that the 30,000 years of selective breeding have given
rise to the dogs of today through the selection for specific traits that contribute to the
dog’s social fitness within human environments. Unfortunately, that same selection
has contributed to undesirable clinical phenotypes in dogs as well. The tools of
genomics have opened up the possibilities of inferring evolutionary history of dogs
as well as the resulting impacts on the genome. Through the lens of genetics, we are
able to discern exactly what biochemical molecules were altered in specific breeds
during the domestication process. Furthermore, this window into the genome has
allowed us to carefully begin to dissect the molecular events contributing to specific
morphological phenotypes within particular breeds as well as the undesirable
phenotypes associated with disease. These results, taken together, provide clear
evidence that selection occurs in the presence of selective pressure and that artificial
selection in dogs is an ongoing process. It is interesting to contemplate how dogs will
continue to evolve in the future. No doubt it will be at the hands of humans; however,
the tools available for aiding the artificial selection process are exponentially more
powerful than they were during the original domestication and breed radiation
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events. Prior to the advent of genomics and genome-wide association studies,
artificial selection relied on phenotyping specific animals and breeding them for
purposely bred traits. However, the combination of genotyping technology with
genomic markers associated with phenotypes of interest allows genetically informed
breeding plans to be developed to simultaneously maximize the phenotypes of
interest while minimizing the time to achieve the desired artificial selection.

Many breed fanciers are actively working with kennel clubs and geneticists to try
to breed out specific undesirable clinical phenotypes like cancer from their lines.
This is a challenging process, and consequences of such approaches may result in
unintended losses of heterozygosity and alleles within the breed. However, these
consequences must be weighed against the backdrop of health for each breed. As the
number of genetic markers implicated in dog traits continues to grow, the opportu-
nities for breeding dogs with unique combinations of phenotypes will also increase.
Novel breeds may emerge, that have a significantly reduced incidence of undesirable
clinical phenotypes. Additionally, it is equally likely that designer dog breeds may
be produced that possess unique combinations of morphological phenotypes that
previously never co-occurred within the same breed. Combinatorial possibilities are
quite literally endless.

Recently, designer dogs (hybrids of two different breeds) have come into fashion.
Some dog fanciers view these emerging breeds as a destruction of the underlying
breeds. However, others view these dogs as valuable companions and worthwhile
pets. One example of such a designer dog is the Labradoodle, a dog produced by a
cross of the Labrador Retriever with the Poodle. Considering the combinatorial
explosion of pairs that can be crossed from 300 or 400 distinct dog breeds, there
are between 44,850 and 79,800 distinct 2-breed designer dog breeds that can be
produced from these 300 or 400 breeds, respectively. Furthermore, combining four
different breeds to produce a hybrid dog results in more than one billion distinct
four-breed combinations.

The demonstrated plasticity of the dog genome represents a powerful mechanism
for creating and selecting phenotypes. It is likely that within another 1,000 years,
dogs will be selected for combinations of phenotypes and traits that were once
thought impossible. It will be truly exciting and breathtaking to witness the evolu-
tionary journey humans will take with dogs.

Although to date dogs appear to have gone through two distinct selection
processes, (1) an initial domestication followed by (2) an expansion of breeds
more recently, beginning right now, dogs are entering the third selection process,
one that will be carried out with the full scientific capability of the human species
and where dogs end up will be anyone’s guess.

The discoveries made in dog population genomics have been achieved using
technology, such as genome sequencing, genotyping arrays, and gene expression
arrays. This technology was developed in the past few decades. However, new
genomics technology such as RNA sequencing, which provides advantages over
microarray-based expression studies, will further open the window to understand
complex patterns of gene expression associated with dog domestication, health, and
disease. Additionally, the emerging tools associated with epigenetics will
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undoubtedly provide a greater understanding of how phenotypic variation in dogs
can arise through epigenetic regulation of genes. This information will elucidate the
underlying mechanisms contributing to gene silencing and clarify why individuals
with the same genotypes may exhibit strikingly different phenotypes.

In conclusion, the journey from speculation to knowledge has been very exciting.
Moreover, although we have learned some new and important things about dogs, we
still have much more to learn. Because dogs are considered to be the first species
domesticated by humans, they are the ideal organism to study population genomics
and unravel the mysteries underlying domestication and the impact artificial selec-
tion has had on anatomical, cognitive, dietary, social, behavioral and disease traits.
Through thousands of years living among humans, dogs and humans have shared
an extremely strong social bond (Fig. 15). The behavioral and cognitive basis for
this bond is beginning to emerge from numerous studies aimed at deciphering the
footprints of selection in the dog genome. This is a very exciting time for genomics
and for dogs. As we gain a more detailed understanding of our interspecific rela-
tionship that evolved over the millennia, we will undoubtedly gain a scientific
appreciation for what our hearts already know, and what we already know is that
dogs are our best friends.
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