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Abstract

Dogs are the first domesticated animals and they accompanied people from the
era of hunters and gatherers. However, modern dog breeds are usually not older than 200
years. Genomic studies revealed relationships and history of many of those breeds. Aim
of this study was to differentiate each breed according to the genotypic data and to assign
each breed into its private cluster. We used combination of 27 nuclear microsatellite
markers. We separated the dog breeds into nine groups according to latest genomic
studies. Our markers and analytical methods provided comparable clustering resolution
as known from the published studies. Moreover, we were able to observe genetic
differentiation that was not discovered before. New structures were found in varieties of
German Pointers, Dutch Shepherds, Collies and Weimaraners. Our findings uncover
structure in Dachshunds with origin in the Czech Republic and Slovakia. Our data
indicate that the origin of Polish Greyhound is not as ancient as it is believed. Between
breeds with high gene flow no structure was found. Two clustering programs Snapclust
and STRUCTURE were compared. Snapclust performed faster and better in smaller
datasets. STRUCTURE outperformed Snapclust in larger datasets of more closely related

breeds.
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1. Introduction and Literature Review

1.1. Domestication

Domestic dog (Canis lupus familiaris) is the sole member of the Canidae family
only large carnivore and the first animal ever to be domesticated (Clutten-Brock 1995;
Freedman & Wayne 2017). In the 20~ century there were discussions whether the only
ancestor of domestic dog is gray wolf (Canis lupus) or if golden jackal (Canis aureus)
and coyote (Canis latrans) did not help form the new emerging species since all can
hybridize (Clutten-Brock 1995). Today it is clear and proven by many studies including
archaeology, genetics, behavioral studies that the only contributor to the dog’s gene

pool is the gray wolf (Clutten-Brock 1995; Lindblad-Toh et al. 2005).

Time of divergence between dogs and wolves is well discussed. Assumptions
made by Skoglund et al. (2015) estimated the earliest split between dogs and wolves to
early upper Paleolithic to 27,000 - 40,000 years before present (BP). The analysis was
based on 16S rRNA isolated from Taimyr 1 male wolf individual excavated at Taimyr
lake in north Siberia, with the support of radiocarbon dating. Statistical analyses date the
Taimyr wolf very close to the split between the dog and wolf lineages. Wang et al. (2016)
dated dog origin to 33,000 years BP using genome wide SNPs (Single Nucleotide
Polymorphisms). Mathematical model by Lindblad-Toh et al. (2005) dated divergence
approximately 9,000 generations ago, which would mean 27,000 years BP. Other studies
focused on archaeology found “dog-like canids” matched this time period (Germonpré et
al. 2009; Ovodov et al. 2011). However archaeological excavations confidently assigned
to dogs are not older than 15,000 years BP in Europe and 12,500 years BP in Far East
(Larson et al. 2012). Because domestication is a complex and prolonged process, it is not
easy to estimate its exact timing. (Larson et al. 2012; Freedman et al. 2014; Wang et al.
2016). Molecular data obtained by Freedman et al. (2014) estimated the divergence of
dogs from wolves between 11,000 years BP to 16,000 years BP. Even the earliest
estimates date dog domestication in the era before humans transitioned from hunters-
gatherers to agriculture and farming, making dog the only animal domesticated before
humans settled down (Larson et al. 2012; Freedman et al. 2016). In history, dogs followed

humans to all continents except Antarctica (Clutten-Brock 1995).
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Many studies also address the original area of domestication and number of
founding events. Until recently, many authors agreed on single origin but disagreed on
the location (Freedman et al. 2014; Frantz et al. 2016). Based on maternally transmitted
mitochondrial DNA and its control region sequence Pang et al. (2009) in their work
suggested origin of dogs in area South of Yangtze river in China. Similar claim was later
supported by Wang et al. (2016). Early SNP genotyping by vonHoldt et al. (2010) found
high haplotype sharing between Middle Eastern wolf population and dogs suggesting the
primary source of genetic variation there. Thalmann et al. (2013) recovered ancient
mitochondrial DNA samples and after comparing them with samples of contemporary
wolves and dogs suggested the origin of domestication in Europe. On the other hand,
Shannon et al. (2015) after analysing of the Y chromosome put the place of origin to
central Asia. Latest study of Frantz et al. (2016) is suggesting dual independent origin of
dogs. Research with the highest resolution so far is combining genomics, archaeological
data and ancient mtDNA sequences. This research stated a hypothesis of two independent
domestication events - one in Western Eurasia and one in Central Asia (Figure 1). Frantz
et al. (2016) also hypothesised, that the Asian dog population followed human dispersal
to the west in between 6,400 — 14,000 years BP. After reaching Europe these dogs
partially replaced native dog population (Figure 2). Human movement via migrations or
trading increased dog gene flow and homogenized the populations. That lead to
interbreeding between lineages, and therefore blurring their genetic signature. This fact

complicates attempts to find the exact location of the dog’s origin (Larson et al. 2012).
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Figure 1: A neighbor-joining tree (with bootstrap values) based on identity by state (12) of 605 dogs
from Frantz et al. (2016). Apparent split between Red and yellow clades representing the East
Asian and Western Eurasian core groups.
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Figure 2: Dual origin model of dog domestication by Frantz et al. (2016) describes two independent
domestication events from wolf populations which are now both extinct. Blue arrow is showing
migration of Asian dogs westwards causing partial replacement of West Eurasian dog population.

The dog-wolf divergence is often described as a two-staged process. In the first
phase humans and wolves occupied the same niche. Eventually both species evolved
mutualistic behaviour, where wolves or so called proto-dogs and men cooperated in hunt
or defence against other humans or carnivores (Thalmann et al. 2013; Freedman & Wayne

2017). There are even theories that this cooperation could have contributed to the
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Neanderthals’ extinction (Shipman 2015). This mutualistic behaviour enhanced when the
first long-distance weapons like arrows were first used in the Mesolithic period. Dogs
helped to track the shot-wounded animal and retrieved it back to the humans. This kind
of teamwork thus increased the hunting efficiency (Clutten-Brock 1995; Freedman &
Wayne 2017). It is believed that these first dogs did not descend from modern wolves,
but rather already extinct Late Pleistocene wolf populations (Thalmann et al. 2013;
Freedman et al. 2014; Freedman & Wayne 2017). In the second phase, around 10,000
years BP, humans started with farming and agriculture. This change of lifestyle enabled
dogs to be used for other purposes like herding or companionship and not only for the
hunt. The dogs could be selected for wider traits than during the hunters-gatherers period.
This was the start of the vast phenotypic differentiation among dogs (Lindblad-Toh et al.
2005; Wang et al. 2016; Freedman & Wayne 2017).

1.2. Early breed development

The first records of primitive dog breeds are on the Egyptian artworks dated to
6,500 years BP. Drawings depict a long legged-thin bodied “sighthound” type of dog. On
the other hand, a small shaggy curly tailed dog is pictured on old Sumerian jewellery.
Later, around 3,000 years BP, there is an evidence of “mastiff” type dogs in the fertile
crescent, “spitz” type dogs in Far East or light fast types of dogs around the Mediterranean
(Parker 2012). Excavations at Vindolanda fort complex located 3 km south of Hadrian’s
Wall in northern England inhabited between 1,500 years BP to 1,000 years BP yielded
520 bones of the domestic dogs showing high variance in size and skull morphology
(Figure 3) (Bennett et al. 2016). Later, in the year 1087, on British Islands the Forest Laws
of William the congueror restricted commoners to own hounds or spaniels allowing them
only to have a guarding mastiff type of dogs and “little dogs” as companions to prevent
poaching in the Landlord’s forests. This rule enforced reproductive isolation between the
breeds to avoid punishment for owning a restricted dog type. These laws may have started
human desire for phenotype selection, since commoners possibly tried to crossbreed dogs
for the hunt, so they do not visually resemble any of the specifically forbidden breeds
(Parker 2012).



S

Figure 3: Dog humeri from Vindolanda in size comparison to modern dogs and a wolf. 1 —
Dachshund, 2 — German Spitz (Pomeranian), 3 — Vindolanda, 4 — Vindolanda, 5 — Vindolanda, 6 —
Scottish Terrier, 7 — Vindolanda, 8 — English Cocker Spaniel, 9 — Vindolanda, 10 — Chow-Chow, 11
- Vindolanda, 12 — Dingo, 13 — Greyhound, 14 — Vindolanda, 15 — Vindolanda, 16 — Vindolanda, 17
— Great Pyrenees, 18 — Wolf (Bennett et al. 2016)

CM

Some of the ancient breeds, mentioned above, did remain to this date. VonHoldt
et al. (2010) after analyzing 48,000 SNPs divided ancient breeds to Asian group (Dingo,
New Guinea singing dog, Chow-chow, Akita, Chinese Shar-pei), Middle Eastern group
containing two sighthounds (Afghan, Saluki), Northern group with Alaskan malamute
and Siberian husky) and Basenji as African dog. These findings are supported with minor
differences by other authors (Parker et al. 2004; Larson et al. 2012). Probably, one of the
most ancient breed is African Basenji. Analysis done by Freedman et al. (2014) suggests
Basenji — Middle Eastern wolf gene flow. Whether it was admixture from wolves to
Basenjis or the other way around is not clear. However, it did enhance overall genetic
similarity between these two populations. To the contrary some of the commonly believed
most ancient breeds like the Rhodesian ridgeback or the Pharaoh hound were proven to
separate from other breeds later than was thought. This means a possible re-creation of
the breed by recent admixture of already existing breeds in order to match their ancestral
appearance (Parker et al. 2004; Boyko et al. 2009).

Until 19" century dogs’ gene pool was rather homogenous. This homogeneity was
caused by history of human migrations. Most of all 400 plus breeds were created just
recently, in the past two centuries (Leroy et al. 2009; Larson et al. 2012). During the
Victorian era, dogs’ selection for a specific appearance increased on popularity. In that
time, the desire for fancy and novelty traits resulted in creation of a broad range of various
dog phenotypes (Freedman & Wayne 2017). During this time period, first breed clubs

and kennel clubs were founded. The first state level organization was “The Kennel Club”



in the United Kingdom (1873), followed by American Kennel Club (AKC) in 1884. The
first breed club was the “Bulldog Club Incorporated” established in 1875 (DDTC 2018).

In order to improve the dogs’ phenotype, breed standards were implemented to
regulate shape, size colour or sometimes even behaviour. Animal who did not meet the
internal requirements could had been restricted to breed. Keeping closed studbooks
enforced the breed barrier rule. This rule states that "no dog may become a registered
member of a breed unless its dam and sire are registered members". This rule basically
ensures that each breed is forming its own isolated population (Parker 2012). Sometimes
only few individuals contributed to the whole genepool of the newly forming breed, either
because of their unique traits, wolf-dog mixing or breed rescue (e.g. Saarloos wolfdog,
Irish wolfhound or Biewer Terrier) (BBCA 2014; Saarloos Wolfdog Club UK & Erie
2017; Urfer 2009). These processes imply that the breeds’ gene pools were influenced by
founder effect that comes along with bottlenecks. New challenges arise as on average,
less than 10 % of registered dogs in a breed contributes to the next generations. Even that
the population size may seem high, the effective population size is severely reduced. The
trend of using popular sires and availability of frozen semen deepens this issue even
further. When the current generation lacks specific traits valued by the breeders, the
frozen semen even from already deceased animals which had the phenotype can be used.
This individual can therefore contribute to the breed’s gene pool time and time again
(Parker 2012). This selective pressure on sires, bottlenecks and founder effects are
causing majority of the breeds’ genetic diversity loss (Lindblad-Toh et al. 2005; vonHoldt
et al. 2010; Marsden et al. 2016). Over the centuries, these processes created observable
genetical distances between breeds (Irion et al. 2003; Parker et al. 2004; Leroy et al. 2009;
vonHoldt et al. 2010; Mellanby et al. 2013; Parker et al. 2017).

1.3. Genetic distances observed

In the past two decades, scientists tried several approaches to compare between-
breed relationships of domestic dogs. Different sets of genetic markers or statistical
methods were used with various successes in breed clustering or phylogeny (Irion et al.
2003; Parker et al. 2004; Nicholas et al. 2008; Leroy et al. 2009; vonHoldt et al. 2010;
Parker et al. 2017).



In the first decade of the 21% century most of the studies were done on autosomal
microsatellites (Irion et al. 2003; Koskinen 2003; Parker et al. 2004; Schelling et al. 2005;
Veit-Kensch et al. 2007; Leroy et al. 2009). These markers are easy to use, widely
available, have high polymorphism and do not discriminate between sexes (Irion et al.
2003). It is however important to choose the right microsatellites for the research. Some
markers can have too high mutation rate, others being monomorphic or in linkage
disequilibrium. These errors mentioned above, make certain microsatellites not suitable
for population studies and these markers must be excluded from the research (examples
seen in (Table 1) (Irion et al. 2003; Schelling et al. 2005; Veit-Kensch et al. 2007).

Nmic total2 Nmic Excluded

Irion et al. (2003) 100 34 Extremely Polymorphic

Monomorphic;
Schelling et al. (2005) 25 4 linkage-disequilibrium

Extremely
Polymorphic, unstable
Veit-Kensch et al. (2007) 23 3 PCR results

Table 1: Microsatellite loci exclusion from published studies.

Other authors used genomic SNPs to study dog breeds’ relationships (Lindblad-
Toh et al. 2005; vonHoldt et al. 2010; Larson et al. 2012; Frantz et al. 2016; Parker et al.
2017). SNPs provide higher resolution since the number of markers can reach up to
hundreds of thousands. However, requirement of expensive laboratory equipment can be

the limiting factor of these markers.

1.3.1. Microsatellites

In search of breeds’ relatedness and relationships, research teams mainly used
Bayesian analytical approaches. This method is often used to assign individuals to
clusters according to their genetical fingerprint. Studies varies in number of loci used,

number of breeds included in the research and sampled number of individuals per breed.
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Over all, it is apparent that in all studies the success rate of assigning individuals to their
own breed while using microsatellite markers exceeded 86 % (Table 2) with an exception
of Mellanby et al. (2013) who had only Cavalier King Charles Spaniels pedigreed and
other dogs were assigned to a breed by owner report or phenotype based by veterinarian
observation. With the usage of SNPs, the assignment rate was 100%. It is therefore
apparent that the main genetic structure of domestic dog population worldwide is based
on the breed distances. Only exception is when the breed is very new and yet does not
differ much from its parental populations. Parson Jack Russel and Jack Russel Terrier can
be used as an example. Mellanby et al. (2013) points out that some Jack Russel Terriers
bred in the UK meet the morphological criteria to by registered as Parson Jack Russel
under AKC. Other studies that included Russel Terriers support this (Leroy et al. 20009;
Parker et al. 2017).

Author Nmic Success Rate

Koskinen 2003 5 50 10 100%
Irion et al. 2003 28 29 - 45 10 N/A
Parker et al. 2004 85 4-5 96 99%
Schelling et al. 2005 7 16 — 69 26 96,5%
Parker et al. 2007 132 4-5 96 N/A
Veit-Kensch et al. 2007 9* 12 - 33 23 99%
Leroy et al. 2009 61 20-30 21 86 - 98 %

Table 2: Overview of material used in microsatellite studies and their assignment success

rate. Nob - Number of breeds, Nina - Number of individuals, Nmic - Number of microsatellite

loci. * - Research contained 9 dog breeds and a Polish wolf

Throughout the studies, visible patterns appeared. Some breeds or breed groups
tended to cluster together. Parker et al. (2004) did a broad research on American dog
population. Their data from 96 microsatellite markers were processed in STRUCTURE
program utilizing Bayesian inference based on Markov Chain Monte Carlo repetitions
(Pritchard et al. 2000). Clusters that divided at clusters (K) = 2 - 4 outlined breed
grouping. First cluster that split at K = 2 was Ancient-Asian group, containing very old
breeds like Basenji, Akita or Chow Chow. Second split was observed at K = 3. Mastiff
like dogs including Bulldog, Boxer, and their close relatives separated from the rest.
Another separation was visible at K = 4 where herding dogs and sighthounds formed their
own distinct bracket. The rest of the dogs were classified by Parker as the “hunting
group”. Parker et al. (2007) provided additional data where they uncovered one more



cluster. So called “mountain group” splits at K = 5 from Hunting group. It is anchored
with Bernese mountain dog and Greater Swiss mountain dog. In K > 5 more structures

appeared but were inconsistent throughout the runs.

Study of Leroy et al. (2009) observed similar trends. Samples of 1514 dogs out of
61 dog breeds (25 dogs per breed on average) collected in France were tested on 21
microsatellite markers recommended by the International Society for Animal Genetics
(ISAG). Structure analysis at K = 2-7 showed similar grouping patterns to ones described
by (Parker et al. 2004, 2007). With K = 61 program correctly assigned 50 breeds to their
individual clusters (Figure 4). Cursinu did not form a private cluster and even kept failing
in assignment with just 18 % while using Structure and 86 % while using the method of
direct assignment. This breed had to be therefore removed from further analysis. Some
breeds clustered together, for example Czechoslovakian wolfdog with German Shepherd
or Cavalier King Charles Spaniel with King Charles Spaniel. This is because
STRUCTURE software detects only high hierarchical organization levels and as the
number of breeds analysed in the studies is large, the program did not manage to separate
breeds that were relatively similar (Leroy et al. 2009). The pairs that clustered together
are generally new breeds. The Kennel Clubs decide if a breed variety will get the status
of official breed. These new breeds can be therefore either newly registered varieties or a
newly recognised crossbreed of two different breeds. These forms are genetically close
to each other, that STRUCTURE does not recognise any pattern and clusters them
together. This pattern was also present in other studies. Parker et al. (2007) achieved
individual clustering in 112 breeds out of 132. Examples of breed pairs clustering together
in this study are Alaskan Malamute with Siberian Husky, Petit Basset Griffon Vendeen
with Grand Basset Griffon Vendeen, Belgian Sheepdog and Belgian Tarvuren. For the
pairs mentioned above a separated run was necessary to achieve individual clustering.
Some CSV individuals were assigned incorrectly as Saarloos Wolfdog in Leroy et al.
(2009), therefore Czechoslovakian wolfdog — German Shepherd - Saarloos wolfdog
triplet was analyzed separately. In all cases, except Belgian Sheepdog and Belgian
Tervuren in Parker et al. (2004) and Petit Basset Griffon Vendeen and Grand Basset
Griffon Vendeen in Parker et al. (2007), the analysis achieved correct separation between
breeds. Parson Jack Russel and Jack Russel terrier were included as “one breed” in Leroy

et al. (2009).
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Figure 4: Structure analysis of 61 dog breeds. Runs K =2 - 7 and K = 61. Separate runs for
breeds that clustered together shown below (Leroy et al. 2009).

1.3.2. SNPs

More precise information uncovering dog breed clustering was achieved by SNP
studies (vonHoldt et al. 2010; Parker et al. 2017; Talenti et al. 2018). Wolves separated
first in all studies. This means that no recent dog—wolf admixture was detected (vonHoldt
et al. 2010; Larson et al. 2012; Frantz et al. 2016; Parker et al. 2017). In Frantz et al.
(2016) study Saarloos wolfdog separated second to wolf with 100 bootstrap support.
Similar pattern was found in work done by Mastrangelo et al. (2018). A canine SNP chip
of 172 000 SNP markers from LUPA dataset was used (Lequarré et al. 2011) with
additional samples of Braque francais, type Pyrénées, a French hunting dog.
Multidimensional scaling method (MDS) uncovered structure of three clusters. One
contained majority of modern European breeds, second group included ancient Asian
breeds e.g.: Shar-pei, Siberian Husky, Greenland Sledge Dog, Samoyed, together with
Eurasier, Finish spitz, Czechoslovakian wolfdog and Saarloos wolfdog. The third cluster
grouped Border terrier, English bulldog, Boxer and English bullterrier. Individuals of
wolves and German shepherd were the founding populations of Saarloos wolfdogs and
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Czechoslovakian wolfdog. Wolfdogs as dog-wolf crosses are genetically shifted from the
other dog breeds (Leroy et al. 2009). Vaysse et al. (2011) processed the LUPA dataset
using Neighbour-Joining clustering method (Saitou & Nei 1987). Saarloos wolfdog
clustered closer to the wolves than Czechoslovakian wolfdogs. This does not correspond
with the historical data. Only one female wolf contributed to Saarloos wolfdog’s gene
fond in 1937 (Saarloos Wolfdog Club UK & Erie 2017). The first Czechoslovakian
wolfdogs F1 hybrid was created in 1958 and all together 2 male wolves and 2 female

wolves contributed to the gene pool (Smetanova et al. 2015; Caniglia et al. 2018).

German/
Shepherd

Czechoslovakian
Wolf Dog

Sarloos

Figure 5: Segment of a Neighbour-joining tree obtained from LUPA project SNP dataset. Saarloos
wolfdog clusters closer to wolves than Czechoslovakian wolfdog (Vaysse et al. 2011).

Outside of wolf — dog crossbreeds an African breed Basenji used to separate just
after the wolves (vonHoldt et al. 2010; Parker et al. 2017; Talenti et al. 2018). Only in
Larson et al. (2012), two Asian breeds Akita and Chow Chow separated before. Basenji
is thought to be one of the oldest dog breeds in the world. VonHoldt et al. (2010) even
suggests that Basenji have high haplotype sharing with Middle Eastern wolves so there
could have been a recent backcross. Next nod separates old Asian breeds like Akita, Chow
Chow, Siberian Husky, Alaskan Malamute and Shar-pei. VonHoldt et al. (2010) included
two “wild” dogs, Australian Dingo and New Guinea singing dog. These dogs also
clustered in branch with the old Asian breeds. We could see underlining of this structure
already in Parker et al. (2004). VonHoldt et al. (2010) pointed out that these breeds share
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alleles with Chinese wolves. This branching supports claim of two separate domestication
events (Frantz et al. 2016).

Another interesting topic is the branching of Nordic Spitz-type breeds.
Pohjoismaki et al. (2018) focused deeply in this problematic using SNP markers. In their
study, a cladogram of 13 Nordic and Russian breeds was constructed. The data showed
cohesion of Finnish Spitz, Norwegian Elkhound and Swedish Vallhund (Figure 5). On
the other hand, in Parker et al. (2017) and Talenti et al. (2018) Finnish Spitz clustered on
its own (Figure 6). This inconsistency could happen because Parker et al. (2017) collected
their data in the United States of America, whereas samples obtained by Pohjoisméki et
al. (2018) originated from Scandinavia, a place of origin of most of the breeds.

Swedish Vallhund

Norwegian Elkhound (Gray)

J Swedish Elkhound
1062

West-Siberian Laika

0.81
- East-Siberian Laika

Russian-European Laika

<082

Karelian Bear Do
g 087 g

A

Lapponian Herder

Finnish Lapphund

0.52

Finnish Spitz

;' 1.0
Nordic Spitz

Norwegian Lundehund

1.0

Finnish Hound

Figure 6: SNP phylogeny of 13 Nordic and Russian breeds acquired using MrBayes (Pohjoisméki et
al. 2018).

Two sighthounds, Afghan hound and Saluki, formed a distinct branch in vonHoldt
et al. (2010). Similar trend was shown in Larson et al. (2012). These breeds were also
considered as ancient. Interestingly, in a study of Parker et al. (2017), Afghan hound and

Saluki separated in a distinct “Mediterranean group” together with Great Pyrenees, Ibizan
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hound or Pharaoh hound (Figure 6). Parker et al. (2017) also sampled Saluki from the
country of origin. These dogs branched monophyletically with the American bred
Salukis. This branch contained Ibizan hound and Pharaoh hound, two ancient breeds that
were re-created in a recent history (Parker et al. 2007; Boyko et al. 2009). Another level
of resolution was brought in by Talenti et al. (2018). This study contained data from
Parker et al. (2017) enhanced with several Italian native breeds. With the addition of these
regional breeds phylogeny relationships among all breeds changed. For example, the
“Mediterranean group” did divide into two parts. First containing Great Pyrenees, Ibizan
hound, Pharaoh hound and two Italian breeds, second one consisted of 6 Italian breeds,
Caucasian sheepdog, Central Asian sheepdog, Sloughi, Saluki and Afghan hound. While
several breeds joined this grouping, Komondor and Kuvasz left the “Mediterranean
group” and joined together with Puli and Pumi in the “Hungarian group”(Talenti et al.
2018). Recent SNP studies showed, that phenotype can be sometimes deceiving.
According to Fédération cynologique internationale (FCI) all sighthounds fall in the
group “X”. Results from vonHoldt et al. (2010) and Parker et al. (2017) provide evidence,
that sighthound phenotype evolved convergently. With one group being the
“Mediterranean” (e.g. Saluki, Azawakh, Afghan hound) and second one named as “UK
rural” group (e.g. Greyhound, Whippet, Borzoi) (Figure 6). These two clades show no
haplotype sharing (Parker et al. 2017; Talenti et al. 2018). Dog breeds created in the same
geographical area show lower level of genetic distances. This underlines the importance
of the breeds’ place of origin in the whole topic of dog evolution (Frantz et al. 2016,
Talenti et al. 2018; Pohjoisméki et al. 2018).

German shepherds are not clustering consistently. In Frantz et al. (2016) German
shepherd cluster outside of “modern European breeds”. In Parker et al. (2017) it branched
paraphyletic to Berger Picard, Xoloitzcuintli (Mexican Hairless Dog), Peruvian hairless
dog and Chinook in its own “German shepherd/New world” branch. This unexpected
branching was explained by Talenti et al. (2018). The six newly included native Italian
breeds fell into the clade with German shepherd. Commonly present western European
livestock dog possibly contributed to the formation of this breed in late 19" century.
These haplotypes could have been brought to America where they contributed to the
creation of the New World dogs. Many European breeds also share German shepherd’s
haplotypes (vonHoldt et al. 2010; Parker et al. 2017; Talenti et al. 2018). As these six

local Italian dog breeds were genetically close to German shepherd, it helped to uncover
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the genetic history of New World dogs and German shepherd’s part in it. Lupo Italiano
was one of the six Italian breeds in this clade. A supposed German shepherd — wolf hybrid
which breeding program is controlled by the Italian government. Lupo Italiano appeared
to be sister breed with German shepherd, but did not show any significant level of

haplotype sharing with the Apennine wolves (Talenti et al. 2018).

There were other differences between the two SNP studies. For example, the first
big group of European breed dogs that branched out was the Spaniel-Scent hound clade
in vonHoldt et al. (2010), however in Parker et al. (2017) it was the terrier group. Giant
Schnauzer branched together with standard Schnauzer in vonHoldt et al. (2010), whereas
in Parker et al. (2017) miniature and standard Schnauzer clustered together. Giant
Schnauzer was clustered out — alongside Russian Terrier, Rottweiler and Doberman. Glen
of Imaal terrier which was interestingly clustering together with mastiff-type dogs (Parker
et al. 2007, vonHoldt et al. 2010). Parker et al. (2017) uncovered high haplotype sharing
of Glen of Imaal terrier with the mollosiod breeds. This could be the cause of this frequent

misclassification.
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Figure 7: Phylogenetic dendrogram of 182 dog breeds and 16 wild canids based on the
genetic distance. Analysis run on 100 bootstraps, nodes supported in > 50 % confidence are figured
in colour dots (Parker et al. 2017, Talenti et al. 2018). Groups mentioned in the text: Olive green —
German shepherd/New world group; Light brown — Mediterranean group; Mint — UK rural group;
Blue — Mastiff group; Turquoise — Terrier group
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2. Aims of the Thesis

This thesis serves as a background for further application of the dataset. Therefore,
we set following goals:

i) differentiate each breed according to the genotypic data using set of
microsatellite loci

i) test performance of a different clustering approaches
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3. Materials and methods

3.1. Data collection

The samples of 1238 dogs belonging to 149 breeds (Appendix 1) were gathered
on dog exhibitions in central Europe between April 2017 to December 2018(DUO
CACIB Bratislava 04/2017; Prague Dog Expo 04/2017 and 11/2017; CACIB Litoméfice
05/2017; Krakow International Dog Show 06/2017; Komérom 3X CACIB 10/2017;
Bratislava — National dog show 02/2018; National Dog Show Jelenia Géra 03/2018 and
06/2018; International Dog Show Szilvasvarad 05/2018). The team responsible for
sample collection at the dog exhibitions consisted of bachelor students, master students,
doctorate students (Ing. Jindfichova, Ing. Neradilova and Ing. Stochlové), head of the
laboratory B. Cerna Bolfikova PhD. all from Czech University of Life Sciences — Faculty
of Tropical Agrisciences, Bc. Ungrova from Charles University and J. Cerny PhD. from
Biology Center of Czech Academy of Science. The database was completed with the
samples obtained directly from the breeders. Dogs were sampled using non-invasive
PERFORMAGgene PG-100 buccal swabs according to the DNA Genotek protocol PD-PR-
099. Non-invasive sampling was used in order to minimize stress of the animals according
to welfare. Before sampling the dog’s owner was advised not to feed the animal at least
30 minutes prior to the sampling. No dogs were sampled without a permission of the
owner. All data had been anonymized. Emphasis was done to sample non related

individuals.

3.2. DNA extraction

DNA was extracted according to the protocol provided by DNAgenotek inc. At
the final eluting stage RNA free water was used as a solvent for the DNA. After the
extraction DNA concentration and purity was measured using spectrophotometry within
A=240-300nm range at the Nanodrop 2000 spectrophotometer. The extracted DNA was

later stored at the temperature of -20°C until further analysis.
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3.3. PCR

Microsatellites STRs analysis loci were chosen to be the cost-effective most
appropriate markers which can be later used for follow-up studies and application of this
analyses into veterinary-genetic practisefor this work thanks to t. Advantage is their fast
mutation rate and wide successful usege in dog population genetics studies (Irion et al.
2003, Koskinen et al. 2003, Parker et al. 2004, Parker et al. 2007, Veit-Kensch et al. 2007,
Leroy et al. 2009).

Twenty-one autosomal microsatellite loci of ISAG canine panel were
usedselected: AHTKk211, CXX279, REN169018, INU055, REN54P11, INRAZ21,
AHT137, REN169D01, AHTh260, AHTk253, INU005, INU030, FH2848, AHT121,
FH2054, REN162C04, AHTh171, REN247M23. AHTh130, REN105L03, REN64E19.
In addition to these, 8 other microsatellite markers (FH2096, FH2087, FH2161, FH2140,
FH2097, FH2010, vWF, CPH5) were selected from the known literature.

All 29 markers were divided into 3 sets: Primer mix 1, Primer mix 2 and Primer mix 3.
Loci were divided into these mixes according to their expected length range, annealing
temperature and fluorescent label. PCR was carried out on BIO RAD T-100 thermal
cycler, according to the protocol for Type-it QIAGEN microsatellite PCR Kit.
Conditions for each Primer mix are listed in the Tables 3, 4, 5. Two markers (AHTk121,
AHTH130) had to be removed from the further analyses due to the low amplification

SUCCESS.

1. 95°C  5m 1. 95°C  5m

2. 95°C  30s 2. 95°C  30s

3. 62°C  90s 3. 59°C  90s

4, 72°C  30s 4, 72°C  30s

repeat repeat
5. gotoStep2. 28x 5. gotoStep2. 28x
6. 60°C  30m 6. 60°C  30m
7. 12°C 7. 12°C
Table 3: PM1 PCR protocol Table 4: PM2 PCR protocol.
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1. 95°C om

2. 95°C 30s

3. 63°C 90s

4, 72°C 30s

repeat
5. gotoStep2. 28x
6. 60°C 30m
7. 12°C  o©
Table 5: PM3 PCR protocol

3.4. Multiplex STR analysis

Before the analysis the Liz500 standard ladder and formamide was added
followed by 5 minutes denaturation run at 95°C. After the denaturation samples were
taken for multiplex STR analysis on capillary electrophoresis machine Applied
Biosystems 3130XL provided by the laboratory of DNA sequencing under Charles
University in Prague.

3.5. Data analysis

Data obtained were visualised and edited in the Geneious software and processed
via Bayesian MCMC analysis in the STRUCTURE program (Pritchard et al. 2000).
Complete dataset was run together at K = 50, 75, 100, 150 with a burn-in period of
200 000 and 200 000 MCMC repetitions. To achieve separation dogs were divided into
nine groups according to relationships published in a genomic study by Parker et al.
(2017) with additional data by Talenti et al. (2018) (Appendix 1). For each of nine groups
separate run with burn-in 50 000 and 50 000 MCMC repetitions was done. Dogs which
were not included in the genomic studies we sorted to groups according to their estimated
origin. Dog breeds that did not separate clearly in the larger datasets were run with fewer
breeds until separation was achieved. STRUCTURE data were compared with Snapclust
program utilizing maximume-likelihood genetic clustering using expectation—
maximization algorithm on adegenet platform (Jombart 2008; Beugin et al. 2018). Dogs
with more than 20 % of missing microsatellite data were excluded from the research. All
members of the FTA laboratory team did work on all parts from isolation until preparation
for the fragment analysis and data handling.
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4. Results & Discussion

4.1. Group 1 — primitive, eastern toy and Hungarian breeds

Snapclust correctly assigned 20 breeds out of 29 when K was set to 28. With prior
trials we discovered that the separation of Petit Brabancon and Griffon Bruxellois is not
possible. Therefore, we set K to (Nbreeds — 1). In eight breeds (Shiba Inu, Shar Pei, Thai
Ridgeback, German Spitz — wolf type, Shih Tzu, Papillon, Slovakian Cuvac, Polish Tatra
Sheepdog) one individual always clustered out of the breed. Petit Brabancon and Griffon
Bruxellois clustered together as expected. Chihuahuas did not create any distinct cluster,
but rather fell into clusters with German Spitz — wolf type (5 individuals), Komondor (3
individuals) and two individuals clustered together with one individual of Shih Tzu and
one Shar Pei in their own distinct cluster. According to results of genomic study by Parker

et al. (2017) Giant Schnauzers were put apart from Small Schnauzers to group 8.

STRUCTURE at K = 29 assigned 11 breeds into their private clusters with
membership coefficient (Q) > 0.85 (Basenji, Siberian Husky, Akita, Samoyed, Shih Tzu,
Shipperke, Small Schnauzer, Pug, Chinese Crested Dog, Kuvasz, Komondor) (Figure 8).
We chose to test this group on K = 29, because we tested whether Chihuahuas will
separate with higher number of possible clusters. STRUCTURE did not express
Snapclust’s pattern of misclustering. One individual of Shiba failed to cluster within the
breed. This might be caused by incorrect sample indication during the sample collection.
Shar Pei who clustered together with one Shih Tzu and two Chihuahuas did cluster in
STRUCTURE with Siberian Husky at Q = 0.233. The misclustered Shih Tzu did cluster
well in STRUCTURE having Q < 0.1 with other breeds. The German Spitz — wolf type
that clustered together with German Spitz — miniature did cluster within the breed with Q
= 0.020. As this individual shows nothing in common with other German Spitzs — wolf
type, it is probably another error of sample origin indication. One individual of Papillon
that clustered with German Spitz — wolf type in Snapclust clustered in STRUCTURE the
same way with Q = 0.248. No records of Spitz — Continental Spaniel crossings were
found. Both breeds cluster on the same branch in Parker et al. (2017). This means that
German Spitz and Papillon breeds are genetically close together and therefore allele
sharing could occur. Individual of Slovakian Cuvac which clustered as Tibetan Mastiff in
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Snapclust, clustered within Slovakian Cuvacs with Q = 0.417 and with Q < 0.1 with other
breeds. One Mudi which clustered with Polish Tatra Sheepdogs in Snapclust clustered
within the breed in STRUCTURE. Interestingly both clustering programs distinguished
Polish Tatra Sheepdog and Slovakian Cuvac. Each breed has almost identical phenotype
and breed standards (FCI 2019a, 2019b). Both breeds originated in Tatra mountains
separating Slovakia and Poland. It is possible that the country borders and high mountains

completely separated the gene pool.
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Figure 8: Group 1 - STRUCTURE run of 29 breeds at K =29. STRUCTURE assigned 26 breeds into
their private clusters. Petit Brabancon and Griffon Bruxellois clustered together. Chihuahuas failed
to cluster.

A separate STRUCTURE run for Petit Brabnacon, Griffon Bruxellois, Pug,
Chinese Crested Dog, Chihuahua and Kuvasz was tried in order to achieve separation of
Chihuahuas. At K =5 every breed created a private cluster with Q > 0.95 except for Petit
Brabnacon and Griffon Bruxellois who clustered together in all runs. In this run we were
able to separate Chihuahuas. In STRUCTURE runs with higher number of breeds
Chihuahuas are not clustering well. Similar result was achieved by Parker et al. (2004).
As far as we know, no closer studies were done on population structure of Chihuahuas.
More samples of all Chihuahua varieties will be needed to acquire a greater resolution

and allele coverage.

A separate STRUCTURE run at K = 2 for Petit Brabancon and Griffon Bruxellois
did not find any structure in the samples splitting both breeds in two clusters with Q = 0.5
/ 0.5 for Petit Brabancon and Q = 0.497 / 0.503 for Griffon Bruxellois. Petit Brabancon,
Griffon Bruxellois and Griffon Belge (not included in our research) are allowed to
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interbreed under the rules of Czech Griffon and Brabancon club and every individual born
is later assigned to the breed according to its’ phenotype (KCHGB 2010). Such a breeding
management is producing continuous gene flow between the breeds resulting in
impossibility of genetic breed assignment using non-coding markers. However, it is
possible to distinguish them based on coat colour and coat type genes (R-spondin-2,
Agouti signal peptide gene variations etc.) (Cadieu et al. 2009; Dreger & Schmutz 2011).

Breeds which we characterised as a Group 1, are the closest lineages to the root of the
tree in the genomic study (Parker et al. 2017). These breeds are the oldest breeds of
modern dogs and therefore their gene pool should have had enough time to develop well
defined gene pool. This led us to assumption that these breeds should be well
distinguishable based on genotypic data. This group however had the largest dataset and
the biggest number of breeds, which tend to decrease values of Q and arbitrary produced

“noise” in breed clustering.

4.2. Group 2 - Terriers

In the Group 2 — Snapclust correctly assigned 12 breeds to their own cluster
(Russian Toy Terrier, Airedale Terrier, Australian Silky Terrier, Bedlington Terrier,
Border Terrier, Cairn Terrier, Czech Terrier, Irish Terrier, Kerry Blue Terrier, German
Hunting Terrier, Sky Terrier, West Highland White Terrier). Five breeds had one
individual mismatched to a different cluster. One breed had two individuals mismatched.
Jack Russel Terrier and Parson Jack Russel tend to cluster together and had many
individuals scattered among other clusters i.e. two individuals of each were incorrectly

assigned as American Hairless Terrier.

STRUCTURE run of K = 20 was performed for all 20 breeds of the Group 2.
results provided higher resolution (Figure 9). Highest Q was achieved for Sky Terriers
(0.958). Another seven breeds performed with a Q > 0.9. These were matching with the
correctly assigned breeds in Snapclust analysis. The other four breeds which clustered
correctly in Snapclust (Russian Toy Terrier, Australian Silky Terrier, Border Terrier,
German Hunting Terrier) perform Q > 0.840 except Cairn Terrier with Q = 0.711.
However, all individuals of Cairn Terrier expressed the same pattern in STRUCTURE
(Figure 9). On average Q = 0.224 fell within the cluster of West Highland White Terriers.
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Individual STRUCTURE run for these two breeds at K = 2 achieved complete separation
of these two breeds with Q > 0.985. Both breeds share origin in the same area therefore
this pattern can be explained by shared ancestry. This explanation is supported by
genomic study, where West Highland White Terrier and Cairn Terrier branch as sister
breeds (Parker et al. 2017).

Our data showed a shallow structure of individual clustering between Jack Russel
Terriers and Parson Jack Russels. On the contrary, in the study of Leroy et al. (2009) at
K =61, both breeds clustered together. Our data therefore show higher resolution power
to differentiate between these two breeds. One individual of Jack Russel Terrier clustered
as Parson Jack Russel with Q = 0.704. This can be caused either by mistake during
sampling or because phenotype standards of the breeds can intermingle and therefore a
gene flow between breeds does not have to be completely restricted (Mellanby et al.
2013). One individual of Welsh Terrier did cluster out of the breed completely. In this
sample a mistake was made during the process of analysis.

1.00
0.80
0.60
0.40
0.20

0.00

Figure 9: Group 2 — 20 breeds at K =20 in STRUCTURE. Partial separation of Jack Russel Terriers

and allele sharing between Cairn Terriers and West Highland White Terriers.
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4.3. Group 3 — Toy breeds and water Spaniels

In the Group 3, Snapclust outperformed STRUCTURE. At K = 17 Snapclust
assigned 15 out of 17 breeds to their own private clusters (Figure 10). Only exception
being one individual of Bolognese Dog and one individual of Miniature Poodle. Both
clustered as Coton de Tuléar.

Q
i

0.6 0.8
| |
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0.2
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Figure 10: Group 3 - run in Snapclust at K = 17. Every breed assigned into its private cluster. One
individual of Miniature Poodle and one Bolognese Dog clustered with Coton de Tuléar.
STRUCTURE at K = 17 assigned correctly only seven breeds to their private
clusters with Q > 0.9. However, no dog breeds had their own Q value lower than 0.730
(Bichon Frise). Mean Q value of Bichon Frise was low because one of seven individuals
of Bichon Frise expressed tendency to cluster with miniature Poodles (Q = 0.181) and
two with Bolognese Dogs (Q = 0.324 and 0.198 respectively). Poodles and Bichons
branched together in the genomic study of Parker et al. (2017). Bolognese Dog was not
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present in that research, however, Talenti et al. (2018) included this breed. In his study,
Bolognese Dogs clustered as a sister breed to Bichon Frise (Talenti et al. 2018). Shared
ancestry would be therefore the most probable explanation. The Bolognese Dog
individual which mismatched in Snapclust did not express the same way in STRUCTURE
(matching the Coton de Tuléar Q = 0.021). This individual rather clustered together with
one individual of miniature Poodle and formed a private cluster with Q = 0.616 for the
Bolognese Dog and Q = 0.720 for the Poodle. This excessive clustering left two breeds
of Cavalier King Charles Spaniel and King Charles spaniel clustering together. Even
when runs where K > 17 were performed STRUCTURE failed to separate these two
breeds. Complete separation (with Q > 0.96) was achieved when additional run for these
two breeds at K =2 was done. This is pattern corresponds with the previous studies (Leroy
et al. 2009).

We were able to differentiate standard Poodles from the other Poodle varieties,
which is in agreement with study of Bjornerfeldt et al. (2008). Pattern of genetic
differentiation between Poodle varieties is visible also when other breeds are included in
the analyses, unlike the other closely related breeds (Cavalier King Charles Spaniel &
King Charles Spaniel; Collie Rough & Collie Smooth). In Leroy et al. (2009), Poodles
clustered together, but there is no closer specification of the sampled variety. In their
results, STRUCTURE correctly assigned only 66.7 % of the individuals. In our study
Standard Poodles seem to be genetically distant enough from the other Poodle varieties
to be correctly assigned as a separate cluster. Bjornerfeldt et al. (2008) also clustered
Miniature and Toy Poodles according to the coat colour. We were not able to do so. To
achieve this separation, we would need many more samples of Poodles. Further analysis
of population structure of Poodles in Central and Eastern Europe is advised, to see
whether they follow similar pattern of clustering as Poodles in Sweden. Bjornerfeldt et
al. (2008) states that local regulations and breeding practices can affect population
structure. We found similar pattern in Dachshunds as discussed in the following chapter.
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4.4, Group 4 — Hunting dogs

In the Group 4, Snapclust clustered correctly 9 breeds out of 19. One individual
of Large Mdunsterlander, one individual of Vizsla and two individuals of Bohemian
Wirehaired Pointing Griffon failed to cluster within the breed. German Pointers and
Weimaraners clustered separately into clusters according to the coat varieties. In this
study we tried to separate Dachshunds into five clusters according to size and coat

varieties. Snapclust did not find any structure within the Dachshunds.

At first, STRUCTURE did not separate the breeds correctly due to high variability
within the pointing dogs, so we decided to divide the breeds into two subgroups. One
contained Dachshunds and Setters, the other one contained Pointing dogs. In the
Dachshund — Setter subgroup STRUCTURE at K =5 correctly assigned all breeds with
Q > 0.93. With one more cluster (K = 6), a structure within Dachshunds started to appear
(Figure 11). Czech and Slovakian Longhaired Dachshunds separated from the rest. In
Czech Republic and Slovakia, it is forbidden to interbreed the coat and size varieties of
Dachshunds for more than 40 years. This fact confirms also study of Ptibanova et al.
(2009), where observable genetic distances between long coated Dachshunds and other
varieties were found. However, in other countries this breeding barrier haven’t been set
yet or is not strictly respected. According to our results, five individuals of long coated
Dachshunds clustered together with other varieties. Non official information admits that
some breeders in Poland, Hungary and Russia interbreed these varieties and later separate
them according to their phenotype (personal communication with breeders). When K =
7, nine out of twelve individuals of wire coated Dachshunds separated (Figure 11). The
other three clustered together with the Smooth coated Dachshund. It is visible that some
form of separation already exists. We are just not able to uncover it completely. In few
generations it will be possible to separate all coat varieties in the Czech and Slovak
Dachshund population. We tried to separate Dachshunds according to the size, but we

were not able to distinguish between them.
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Figure 11: Dachshund and setter subgroup separated at K=6 and K=7. Dachshunds of Czech origin
divided from the other Dachshunds at K=6. At K=7, a shallow structure in wirehaired Dachshunds
appeared.

In the pointing dogs STRUCTURE clustered six breeds to their own clusters with
Q >0.85 (Viszla, Bohemian Wirehaired Pointing Griffon, Bracco Italiano, Czech Spotted
Dog, Small Miinsterlander, Brittany Dog). The diversity between varieties of German
Pointers (Smooth, wirehaired, longhaired) Weimaraners (Smooth, longhaired) were so
visible to STRUCTURE, that the program was not able to assign them to their respective
breed. Therefore, the Pointing group needed additional sub-grouping. All varieties of
German pointing dogs were run separately in one subgroup (German Pointer,
Weimaraner) and the rest of the pointing dogs in the other one (Viszla, Bohemian
Wirehaired Pointing Griffon, Bracco Italiano, Czech Spotted Dog, Large Minsterlander,
Small Minsterlander and Brittany Dog). In the German Pointer group each variety created
their own cluster with Q >0.713. Q levels were shared only within the breeds with highest
Q = 0.221 for Shorthaired Weimaraner clustering to Longhaired Weimaraner (Table 6).
To maintain the stability throughout the STRUCTURE runs we would need to have more
samples of each variety.
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Q for Q for

clusterl cluster2 Q for cluster 3 Q for cluster 4 Q for cluster 5
VVOD 0.005 0.004 0.003 0.979 0.009
VOK 0.046 0.016 0.005 0.221 0.713
NDO 0.946 0.029 0.008 0.010 0.007
DO 0.149 0.106 0.735 0.004 0.006
KO 0.137 0.848 0.005 0.006 0.004

Table 6: Q values at K = 5 of five varieties within 2 dog breeds. VOD - Longhaired Weimaraner;
VOK - Shorthaired Weimaraner; NDO - German Wirehaired Pointer; DO - German Longhaired
Pointer; KO - German Shorthaired Pointer

The rest of the eight pointing breeds were run separately at K = 8. Structure
assigned all breeds with Q > 0.85 to their own clusters, except for English Pointer (Q =
0.82). One individual of Large Minsterlander failed to cluster to its breed. This is a sign

of a possible error in the analysis.

4.5. Group 5 — New World and Mediterranean breeds

In the Group 5 — Snapclust correctly assigned 10 out of 14 breeds. In Mexican
Hairless Dog and Peruvian Inca Orchid no differentiation was recognised. One individual
of Ibizan Hound mismatched to the group of Mexican Hairless Dogs and Peruvian Inca
Orchids. Two individuals of Berger Blanc Suisse were incorrectly assigned - one as
German shepherd and the other as Czechoslovakian Wolfdog. STRUCTURE separated
nine breeds into their private clusters with Q > 0.83 (Louisiana Catahoula Leopard Dog,
Czechoslovakian Wolfdog, Hovawart, Pharaoh Hound, Ibizan Hound, Caucasian
Shepherd Dog, Afghan Hound, Azawakh and Saluki). In Mexican Hairless Dogs and
Peruvian Inca Orchids, STRUCTURE also did not recognise any pattern of
differentiation.

German Shepherd, Bohemian Shepherd and Berger Blanc Suisse clustered into
their private breed group with Q > 0.86. Clustering of wolfdogs to German shepherd is
well supported (Leroy et al. 2009; Vaysse et al. 2011; Smetanova et al. 2015). Additional
STRUCTURE run was performed to achieve separation of the shepherd breeds. Two
individuals of Saarloos Wolfdog were added. At K =5 all breeds separated clearly with
Q value > 0.88 (Figure 12). These breeds are closely related and come from the gene pool

of European shepherd dogs (Talenti et al.2018) and group altogether when the number of
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breeds in the STRUCTURE run is high. When the K value rises STRUCTURE tends to
reveal other breeds’ substructures instead of separating the shepherds. In this case,
between breed diversity of the shepherds is lower than within breed diversity of some

more ancestral breeds.
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Figure 12: Individual clustering of the closely related Shepherds and Wolfdogs in STRUCTURE at
K =5.

4.6. Group 6 — Retrievers and Collies

In the Group 6, Snapclust correctly assigned 15 out of 16 breeds. Only one
Individual of Border Collie was incorrectly assigned as Australian Shepherd.
STRUCTURE run at K = 16 assigned 14 breeds into private clusters with Q > 0.82 (Figure
13). For Nova Scotia Duck Tolling Retriever, Labrador Retriever, Golden Retriever, Flat
Coated Retriever, Polish Lowland Sheepdog, Old English Sheepdog and both Welsh
Corgis the mean Q value exceeded 0.9. Collie Rough and Collie Smooth clustered
together with Q > 0.93. When K < 16 Shetland Sheepdogs clustered inconsistently to
another breed’s cluster (Collie Rough & Collie Smooth or to Border Collie). In Parker et
al. (2004) Collie and Shetland Sheepdog clustered together. To achieve separation in that
research, STRUCTURE run of both breeds at K = 2 was necessary. More iterations of
STRUCTURE MCMC iterations should be set, to see whether we encountered a

coincidence or there is some deeper pattern within this clustering.
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Figure 13: Group 6 — STRUCTURE at K = 16 separated 14 breeds to individual clusters. Collie
Rough and Collie Smooth clustered together.

When a separate STRUCTURE run for Collie Rough and Collie Smooth was
performed a complete separation was achieved with mean Q = 0.878 for Collie Rough
and Q = 0.949 for Collie Smooth respectively (Figure 14). Studies available so far list
“Collie” - not specifying what variety is sampled (Parker et al. 2004, 2017; Leroy et al.
2009; vonHoldt et al. 2010). In England, both breeds could be bred together until 1994
(The Kennel Club 2019). Our data indicate that just after 25 years of separate breeding
programs we can genetically distinguish between the Collie varieties.
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Figure 14: Individual STRUCTURE run at K = 2 for both Collie coat varieties. Both breeds created
individual clusters with Q > 0.87.
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4.7.

Group 7 — Continental herder and European Sighthounds

Most fitting result in Snapclust for this group was at K = 13 (Npreeas+ 1) (Figure

15). When lower K was chosen, individuals of Polish Greyhounds clustered together with

Borzois. This effect was probably caused by Dutch Shepherd varieties. There was greater

genetic difference measured by clustering programs between long coated and smooth

coated Dutch Shepherds than between Polish Greyhounds and Borzois. When K was set

to (Nbreeds + 1) Snapclust clustered all breeds to their own private clusters. Dutch Shepherd

was separated into 2 distinct clusters. One containing long coated individuals, the other

smooth coated ones.
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Figure 15: Group 7 - Snapclust run of 13 breeds at K = 14. Eleven breeds created private clusters.

Dutch Shepherd was divided to 2 clusters according to its coat variety.
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In STRUCTURE, both subgroups (continental herders; European sighthounds)
needed to be ran separately on higher resolution (150 000 burn-in / 150 000 repetitions
MCMC) because in lower resolutions, STRUCTURE was not able to separate Polish
Greyhounds and Borzois but was rather trying to find structure within Hungarian
Greyhounds. STRUCTURE run for K = 7 on this higher resolution, clustered all breeds
into their private clusters with mean Q > 0.89. We chose to test sighthounds of Middle
Eastern origin together with sighthounds of Eastern European origin to further uncover
relationships between Borzois and Polish Greyhounds. STRUCTURE run at K =5 for six
breeds tested clustered together Borzois (Q = 0.949) with Polish Greyhounds (Q = 916)
(Figure 16). This is interesting, because the breeders believe that Polish Greyhounds
originated from Asian sighthounds (Personal communication with breeders). Our data
indicate more recent origin and a close relationship with Borzois. Other breeds clustered

separately with Q > 0.96.
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Figure 16STRUCTURE run of three Middle Eastern sighthounds and three Eastern European
sighthounds at K = 5. Polish Greyhounds cluster with Borzois in one cluster.
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STRUCTURE run at K = 6 was done for all four breeds and two varieties of Dutch
Shepherd in continental herder subgroup. In all breeds was Q > 0.93 (Figure 17). Long
coated Dutch Shepherds clustered into their own private cluster at Q = 0.988. The rest of
Dutch Shepherds segregated into their private cluster with mean Q = 0.858. In Parker et
al. (2004) Belgian Shepherd Tervuren and Malinios did not separate even after
independent STRUCTURE run at K = 2. We managed to cluster these breeds correctly at
K =6.

Figure 17: STRUCTURE run of continental shepherd subgroup. At K = 6 a clear separation of
longhaired Dutch Shepherds appeared.

4.8. Group 8 — Drover, Alpine and Great Dane

Snapclust correctly clustered seven out of eight breeds. One individual of Great
Dane was incorrectly assigned as Black Russian Terrier. STRUCTURE assigned all
breeds within this group into their own clusters with mean Q > 0.91 (Figure 18). Same
individual of Great Dane that did cluster with Black Russian Terriers in Snapclust fell
within the Black Russian Terrier cluster with Q = 0.171. About 17 breeds formed Black
Russian Terriers in the 1950s (AKC 2019a). Great Dane was one of them. This mismatch
and allele sharing could be a remnant of these crossings. Even though Doberman, Giant
Schnauzer, Black Russian Terrier and Rottweiler are on the same branch in the genomic

study by Parker et al. (2017) we managed to separate all breeds to their private clusters.
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Figure 18: Group 8 - STRUCTURE run at K = 8 separated all eight breeds into their own clusters.

4.9, Group 9 — European Mastiff

In the Group 9 Snapclust correctly assigned 13 breeds out of 14 totals. Only one
individual of Cane Corso was inaccurately assigned to English Mastiff cluster.
STRUCTURE created individual cluster for each breed at K = 14 with Q value only four
times dropping below 0.9 (Bullmastiff, Q = 0.847; Boston Terrier, Q = 0.879; Dogo
Argentino, Q = 0.871; American Pit Bull Terrier; Q = 0.88) (Figure 19). Highest mean Q
value was achieved for Bull Terrier (0.971). STRUCTURE did not reveal similar
mismatching pattern in Cane Corso as was observed in Snapclust, however in 1970s Cane
Corso breed went almost extinct (AKC 2019b). To save the breed a possible outcrossing
with English Mastiff could have happened. In STRUCTURE, second individual of
Bullmastiff fell within cluster of American Bulldog with Q = 0.266. Bullmastiff is a cross
between Bulldog and Mastiff with 40 % / 60 % ratio (AKC 2019c). Shared ancestry could

be an explanation of this mismatching.
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Figure 19: Group 9 - STRUCTURE run at K = 14 separated all 14 breeds into their private clusters.

4.10. All groups

STRUCTURE runs for all breeds were performed at K = 50, 75, 100 and 150. At
K = 50 STRUCTURE correctly assigned 11 breeds with mean Q > 0.85 (Akita, West
Highland White Terrier, Scottish Terrier, Sky Terrier, Cavalier King Charles Spaniel,
German Shepherd, Afghan Hound, Polish Lowland Sheepdog, Czech Mountain Dog, Bull
Terrier, Dogo Argentino). Collie Rough and Collie smooth clustered together in the same
cluster with mean Q > 0.85. With higher number of clusters, the mean Q values were
dropping. At K = 75, only two breeds exceeded Q > 0.85 (Basenji, Bull Terrier). At K =
100 and 150 only Bull Terrier clustered with Q > 0.85. When number of K was increased,
breed assignment was possible, but only based on personal visual evaluation, even though
the Q was lower than 0.85. Decreased mean Q values are connected with random
assignment of the breeds into other clusters even with the low Q. Considering high tested
K, even small assignment (i.e. Q = 0.001) leads to increased “noise” in the bar plot and
the mean breed Q. These low individual Q values usually oscillated between 0.001 —
0.005.

We discovered that some varieties of several breeds have bigger genetic distances
than expected (i.e. Dutch Shepherd, Collie, Weimaraner, German Pointer). This signal
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was visible in STRUCTURE, which tended to create clusters within the breed rather than
separating other breeds. The breeds that clustered together in separate runs also clustered
the same way in the complete dataset runs. For example, American Cocker Spaniel and
English Cocker Spaniel clustered together in K = 50, 75 and 100. STRUCTURE did
differentiate these two breeds at K = 150 with Q = 0.588 for American Cocker Spaniel
and Q = 0.599 for English Cocker Spaniel. Golden Retriever and Flat Coated Retriever
clustered inconsistently. On K = 50 and K = 100 STRUCTURE clustered both breeds
together, but on K = 75 and K = 150 both breeds were assigned in their private cluster.
This suggest very shallow signal, that would need more repetitions for each K, to see

consistency of clustering.

Some breeds clustered together and had to be ran separately (i.e. Petit Brabancon
& Griffon Bruxellois; Cavalier King Charles Spaniel & King Charles Spaniel; German
Shepherd, Czechoslovakian Wolfdog, Bohemian Shepherd and Berger Blanc Suisse;
Collie Rough & Collie Smooth). These breeds tended to stick together also in the big
dataset. Separation was achieved only partly for the German Shepherd cluster at K = 150.
Bohemian Shepherd (Q = 0.753) and Berger Blanc Suisse (Q = 0.457) separated from a
joined cluster of German Shepherd and Czechoslovakian Wolfdog.

Dachshunds clustered together at K = 50 and 75 and separated at K = 100
following the same pattern as in separate runs in Group 4. At K = 150 resolution of this
group drastically fell. Because the number of breeds included in the thesis was high and
some of them were closely related, we did not manage to cluster the breeds to private
clusters as well as other studies (Parker et al 2004, 2007; Leroy et al. 2009).

In this microsatellite analysis, we were not able to separate dog breeds according
to their origin, because the modern dogs were often crossed to gain some specific traits
in the novel breeds. Using such a small number of markers does not allow us to detect
ancestral allele sharing. To achieve this goal a high-resolution SNP analysis would be
better for the deeper resolution (vonHoldt et al. 2010; Parker et al. 2017).

STRUCTURE provided greater resolution on larger datasets. Its Bayesian
approach is based on allele frequencies. Due to this, STRUCTURE was able to uncover
patterns of allele sharing between Cairn Terriers and West Highland White Terriers.
Snapclust separated these two breeds into private clusters, because the simulation was

based purely on genetic distances. Snapclust outperformed STRUCTURE in processing
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speed. Snapclust was more efficient when the dataset was smaller and genetic distances
between the breeds were high. When the breeds had closer relationships, STRUCTURE
simulations provided greater resolution. In complete dataset of 1238 individuals
STRUCTURE provided more detailed results. Runs with higher K decreased Q values.
Increase in number of markers could lead to higher resolution and reduction of the “noise”

in breed clustering.

We used 27 microsatellites and the number of individuals within a breed ranged
from 5 to 14. Parker et al. (2007) used similar number of breeds (132) with four to five
individuals per breed but had more markers (96). On the other hand, Leroy et al. (2009)
study contained 61 breeds with 20 - 30 individuals per breed on less microsatellites than
in our study (21). To amplify the resolution of our study, we recommend either to increase
the numbers of individuals per breed especially in the dog breeds that failed to cluster to
their own clusters (i.e. Chihuahua, Peruvian Inca Orchid, Mexican Hairless Dog, German
Pointer, Weimaraner, Dutch Shepherd). Also, an increase of the number of loci should be
considered. STRUCTURE runs for the same K were not repeated, which provides
information about the stability of the observed signal. This was due to large amount and
complexity of the data connected with high demand on computing power. In the future,
more repetitions for every K needs to be done and compared. Single run for each
clustering in STRUCTURE only drafts the patterns in the dataset.

5. Conclusions

We managed to assign breeds to their own clusters when the breeds were sorted
in nine groups based on their origin. When the whole dataset was analysed, we were not
able to cluster the breeds with high resolution. Dog breeds in Groups 3, 6, 8 and 9 were
assigned with higher resolution compared to the other groups. We managed to confidently
separate two phenotypically similar breeds which both originate in Tatra mountains
(Slovakian Cuvac, Polish Tatra Sheepdog). We were not able to separate Petit Brabancon
and Griffon Bruxellois because of rules implied in their breeding program. Cairn Terrier
fell into cluster with West Highland White Terrier at Q = 0.224, most likely due to shared

origin. We managed to uncover a shallow structure between Jack Russel Terriers and
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Parson Jack Russels. This structure was not described before. In our study, Standard
Poodles separated from other Poodle varieties, this agrees with the known literature. Due
to the low number of Poodle samples we did not manage to separate them by coat colour.
Separation of some closely related breeds needed to be done at K = 2, which we managed
to do for Cavalier King Charles Spaniel with King Charles Spaniel and two varieties of
Collies (Collie Rough and Collie Smooth). No microsatellite research done before
managed to separate the Collie varieties. Some varieties of the breeds were clustering out
of the breeds (German Pointer, Weimaraner, Dutch Shepherd). This finding is not
available in the available literature. We uncovered differences in genetic background of
Dachshunds bred in Czech Republic and Slovakia compared to Polish and Hungarian
dogs. We suggest that it can be an evidence of different breeding policies in the countries.
We also found a shallow structure between Czech wirehaired Dachshunds and the other
varieties. We managed to clearly separate all breeds within the German shepherd cluster
even when Saarloos Wolfdog was added. Our data suggest, that ancestors of Polish
Greyhounds are not as ancient as it is believed, but rather more connected to the European
Sighthounds. We compared performances of clustering programs Snapclust and
STRUCTURE. Snapclust was faster and suitable to use for smaller datasets, where the
breeds had greater genetic distances. STRUCTURE performed better in lager datasets
and in runs where we aimed to uncover relationships of closely related breeds.
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Appendix 1: List of breeds by group

Code Number of
Group 1 - Breed name number  Individuals
Basenji 1 6
Tibetian Mastiff 2 7
Sibirian Husky 3 12
Akita 4 8
Shiba 5 8
Chow Chow 6 8
Shar Pei 7 7
Thai Ridgeback 8 9
Samoyed 9 10
German Spitz - small 10 9
German Spitz - wolf 11 6
Tibetian Spaniel 12 5
Shih Tzu 13 11
Lhasa Apso 14 9
Schipperke 15 10
Papillon 16 10
Small Schnauzer 17 5
Petit Brabancon 18 9
Griffon Bruxelois 19 7
Pug 20 11
Chinese Crested dog 21 12
Chihuahua 22 10
Kuvasz 23 8
Slovakian Cuvac (Slovensky Cuvac) 24 9
Polish Tatra Sheepdog (Owczarek Podhalanski) 25 10
Komondor 26 8
Puli 27 8
Pumi 28 9
Mudi 29 6




Code Number of
Group 2 - Breed name number  Individuals
American Hairless Terrier 101 6
Russian Toy Terrier 102 8
Prague Ratter (Prazsky Krysaiik) 103 10
Airedale Terrier 104 10
Australian Silky Terrier 105 7
Bedlington Terrier 106 6
Border Terrier 107 8
Czech Terrier (Cesky Teriér) 108 6
Cairn Terrier 109 9
Wire Fox Terrier 110 11
Irish Terrier 111 8
Jack Russel Terrier 112 14
Parson Jack Russel 113 8
Kerry Blue Terrier 114 11
German Hunting Terrier (Deutscher Jagdterrier) 115 9
Scottish Terrier 116 10
Sky Terrier 117 5
Welsh Terrier 118 7
Yorkshire Terrier 119 13
West Highland White Terrier 120 10

Code Number of
Group 3 - Breed name number  Individuals
Coton de Tuélar 201 10
Portugese Water Dog 202 8
Poodle - Toy and Miniature 203 14
Poodle — Standard 204 8
Havanese Dog 205 6
Bichon Frise 206 7
Maltese Dog 207 11
Small Lion Dog (Léwchen) 208 6
Bolognese Dog 209 6
Curly Coated Retriever 221 5
American Springer Spaniel 222 10
American Cocker Spaniel 223 10
English Cocker Spaniel 224 10
German Spaniel 225 6
Welsh Springer Spaniel 226 10
Cavalier King Charles Spaniel 227 10
King Charles Spaniel 228 7




Code Number of

Group 4 - Breed name number  Individuals
Dachshund - Miniature, Longhaired 301 9
Dachshund - Standard, Longhaired 302 8
Dachshund - Standard, Smooth 303 8
Dachshund - Miniature, Smooth 304 8
Dachshund - Wirehaired 305 12
English Pointer 331 6
Weimaraner 332 7
German Pointer 333 12
Vizsla 334 14
Bohemian Wirehaired Pointing Griffon (Cesky Fousek) 335 9
Bracco Italiano 336 7
Czech Spotted Dog (Cesky Strakaty Pes) 337 9
Large Miinsterlander 351 9
Small Minsterlander 352 5
Brittany dog 353 6
English Setter 361 9
Gordon Setter 362 7
Irish Setter 363 8
Irish Red and White Setter 364 7

Code Number of
Group 5 - Breed name number  Individuals
Louisiana Catahoula Leopard dog 401 7
Mexican Hairless Dog (Xoloitzcuintli) 402 10
Peruvian Inca Orchid 403 7
German Shepherd 404 8
Czechoslovakian Wolfdog 405 9
Bohemian Shepherd (Chodsky Pes) 406 8
Berger Blanc Suisse 407 9
Hovawart 408 9
Pharaoh Hound 421 5
Ibizan Hound 422 7
Caucasian Shepherd Dog 423 5
Afghan Hound 431 9
Azawakh 432 8
Saluki 433 11




Code Number of

Group 6 - Breed name number  Individuals
Nova Scotia Duck Tolling Retriever 501 10
Newfoundland Dog 502 6
Labrador Retriever 503 9
Golden Retriever 504 15
Flat Coated Retriever 505 10
Chesapeake Bay Retriever 506 6
Polish Lowland Sheepdog (Polski Owczarek Nizinny) 521 6
Old English Sheepdog 522 9
Australian Cattle Dog 523 7
Collie Rough 524 6
Collie Smooth 525 7
Border Collie 526 8
Australian Shepherd 527 10
Shetland Sheepdog 528 9
Cardigan Welsh Corgi 529 7
Pembroke Welsh Corgi 530 11

Code Number of
Group 7 - Breed name number  Individuals
Beauceron 601 6
Briard 602 6
Dutch Shepherd 603 6
Belgian Shepherd - Tervuren 604 6
Belgian Shepherd - Malinois 605 5
Borzoi 621 7
Italian Greyhound 622 11
Deerhound 623 7
Irish Wolfhound 624 9
Chart Polski (Polish Greyhound) 625 8
Magyar Agar (Hungarian Greyhound) 626 9
Whippet 627 8




Code Number of

Group 8 - Breed name number  Individuals
Dobermann 701 6
Giant Schnauzer 702 7
Black Russian Terrier 703 6
Rottweiler 704 7
Greater Swiss Mountain Dog 711 6
Bernese Mountain Dog 712 6
Czech Mountain Dog (Cesky Horsky Pes) 713 8
Great Dane 714 9

Code Number of
Group 9 - Breed name number  Individuals
Spanish Mastiff 801 6
Cane Corso 802 12
Bullmastiff 811 8
American Staffordshire Terrier 812 11
Staffordshire Bull terrier 813 8
Bull Terrier 814 8
French Bulldog 821 11
Boston Terrier 822 9
Dogue de Bordeaux 823 7
English Bulldog 824 5
American Bulldog 825 5
Boxer 826 10
Dogo Argentino 827 8
American Pit Bull Terrier 828 6
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