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Abstract

This dissetation thesisummarizes the history of dogeeding andhe problems
of modern breeds. Especially small populatsired breeds require special management
to maintain the level of genetic variability as high as possibhe loss of genetic
variability closely correlateswith aninbreeding ratelnbreeding causean increase in

homozygosity of the population and thasigher risk of genetic diseases occurrence.

We have examined genetic variability parameters in a small poputatied dog
breed CeskyFousek) and compared them to other similaetise The specific type of
breeding in CF seems to be working well since the genetic variability in the breed is
comparable to other dog breeds, often vaitmuch larger populatiorHHowever, in the
whole CF populatiorthere have beef5 carriersdetectedof two genetic diseasés
Degenerative Myelopathiyn =20) andHyperuricosuria, Hyperuricemia and Urolithiasis
(n = 5) It is recommended that CF breeding individuals are tested for these genetic
diseases and carefully managing the breeding population toeetst two carriers are
not bred together.

We haveinvestigated causative factorsaotomplex genetic diseasalopecia-
in the CF population. The diseasdikely polygenic, withincomplete penetrance. We
have been able to identitd4 GWAS and 236tronglydifferentially expressedandidate
genes andour major metabolic pathways connected to alopecia in- @Bllagen
formation, muscle structure/contraction, lipid metaboliand the immune systemlore

samples are needeal pinpoint specific mutadns

To determinelongevity in CF and the most eonon cause of deaff€OD) we
performed a survey studyn the CF breed. The median longevity the whole CF
population isl1.24 years anithe most common causef deathwerecancer or movement
impairment The mean coefficient of inbreeding calculated from pedigrees (Fx) was 6.11
%, and from genotyping data was calculatad mean COI = 14.3 %A significant
dependence of COD on the age of individuals was found, as well as for a difference

between the inbreedlj rate in Czech dogs and dogs from abroad.

Key words: canine small population, SNP, alopecia, genetic varigpitiicrosatellites,

genetic disease, health, longevity
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1. Introduction and Literature Review

1.1. How it all began

Dogs(Canislupusfamiliaris) have been beside humasiscethe Pleistocenefor
approximatelyl5000- 25 000 yearg1i 4]. They were domesticatdcbm one common
ancestor, a grey wolJanis lupus)earlier than any other animdl,3,5]and it is the only
largecarnivorethat haeverbeen domesticatdd,6]. It is believed thathere were several
domesticatiormentershoweve, exactly how many and when the domestication haggben
remains unknowfi,3]. SomeproposediomesticatiorcentergBelgium, Altai Mountain)
are believedtoba fidead endo and tpholablyengextindf5l.om t hes
Othercenters however, such as Midand Eastern AsjaVestern Eurasjaand Siberia
seem to be more relevafit,4,7,8]and he dispersal of dogsom these sitesvas then

stronglydependent on human migration all around the widr/8,5,7]

It is believed,that the specific wolf population which the dogs emerdeam
became extinct. The wolves at the time of domestication had much higher genetic
variability thanextantpopulation1,4,9,10] During the domestication procgdgogs went
through seeral bottleneckseach such evéreduedtheir genetic variability4]. Shortly
after thediversificationfrom wolves thebond betweenogsand hunans wastill rather
weak, allowing the early dogs to hybridize with wolveBhis enriched the genetic
variability of dogs and brought new variants to the populd8hrHowever even though
the bottleneck effect was reduced by this, the loss of genetic variability at this point was
strong[5]. Later,the reproductive isolation from wolvegas more profound and the
genetic variabilitywas reducectven moredue to both, artificial selecth and natural
effects such as genetic drfft]. Another strong bottleneck in dog&curredwhen the

modern dog breeds were being created, a few hundred yedf.ago

Dogsshow incrediblgohenotypic variatiomnlike any other animaThey vary in
size and shapeas well asin their behavioralcharacteristic§7]. Thae are certain
differencedn behaviorbetweenwolfs anddogs.While the behaviorevolution of wolves
was driven mainly naturally, in dogs thehaviorwasshaped mainly by humadriven

artificial selection3,11].



Ultimately, during the last few hundred yeadsg€behavor has beershaped
into specialization to a specific purpose ardayise tobreeds with diverse behaviors

such agjundogsherding dogsguard dogsietrievers terriers,companions, etg¢3,8].

1.2. Howthedog breedingpadvanced since the Af

The phenotype ofhe first dogs was certaiplwolf-like. Which morphological
changes appeared first after their divergence from wolves remains ungtjotdfomans
have been choosing dogs foresflic purpogs and their morphology has changed
accordingly[8]. Despitethe evidence of morphological changesiogs throughout the
domestication process, there is no evidence, that people were intentionally bregding d
until approximatel\2000 years agf 2] whenthefirst groups ofpecializedlogs started
to appearDuring the last 200 years these groups of degse divided into specific
breeds however, beforehis time the admixture of morphologically distant dogs may
have been extensijd3]. This may explain why some breetidday share the same
deleterious alleles even though tseynetimesppear geneticaliyerydistant8]. Nearly
360 dog breeds are now recognized by differeahine organizations, such athe
F ®d ® r Gynhologigue International@Cl), the American Kennel CIul§AKC), the
Canadian Kennel Clu@iCKC), theUnitedKennel Club(UKC), and others. Each breed is
phenotypically adjusted to its original purpose and represents a set of definingtietits
are summarized in a document caltbeé i b r e e d .sTheastaddard of @ breed
describes the ideal individual ofathparticular breed, its phenotypand behsior. In
some cases though, the standards are not well written and can contain comyradict
information paradoxically leading to health issy&4,15] Such standards should be

changed.

Of the total of approximatelgnebillion dogs in thewWorld, only 20 % of them
arepurebred with a clear purpasghe rest are frelving dogs (village dogs), without

human contro]3,12].

Thebeginning ofmodern dog breeding is considetedethe 19" century what
in theUK is called the Victorian eravhen the setting of the socidtgschangedallowing
peopleto havemore free timg16]. Although dogs hadibeen kept as pets or working dogs
already for seeral centuries, onlytahis timedid the breedexbeganto improve their



dogs/breeds in terms of phenotyié]. The primary dog event at that time was a dog
show, where the breeders could present their dogempetition based on appearance
The owner of the best dogceived aertain prestige and subsequently could benefit from
higher stud fees and salof puppiesDog breeding hdhbecome a tradition but also a way
of profit [16]. Even in the more recérmpast dog breeding/as influenced mainly by
fashion than functiofiL 7].

The frst kennel clubstud books were establishddring the 18 century where
records of dogs and their pedigreese kep{16,18], including dog show or performance
titles. Thesepedigreesvere used bypreedergo identify traits that they valued islood
lines [16,19] The wo rhada diffedlerd mebgingt that time it was close to
nowadays t ®urimg this ¢neeih veaswidely believed thatonception happe
from afemalés blood ananalés semenalso derived from blood, in the worfitg]. This
incorrect belef changed with the onset of genetics at the beginnirtges20" century
but it gave rise toan understandingf heredity and the fact, that the parents of the
offspring are importanfior the improvement of the next generat{d8]. In addition, as
many other things,at breedingwas aan 6 s p r With thd geogheof thewomeris
rights movement, theravas a stronger positiofor women in dog breeding as well.
Women improved the hygierend welfarein the dog breeding as well as theypse
discussion about banning sompecticesin certain breeds that they considered animal

abusé e.g. tail docking oear cropping16].

Thebreeding for certain phenotypie some breeds has ledadbigh incidence of
health issues connected toode exaggerated phenotypeln pugs, for example, the
breeding for wide and globular eyeasled to exophthalmos and exposure keratopathy.
English Bulldogs bred for wide skulls led to dystocia (problematic parturition) because
the skull ofthefetus is so wide it cannot fit through the mother's pelvis dyoantyrition
A high incidencef prolapsed intervertebral discs due to breeding for a long dboclyrs
in Dachshund$14]. Nowadays some Kennel Clubs ateking precautions to overturn

these breeding practices.

The overall focusduring the age of modern dog @@ developmentvas
conformation,however, there have always beemomebreeders who bred for working
abilities[12]. These breeders kept records of the abilitiedoigsand their offspring and
tried to improve them in each generation. fbothe desirable traits they sometimes bred



closely related individualg.g. parent to offspring or siblings to one anoth@f)course,
the knowledge of genetics was not as advanced as &odaiy is only more recenthpat
breedersunderstoodhe importance of genetic variability and inbreeding rate of their

dogs.

Until recently thegpedigree datavasthe only source of information for estimation
of genetic variabilityof dog breedsThe first studies of genetic variability using pedigrees
started about@years ag$l8]. Most pedigrees can be traced backhe1960s or 1970s
[20,21], but in some breeds can be the pedigree data traced tthek.85' century[22].
However,there mght be errors in the pedigrees, missing records, and/or undetected
maings. The completeness dhe recordsas well aghe number of known generations
correlates with theccuracyof the genetic parameters calculations, the less data we have,
the less prase the resultsThe error rate in dog pedigreélsough,is under10 %, less
than in cattle pedigred48]. The molecular data that came into use in the last 25 years
has allowed us to estimate the genetic variability of populations even if the pedigree is
unknown The calcultions of probability are made baseda kinship matrixcalculaed
directly from the genotypesf individuals But this method@lsohas itslimits such aghe
samplingeffect. If the dataset haa low number of samples, or the samples do not
represent th@opulation correctly, the results mighe biasedTheaccuracy of genetic
parameters estimation highly depends also on the markers choserwiong markers
are chosefor the particular study (microsatellit€STRs), SNPs, mitochondrial markers,
etc), their informative value ay be too lowto address the question askdthe best

optionis acombination oboth,molecular and genealogical data.

1.2.1. Modern dog breedsi the price for pure-breeding

The eduction in population size caused Miye i pur i f iofclagedso n o
subsequentlymay resut in the reductionin genetic variabilitywithin breedsunless
countermeasures were appligghchmoderndog breed has been established using a
limited number of foundingndividuals and only some animal in the following
generationgvere allowed to procreat&he entirepopulation ofeachbreed cotainsthe
genetic variability of these ancestors oahd it stays the same, onore oftendiminishes
with each generatiomn some breedshe number of foundeiis known espeally if the

breed is youngThe younger the bredtie higher the chance #hirecords are complete



and the founderare known For example inthe Kooiker dog breed(FCI recognized
1990) with a currentpopulation of approximately 5000 animals, was the remdf

founding individuals 15 (nine damsjx sires) [23]. In Icdandic Sheepdog (UKC
recognized 1996) the number of founding individuakss 36. However, thecurrent

population of approxnately 3000 individuals geneéilty corresponds tonly 2.4 unique

individuals[24].

In mostbreedsthe founders aranknowndue to los or poorly kept reords But
current genetics allows us to estimate the number of founding individuals from genomic
andor pedigree dataFor example in Braque SainGermain and Barbetheidentified
number of foundersvas 49 and 13, respectively25]. In Polish Hunting Dogwvith a
populationof approximately 400 individualsthe number of foundemsas estimatedo
26, although genetically representby only 4.17 individuals[26]. In Polish Tatra
Shepherd dogd4 founderswere identifiedand onlyfour ancestors could explain 50 %
of the overall genetic variability27]. In Lancashire Heeler with a population size of
approximately 3000 individuals todagnly five individuals represent 508§ theoverall
genetic variability, even though founded by 15 individy2@]. In some breeds the
situation is dtical. For examplen Nova Scotia Duck Tolling Retrievéounded by 10
individuals hasa large populéion size of approximately 2®00 individuals,however,
50% ofgenetic diversitys represergd only by 2 individuals[20]. It is evident that the
number of individuals in the population is no#cessarily an indicatmf the level of

genetic variability. Even with a large population, its genetic variability might be very low.

Ideally, each individual in the population should p#ssr allelesto the next
generation to maintain the genetic variabifig/high as podsie. Butin reality, thatdoes
not happerbecauseach breed has its own breeding conditiangdonly someanimak
areallowed to enter the breeding systdfor example, in Nederlandnly 37 5 % of all
registered dogs are used for breedi2®8]. These animalform the effective population
(Ne). Ne in the modern dog breedsas found taage from B to 230 individuals[29].

The purebreedng practice often causesa loss of genetic variability, thus,
increagng homozygosity of the populaticend tre probability of fixation of deleterious
alleles such as genetic diseadaisiden close to the genetic regions under strong artificial
selection(so-called genetic hitchhikindy,30]. But if the population is large enough, the
deleterious alleles do not have to be necessarily a prdi#eause the chancerohting



of two carriers of thedeleterious alleleds not high The problem starts whetine
relatedness between individuals risdeg toa smallpopulation sizer due toalongterm
closed poplation In these casesh& chance that two recessive allaeleset riseg§19].
This is the princife of genetic disease occurrencedimgbreedsEach ieed has its own
health problemssometimes several and in a high incideji®&31 33]. Some ardased
on the Mendeliansegregation rulegreating only threg@ossiblegenotygesi healthy,
carrier, affectedandare relatively easy to fight wit{e.g. Hyperuricosuria (HUUpr
Degenerative MyelopathPM)) [34,35]. Others, however, are more complex in ngture
andthusi,it is more difficult tofind the causative factoesd eliminate the disedpeoblem
from the population (e.g. joint disorders such as hip and elbow dyspiasia
osteochondritis dissecangOCD); behavioral disorders such as fearfulness or

aggressivity; or skin disorders such as different types of alode8iaR,36 38].

The level of reatednes®f individuals in the breed/populatiaran beexpressed
by the coefficient of inbreeding. If the coefficient rises, the fitness of offspring declines
and the risk of occurrence of accompanied probleereasesAsidefrom the recessive
geneticdiseases, there can start to appear problems in reproduction, such as reduction in
litter sizes, shorter life span, and immune system disor@egs allergies, cancers,
bacterial and viral infectionsThis is also known as inbreeding depres$89j.

1.3. Small population-sized dog breeds and their problems

Many dog breeders make the same mistakes whether it is a small large
populationsized breed. The difference is, hewer, that in the small population the effect
of these mistakeare stronger[40,41] The most commommistakes breedemmakeare
overuse of popularsires breedng of too closelyrelated individuals, re@ged maing of
the same parentandbreedng for only one or few traits (appearancén a larger scale,
alsostrictly closed studbook®vertime, lead to the reduction dhe genetic variability
of the breed42i 44]. Even if the breeders avoid the abewentioned mistakeshere is
always a natural way of variant lasisfixation, a random chance causes soaregenetic
variantsto disappear from the populatiar others (often harmfuljo get fixed in the
population(genetic drift)[42,45] All these effects are lowering the genetic variability of
the population and increasy its homozygosity and inbreeding levalnless

countermeasures aapplied



Inbreeding has been for a long time an unknown term. In Eutiopdreeders
started to learn more about this tqpand apply precautions in their breeding at the
beginningof the21% centurywhen relevant litexturebecame widehavailable(e.g.[42]).
Around the same timenany scientific studies have been made to estimate inbreeding
levels and other parameters of genetic variability in many bré¢dhat time usuallya
set of STR primerwvas usedor this purposeln dogs a standard ISAG panel containing
18 STR loci (e.g. a study of Tatra Shepherd Pigj or our study of Ceky FouseKCF)
[47]) was widely usedBut alsomoreSTRs could bstudied[48]. Using thecombination
of STR and pedigree datawas found that in all studiedbreeds the overall genetic
variability tends to decline even though, there might be visiblcantincreasan the
number of individuals and a bither homozygosity level in sonad them compared to
thesituationof 50 to 60 years ag@3,49] An average increase theinbreeding level of
modern dog breeds was estimateded.66 % per generatio [50]. It wasalsofound
that thie highetdevel of inbreedingf alitter, thereforealsoof the parentss connected to
smaller litter sizeas well[23,51] It also increases rates of cancers and shelifespan
[30,52 55]. If such signs of inbreeding depression start to appear in fhdgimn, it is
needed t@pply countermeasurés increase the genetic variability.

To establish an average lifespartlué CF breed, we conducted awnersurvey.
The results argeportedi n t he fAResultsodo section of
smdler breeds live longethan the large ong80], females in some breeds live longer
than male$30,56]and in some breegdesven some color variants live longer than others
[57]. Mainly the body size but also thanbreeding levelmight have a negative impact
on the life expectancy idogs[30]. CF is a middlesized breed with small population size
and a specific type of breedingpftrolledline-breeding).

Despite the knowledge of inbreeding anbestgenetic parametetisathas been

spreading across the community of breeders for quite some time atieestdl many

breedersthat either ignore or do not understandtheriEks.e consequences

of popularsire® can be f oeedsdome siresncannhgve mare than 2500
offspring [50]. Usually, it is an exceptional individuahat wassuaessful in either dog
shows or working tests, or rarely boffhe breeders believe, that the exceptional father
makes exceptional offspring as well. However, thabften not the case, and even

champion sire might give undeverage puppie©ne examplef a popular malever

t
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useis in the American population of Basenji. The breed has been introduced to the US
around 1941 and one particular male of those founding individuals £B&8a8£6 of the
genetic diversity othecurrent Basenji population theUS[29]. In Bracco Italiananly

9 ancestors explab0 % oftheoverdl genetic variabilityof the breed58] and inKooiker

dogs 12 frequently used siresere identified Since these males had high inbreeding
levels themselves and werelatedto each other, the decrease in geneticabdity, in

this casewas strond23]. The overuseof popularsiresis probably alsdhe reason for
thehigh inbreeding level in Sharpei (11 $438].

Breeding of closelyelated individials is sometimes a useful tool but must be
used carefully. In many breetlse beeding of closely related individuals to fix some
desirable traiten the next generationas been usedspecially at the beginning of breed
development. But we need to bé&amind that just as it fixes the desirable traits, it can
Atrigger 0 har nMI9u By beedng closesrelatives| we increabe
homozygosity of the offspring and the chancenekting otwo harmfulrecessive alleles
rises exponentiallyif this breeding practice is used too oftersignficantly increases

the risk of inbreeding depression.

Sometimes, repeated mating is usealitainoffspring with the same qualities.
However, due to random sampling of alleles, the second litter migheryedifferent
compared to the first one. Using the sasme does not decrease the genetic varipece
se, however, it may lead to overrepresentation of alleles from few individuals which later
leadsto decreased heterozygosity. An example of repeated matisigoign in a CF

pedigree in the Discussion section (Figure 11).

The genetic variability can be quickigst if the breeders breed for just one or a
few traits, usually appearance for dog shows. In some breeds a show line and a working
line of individualsexist. It has been showthat dogs bred for conformation are much less
genetically variable than dogs bred for w{BR]. Breeding folconformations relatively
easycompared to behaviofhe appearance is encoded by a small number of genes so the
responsen breedingis faser. On the contrary, breeding for working abilities is much
more difficult Behavior is acoded bya large number of gengg¢he environment and

training have a great influencand the response in breeding is slow.



Genetic drift causethefixation or extinction of alleles in the populatidhthere
area large number of deleterious allelesipopulation, there is a high chance that some

of them get fixed in the population by chance, especially in populations withd i8N

At the end othe 19" andbeginningof the 20" century when most of the modern
dog breeds were established is detectabteoaggenetc bottleneck This bottleneck led
to higher levels ofnbreedingin many breeddecausdhe studboo& were closedor

outcrosses from other bredd9]. Many breeders are against outcrosses because they feel

their breed would not be fApur e otocatorgsses r e .

for too longcauses the loss of genetic variability because of tiogtiyreeding practices
usedand genetic drift.

Thefrequently usegparameterfor estimatiorof genetic variability are coefficient
of inbreeding (Fx, COlI, E), heterozygosy (expected vs. observed), number of alleles
per locus, number of private alleJesd allelic richness. Even though the trend is slowly
changing in terms of markers used faggekinds of studies, these parameters are strong
enough to estimate the geigeatariability of a canine populatiokintil several years ago
STR markersvere primarily usedhowever,decliningprice andhigheravailability now
allow researchers to use single nucleotide polymorphism (SNP) genotythesndrole
genomesequences to #siate genetic variability.

There are two main ways of calcutggiof the coefficient of inbreedinga) from
pedigrees ob) fromgenomic data. The inbreeding coefficient calculated from pedigrees
is also known as Wright's coefficient of inbreeding (F&pP]. The coefficient of
inbreeding calciated from genomic data is usuatharkedFis or COI. Fs is calculated
from STRs and it carange fromvaluesof -1 to 1. COl is calculated directly from SNP
genotypes or sequencidgta and its expressed aspgercentageAll coefficients give us
the sane information, they show the probability of inheritance of an allele from the
common ancestor. But their values a comparableOf the two, theCOI is more
precise[51] becauset is calculated directly from a large number of SNP markg&t$
but the precision of the resutlepends on the reference population against which the

individual is tested. E is highly dependable on the markers used, the STRs must be

carefully chosen for each species. Fx is highly dependent on the pedigree depth and the

number of generationasedfor calculation[51] and it also neglectghe effects of

recombination62] unlike COl Often theFx usingthreeto five generations does not

Ho



change much but with higher number of generations the vatiges exponentially and
it gives us a more relevant picture of the overall inbreeding valag the
individual/populationBreeders usually use the fox up to five generations to keep track
of inbreeding values, but this value hadimits and it does not have to truthfully reflect
the inbreeding level of the individual/populatidunfortunatdy, to calculate=x for more
than five generationsan beproblenatic because few breeders have acceastimplete

database of individualBnd extended pedigrees

Due b the abovementioned breeding practiceand thus high inbreeding rate,
many dog breds suffer from genetic diseagé$,19] Examples of breeds where the high
value of inbreeding somehow influenced the occurrence of a genstiasdare the
Bouvier Belge des Flandres where in angmwaith higher inbreeding levgFx = 6.41
12.5 9 diseases such as osteochondrosis, food allergy, autoimmune disease, neoplasm,
and hypoplastic tracheacurred63]. In the Polish Tatra Shepherd dedere thanean
Fx was calculated tbe 7.4 % (reaching up to 25% in males and 19.5% in femdigs)
dysplasia (HD)is prevalent27]. The same health problem was detected in Icelandic
Sheepdog, wherthe inbreedinglevel goesup to 21 % It has been showthat highly
inbred individuals are more likely to suffer from H@&4].

In some breeds the genetic testing helped to reduce thereoeiof a genetic
disease. As an example can be used Collie Eye Anomaly (CEA) in herding dogs. The
frequency of affected animals that used to reach up to 97% of tested indiy@h]als
reduced significantly in recent yed66]. The only exception is the Rough Collideve
the incidence is still rather high, however, the number of samples in the study might have
biased the resul{§6]. But even in CEAaffected individuals was recently detected that
the affection in single individuals is not as severe as it used to be in the past

[https://www.colliehealth.org/ceanutation/].

Fighting with genetic disorders is a nex@rding effort as proved for example by
Bedlington terriers suffering from an autosomal recessive diseapper toxicosis (CT).
CT was identified to be caused by a mutation in COMMjede. In 2000 thereed dub
decided to exclude all heterozygotes and recessive homozygotes from the breeding
system to radically reduce the CT occurrence in the populdttimaugh four rare alleles
have been losthe parameters of genetic variabilityese otherwisenot significantly

different between a control group (healthy animals) and cases (recessive homozygotes).
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At that time the researchers recommended to include carriers into the breeding system as
well since the overall heterozygosity was If¥]. The hard selection help¢od decrease

the incidencefrom 46 to 11% in Dutch populatiof68]. Later was found that the
COMMD1 mutationis probably not th@nly allele/genenvolved inCT in Bedlington

terriers since there were identified dominant homozygous animals in COMMD1 showing
clinical signs of the disea$@8,69] Currently is th&CT under research agaio identified

the additional variants involved the diseaseccurrence in Bedlington terrief68,69].

1.3.1. What might help?

What carthe breederdo tokeep the genetic variability of their small population
sized breed as high as possilleevenincreasat?

Individuakthataregeographically and genetibadistant from aargetpopulation
can be usedt can be an animal from the same breed but for example from a different
country.However,this option might not be possible if the breed does not have another
such populatiomvailable especially irthe case of a local breed.

Anotherway of introdudng new allelesn a breeds an outcross. It washown
that outcrosses have played an important role in the development of many8}deds
also an outcross in an establistl breed is usually highly beneficitdr fitness[30].
However,the choice of the specific individualsedfor the outcross is very important
and it is usually done by breedclub. There exists a danger tfie introduction of
deleterious allelemito the recipienpopulation through the outcr@gach breed and even
each individual carries several deleterious alldl&3]. For example,the German
Shepherd asidentifiedwith 58 norconformational genetic disorders, Golden Retriever
with 50, thelrish settemwith 33, etc.[19]. However if the individual is properly tested by
available genetic tests, the danger of introgression of such alleles is reglesieds, just
as there is a risk of introgression of harmful alleles, there is also a chance of introgression
of beneficial ones asell. In terms of breed, wheasimilar breeds chosenthe gain of
different allelesmight not be as high but it will not disrupt the appearana# the
following generatios sosignificantly. If aphenotypically differenbreed is chosevery
differentallelesmight be introduceehto the targepopulation butit may causehanges
in appearancehat can be highly significantn this casea high risk exists that none of

the F1 individuals passes the breeding conditions instefrstandard appearandéiere
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is also a question tfienumber of outcrossgeerformed If the outcross is used only once

in a populationthe new genetic variants might be bred out in a few generations. To reduce
the increase of inbreeding level in each generation, repeatedssgs are more effective
[70]. An exanpleof succasfully used outcrossan be found ithe American population

of Wirehaired Pointing Griffoif(WPG)[71]. TheWPG is a breed that was bried a long

time asfipured. The origin of the breed stamsth DutchmanEduard KareKorthalswho
developed this breed mainly in Franaed Germanyaround 180 using dogs from
wirehaired backgroundAfter Korthak diedin 1896, part of the breeders refused to use
outcrosses in the breed acldsedthe studbookSince tte beginning othe 19" century

the breed spread around Eurgpe it was introduced to tHgSA as well The WPG
individuals have been used for hunting in the USA under the umbrella organization
Wirehaired Pointing Griffon Club of America (WR33). Over time, howevera part of

the Club in North Americaconcludedthat therewas a high rate of genetic disease
occurrencegespeciallyOCD), increasing relatedness of individyalsmperament issues
(fearfulness)and vanishing working abilitiesn 1984 it was decided to use similarly
looking breedCF, as an outcros§ here were imported three CF individuals (one male,
and two females) andhe results were visible immediately. The working abilifies
temperamentand coat qualitymproved significantlyand the health as weW7,71]

Over time the outcrosses continued and were more frequent and the population of
American WPG slowly transformeimto the CF breed[47]. The umbrellaclub has

changed its name to nowadays Cesky Fousek North America (CFNA).

Another example of outcross use can be found in our national dogibite=@F.
In 200Q two males of different breed&EPand DD) have been useid the breeding
system of CH47]. CF is an old, versatile, small populatisized breed with a complex
history. The breeding is realized using Hoeeding[72] anduseseverabreed wardens
to carefully maintain the breed's genetic variabilltye main reasons féineoutcross use
was improvement of coat quality, pointingnd a boost of genetic variability to help
redue@ the occurrence of alopecia in the breed. The outcressesised in two out of
eight lines and the resuligere quickly visibleThe visualization of one of the outcrosses
is shown in Figure 1.Under the development and maintenance of CFWinternabnal
database of pedigrees for the whole CF populdies been establishe@urrentlythe
database contains over @80 individuals andontinues tagrow. It does not contain only
CF individuals, going further to the past, there start to appeatsbhDrahthaar (DD)
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Deutsch StichelhaaW/PG, even Spinondsigure JA showsapedigree of a Eindividual
with a recentGSPoutcross and on€F without the recenbutcrosg(Figure 1B) Figure
1C showsa pedigree of a WPG individual. It is also one of the mosiptete pedigrees
in the databaseAlthough the pedigreesf these individualgnight not be complete,
especially in the oldest generations, it is visible how npatientialvariation comes to
the pedigree inoutcross is usefFigure 1A) Alternatively, nthe pedigree of the WPG
individual there isvisible a relatively small number of ancestdhais, indicahg alower
amount of genetic variability in theopulation/individualFigure 1C).In the pedigrees,
especially 1Barealso visible effect of bothWorld Wars. The number of individuals
declined during thesperiods.The genetic relationships between CF, WPG, GSP, and
other related breeds of pointing dogs have lexgtored in one of our studigs7].

Figure 1. Pedigrees of tree individuals from the Cesky Fousek database. A) pedigree of a CF female Bonny;
there was recently (in 2000) used an outcross to GSP, marked by a red box in her third generation . B)

pedigree of a CF female Quanta; there was not recently wsed the outcross to GSP.C) pedigree of a WPG
female Mahaska; this is one of the most complete pedigrees in the database.
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When the outcrosses in Crereused, there was no available testing for genetic
diseasedn GSP was later foun26 different genét disorder419], for example8 % of
the population arecarriers for Factor VIl Deficiency73], so here was a risk of
introduction of at least some of these harmful alleles taCthpopulation. If that is the
case remains to be seen, however, according to our results of CF health sctieening
GSP individual did not bring ar(known)new harmful alleds to the CF populatio@ne
of the problematic aspects of antcrosscan be seen in the CF populat@as well The
outcross with a breed of a different coat tgh® measa higherdifferentiationin the
d e s c e npHbeaatypesar example, aftehe G3 outcrossnto the CF populatiarthe
coat length varied in offspring. In some individuals, it was too short, and these individuals
were notchosen for the breeding systehine same dlds for shorthaired breeds where a
longhaired outcross issed. Fortunaly, in this case, the loci responsible for the long coat
are knowr{74], so we can test the puppies and choose the arfonéte breeding system
accordingly.In the wirehaired breedghe situation is different, the coat chamaistics
are encoded by more genesmestill unknown, such as in CHowever despite these

risks of outcrosses, the gaingdnetic diversity isvorth the subsequent difficulties.

Another optiorto keep the genetic variability of the small populatszed breed
as high as possibig to create separate lines in the populattementionedefore there
exist breeds that contain show end work lins. But therds another option of how to
create lines in the breed that help to contain more ovgealetic variability of the
population asmentioned above fahe CF breedIn this case each lingbased on either
a blood linglusually paterna))kenne] or a specific traif75i 77]. All individuals have the
same breeding conditions, ey ae restrictedo maing with individuals of the same
line only. This, of course, requires a discipline of breeders, and thus, the breed clubs
usually establish a net of breed advisors, that control the breeding and will not allow
breakingthe rules of linebreedingIn the CF breedhereare currentlyeightactive lines
that are not supposed to mix with each offiét although, in reality, there does reotist
a dog that would be 100 % puredneline. The breedvardensometimes allow interline
breeding and the offspringdih goes back to the line,might be considered asutcross

on a smaller scale

The breed clubs have differebreeding approachesSome clubs leave the

composition of mating pairt the breeders entirely. Some hawee or more breed
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wardens that caadvisethe breeders if they want to. And some clubs have established
controlled breedig - the female owner gets to choose from onfgw breeding males
(usually threg Another option of control bgtbreed clubs ito limit of breedinggor each

male Both, controlled breeding aradimit of breedingqup to 4 per male per year), are
usedby the CzeclCF breectlubto prevent the effestof overusing only one or few males
repeatedlyControlled breedings managed biynformed people who have the necessary

knowledge to avoid bad breeding practices.

Other optionsfor maintaining genetic diversitynvolve avoiding theabove
mentionednistekes Each breeding individual should procreate, there should not be used
matingsof too closely related individuals and repeatedtingsof the same parents.
Breeders should not overuse only oneadew sires If the breeders breed only for
conformationthey should consider using an animal frdmwork line every once in a
while, even though it might mean the coat or other elements of appearance might get
worse inthe following generation. The breedubs should closely watch the genetic
variability of the breed and in case of need allow an outcross to avoid the consequences

of inbreeding depression.

1.4. Dogs as a model organisrfor genetic studies

Given the long ceevolution with humans, dogs are a great model organism for
understanding human disea$gs Living in a similarenvironment, often sharing similar
food sourcesand highly developed health carevbded to changes in dog genome and
longer longevity of many dog breed8]. Throughout the domestication process,
bottlenecks and breedcreation the dog genome lost much &f atiginal variability,
haplotype homozygity increased and long regions of linkage disequilibrium (LD)
appeared4,78]. Studies haveshown that there is a small number of haplotypes within
regions ofD10i 15 kb shared by the majority of breebl@wever, to discover haplotypes
specifically for a particulabreed we need to studiarge haplotypef8]. Dogs arealso
physiologically and clinically more similar to humans than njic@80] Even if the
canine disease does matve a direct equivalent in humans, the understanding of complex
genetic diseasemight indirectly help in human medicirees well The advantage of
canine genomic studies is that the number of samples required is much smaller even for

complex genetic dissas[81].
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We have performed a study of a polygenic canine genetic disorder that occurs in
high prevalence itheCF breed. It is a type of alopecia, hair loss, @itinknown cause.
A similar disorder, called Alopecia Areata, occurs in humans aq8&83. In the CF
breed the alopecia resembles Recurrent Flank Alopecia, however, it is atypical due to
missing hyperpigmentation of the skin, thus, we call it atypical Recurrent Flank Alopecia
(aRFA)[36].

With the development of the methods in genetics and gengimgsow possible
to study canine equivalents of human mentand developmentadlisordersas well
[79,80,84,85] However, thee studies still redre large sample numbershus, the
research isery demanding in terms of financial support.

Similarly, the behaviorof dogs is complex and polygenic, influenced by many
smaltleffect genes antheenvironmentStudies of behavior also requgeveral hunieds
to thousands of surveys and samples to ensure strong enough data for relevant results
[12]. Until recently was the GWAS method usually used to compare popdaifon
breeds, howeverpmetimes it imeeded to usedividuals, regardlessf the breedwith
the samdrait to geta strongersignificanceof associated varianf&2]. Some kinds of
behaviorcan be found, in varying prevalence, in all bieeedggesting thedgehaviors
have been developed deep in the past inEmysestors during the domestication process
[12]. There havealreadybeen for examplejdentified DNA regions associatedth fear

and aggression in dof37].

In dogs we can also study longevignd agingwhich might hae animpact on
the humanpopulation as well. First genomic regions have been idenaiddhvingan
association with longevity in dod86]. Mixed-breeds were found to live loagthan

purebred animal$30,86]
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Aims of the Thesis

This thesisaimedto evaluate parameters of genetic variabibtya model of a
small canine populatigindentify causative factors of one of the complex genetic diseases

that occur in the populatipandfind the most significant cause of deatid longevity.
ObjectivesStudy 1: Genetic variability of a small canine populati¢Appendix 1)

i) to assess genetic diversity and describe genetic parameters of a small

canine population and compare grerameterso other, similar breeds;

i) to evaluate the level of genetic diverge and differentiation between

studied breeds;
ObjectivesStudy 2: Causative factors @ complex genetic diseag@ppendix 2)

iii) to analyze the population genotypic structure associated with the complex

genetic disease
iv) to establish a histological phenogyfor diagnosing this disease;

V) to identify specific dysregulated genes and metabolic pathways involved

in the pathomechanism of the disease
Objectives Additional health analysegpaper in prep.)

Vi) to screen for an extensive panel of known genetic diseesesicient of
inbreeding, and maternal and paternal haplotypes presetiteiCF
population;

vii)  identify the most common cause of death of CF individuals and the

average longevity of the breed
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2. Methods

2.1. Methodology 1T Study 1 Genetic variability of a small

canine population

To assesshe geneticvariability of a small populatioisized dog breed we chose
a Czech dog bregdF) and we compared it with other breeds of pointing déggure

2) with a similar or largersized populationand similar appearan¢47] (Appendix 1).

Figure 2. The general appearance of six studied breeds. (A) Cesky Fousek; (B) Deutsch Drahthaar; (C)
German Wirehaired Pointer; (D) individual of Bohemian Wirehaired Pointing Griffon Club of America; (E)
Wirehaired Pointing Gri ffon; (F) German Shorthaired Pointer. Tail docking is allowed for hunting breeds in
the countries of origin for these animals which were: the Czech Republic (A; F), Germany (B; C) and the
USA (D; E).

2.1.1. Sampling

Samples were collected from 405 individuedpresenting six pointing breeds:
Cesky Fousek (CF; n = 193), Deutsch Drahthaar (DD; n = 87), German Wirehaired
Pointer (GWP; n = 26), individuals of Bohemian Wirehaired Pointing Griffon Club of
America (BWPGCA; n = 38), Wirehaired Pointing Griffon (WP@;= 20) and German

! Note that the name of the American breed club has changed since the time the study was
performed. The original name Bohemian Wirehaired Pointirffdd Club of America (BWPGCA) has
changed to Cesky Fousek North America (CFNA) and it is used in the subsequent papers.
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Shorthaired Pointer (GSP; n = 41), during years PRQ26. Samples were taken as

buccal swabs (FLOQSwabs1) withe agreement of the dog owners during dog shows,

hunts, and hunting competitions. The origin of the samples is givéreig1 Table.
Samples from the Czech Republic and the Net
PH (n = 255); samples from other countries were obtained directly from owners (n = 150).

These owners were instructed how to take the samples correctly to antzEichowtion.

Several samples were obtained from the Cornell Veterinary Biobank (n = 27), which
provided 23 samples of BWPGCA individuals and four samples of WPG individuals.

Some individuals sent by BWPGCA were imported individuals from the Czech Repubilic;

these samples were classed with the pure CFs from the Czech Republic to avoid biased

results. DNA from buccal swabs was extracted using Genomic DNA Mini Kit (Geneaid

Bi otech Ltd., New Taipei, Taiwan) for tissl
protocol.
2.1.2. PCR and fragmentation analysis

We have selected nuclear microsatellites as the genetic marker type for this study
due to theirhigh polymorphism, neutralityvith respect tothe selection and good
statistical power to detectecent population stodure. A commercially available
microsatellite genotyping kit (Canirfeanel 1.1; ThermoFisher Scientific) was used to
amplify 18 microsatellite markers (AHTk211CXX279, REN169018, INUO55,
REN54P11, INRA21, AHT137, REN169D01, AHTh2681Tk253, INU0O5, INUGO,
FH2848, AHT121, FH2054, REN162C04, AHTh1AahdREN247M2). Fragmentation
analysis was processed on ABI Prism 3100 Avant Genetic Anal{&seplied
Biosystems) using polymer PG@Rm separation matrix with DS3 matrix standardize

and Gene Scan TM 5004.(Applied Biosystems) size markers.

2.1.3. Data and statistical analysis

The kength of each allele was scored and binned in GENEIOUS&1FSTAT
was used to estimate allelic richness (Ar) based on minimal papulsize from the
smallest group in the study (18 individuals). Ar describes genetic variation while
eliminating the effect of the sample size. Estimates of expected heterozygosjty (H
observed heterozygositilo), inbreeding coefficient (), andanumber of private alleles

for each population werealculated in software GENEALEX 6.501. Pairwise fixation
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index values (Er) and HardyWeinberg (HW) test for heterozygote deficiency were
calculated in GENEPOP softwaf@88,89] Exact pvalues forthe H-W test were
calculated using a Markov chain algoritfi@®] with 1000 dememorization steps for 500
batches and 1000 iterations per batch. Software POPULATI(®IE was used to
compute a matrix of minimum genetic distances according t¢a%¢for all individuals.

This matrix was used to construct a phylogeneg#ighborjoining tree of relationships
among populations and individuals. The tree was graphically visualizBtGIhREE

[93]. Visualization of genetic relationships between individuals was processed in
GENETIX software[94] using factorial correspondence analysis (FCA). To assign
particular genotypes to respective clusters (K) and to assess substructure within the
datasetthe Bayesianclustering approach implemented in software STRUCT U8}

was usedThe rumber of tested ranged from 1 to 10. For each value of K, five runs
were performed with a bwim period 0f300 000 and 1 000 000 MCMC (Mav chain
Monte Carlo) repetitions. The best supporttf@number of clusters (K) was combined

in STRUCTURESELECTOR[96] usingtheEv ann o me t[97]jcadd MedMedpK
K, MedMean K, MaxMed Kand MaxMean K statistid®8] which are moreccurate for

unequal population sample sizes.

2.2. Methodology i Study 2 Causative factors of a complex

genetic disease

CFis known to suffer from alopecia, a hair labsit affectsmainly thebodys
sides. Theype of alopecia in CF iatypical RecurrentFlank Alopecia(aRFA), and its
cause is unknown. We attempted to discover variants associated with this [Bé¢ase
(Appendix 2).

2.2.1. Blood Sample Collection

Altogether, 216 samples (n@ifected n = 116, affected n = 100) were caéec
(189from the Czech Republic and 27 from Cesky Fousek North America (CFNA)); 72
males andl44 females (Table3}. Relatives were not excluded from the dataset. The
blood draws were done in cooperation with the Czech Cesky Fousek Breed Club
(KCHCF) andCFNA during 20162019. Blood samples were shipped to the Cornell
Veterinary Biobank, wherBNA extraction was performed by standard salt precipitation
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and the DNA was thestoreda t A €The level of severity was determined by a
responsible member ofeétbreedclub (KCHCF). In the past, the club has developed a
protocol for the identificatiowf all aRFA levels and this protocol was also followed in
our study. Theffliction of individualswas marked during sample collection, and their

affected status aseveritywereupdated hr oughout the studyo6s dur

2.2.2. BiopsySampleCollection

Six-millimeter punch biopsies were taken under local anesthesia for histological
evaluation and RNA extraction (seven control dogs and seven affected Hogs)the

sevencontrol dogs, two 6 mm punch biopsies were taken from sites close to each other.

From theseven dogs affected with aRFA, two neighboring biopsies were taken from a
completelyalopecic site and two from a distant, fully haired area (shoulder). One biopsy
fromeachsitavas fi xed and stored in buffered Forn
Switzerland). Thesecond biopsy from each site was collected in RNAlater (Invitrogen,

CA, USA) and storeat 1720 UC wuntil RNA extraction w
histological evaluation of theamples and the diagnosis of hypothyroidism in one of the

dogs, we had to exclude sosmmples from further analysis.

2.2.3. Genotyping

Genotyping was performed on a setustom 220k CanineHD array (lllumina,
CA, USA), currently available as the Embark genetic test [www.embarkvet.com,
accessedn 19 February 2022]. In total, 216 samples were genotyped: 47 samples in 2016
with 214,582 markers and 169 samples in 2Q@039 with239,490 markers. The number
of markers differs due to the upgrading of the genotyping array. The positions of the
markersare listed in CanFam3.1.

PLINK [99,100]datafiles were generated and the data were checked for errors in
sexand genotype missingness. All samples had a genotyping rate higher than 95% so no
samples were excluded at this point. Only markers with minor allele freqiAdy)
higher than 0.05 were included in the analyses. Bata the two different arrays were
merged and discordant SNPs between duplicate samples, in accordance with a previous
study[101], were removed frorthe datasetd/oreover, to avoid the resultirfmgas caused

by the norbalanced sex of the individuals entering the analysis (TaBjev& also
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filtered out the chromosome Y retrocop[@62] and sexassociated markers (a total of
96 SNPs). After filtering, the number of SNPs used for GWAS was 140,024.

Principal component analysis (PCA) was perforrbetbrethe GWAS analyses
to (i) check for population structure between the Czech Republic and USA safinples,
look for any batch effects due to the two genotyping arrays used, and (iii) identify any
individual outliers. PCA was run on unlinked SNPs only, using PLINK conamamdep
50 5 2, in the program EIGENSTRAT in the EIGENSOFT v5.0.1. packed%104]
PCA plotswere visualized in R i386 3.6[105].

The population stratification of the data was corrected in GEMMdwyding a
relatedness matrix, calculated from genotypes, as a random effect. We calculated the
genomic i nfl at i o-waluésarcthedRpacKage)snpS{ata].danbdao n p
inflation factor compares the median test statistic and expected null distribution and it
detects the normality of the data distribution with a value of 1.0 representing no inflation.
Manhattan and quategiquantile plots of pralues were constructed in R. The significance
thresholds for the GWAS analyses were set on Bonferroni correction on unlinked SNPs
(using--indep 100 10 10 in PLINK). LD plots were created from LD analyses run in
PLINK and usinghe Matplotlib library in the Jupyter notebo¢k07,108]

2.2.4. Case/Control GWAS

A genomewide association study (GW& was conducted using a linearxed
model in GEMMA v0.98.7109]. In total, 213 individuals out of 216 were used for the
case/control GWAS studythree affected individua were excluded from this analysis
due to an unusual manifestation of alopecia (alopecia on the head), resulting in a dataset
of 96 affected and 117 control individuals.

2.2.5. Quantitative GWAS (QGWAS) and Additional GWAS Analyses

To discover variants with ardict association with aRFA level, we perforrmeed
QGWAS analysis with 216 individuals. The three animals with the unusual manifestation
of aRFA on their headd-igure 3A)were included in this analysis. All individuals were
divided intoone of six phenotypicategories. The number of individuals in each category
andthecodef each category are: healthy (n =

111

n0. 10)1, alRFVAel( n = 6; code A0. 2b®.)50) ,evied v &l
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aRFA(n=49;codé 0750) , | evel 4 a RF samflewas-asstyned c o d e i
to the correspondingategory according to the aRFA lev@tigure 3AE): Head

affectiord the individual loses hair on the topthe head, ears, and sometimes the top of

the nose. Level d the ndividual loses hair othe ears only (can enter the breeding

program); Level @ the individual loses hair on thibody sides up to the size of
approxi mat el y B hairlossbrOthebady sidagetoapgroxiBately 10

I 25 ¢ md halr less erthe bbdy sides up to approximatdly0 I 40 ¢ m; Lev
50 hair |l oss on the body sides fepresgneedint han 1
our datasetMoreover, we conducted four additional GWAS analyses to identify specific
variantsthat were assodied with level 2 aRFA (28 individuals), level 4 aRFA (19
individuals),age of onset before 2 years of age (26 individuals), and age of ons8t at 6

years of ag€20 individuals). The last two groups were also affected by level 2 aRFA or
worse.Weddnot@mnsi der | evel 1 aRFA as fnaffectedo
abovementionedgroups verecomposed of 35 individuals aged 10+ years in which the

chances of developingRFA were very low. The settings of the allelic and genotyping

frequencies were thameas in the main case/control GWAS analysis.
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Figure 3. Cesky Fousek individuals affected by aRFA. A) unusual manifestation on the head; B) level 1

aRFA| loss of hair on ears only; C) level 2aRFA OOUU WOl wi EPUwWOOwUT 1 wEOEawUPET UwUx uw
10cm; D) level 3aRFA OOU U woOil wi EPUwWOOwWUT 1 wEOEaAa wWUPET UwUx wOOwWExxUORDO
OOUU WO wi EPUWOT wlOT 1 wEOEAWUPE] UwUx wOOWExxUORDOEUL Oa why wA wK
loss peak in these individuals; alopecia worsened in the weeks after the pictures were taken.

2.2.6. Haplotypeldentification

Beforehaplotype identification, we divided the genotyping data by chromosomes
using PLINK v.1.9[110,111]and subsequently phased each chrammus of interest,
basedon the case/control GWAS results, in SHAPEIT.v2.r@BI2]. The settings were
left attheir default levels with 7 MCMC busim iterations, 8 pruning iterations, and 20
mainiterations. The number of conditioning states (K) was left at 100;\edow size

settingwas 2 Mb, and the genetmap was not provided, leaving theho value at its
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default(0.0004). Each phased chromosome was then transferred to PED/MAP format and
run in PLINK v1.07 [99,100] to estimate the haplotypes in both the case and control
groups ofindividuals. The setting was set-ttap-window from 1 to 10 SNPs to obtain

all one, two-, and up to tesfSNP windows across the dataset (respecting thendsome

boundaries).

2.2.7. Histopathological Analysis

Formalinfixed biopsies were processed for routine histological analysis by
embedding n paraffi n, mi crotoming (3 &m), and
(H&E). The samples were blinded and histopathological analysis was conducted to
characterizespecific histological features and patterns associated with this alopecic
disease. Histolgical evaluation was also utilized to include or exclude samples not
suitable for RNA extractiofased on histological findings that might influence gene
expression (e.g., secondary lesisnsh as inflammation). Based on this, we excluded the
biopsies fron one control dogwo lesional sites of alopecic dogs, and three normal skin
sites from affected dogs frothe analysis, resulting in a total of six samples from control
animals (B2, B5, B6, B12, B1&nd B14), five samples of alopecic skin (B3, B7, B9,
B10, B11), and four samples of norngkin from affected dogs (B3, B9, B10, B11).
Factors for exclusion included an endocrnimdalance in one of the alopecic dogs and
pronounced inflammation in the biops{yonecontrol dog, three biopsies of normal skin
of alopecic dogs, and one biopsy of alopecic siinan affected dogThe ist of

individuals is stated in Table S4.

2.2.8. RNA Extraction and RNASeq Experiments

RNA extraction and cDNA sequencing experiments were conducted according to
the protocol outlined préausly in[38,113] All 11 samples were of high quality with a
RIN > 9. After sequencing, the lllumina BCL output files with base calls and qualities
were  converted to FASTQ file formats and demultiplexed.
All reads that passed quality control were mapped to the canine Efegemome
(CanFam3.1) by STAR aligner version 2.5.3.a, as describg8jhl13] The alignment
of RNA-seq reads from each sample was summarized by the number of splice
arrangementper sample. The read abundance was calculated using the count software
HTseq[114] andan NCBI annotated GTF (release 103) file.
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2.2.9. Differential Expression Analysis

The R DESeq2 packadé&15] was used for differential expression analysis as
describedn [38]. For each gene, normalized read counts were fit to a generalized linear
model (GLM) with the design formula where the condition was factor of interest in
two states:control and affected. Transcripts were considered to be differentially
expressed with 8enjamini and Hochberg false discovery rate (FDR) of <0.01. The
differentially expressedenes (DEGs) were mapped to biologicainmeks using open
source, open accesa&nd manually curated pathway database called Reactome
[https://Ireactome.org/ versioil; accessed on 12 January 2021]. Separate lists of
upregulated and downregulated gemese uploaded separately into the databask a

were analyzed and matched with knaalogical processes and pathways.

2.2.10. Protein-Protein Interaction Analysis

We searched for potential functional associations among our GWAS and
differentially expressed candidate genes using the STRING dafafi&geollowing the
approacidescri bed in the s[lir]JdWe wert abl® aohretrievven s k 8 e
predicted proteitprotein interactions for 132 out of 144 GWAS candidates and 144 out
of 236 strongyDEGs (exceeding the Weogakd wdleu e maufl
pr ot ei n sCanislupaswith text mining, experiments, databasesggpression,
neighborhood, gerfesion, and cabccurrence as information sources. We used minimum
confidence o0f0.4 and retained only 1st shell associatigm®teins that are directly

associated with theandidate protein: i.e., immediately neighboring network circles).

2.3. Methodologyi Additional analyzesof health in CF (paper
in prep.)
The esults othese analysdsave not been published y®te havefocussdmore
broadly on the health status of the, @& longevity and the most common cause of death

(COD). It is believed, that asideom the aRFA, CF is a healthy breed that does not suffer

from genetic diseasel.is also the first study thécuses a the lifespan of this breed.
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2.3.1. Genotyping data

We have beemrollecting genotypes @Fs since 2016As of April 2022 we have
been able to collect genotypes fron6271dividuals and additional results for DM testing
from 4 individuals. These results allowedtascreen for 4-210 genetic diseases in the
tested populationThe Embark array is being updated each year, thus, the earlier
genotyped individuals have been testeddarergenetic traits and diseases. In 2016 were
the individuals (n = 47) tested usi2d4 582 markers for 154 genetic diseases and 27
phenotypic traits. In 2028019 were the individuals (n = 169) tested using 239 490
markers. Samples from 2020 and 2@@% 60)obtained 253,330 markers; tested were
for 210 genetic diseases and 35 phenotiits.

We haveexamined the mean COI from the genomic data for the whole CF
population, as well aghe representation of maternal and paternal haplotypes in the

population, and the occurrence of genetic diseases.

2.3.2. Surveysof longevity and cause of dedt

We have created a simple survey using Google Forms and distributed it among
breeders and owners through social medial) magazineand club websites during
2020-2022.In total, we collected B surveys from the Czech Republic (n€land from
abroad (r182). Abroad was represented by 10 counfiidse United States (US; n=38%
the Netherlands (NL; rnd, New Zealand (NZ; n=5), Finland (FIN; n=1), France (FR;
n=1), Germany (GE; n=1), Slovakia (SK; n=1), Belgium (BEL; n=1), Poland (PL; n=1),
and South Afica (SA; n=1).Most records from abroad have been collected from the
Cesky Fousek Database (n 35), however, these records were sometimes incomplete
and, in some cases, did not show@@D, the type of housingand/or environmenthree
individuals fran abroad have been stolen or lasid they are presumed dedtese
animals have been excluded from the longevity calcula@énis a hunting breed and
due to this fact, there is a higher possibility of injury and/or early d&agaCOD for
these animalkas been marked a@nfi a ¢ ¢ i The entironment where each dog lives
was divided intowo categories rural, andsuburbafurban. Housing was divided into
threecategorie$ inside the house, outside, and combinati®@D was divided intdive

main catgoriesi cancer other health problemaccident (injury, poisoning)natural

deah; euthanasia due to ecleecomplicatons The category of fiother
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was further divided into 15 subcategoriekidneyliver failure; movement issueseart
attack or other heart problenstroke; swallowng a foreign object; infection; spine
damage/spondylosiseizure (diabetic or other); digestive problems; collapse; breathing

issues; posbperation complicationgysts mental issuesgnd anunspecified illnes

2.3.3. Statistics

The statisticahnalyses othe surveys have been done in Statisticfl13]. We
have examined basic descriptive parameters of the CF populatiean, standard error

of the mean, standard deviation, min, max, median, Qla@Roefficient of variation

We also examinethepossibledependenceof ageonhousing, environmengOD,
sex, and originSimilarly, for Fx we evaluated possible dependenca €0OD, sexand
origin. We examinedhe correlation between age arkk using the Spearman ank

correlationcoefficientandthe Pearson cortation coefficient

Using main effecANOVA, we evaluatedhe difference between age and three
effectsi housing, environmengndCOD. The assumption foANOVA has been tested

(normality of data and variancehomogeneity.

The Fx calculated for 10 genemats was taken from the CF database
[ceskyfousekpedigrees.orgQrigin was divided into two categories, Czech and abroad,
according to the place where the dog lives/lived. For example, individuals exported from

the Czech Republic to a different countryrev@ssigned to that country.
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3. Results

3.1. Resultsi Study 1. Genetic variability of a small canine

population (Appendix 1)

Each individual had maximally 20% of missing data (S1 Table). All genotypes
can be found in Tabl81 The highest number of allelesrpecus (Na) was found in DD
(Na = 6.222; Table 1). The highest Ar value was found in GSP (Ar = 5.304) and the
lowest in BWPGCA (Ar = 4.723), with CF showing an intermediate value of Ar = 5.245
(Table 1). The K ranged between ¢1= 0.669 (in CF; Table 1)mal Ho = 0.639 (in
BWPGCA).

Table 1. Descriptive genetic parameters for all studied breeds. CF = Cesky Fousek; DD = Deutsch Drahthaar;
GWP = German Wirehaired Pointer; BWPGCA = individuals of Bohemian Wirehaired Pointing Griffon Club

of America; WPG = Wirehaired Pointing Griffon; GSP = German Shorthaired Pointer; SE = standard error; n
= number of individuals; Na = average number of alleles per locus; Ar = allelic richness; He = expected
heterozygosity; H o = observed heterozygosity; HWE = Hardy-Weinberg test for heterozygote deficiency; Np
= number of private alleles; Fis = coefficient of inbreeding; The significant values for heterozygote deficiency
test are marked with asterisks: * P<0,05** P<0,01** P<0,001; ns P>0.05.

Breed n Na Ar He Ho HWE Np Fis
T e S eas goTooE . 5 000
D w SR osw G0 O . s 002
G S0 osme 08 0w s OO
SR s 4B a G5 OE w4 000
e 20 T 512 Gog G 6 Gowm
T M T 5304 e Gom S 4 oy

The highest value ofi§was found inthe WPG breed (k = 0.061; Table 1). The
lowest value of s was found inthe GSP breed (E=-0.004; Table 1). In CF,&= 0.005.
Values of the HardyWeinberg heterozygote deficiency test show that there is a
significant lack of heterozygotes in DD. Values afr [ealculatedfor each pair of
populations are stated in Table 2. The values indicate that the breed of CF is less
differentiated from BWPGCA (& = 0.030) than from DD an@WP (Fst= 0.086/0.077).

The highest differentiation was found between the breed of GSP and BA/fsr =
0.144).
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Table 2. Pairwise differentiation index (F s1) for all pairs of studied populations. CF = Cesky Fousek; DD =
Deutsch Drahthaar; GWP = German Wirehaired Pointer; BWPGCA = individuals of Bohemian Wirehaired
Pointing Griffon Club of America; WPG = Wirehaired Pointing Griffon; GSP = German Shorthaired Pointer.

Breed CF BWPGCA WPG DD GWP
BWPGCA 0.030
WPG 0.118 0.135
DD 0.086 0.119 0.116
GWP 0.077 0.110 0.124 0.036
GSP 0.114 0.144 0.117 0.091 0.115

The genealogical tree shownkigure 4 proposed three differentiated groups; one
containing CF, and BWPGCA, where most BWPGCA thesinner lineage of CF. A
second group contained WPG and GSP, where somes@ktheinner lineage of GSP,

but mainly from their own clustelhe kst goup consisted of DD and GWP (Eig4).

CF

BWPGCA

WPG

DD
GWP
B GSP

004

Figure 4. Genealogical tree of individuals based on a matrix of minimum genetic distances according to Nei
(1972). Blud Cesky Fousek, dark greertindividuals of Bohemian Wirehaired Pointing Griffon Club of
America, redt Wirehaired Pointing Griffon, orange 1 Deutsch Drahthaar, pink t German Wirehaired Pointer,
purple + German Shorthaired Pointer.
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All three groups are also differentiated by FCA, watlparticular overlap of
clusters (Figre5). Although it seems that WPG @iGGSP breeds cluster together, from a

different perspective wean see that they are wdliffferentiated (Figre S3).

Factorial Correspondence Analysis - axes 1 x 2
1,5

©CF OBWPGCA AWPG XDD XGWP OGSP

Figure 5. Genetic distances between individuals and populations, based on Factorial Correspondence
analysis of 18 microsatellite loci performed in GENETIX software. CF| Cesky Fousek, DD Deutsch
Drahthaar, GWPt German Wirehaired Pointer, BWPGCA| individuals of Bohemian Wirehaired Pointing
Griffon Club of America, WPG | Wirehaired Pointing Griffon, GSP | German Shorthaired Pointer.

A higher resoltion was achieved using Bayesian clustering analysis in Structure.
Usingthemethod of Puechmaille [33], the highest support was obtained for K =@€Fig
S2) wherethe meanmembership coefficient for each cluster differentiated all breeds.
Considering eeh individualseparately, some degree of shared ancestry between CF and
BWPGCA and between DD a@\WP is visible (Figre6). On the other hanthemethod
of Evanno [32] supported K = 2 as the besmber of clusters, where the first group
consisted of Cland BWPGCA and the second gratgnsisted of the remainder of the
studied breeds (Fige S2). The first group represented approximatedyf of the dataset

which might bias the analysis.
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Figure 6. Bayesian clustering analysis of six studied breeds based @ 18 microsatellite loci. CF Cesky
Fousek, DD| Deutsch Drahthaar, GWPt German Wirehaired Pointer, BWPGCA | individuals of Bohemian
Wirehaired Pointing Griffon Club of America, WPG | Wirehaired Pointing Griffon, GSP | German
Shorthaired Pointer.

3.2. Resultsi Study 2 Causative factors of a complex genetic

diseasgAppendix 2)

3.2.1. Population Genetic Structure of aRFA Affected and Control

Individuals

We first inquired whether aRFA individuals appear evenly distributed among
populations. Even though a certain level of gerdgifferentiation between the Czech and
the North American populations exig&/], the @ase and control samples were evenly
distributed across the whole dataset (Figuta) Shus, we decided to use all samples for
the GWAS analyses. We also checked for a possible batch effect since the samples were
genotyped in different years and the gepoty array had been updated. No batch effect

was identified, as shown in Figurdts

3.2.2. Case/control GWAS

To identify genetic variants associated with aRFA, we performed GWAS, using

the presence/absence of aRFA as a predictor of phenotype. Our mainbnagun
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case/control GWAS analysis revealed a significant association with aRFA on
1 9 § (TaBle3=Figure7)0 X thd topted SNPs, six are located
on chromosome 8 and five of these are within the region 43,34%.82®0,000 bp.

chr omosome

Genotyes and their frequencies for the top SNPs on chromosomes 19 and 8 are shown
i n Table 2. The | (e« = 1.01)
well. The significance threshold was based on the Bonferroni correction (alpha =-0.1; cut
of f =

other identified variants are considered suggestive.

ambda val ue s h

1".9.1081ly the clrI® association can be considered significant, while the

The distribution of genotypes for the chromosome 19 association shows that 59%
of controls are of genotype AA whilenly 27% of cases are of the same genotype, and
nearly 19% of cases are GG compared to only 6% of controls. For the chromosome 8
association, the highest proportion of cases (70%bheegenotype GG compared to only
44% of controlgTable 4).

Table 3. Case/control GWAS results show chromosome (Chr), SNP name, position (bp), allele frequency,
and raw P-value for the top twenty SNPs. One significant SNP was identified on chromosome 19. The

interrupted line represents the Bonferroni cut -off.

Chr SNP Name Postion (bp) Allele Freq P-value
19 BICF2G630255452 47,856,573 0.333 1.087°¢]
BICF2P465820 43,487,284 0.262 3.10'7°]
TIGRP2P114211 rs854241F 434,942,31 0.262 3.10'7°5]
BICF2523110497 25,810,719 0.205 3.307°%]
36 BICF2P1194573 28,584,717 0.271 6. 7275
30 BICF2G630401492 26,273,661 0.326 8. 07751
BICF2P361090 43,341,287 0.233 8. 9051
BICF2P543725 43,371,261 0.233 8. 90'°5]
BICF2S23137831 43,418,611 0.233 8. 8975
13 BICF2P281837 63,012,417 0.057 9. 61757
BICF2P742566 35,078,147 0.309 9. 8675
BICF2P177234 43,520,222 0.235 1.10741
41 BICF2S23546044 18,45,101 0.310 1.1174]
8 TIGRP2P114933 _rs918762¢ 46,799,348 0.493 1.2474]
31 BICF2P1368177 7,605,782 0.104 1.2774]
31 BICF252443709 7,615,165 0.104 1.2774]
13 BICF2G630745860 61,855,230 0.149 1.2874]
14 BICF2G630521203 10,825,554 0.061 1.36741
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30 TIGRP2P370921_rs876395z 26,977,673 0.233 1.36"4
8 BICF2P1102123 43,411,814 0.255 1.5474]

Manhattan plot - case/control GWAS

10g4alp)

0 1 2 3 4 5 8 7 8 9 10 11 12 13 14 15 18 17 18 20 22 24 26 28 20 32 34 36 38 29 41

‘Chromosome

Figure 7. Manhattan and QQ plot for case/control GWAS. The chromosomes of the nine most significant
SNPs are shown in green. The significance threshold (shown as a purple line) was set based on Bonferroni
correction (cut-Oi | wé wh)5The lamBda kaye is shown in the QQ plot.

Table 4. Genotypes of the two top SNPs from the case/control GWAS for chromosomes 19 and 8. The highest
proportions in each phenotype group are underlined.

No. % No. %
Chr (SNP) Genotype Controls Controls Cases Cases
AA 69 59.0 26 26.8
chrl9
(BICF2G630255452) GA 41 350 53 4.6
GG 7 6.0 17 18.6
AA 16 13.7 1 1.0
chr8 (BICF2P465820) AG 50 42.7 27 27.8
GG 51 43.6 68 70.1
3.2.3. Quantitative GWAS and Additional GWAS Analyses

Quantitative GWAS (QGWAS) and additional GWAS analyses were performed
to find posdble variants associated with the aRFA level of severity represented in our
dataset, as well as the age of aRFA onset. A QGWAS analysis of six phenotypic
categories showed that seventeen of the twenty top SNPs were on chromosome 8 (Table

5; Figure $). Sevea of the top ten SNPs overlapped with those identified in the
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case/control GWAS. Although the significance level of the case/control GWAS was not

met, we considered these suggestive associations relevant as well. The significance

threshold was based on tBenferroni cutoff (alpha = 0.05) for all analyses mentioned

in this section.

Table 5. Quantitative GWAS results show associations with six phenotypic categories. Chromosome (Chr),
SNP name, position (bp), allele frequency, and raw P-value for the top twe nty SNPs. No variant reached the
significance cut-off, and thus these variants are considered suggestive only.

Chr SNP Name Position (bp) Allele Freq P-value
8 BICF2P361090 43,341,287 0.235 4.817°9]
8 BICF2P543725 43,371,261 0.235 4.817°]
8 BICF2S523137831 43,418,611 0.235 4.817°]
8 BICF2P465820 43,487,284 0.263 5. 56"°]
8 TIGRP2P114211 rs854241 43,494,231 0.263 5. 56"°]
8 BICF2523110497 25,810,719 0.207 5. 817°¢]
8 BICF2P17734 43,520,222 0.236 7.367°]
19 BICF2G630255452 47,856,573 0.335 9. 057°¢]
8 TIGRP2P114933 rs91876z 46,799,348 0.495 1.36"°1
8 BICF2S23235533 15,314,523 0.251 1.53"°]
8 BICF2S522921051 15,005,970 0.260 1.567°5]
8 BICF2P1102123 43,411,844 0.256 1.857%5]7
8 BICF2P1109401 43,462,069 0.256 1.85"5]
8 BICF2P146090 43,425,554 0.256 1.8575]
8 BICF2P396875 43,463,543 0.256 1.8575]
8 BICF2P755461 43,441,286 0.256 1. 8575
8 BICF2P762487 43,454,904 0.256 1. 8575]
8 BICF2222932019 46,809,268 0.493 2. 18"5]
31 BICF2P1368177 7,605,782 0.102 2.58"°]
31 BICF252443709 7,615,165 0.102 2.58"°]

The genotypes of each phenotypic group for the top SNP (chr8, BICF2P361090)

are presented in Tabe Some groups consistlofv sample numbers, and thus we cannot

draw any defini
rati o of i ndi vi
fiL40 show t hat

comparatively lower frequency in all groups (Tabje

36

te conclusions (Aiheado and
duals with AA and CA genoty
mo st i PAA.iThel GCwenbtye exlabitsray t h e

f



Table 6. Genotypes for the top SNP (chr8, BICF2P361090) from the QGWAS for each of the six phenotypic
categories, with percentages shown in parentheses. The highest proprtions in each phenotype group are
underlined.

Healthy Head L1 L2 L3 L4
N (S T () W (1) W (15 B 1)
AA 52 (47) 1(33) 4(67) 14(50) 43(88) 15(79)

Chr (SNP) Genotype

chrs CA 46 (41) 2(67) 1(17) 13(46) 5(10) 4(21)
(BICF2P361090)  cc 13(12) O 1(17) 0 1(2) 0
missing 0 0 0 1(4) 0 0
total 111 3 6 28 49 19

For the additional GWAS analyses, we found associations with aRFA onset before
2 years of age (Tablg Figure $) and level 4 aRFA (Table5SFigure S). The top SNP
in both analyseswasohad omosome 21 (BICF2G630640798) wi
and P =T fresgestively (TAb@, Figures 8, S7, and Table 5). Moreover, in
the analysis of the early onset before 2 years of age (Talilee result shows a stronger
association (P =8.1 T “Bbr@erronicuto f f = "5 th&n the mdstOsignificant
SNP in the case/ cont §Table3)GWArSsulté 6f the GWAS08 1 1
analyses of individuals older than 6 years and level 2 aRFA showed no significant
associations. The avegragenomic inflation factor for all four additional GWAS analyses
was 1.02 (range 1.0Q.05).
Table 7. Additional analysis (age of onset before 2 years of age) GWAS results show chromosome (Chr),
SNP name, position (bp), allele frequency, and raw P-value for the top twenty SNPs. One significant SNP

was identified on chromosome 21. The interrupted line divides the significant association from the rest. The
UPpT OPI PEEOET wUT Ul Ul OOEWEEU]I EwOOwWUI™t w! 601 1 UULOOPWEOUUI EUDPOO

Chr SNP name Position (bp) Allele Freq P-value
21 BICF2G630640798 47,085,771 0.221 5.01771
23 BICF2523432401 11,113,618 0.377 5. 75"°]
37 TIGRP2P420015_rs870964 20,114,103 0.262 6. 487°]
8 chr8_59707832 59,707,832 0.221 8.667°
37 BICF2G630131116 25,669,986 0.148 1. 07751
15 BICF2G630419811 59,659,531 0.434 1.2275]
23 BICF2P438054 11,110,146 0.352 1.307°5]
21 BICF2G630641744 46,513,869 0.254 1.60'°]
27 BICF2G630139626 42,94,734 0.205 1.92"5]
17 chrl7_40427743 40,427,743 0.426 2.87751
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21 BICF2523427379 46,584,445 0.270 3.07"°]
20 BICF2P1328442 55,962,058 0.320 3.49'°]
27 BICF2P675588 34,378,821 0.295 3.70'"°1
23 BICF2G630386401 13,368,971 0.459 4. 2075]
18 BICF2G630699395 34,387,737 0.484 4, 30 %
27 BICF2G630139599 4,253,386 0.180 4. 40751
27 BICF2G630139609 4,266,185 0.180 4. 4075]
27 BICF2G630139630 4,299,688 0.180 4. 40'5]
27 BICF2G630139642 4,318,805 0.180 4. 40'°1
27 BICF2S23028384 4,247,215 0.180 4. 40'°]
3.2.4. Haplotype Identification

To adequately extend the area on chromosomes where the candidate genes could
be located, we conducted a haplotype analysis. Based on the results of the case/control
GWAS we looked closely at the haplotype distribution on chromosome®, B®, and
36. Table8 shows the results for the most significant haplotypes and the most significant
haplotypes containing the most significant SNPs (from the case/control GWAS). On
chrl9, 4,443 SNPs passed filterjiagd the most significant haplotypmnsisting of the
motif ATGGTCAGGG ' ! masFound in B&% of caseDand 54% of
controls. Asingldb ase ( A or GjhapPtype cotainihg the top thd19 SNP
from the case/control GWAS study was found, with thieadlotype in 55% ofases and
77% of controls, and the-@aplotype in 45% of cases and 24% of controls. On chr8,
6,105 SNPs passed filtering and theé§ most si
was found in 75% of cases and only 49% of controls. A haplotype contalmng t
suggestive chr8 SNP from the case/'§iontr ol C
85% of cases and 62 % of controls. On chr30, 3,922 SNPs passed filtering and the most
significant hapl ot ¥jwas fquainaB% of tasesan®d36B4f I 10
controls. A haplotype containing the suggestive chr30 SNP from the case/control GWAS
has the motif ATAUTCY@IGAs fourR in22%lof cdses ahd 4190 of
controls. On chr36, 2,746 SNPs passed filtering and the most significant haplotype (CC;
P= 3. 59was fbudd in 37% of cases and 19% of controls. This haplotype also
contains the suggestive chr36 SNP from the case/control GWAS.
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Table 8. Haplotypes for chromosomes were revealed by the case/control and quantitative GWAS and
subsequent haplotype analysis. For each chromosome we show the most significant haplotype and a
haplotype containing the most significant or suggestive SNP for each chromosome (marked by *).

Chr bp Haplotype % % P-value
Cases  Controls

8 fg%‘glé’z;‘zvl AAG 75.0 494 7. 3178
8* 43,463,820413,494,231 GGG 85.0 62.4 2. 2577
19 19,807,69720,172,164 ATGGTCAGGG 84.4 53.9 2. 09"
19* 47,856,573 A 54.7 76.5 2.037°9]
19* 47,856,573 G 45.3 23.5 2.037°]
30 26,126,94626,143,675 GCGA 15.8 35.5 5. 047°¢]
30* 26245,54526,328,881 ATACAGGA 21.5 41.3 1. 4575
36* 28,573,70428,584,717 CcC 36.7 18.8 3.5373%]

3.2.5. Candidate Genes ldentified by GWAS

Using the results of the different GWAS analyses with subsequently constructed
LD plots (Figure S5) and the abovementd haplotype analyses, we identified 144
potential candidate genes withiniagd2Mb window using the most significant and several
suggestive SNPs on each chromosome (11 genes on chrl9, 61 genes on chr8, 60 genes
on chr30, and 11 genes on chr36) (FiguBeaBd Table 6). Given the nature of aRFA
and the available scientific information regarding RFA and otherimitammatory
alopecic disorders in dogs, we focused mainly on genes associated with circadian rhythm
and keratin metabolism. We identified eiglengs that met these criteria (CSNK2A1,
PIF1, RORA, TCF12, FUT8, ZFP36L1, RNF111l, SNX22) [www.genecards.org;
www.pathcards.genecards.org]. The mRNA expression of four out of the 144 GWAS
candidate genes &deen previously associated with different HC sta@feloged
GULP1, anaged PCLAF, PIF1, TLN2)[119]. A spreadsheet summarizing all GWAS

candidate genes is shown in Tab& S

3.2.6. Histopathological Phenotyping and Sample Selection

To identify a precise histological phenotype of aRFA, we examined skin biopsies
of aRFAaffected and control dogs. The hiswgiltal phenotype in all biopsies from the
control dogs as well as samples of unaffected haired skin from alopecic dogs was

histopathologically unremarkable (Figus8). HFs were predominantly in anagen, and
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the inferior portion of the HFs extended deep ihi panniculus. Few follicles were in
telogen or kenogen. Sebaceous glands appeared normal, and the epidermis was

unremarkable.

All biopsies from the affected skin of alopecic animals displayed similar features
previously described in typical RFA casegy(ffe 8Bi F). Anagen follicles were absent.
Infundibuli were moderately to severely dilated, sometimes appeared long, and were
filled with abundant orthokeratotic keratin, which was laminar to compact and extended
into the openings of the secondary follcle r es ul t i n g -likeappeararicavi t c hd s
(Figure8E). The follicular parts proximal to thafundibula were shortened and limited
to the dermis (Figur@Bi E). In some sections, rare telogen (Fig8@) or kenogen
(Figure8F) follicles could be idetified but often only the outer root sheath was visible
and a definitive follicular stage could not be assigned (FigBid). Atrophic follicles
were present in some biopsies (Fig8if¢. A mild distortion of the HFs could be observed
(Figures8Bi F). Thesebaceous glands appeared multifocally prominent. The epidermis
was mildly hyperplastic and covered by mild to moderate bask&ate, orthokeratotic

keratin. Excessive pigmentation was not seen.
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Figure 8. Histological representation of biopsy samples fro m control skin from unaffected dogs (A) and
affected dogs (Bt F). Note numerous anagen hair follicles in A identified by the presence of numerous hair
bulbs (black arrows). In aRFA, infundibuli (gray arrows) are moderately to severely dilated ( B, C, E) and are
filled with abundant keratin, which extends into the openings of the secondary follicles, resulting in a
?bDUET gike adpéalaite E). The follicular parts proximal to the infundibuli are shortened and limited
to the dermis (BtE). A few telogen follicles (C, white arrow) or kenogen follicles ( F, white arrow) can be
identified. Follicular atrophy may be seen (F, black cross). A mild distortion of the HFs is observed ( BtF).
All samples are stained with hematoxylin and eosin (H&E) and the scale bars represent 200 microns.

3.2.7. RNA Sequencing Analysis

Singleend sequencing of the fifteen RNA libraries produced a mean number of
37 million (M) reads per sample on average (range43M). The mean percentage of
reads uniquely mapped to the genome was 90.129¢ing from 87.5091.59%. Among
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those, 80.84% on average mapped to the annotated canine transcriptome (rangje: 75.65
86.25%), resulting in 26 M counts per sample on average.

To identify genes that were differentially expressed in alopecic and healthy skin,
we conducted a transcriptome analysis. A PCA plot was constructed based on gene
expression profiles (controls n = 6; normal skin of affected dogs n = 4, alopecic skin of
affected dogs n = 5) and demonstrates distinct clustering of samples from consrol dog
and biopsies of unaffected skin from affected dogs compared to alopecic skin of dogs
with aRFA (Figure9). Based on these clear clustering results, we combined samples from
control dogs and healthy skin samples from dogs affected by aRFA (n = 10) gratedm
those with samples of affected skin from dogs with aRFA (n = 5) for further analysis.
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Figure 9. Principal component analysis (PCA) of samples demonstrating clustering based on expression
profiles plotted against the two most variable components (P C1 and PC2). Samples from control animals
(red) and normal skin from affected animals (green) cluster together, whereas samples from alopecic skin
from affected animals (blue) are clearly separated from the clusters representing normal skin but show a
high er inter-group variability.

We identified a total of 1435 DEGs with an adjustedaRie of < 0.01. Of these,
669 genes (46.6%) were downregulated, whereas 766 (53.4%) genes were upregulated in
alopecic skin samples from affected dogpgendix 3. Of all deregulated genes, 135
were strongly upregulated with a log2fold change of at leasin@ 101 genes were
strongly downregulated with a log2fold change of at leagfppendix 3 . Twenty fiwv
of the DEGs hs previously been associated with HF morphogenesis or HC in the
literature (Table). With the exception of DLX5, LGR6, and NFATC2IP, all of the-HC
associated genes were downregulated and most of them were associated wilTthe W

or SHH (Sonic Hedgehog) pathway. Only four genes could be considered strongly
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downregul at ed, however
and 1T2.899; Tabl e

Table 9. Differentially expressed genes associated with a role in hair follicle (HF) morphogenesis and the
hair cycle (HC) identified by transcriptome analysis comparing unaffected skin of control dogs and dogs

on t

affected with aRFA (n = 11) with alopecic skin of dogs with aRFA (n = 5).

he

| ower

Gene

Signaling

Full Gene Name Described Fundion Log2FC
Symbol pathway
CTNNB1 catenin beta promotes HF growth WNT T0. 49
Cutl1, cut like inhibitor of HF - \
cuxl homeobox 1 differentiation NOTCH r0.89!
DLX1 distatless homeobox 1H.F cyclmg_and WNT T2.121
differentiation
DLX2 distatless homeobox 2H.F cyclipg_and TGFb T1.85:
differentiation ' ‘
. HF cycling and -
DLX3 distatless homeobo8 . e WNT r1.15.
differentiation
DLX5 distatless homeobox 5H.F cyclipg_and BMP 1.026
differentiation '
FGF5 gbroblast growth faCtO'catagen induction FGF T2.891
FOXE1l forkhead box E1 il HF stem cell (S(gy, T1.57!
HF development, HS  WNT, BMP, _
FOXN1 forkheal box N1 differentiation SHH 1. 471
FzD2 frizzled class receptor receptor WNT pathway WNT 1T0. 94
FzD3 frizzled class receptor receptor WNT pathway WNT TO0. 97
GLI2  GLIfamily zinc finger 2~ SC refated SHH 10.92°
transcription faar
HHIP hedgghog Interacting HF organogenesis SHH T2.18!
protein
HOXC13 homeobox C13 HS differentiation WNT T1.73:
JAG1 Jagged 1 HF maintenance Notch T0. 66!
Lep1  ymphoid enhancer o e rentiation WNT T1.631
binding factor 1
leucinerich repeat e
LGR4 containing G protein deIgys_HC, 'nh'b'ts WNT 10.464
activation of follicular SC
coupled receptor 4
leucine rich repeat : .
LGR5 containing G protein follicular SC marker; WNT T1. 43I

Coupled receptor 5 anagen initiation
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leucine rich repeat
LGR6 containing G protein  SC associated marker WNT 1.145
coupled receptor 6

HF differentiation, SC

LHX2 LIM homeobox 2 . WNT T1.37°
associated marker
MSX2 Msh homeobox 2 HS differentiation BMP T1.45.
NCAML neural cell adhesion exp_ressed in dermal EGE i1 64"
molecule 1 papilla

nuclear factor of
NFATC2IPactivated T cells 2 aging of HF stem cells 0.332
interacting protein

HF development and

: SHH 1T2.00:
cycling

SHH Sonic hedgehog

HF development and

: SHH TO0O. 85!
cycling

SMO Smoothened

An analysis of the dereguéd genes showed that some (n = 12) were associated
with vitamin D and steroid hormone metabolism; however, of these only HSD3B2 could
be considered strongly upregulated (Tl
Table 10. Differentially expressed genes associated with either vitamin D or steroid hormone metabolism

comparing unaffected skin of control dogs and dogs affected with aRFA (n = 11) and alopecic skin of dogs
with aRFA (n = 5).

Gene Symbc Full Gene Name Function Log2FC
cytochrome P450
CYP27B1 family 27 subfamily E actvates vitamin D3 T1.6
member 1

cytochrome P450
family 2 subfamily R

Cytochrome P450

CYP2R1 major vitamin D25hydroxylase 0.980

7-alpha hydroxylation of 24 -

CYP39A1 Family 39 Subfamily 1 0. 8
A Member 1 hydroxycholesterol
cytochrome P450
CYP51A1 family 51 sub&amily A cholesterol biosynthesis 0.712
member 1

converts 7dehydrocholesterol
(substrate for vitamin D formatior 0.719
cholesterol)

7-Dehydrocholesterc

DHCR7
reductase

nuclear receptor, expressed in the
ESR2 estrogen receptor z in outer root sheatldermal papilla, T 1 . 2
matrix cells and in the bulge

HsD17R2 L/P-Hydroxysteroid jnactivation of estrogens and 1 gg1
dehydrogenase 2 androgens: converts
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estradiolto estronetestosteronéo an
drostenedione, and
androstenedidlo DHEA,; activates
the weak progestogen @0
hydroxyprogesterone into the pote
progestogen progesterone

17b-Hydroxysteroid androgen catabolism: convert 3

HSD17B6 alphaadiol to dihydrotestosterone 0.762
dehydrogenase 6 .
and androsterone to ephdrosteron
HSD17B7 17b-Hydroxysteroid biosynthesis of estrogen and 0.687
dehydrogenase 7 cholesterol
hydroxy-delta5-
HSD3B2 steroid dehydrogena: biosynthesis of all cl_asses of 5 406
3 beta and steroid hormonal steroids
deltaisomerase 2
RXRG retinoid X receptor increaseshetranscriptional functiol P11
gamma of VDR
nuclear transcription factor, abser
VDR vitamin D receptor leads to defects in HF regeneratic T 1 . 2
and alopecia
3.2.8. Functional Classification of DEGs

The online Reactome pathway analysis revealed that amongst the genes
downregulated in the skin biopsies, theransoverrepresentation of pathways involved
in the organization and assembly of the extracellular compartment and signal
transduction. For the latter specifically, 17 downregulated genes identified were involved
in the SHH and WNT signalingathways (Tabl®). Pathway analysis of the upregulated
genes identified that 251 genes (33%) were involved in metabolism generally, whereas
135 (18%) of the upregulated genes were specifically related to the metabolism of lipids.
Among the most relevant pathways idestfifor up and downregulated genes, no

common pathways were found (Tablésghd 3B, respectively).

3.2.9. Protein-protein Interaction Analysis

To discover functional connections between GWAS candidate genes and RNA
seq deregulated genes, we conducted a prpteiein interaction analysis in STRING.
The GWAS candidate genes showed enriched prpi@itein interactions. Specifically,
they were predicted to be connected in six clusters of more than three proteins each
(Figure 9), altogether comprising 96 interamti edges (significant enrichment of
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interactions; observed N edges = 96, expected N edges =28, Pu e < YAwe0 |
identified very limited overlap between the 144 GWAS candidate genes and the 1435
DEGs in the skin biopsies. Only 11 identical gef8C25A3, GTDC1, ARG2, PAPLN,
RAD51B, RDH11, HACD3, LACTB, SNX1, TPM1, TRIP4) were identified in the
GWAS study and RNAseq experiment and their overlapnenot significant (Pvalue =
0.61, Fi sher 09).Moreavar,tno finetisnal confeaid beteveerbthe 11
identical genes were found. Due to the lack of overlap between GWAS candidates and
DEGs, we speculated that they may be linked at the level of functional processes. This
would mean that genetic changes identified in the GWAS analysiftectso gene
expression shifts of the interacting protein partners. Thus, we sought evidence that GWAS
candidate genes d with the DEGs, which would identify the molecular processes related
to aRFA. We took advantage of protein interaction information ftben STRING

dat abase, which provides an estimate of
[116]. For each GWAS candidate, we searched for the presence of STRING interactors
with proteins coded by DEGs. To focus only on genes with a likely stroamgaact on

aRFA, we limited our list of DEGs to those strongly deregulated in the skin biopsies,
exceeding the Log2FC value of +/712. Fol |l
144 GWAS candidates, 40 were predicted to interact with at least tme286 strongly
DEGs. In fact, thirteen interacted with more than one strongly DEG (Figiire
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Figure 10. Interactions of GWAS candidate genes (green) and STRINGassociated strongly differentially
expressed genes colored by their level of expression.We used only medium confidence associations and
higher (increasing thickness of lines connecting genes indicates greater confidence). Colorful bubbles
represent the metabolic pathways common for each cluster of genes.

Several large STRING clusters wereritiBed in this analysis (Figures0 and
S10). The largest of these clusters were centered on collagen formation, muscle
structure/contraction, the immune system, and lipid metabolism. Some of these cohorts
were already seen among the most significanttional pathways of deregulated genes
(Table9 and TablelQ). Taken together, STRING analysis supports our hypothesis of

distinct molecular functions being involved in the pathogenesis of aRFA.
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3.3. Resultsi Additional analysesof health in CF (paper in
prep.)

3.3.1. Longevity, cause of death statistical evaluation

The medianlongevity of theCF breedidentified from all the recordsvas 1..24
years(Table 11) In the Czech Republiwas themedianlongevity11 43 years including
dogs that died ainacciden{Table 1). Without these animals was timeedianlongevity
11.7 years In abroad was theedianlongevity 11.19yearsincluding animals that died
of anaccidentand stole/lost animalqTable 11) Without these animals was thedian
longevity11.70yearsThemea | ongevity for the whole popu
records) was 11.74 yeai®he oldestlog in the Czech population lived up ta23years,
andthe oldest dog in the whole CF population lived up t@238ears(Table 11).

The main type of housing iabroadwas found to beénside the housen(= 39;
84.80 % of answered surveys) compared to the Czech Republic, where the main type of
housing is an outside kennel £ 56;50.90% of answered survey®r combination of
the kennel and indoora € 32;29.10% of answered surveyfFigureS11). The dogs are
held mostly in rural areas in both, the Czech Republic 93;86.10 % of answered
surveysland abroadn(= 27;60 % of answered surveyBigureS11).

The basic descriptive parameters fefationshig beeween age and categories
environment, housing, COD, seand origin are stated in Table 11.
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Table 11. Table showing basic descriptive parameters of the CF population from survey data in connection to age. n + humber of observations; % - percentile of observations;
Mean ¢ mean age; Mediant median age; Min ¢+ minimal age; Max ¢+ maximal age; SDt standard deviation; SE ¢ standard error of the mean; VC ¢ coefficient of variation; Q1
t 25% quantile; Q3+ 75% quantile; First sectiont an environment where the d og lives; Second sectiont housing of the dog; Third section ¢+ cause of death; Fourth sectiont
sex; Fifth sectiont assignment to Czech or abroad population

n % Mean Median Min Max SD SE VC Q1 Q3

Rural 120 78.43 11.25 11.65 044 1723 345 032 30.69 927 13.99
Urban/suburban 33 2157 11.72 12.53 441 16.00 2.85 0.50 24.37 10.47 13.47
Inside 61 39.10 11.84 12.49 215 1825 310 040 26.22 10.11 13.66
Outside 61 39.10 11.05 11.71 044 1723 395 051 3575 09.08 14.17
Combination 34 2179 11.26 11.48 734 16.02 251 043 2235 09.13 1341
Cancer 71 2731 10.54 10.69 1.00 16.23 249 0.29 2357 9.02 12.28

Other health problem 89 34.23 9.50 9.88 044 1723 391 041 4118 7.09 12.70

Accident 36 13.85 6.90 7.28 0.78 1559 3.72 0.62 54.00 3.93 9.20
Naturdly 36 13.85 13.63 14.01 9.70 1825 191 0.32 14.02 12.38 14.88
Euthanasiage 28 10.77 13.89 14.00 1144 16.31 134 025 9.61 1279 14.98
Male 182 57.23 10.37 10.85 0.78 1825 3.71 0.28 3579 8.15 13.29
Female 136 42.77 10.56 11.48 044 1723 394 034 3730 796 13.77
Ccz 136 42.77 10.96 11.43 0.78 1723 341 0.29 31.14 876 13.73
Abroad 182 57.23 10.07 11.19 0.44 1825 4.04 030 40.12 7.62 13.10
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Using main effecANOVA, we testedhe dependence of agend environment,
housing, COD, sexand origin The dependencen age was found significamnly for
COD. The subsequent posthoc testofgCOD was done usinthe Tukey HSD test. It
was found thathere is not a statistically significant difference betweancer andhe
Aot her heal t hly the differenearbétweerSnatodyihgamd euthanasia
due to old age complications was found insignificdiie rest of the relationships have
been found significanfll p-values are shown in Table 12.

Table 12. Posthoc testing of COD categories. The gnificant p-values are printed in bold. The average age
in each category is stated in brackets.

other _
_ euthanasia
cancer health accident natural
old age
(10.9y)  Problem (7.3y) (13.4y)
(13.9y)
(10.7y)
cancer 0.998 0.003 0.022 0.003
other health problem 0.998 0.006 0.011 0.001
accident 0.003 0.006 0.00002 0.00002
natural 0.022 0.011 0.00002 0.980
euthanasiaold age 0.003 0.001 0.00002 0.980

The basic descriptive parameters for relatiorshgiweennbreeding Ex for 10
generationsand categorie COD, sexand origin are stated in Tabl8. Minimal Fx was
often foundequal t00.00, these individuals were often tine first generations after

anoutcross.
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Table 13. Table showing basic descriptive parameters of the CF population from survey data in connection to the value of inbreeding (Fx) coefficient calculated for 10
generations. n + number of observations; % - percentile of observations; Meant mean Fx; Median + median Fx; Min ¢+ minimal Fx; Max t+ maximal Fx; SDt standard deviation;
SE¢ standard error of the mean; VC ¢ coefficient of variation; Q1+ 25% quantile; Q3 ¢+ 75% quantile; First section+ cause of death; Second sectiont sex; Third section ¢
assignment to Czech or abroad population

n % Mean Median Min Max SD SE VC Q1 Q3

Cancer 69 28.16 5.76 5.19 0.00 15.87 3.77 0.45 65.57 2.33 8.20

Other health problen 84 34.29 6.14 5.06 0.00 20.77 4.33 0.47 70.49 2.34 9.81

Accident 33 13.47 7.07 7.01 0.00 20.77 4.40 0.77 62.27 4.74 8.36
Naturally 33 13.47 5.07 4.28 1.07 10.49 2.77 0.48 54.76 2.88 6.75
Euthanasiage 26 10.61 5.24 3.75 0.00 14.73 4.37 0.86 83.36 2.28 8.36
Male 172 57.14 5.98 5.34 0.00 20.80 411 0.31 68.67 2.45 9.06
Female 129 42.86 6.27 5.38 0.00 20.77 4.28 0.38 68.38 2.78 9.48
Cz 124 41.20 4.94 4.48 0.00 15.87 3.02 0.27 61.09 252 6.75
Abroad 177 58.80 6.92 6.41 0.00 20.80 4.67 0.35 67.47 2.52 9.81
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The dependenamn Fxwas found significant foorigin (p = 0.0004), for COD and
sex was found insignificant (p = 0.43hdp = 0.319 respectively. This meansHhat
individuals fromabroad had a higher average Fx vdlligble 13).

Records foilCOD show thatn the Czech Republic (n ¥16) the most common
cause of deatlvascancer (r= 35; 302 %) Aot her he=aB4OB%HPr obl ema
natural cause of death #23; 19.5 %), accidd (n= 14; 11.9 %)andeuthanasia due to
old age complications (n 10; 8.5 %) In abroad was the most common cause of death
from all answered surveys n144) Aot her h e &hbg 38.2%)rfalldwede mo ( n
by cancer(n = 36; 25 %), accident (n= 22, 15.3 %), euthanasia due to old age
complications (= 18; 125 %), and natural death (n = 13; 9 %Qraphical visualization

is shown in Figure S11.

The most commo®OD from all answered surveys € 260) for thewhole CF
popul ati on wa s e fn@4.28%)rclosalefaldwedby gancer K231 %),
naturalCOD (13.85 %), accident (B.85%), andeuthanasia due to old age complications
(10.77 %) (Table 11).The rumbers of animals in each COD categiryelation to sex

and origin are shown in Figurd 3.

When we | ook closely at the fAother healt't
Czech Republic (= 34) was represented the most a movement impairment10),
liver/kidney failure (n=5), heart attack/heart problem<®), infection (r=5), digeston
problem (n = 4)complications after surgery én1l), cysts (n= 1), mental problerm{n =
1), and unspecified illness énl). In abroad (=55 was the f@Aother heal
group represented by foreign object ingurgitatiorn=(A), infection (n=6), movement
impairment § = 6), spinal damage/spondylosis £n5), seizures (= 5), liver/kidney
failure (n=4), heart attack/heart problem=r2), breathing complications &2), stroke
(n = 1), digestive complications (a 1), collapse (n= 1), and matal issue (n = 1)

Graphical visualization is shown in Figure3S1

We examinedthe correlation between age and Fx usitg Spearman rank
correlation coefficient anthe Pearson correlation coefficierfthe correlation has been
foundinsignificant (Spearm@n p = 0.096; Pearson p = 0.052milarly, the relationship
between sex and COD, and between origin and COD has been found insignificant

(Pearson chsquare test, p = 0.3%hdp = 0.063 respectively).
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3.3.2. Health screening COI, haplotypes

We collected, irtotal, 26 Embarkgenotypedrom individuals from the Czech
Republic (n=191), New Zealand (n=2), atiet USA (n=84).Additional 3 European
individuals were tested for Degenerative Myelopathy (DM) ordynd one additional
individual was tested for DM an#lyperuricosuria, Hyperuricemiand Urolithiasis
(HUU), using a separated genetic test. We discoverddM carriers and 5 carriers of
HUU in the whole tested population. Eight DM carriers were detected in the Czech
population,andninein the US populationTwo HUU carriers have been detected in the

Czech population, two in New Zealagrashd one in the US population.

The average value of COl is 14.3 % for the whole tested population. Maximal COI

reached®5 %, andthe lowesiCOIl was9 %.

In the whole CF popation there were found four maternal haplogro@psb;
Ald; Ale; B) containing ten maternal hapypes(Alla; A228; A250;A288; A458;
A466; A361/409/611 A18/19/20/21/27/36/94/10B1/13; B81) Paternal haplogroups
were detected only twfAla; D), contaning five paternal haplotypg$ila.g§ H1la.17
H1la.18 H1a.8/32/43/44H7.1/6/7. Looking at the Czech population only, there are
represengd all four maternal haplogroups containing eigtaternal haplotype@A228;
A250; A288; A466,A361/409/611A18/19/2021/27/36/94/109B1/13; B81)

53



4. Discussion

We have conducted research of genetic variability on an examplesioiat
populationsizedbreed theCesky Fousefd7]. The values of genetic variability detected
by our study (Appendix 1) can be considered sufficient considering the breed
management and the number of breeding individdde value of Is for CF is one of
the lowestin the studysuggestinghat line-breeding serves its purpose (Table 1). Even
other values of genetic variability parameters were on the level of much larger population
sized breedsT@ble S2). Two reasons for this observation could be 1) the recent out
crossing with GSP and D{®oth in 2000)and 2) good genetic management of the breed
population as a wholélhe breed wardens select three potential males from which a
female owner can select. Such a strong limitation in mate selection is uncommon in other
companion animal breed®ther factors, such as the occurrence of important traits
(including hereditary diseases), play a role in the management decisgds.from
alopecia, CHhasalow prevalence of hereditary diseases in contrast to the situation found
in many other breedsith a small population siZd 20].

The effect of linebreeding was not clearly visible withiihe present data. We did
not test the internal breed structure further because the individual animal membership to
a specific line isset according to the pedigreebhis maychange according tthe
population management needs and can be different fhengenetic origin. Some
individuals are used in more than one line to increase genetic diversity in that additional

line.

CF and DD breds are phenotypically very similar and for as&illed personit
is often impossible to discriminate between these breeds. These two breeds were freely
mixed until 1924 when the studbook of DD was closed. In the case of CF, the studbook
was closed in 960. Even though the history of CF is complicated and included genetic
rescue from the DD and GSP, our study brings clear evidence that recently the genetic

pool of CF is well delimited from these German breeds.

This workshowed evidence that despite diffiet registration systems for DD and
GWP breeds since 1959, both breeds are still close genetically (FO36; Figues 4,5
and6) although the appearance of the individuals can differ markedly (Figure S1). High
genetic similarity between DD and GWP @ated to a high level of admixture between
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the breeds, as DD can be imported to North America and registered as GWP under the
AKC or CKC, but the GWP can never be registered as DD (the German breed club is
against) Obviously, the selection of differentoat colors, which is usually undkid by

a limited number of loc{121], does not outbalance the effects of admixture at the

genomic level.

Since CF has been used itself as aorogs inmnAmerican WPG populatioffirst
timein 1985) we evaluated the genberte@WBGGA)I abi | it
individuals as wellThe reason fathe initial outcross to CF in the WPG breed wagyh
level of inbreeding and@ccurrence ofjenetic diseases (hip and elbow dysplasia, eye
disease, autoimmune thyroiditis) and diminishing hunting abilifi#s From the results
of hunting tests in the US and the personal communication with the members of
BWPGCA (nowadays called CFNAye canconcludethat hunting abilities improved
significantly. The BWPGCA individualsare more differentiated from the original WPG
(Fst=0.135 Table 3 than from CF (Er=0.03Q Table 3. The position of the BWPGCA
animals is not intermediate between CF and WPG but rather shifted toward CF (Figure
5), reflecting different proportiond particular parental breeds within the founding stock.
This is a phenomenon described in other mixed breeds such as Czechoslovakian
Wolfdogs[48]. Our results evaluated the level of inbreeding in WPG by a valge (F
0.061; Table 1) higher than aprevious stug where ks = - 0.027[122]. This difference
may be the result of different loci used by both studibs. inbreedingoefficientof the
BWPGCA individualdowered (ks = 0.002 Table 3 comparedo the WPQFis = 0.061
Table ) so the CF outcross was a success inrtateras well

Our results of survey datshowedthere is a significant difference between
inbreeding leved of individuals from the Czech Republic and abroad. The abroad group
was mostly represented by dofjom the US club(CFNA, former BWPGCA) This
suggeststhat the high inbreeding level of the original WPG stock was successfully
lowered by the CF outcrosses, howeitas still not as low as in the Czech CF population.
We se herea live example of a transition breeding when one br@&®G) slowly
changes into anoth¢€F) due to continuouand numerousutcrosses to th€F breed.
Nowadaysall CFNA individuals have more than 80 % of CF ancestry in their pedigrees

which coresponds with our findings.
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Our second study went deeper into the CF gen@viedfocused on the main health
issue in the breedilopecia(Appendix 2) The breed has been affected by alopecia for
decadesandthe situation used to be much worse than to&agnetimes the affection
was so severghatthe dog had the coat left only on his head and [Elgs.owners did
not know the condition ia heritable disease, thus, they were breeding also with those
animals that showed signs of alopefi2]. Given the breedingnethodwhen distant
breeding of relatives is usdtie alopecia became highly prevalent in the hreatér was
found thatalopecia is a heritable disease atetided thathe coat quality would be
checked evergpringin breeding individualsKCHCF developed a system of evaluation
of the severity of the disease containing five levels-I(B) [36]. Ideally, all affected
individuals should be excludedom the breeding systerithe problem inthis case
however,was that insuch asmall population culd notbe usedextensiveselection
otherwisethe number of breeding individuals wouldcbenetoo low. Thus, n 1980' the
club decided to excludmlyindividuals affected by alopecia levels-L3. L1 individuals
with affection on their earsvere allowed tostay in the breeding systefii2]. The
limitations of that time did not al® scientiststo studyalopeciabeyond a statistical
evaluation ofthe number of affected offspring after affected vs. healthy paigi@is
Although the prevalence of the disease lowered compared to the situation about 50 years
ago, there are still individuals suffering from alopecia. Weee conducted a reseh of
alopecia in CFAppendix2) usingthe GWAS method, based angenomic comparison
of healthy vs. affected individua|86]. Alopecia @RFA) in CF is a disease influenced
by genetic factors. Pedigree analysis shows that aRFA is more prevalent in some families
than in othergan exampleof sucha family is shownin Figure 11) Do s t[Bl76]et al
suggest that aRFA II€F is a recessive disease with incomplete penetrance. They
conducted a simple statistical analysis of the offspring of parents #rat affected,
healthy, or a combination of boff2]. It is believed that the incomplete penetrance is

dependent on environmental factors, such as housing and nutrition.
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Figure 11. Five-generation pedigree of two aRFA affected litters. Full black squares and circles represent

aRFA-affected individuals (square -male, circle-female); red color represents genotyped individuals. In red

writing , there are marked several matings of the same parents (repeated matingt RM).
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The cumulation of affected individuals in the most recent generation (Figure 11)
is similar, for example, to autosomal recessive diseases Trapped Neutrophil Syndrome
and Neuronal Ceroid Lipofuscinosis pattern in Ber Collies [123]. However,
establishinga relidble dominant or recessive heredity pattern of aRFA was not yet
possible due tehe high probability of missing records of alopecic individuals in earlier

generations.

In this study, we identified two significant associations with aRFA in the Cesky
Fousek(chrl9 and chr21) and other suggestive associations on chromosomes 8, 36, and
30. The suggestive associations were used f
these variants may sometimes help us to get more complete information about the
connectbn of the genes to the phenotyp24]. The significance of the GWA#Mentified
variants in our study is comparable to other GWAS studies of complex genetic diseases
in dogs (e.g., lymphoma, elbow dysplasiasizell tumor)[81], suggesting that aRFA
likely has a polygenic inheritance. Even though vsedua withirbreed design, our
dataset was rather small for a complex disease GWAS. Faloanalysis using a larger
sample size is needed to confirm these findings. Interestingly, the region identified in our
study on chr19 maps to chr2 (144,837 107 020,527bp) in the human genome (hg38),
and this region has been associated with male pattern baldr2sgs However, the
significance of this association was relatively low (p = 5.65 *°1081 out of 287
associated regions), and thus there is a possibility that the overlap might have happened

by chance.

In total, we identified 144 GWAS candidate genes based on significant and
suggestive associations on chromosomes 19, 21, 8, 30, and 36. Genotype analysis for the
chrl9 variant (BICF2G630255452) did not reveal a clear pattern between cases and
contols; nevertheless, most of the control individuals were of genotype AA while most
of the cases were of genotype GG and GA, suggesting the G allele is associated with
higher risk for aRFA. The frequency of genotypes on chr8 (BICF2P361090) identified by
QGWAS suggest that the CC genotype is associated with a lower risk of aRFA
occurrence. Proportionally, more individuals severely affectethbylisease (level 3
aRFA and level 4 aRFA) were of genotype AA, while mildly affected (level 2 aRFA) and
healthy indviduals were of genotype CA. The genotype could be a contributing factor

and, alongvith possibleenvironmental factorsnay influence the severity of the disease.
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However, we have no evidence of environmental factors influencing aRFA yet. This

matter isstill needed to be explored.

There are several limitations to the curr@WAS study. One of them is the
uncertainty of the development of aRFA in individuals from the control group. aRFA may
manifest later in life; therefore, some individuals may laterdotassified. Ideally, we
would use only animals aged 10+ years; however, due to the small population size of the
breedthis was not possible. We believe that the lack of an age threshold does not strongly
affect the results of our study, because theage age of aRFA onset for our affected
group was 3.9 years and out of 117 controls only five were slightly under this average
age of manifestation. Another possible limitation is that the causative variants might be
fixed in the population or at a higrefjuency; thus, the GWAS method would not detect
them similaly to the obsessiveompulsive disorder in Doberman Pinchigr26]. In this
case, the identified significant and segtive associations may only be modifiers of the
causative variants. We also need to consider that the Bonferrowifctdr the
case/control GWAS is rather high. There is a discussion about multiple testing corrections
and which cubff threshold to uséo find truly significant resultfl27]. The convention
for the Bonferroni cubff values of very dense arrays of WGS datassp = 5 x 10
However, he Bonferroni corrections often consideretbo conservative anthe authors
either lower the threshold to reduce fatsegative resultfl24,128]or useother means
of cutoff setting such as thealse Discovery Rafd29,130]

Another possible GWAS limitation might be, thatat all SNPs identified by
GWAS impact the function or expression of the nearest gene, even when the SNP is
within the gene itself131,132] An example of such casegene FTO which had long
been identified as obesifssociated in human GWAS studiddespite the most
associated haplotype appeared to localize to an intron of tR€EQubsequerfitinctional
analysisrevealedthat FTO itself hacho direct impact on obesity. Rer, the causal
variants modified expression of two other genes, IRX3 and JR)& then influenced
the state of obesif{t33]. Another examplen humansnay bethestrong chrlow-density
lipoprotein clolesterol [DL-C) association neagenesCELSR2 and PSRCI1This
associationis actually due to a transcriph factorbinding site for SORThene[134]

which is directly connected to the LBC Quantitative Trait Locus [www.genecards.org].
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In GWAS studies of complex disease®ften problematicidentifying specific
candidate genes because the associaedntsfrequentlyfall in non-coding regions
[132]. Thesevariantsprobably influence the disease by altering gene regulation like in
case of bone mineral density in hum@b35] but they are not directly causative is
stated that one third of phenotypssociated SNPs are more than 10 Kb from the neares
gene (LD is typically <10 Kb) and 15% of them are over 100 Kb from the nearest gene.
[132]. The candidate genes identified in our GWAS were mgsdéged in the integene
regions and within 4 Mb from the top SNP. This range is considered suitable forwithin
breed GWAS studies.

Although there are several concerns about GWASmer!, it is still considered
the best method for detecting associations between SNPs and hereditary diseases, which
can lead to the identification of possible causative genes and vtiantsTo overcome
the limitations of the current study, it is necessary to conduct future research with more
individuals Ideally, several hundred samples of both, affected and healtiwdnals,
and from multiple dog breeds are needed to validate our findings and pinpoint the specific
variants that contribute to aRFA riskubsequently the wholgenome sequences would

help to uncover specific mutations responsible for the disease.

Transciptome analysis revealed 1435 deregulated genes and the vast majority of
these genes are also present within microdissected anagen and/or telogen hair follicles
(HFs)[119]. Anagen is a stage of active growth of the hair cycle (d@Jtelogen is the
resting phase of the HEigure 12) Only 43 (3% of the deregulated genes in the alopecic
skin biopsies of dogs with aRFA have not been identified in microdissected HF,
suggesting that these genes are derived from the HF macroenvironment. The HF
macroenvironment is gaining more and more attention sl well known that the
cyclical regeneration of the HF is not only controlled by factors derived from the follicular

microenvironment but alsioom the dermal macroenvironme36i 139].

60



Anagen Catagen Telogen Early
Anagen

hair shaft

arrector
pili muscle

;

sebaceous gland

74

epidermis

nerve ending,

hair matrix
dermal papilla

|

hair follicle dermis J

A

Figure 12. A simple illustration of th e hair follicle and its surroundings. Shown are stages of the hair cycle
(anagen ¢ active growth, catagen t transition stage, telogen ¢ resting stage), sebaceous glands, dermal
papilla, and arrector pili muscles attached to the dermal papilla. The picture was taken from
[https://smartgraft.com/hair -growth -cycle/].

Among the deregulated genes in our study, 25%d). genes can be identified as
being involved in HF development, specific HC stages, follicstiaim cells $C9, or the
HC. Most of them are relatl to the WNT and SHH pathways, which are known to be
important for anagen induction, promotion, and differentiafib89i 144]. Recently,
Alopecia X, another noninflammatory alopecic disorder with a presumed hereditary
background, was also connected to altered WNT and SHH path8&lySpecifically,
in our study, thirteen genéSTNNB1, CUX1,DLX1, DLX2, DLX3, HOXC13, FOXN1,
FzZD2, FZD3, LEF1, LHX2, LGR4, and LGR5) encoding transcription factors or
signaling molecules of the WNT signaling pathway were all downregulated in affected
skin sampleslt is of interest, the gene CTNNB4 part of the same metabolic pathway
as gene Bpondin2 (RSPO2), which has been previously connected to the development
of furnishings in wirehaired dogq145], however, there has not been described any
connection yetGenesassociated with the SHH pathway, including FOXE1, GLI1, HHIP,
SHH, and SMO, were sb downregulated. Among the genes involved in inhibiting
anagen induction and in the BMP signaling pathylay], only DLX5 was upregulated.
Furthermore, MMP7, an antagonist of the WNT pathway, was also upregulated

indicating that there is likely an active inhibitory component of the WNT pathway
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involved in the HC arrest observed in aRBAG]. Interestingly, genes associated with
the HF stem cell niche, namely GLI2, LGR5, LHX2, and FOXEL1 are all downregulated
suggesting that impaired SC function is associated with thelagenent of aRFA
[144,147,148] It has been shown that HC is dependent on a fully functional SC
compartment38,149] and an altered SC compartment might be responsible for the
extreme short follicles seen in histology. In conclusithee, findings of the RNAseq
experiments are compatible with the results ohikopathological examination showing

a lack of anagen HFs and shortened follicles. &kact HC stage reflected by these
shortened follicles cannot be assigned morphologicBWentually, the downregulated
genes associated with follicular SCs result in a completgtjunctional HC that does
not allow clear HC stages to be defined. This would laéssupported by the histological
observation of nhumerous HFs that have a dystoopppearance. It is, however, still

unclear whether the deregulated genes are the causeconsegjuence of the HC arrest.

Twelveidentical genes were identified in both the GWAS and the transcriptome
analysis. While these concordant findings might yrtphat they represent the core genes
involved in aRFA, we see two reasons that this is not necessarily the case. First, these
genes were not predicted to interact, suggesting that they have roles in very different
molecular processes. Second, although thegenes were classified as differentially
expressed based on the expression significance, their actual expression shift was
negligible (Log2FC ranging between 0.31 and 1.04), suggesting only a subtle impact of

their differential expression on the organism

In addition to the abovementioned DEGs associated with the WNT, SHH, and
BMP signaling pathways 236 DEGs identified in the skin biopsies were predicted to
interact with 40 genes of the GWAS study using the STRING database (Figure 5). They
were associatedith collagen formation, muscle structure/contraction, Lipid metabolism,
and immune metabolic pathways (Figul®). We identified significantly more
interactions than expected in the network (enrichmeratipe < 1.0 x 18). In Figure 10
(and Figure S1)) several regulators of different molecular processes are present, such as
DNA repair (PCLAF aka KIAA0101), cell cycle (CCNB2), cellular and intracellular
trafficking (SLC10A1, HERC1, RAB11A), cell signaling (ITGAV, RGS6, PSENL1), etc.
Some of these regutas might be responsible for the altered function of the interacting
DEGs.
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Lipids have been implicated in three possiblechanisms for disrupting hair
growth[150]. Two of the mechanisms are unlikely in aRFA but one mechanism suggested
in this review, namely that an inherently altered lipid metabolism state may be linked to
the HC by affecting signaling proteins involved in the SHH or WNT pathways, is a
possibility [151]. This assumption is supported by the fact that several genes encoding
for molecules involved in these pathways are deregulated in the skin biopsies of dogs
with aRFA. If these signaling pathways are impaired, due to, for exampera
precursor accumulation, the inductjoand promotion of the anagen HC phase
impossible, resulting in alopecja52]. It was found that obesity had a negative impact
on HF SCs and can cause hair thinnib§3,154] In our study, 30 out of 100 affected
individuals (30 %) were identified as overweight, while only 10 out of 116 controls were
overweight (11.6 %; Table S3). Obesity could be a contributing factor to aRFA in some
individuals. Amongst other lipids, cholesterol is of particular importance for the skin. It
is crucial for keratinocyte differentiation, has an important barrier fumctnd is a

precursor for steroid hormone synthesis in the El&b].

Interestingly, in the skin biopss of dogs with aRFA seven deregulated genes are
encoding proteins, mainly enzymes, involved in sex hormone or cholesterol biosynthesis.
Cholesterol (Dehydrocholesterol) is also a precursor of vitamin D3 (cholecalciferol)
under UV radiatiorj156]. Vitamin D3 is important for the skin. A mutation of Vitamin
D receptors has been previously conngtbeAlopecia Totalis and a knockout of vitamin
D receptors in mice stopped the initiation of the newWH87,155,157¥159]. In our study,
we identified several downregulated genes associated vathitamin D metabolism in
affected skin samples (Tahkl€). Vitamin D has been shown to play an essential role in
the biosynthesis of estradiol in mice and dB0]. It is well known that keratinocytes
are the primey source of vitamin D and its active metabolite is processed in the skin,
supporting local deregulation of the estrogen metabolism partially mediated by vitamin
D [158]. Thus, it might be interesting to explore theerof cholesterol on the HC further
to identify new drugs targeting the control of cholesterol in the skin. Interestingly, genes
associated with sex hormone metabolism were also downregulated in the skin biopsies of
dogs affected by aRFA. The degree to whsex hormone biosynthesis and metabolism,
which involves the hormones and enzymes of the complex hypothafataitaryi
gonadal axis, is associated with vitamin D metabolism and is involved in the pathogenesis
of aRFA remains to be further explored. Ardigted sex hormone metabolic pathway and
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deregulated vitamin D metabolism have also been identified in another alopecic disorder
with a most likely hereditary cau$a8]. Future studies evaluating the nutnis and
hormonal status of affected vs. control dogs would be helpful to gain more insights into

the role played by these pathways.

The muscle structure/contraction metabolic pathway that was identified as another
relevant pathway affecting aRFA might bssaciated with the arrector pili muscles
(APM) (Figure 12) The APM has recently gained attention since it inserts close to the
SC region of the HF, has been associated with impaired HF cytBagin humans, and
is associated with impaired SCs function with Hdg#]. Conversely, the SCs of the HFs
express genes facilitating the formation of tendons and ligaments and estghlisiche
for smooth muscle myoblasts that createAfPM[163,164] The overexpression of these
genes resudtin a poor vascular and nerve supply of the SC niche and contributes to SCs
quiescencgl63]. Our results show mostly a strong upregulation of genes in the muscle
structure/contraction pathway. Moreovegrenes encoding follicular SCs in the skin
biopsies were downregulated further, indicating that in dogs with aRFA this pathogenetic

mechanism may also be involved.

Disrupted immune systemmetabolismmight be a contributing factor to aRFA
occurrence. We ehtified genes involved in the immune system cluster (Figure 10) that
are involved in glucocorticoid regulation, enzymraed ion cellular transport, and
inflammatory responsgvww.genecards.org, accessed on 19 February 2022]. While the
inflammation seen irthe skin biopsies of two individuals is most likely caused by an
impaired epidermal barrier and does not have a primary genetic cause, an altered
glucocorticoid regulation, enzyme function, or ion cellular transport might be associated
with the HC.

When wetook a different approach amdentified genes (out of the 144 GWAS
candidates) connected to the preliminacihpsen metabolic pathways that could have a
connection with aRFA, we discoverddur genes controlling the circadian rhythm
(RORA, PIF1, TCF12CSNK2A1) and foukeratinassociated genes (FUT8, ZFP36L1,
RNF111, SNX22) (Table @. The genes controllinghe circadian rhythm might be
associated with the seasonality of the disease. Besidmlian rhythm metabolism,
melatonin metabolismds also bee discussed as one tife causative factors of RFA

[165]. In the proteirprotein analysis of interacting GWAgnes and DEGs shown in
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Figure 10, Kyneurine 3Monoxygenase (KMO) and its paral@penzyme Q6 (COQ6)
were identified. Interestingly, KMO is part of the nicotinamide adewiimeicleotide
(NAD) biosynthesis Il (from tryptophan) pathway and the tryptopldization super
pathway and thusis directly connected to the melatonin degradatipathway
[www.pathcards.genecards.com, accessed on 19 February 2022]. Althoughndt has
been shown for dogs with aRFA, more than 50% of dogs with RFA respond well to

melabnin treatmenf165].

An effect visible in the pedigreabove(Figurell) is the phenomem of repeated
matings (RM)in CF. In the matings around the year 198Mften seen even fiveMs of
the same parents. This breeding practs nowadays banned with a few exceptidihe
RM makes the Fx calculation a bit more difficult if done by a softwhyerithmbecase
even though the two individuadsefrom different litters theyare in fact full siblingsbut
theyhave a different name so the software does not recognize them as such. The father
of those five RM littersan be also used as example of a popularre overusng. The
malesiredin atotal of 42 litters during his stud dog career (12989)which equals
seven litters per yeafo reduce this breeding practice, the KCHestablished a limit of

allowedbreedingdo four per male per year.

Ouradditiond health analyses wefecused moréroadlyon the health of th€F
breed Our findings revealed only two genetic diseases in the popuiabdh and HUU.
DM is prevalent in manylog breedg[166,167] it is one of the most common disease
variants in the modern dog breeds and the mixed breeds 4liB¢é DM is a
neurodegenerative disease with susggeimilarities to humamyotrophic Lateral
Sclerosis or Lou Gehrigdiseasqd167,168] It is a lateonsetprogressivelisorder the
dogs start to show first signs of weakness of their hind legs arciaOdy@ars of age
[168], and there is no cure, although some positive effect of curcumin has been observed
[169]. The clinical signs appear in individuals homozygous for one specific mutation in
the SOD1 geneThere exist one more mutation, however, it is present only in Bernese
Mountain dogq166]. Previously there have been detedigd DM carriers inthe CF
breed in the US populatiofi20] but there were no available data for the Czech CF
population. One individual oside of the studied populatiom the Czech Republibas
been previously diagnosed with DM by a veterinaff@obably recessive homozygote)

suggesting his parents must hgrebablybeen at least carriers. The pedigree analysis
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showed one more probable DM caryiarfemale whose son was testec &M carrier

and partner tested as healthy. This means the femaiebiglpy a DM carrier as welln

total, we detected®DM (~8.1 %) carriers and one affected individualthe whole CF
population The fact that there was already detected one recessive homonyigbite
mean that thérequency of theecessive DM allelesicreasesn the population and it
could potentially mean another problem for the breteavever, somstudies have shown

that even if the individual is homozygous in ti80D1 mutatedallele, it does not
necessarily mean thatshows signs of the disegd#&6,170] An example came Welsh

Corgi Pembroke (WCP) where eveomozygousndividuals olderthan15 years have
never developed signs of DNI66]. This fact suggests, that ioree breeds might exist a
modifying mechanism that influences the affection and age of onset of the dikédke
Same breeders and breedubs make a mistake and exclude all homozygous and
sometimes even heterozygous animals from the breeding Systérh72]. But when the
animalscarryingthe modifier are excluded, the preventing mechanism might be lost from
the breeding system as watlis unknown how would be the situation in the §iRce
therehas never been artgsting and monitoring. Anyway, it isnwise to exclude all
animals carrying harmful alleles from the breeding system, especially if the breed is of
small population size. In this case would be more effective to test the animals and use all
of them in the breeding system, even the recessiveygoteg166]. The breed wardens

or breedersvould just need to be careful the composition of the breeding pairs and
avoid breeding carriers togethand generating more affected individualbis way, the
genesencoding hunting abilities and other valuable traitsicluding the potential
modifiers, carried by the affected individuals woulie allowed topass to the next
generation and the genetic \afility would not decreasas significantly. One of the
reported causof death in CF was euthanasia due to movement impairment, usually hind
legs movement (~5 % of all records). It is possible, thati;m3 of animals might be
hidden additionateces&ve homozygotesf the SOD1 mutation.However, the average
age of death of these animals in our dataset is 13 years, while in other breeds of similar
size (Chesapeake Bay Retriever, Boxer) was found the age ofdieatio DMto be
around 10.5 yeafd 68]. Thismightsuggest that either the problem in these animals was
not DM but rather differentorthopedicdisease, or the disease is not as progressive in
CFs.Number of records in thisrgup, however,d low (n= 16) which might have caused

a biasin theageof death
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A disease detected for the first time in the CF population was HUU. 14U
recessive Mendelian disorder causedilmyutation inthe SLC2A9 geneand along with
DM is one ofthe most common disease variants in both, mixed breeds and the modern
dog breed$73]. It causes an acowlation of uric acid in the urine and predisposes the
affected individual to the formation of bladder and kidney st¢hEls HUU wasfound
to beprevalent in Dalmatians in such a high frequency, thiaasbecame fixed in the
population and all individuals céedthe HUU deleterious alleld1] until there was used
an outcross to EnglisRoi nter to introduce the Awil do
population pttps://www.luadalmatiarg/orld.com/enus/accessed on 27.6.2022]he
deleterious allele probablyame to the CF breed from a common ance&iace both
Dalmatian and wirdnaired minting dogsareforming same clad¢8], it is possible these
breeds have interbred in the past, resulting in stellelés Neverthelesshe disease has
been found in other breeds from different cladgsvell, suggestg the mutation comes
from even further past, predating the creation of modern dog a1y to DM[41].
In the CF were the thré¢¢UU identified individuals members of one family, and all were
carriers. The club might recommenektingthe individuals and monitorg the HUU

prevalence, hower, the danger for the populatiorrédativelylow.

One of theproblens in the Czech Republic is that theeeders of CF are often
people with trust issues toward genetics. It is hard for them to imagine how the
mechanisms work and thus, they are verypskal about testing their doggth available
genetic testsThis might be a remnant of the recent Czech(oslovakian) history when
during the communist regime genetics has lmegisidereda fibour geoi s pseudo
and thus, the acceptance of genditeng publicgot delayed by approximately 17 years
compared taonSovietcountrieg173i 175]. In abroad the thinking issuallydifferent
and genetic testing is accepted more easily among brekgersin the Czech Republic,
however, the sitation is improving in this matteSpecificallyin the CF the setting of
the breeding system (controlled breeding) does not make the breeders think deeply about
their breeding choices. They simply ask the breed warden for males suitable for their
female.ltis not theb r e e fhutrit$s dnerely a consequence of the controlled breeding.

In other breeds in the Czech Republic is the situation proldifigrent since the

breeding is not controlled or is controlled only moderately.
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The number of sampleseahave tested at Embark arr@yer 250 individuals)
allowed the company to adjuss algorithm of breed assignment for their whole dataset.
Even though the outcross is usedometestedCF individuals it depends on the type of
breeding and chance fo how long will be the alleles prevalent in the descendants. The
Embark test deteetla DD background inree CFfemale Percywhich corresponds with
the DD outcross in the third generation of her pedig8&4 % of CF and 18 % of DD
detected) Her siser, Poly, was detectedwith 13.2 % o f Aunresol vedo
Possibilities of the ancestors according to Embark are DD, Weima@nBrittany.
Since her sister was correctly detectath DD, it is very probablethat the admixed
ancestry in Poly is alsbD with somepossibleaddition of ancient alleles common for
more breeds of pointing dogH calculated mathematically, the amount of the DD
ancestry in tasefemales should be 12.5 % so it is visible the Embark tesery close
to this number, yet idliffers slightly. However, in othemdividuals with an outcross in
their pedigree the Embark test diok mletect the GSP or Déncestry gall, or vice versa,
the Embark test detectedDD ancestryat a high level (20.9 %in onefemalewhere is
no recordof such outcross in her pedigree. In this cdbBere might have been an
unrecorded outcross used in her recent ancestdise ancestry assignmenising
genotyping datas highly dependable on the reference population against which is the
individual teste. If the number of animals in the reference populatidows the results
might beinaccurateHowever, this is not the case of Embark datageire the number
of samplesn each breed iextensive One limitation of the Embark dataset might be the
origin of the samplesSince Embark is an American compaityis probablethat the
animals in the Embark database are mainly from the US. The genetiecumakehese
animals might be slightly different from the European dogs, so a small bias might be
caused # this fact.But this is not the case the CF breed where most of the samples are

from the Czech Republic or the American CFNA club.

Many breeders are against outcrosses because they feel it makes their breed
Al mpur eo. As s hown s{FigureoSythough,ldespite the repeaged anal vy
blending of all wirehaired breeds in the past, the breeds are still well differenfiaged.
breed assignment through Embark test also shows that not every outcross is detectable in
the population after a few geladions.Thi s i s good news for the

shows, that a ongme outcross might be only a shéetm help for the breed. Repeated
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outcrosses are more effective against the increasing level of inbreeding in each generation
[70].

The breed wardens in the KCHCF are people of kndgdehowever, even they
sometimes make a mistake. Maximal Gflculated from genomic daia the studied
population reached up to 25 % which is equah®breeding of two siblings. This is a
very closdevel ofinbreeding and such litter should have been allowed to happen. In
this case appeared two common ancestors, batiei (from mother's side) and™
(from father's side) generation of the pedigtaee-breeding is a great tool for containing
as much genetic variability as possible. Buguth matings are allowed, the inbreeding
level in the lines rises quickly, and the lines would lose their purfosgpite some
mistakes the mean CO[14.3 %) and 10 generations Fx (6.1 f6) the whole CF
population, are adequate for the CF breeding nmhand population sizdt was
hypothesized tha level ofinbreeding has a negative impact on the lifeq3&n176]

We haveevaluatedhis hypothesis with the limited survey records and found that there is
no influence of the inbreeding level on the age inA&lfhough it was found the dogs that

died naturally or were euthanized due to old age complications had the lowest mean Fx
value (Tabé 13), the difference wamsignificant (Spearman rank correlation coefficient

p = 0.0%; Pearson correlation coefficient p = 0.052). Since the Pearson coefficient nearly
reached the significance threshold, it is possitiat more records would lead taore
significant vales.That would suggest that the level of inbreeding does affect the lifespan
as previouslylescribed in other breefsb], and it could be one of the signs of inbreeding

depression.

One of the most commd®OD in the CF population was found to bencer(27.3
%; Table 1). This causehas been found in different breeds of pointing doga high
occurrenceas well (Weimaraner, Gordon Setter, Poin{éB8). It was previously stated
that with a higher inbreeding rate there is also a higher occurrence of fafdeand
that larger animals are more susceptible to caj3¥r CF is a middlesized(by some
authors considered a lardaeed growing up to 66 cm in malé&2 cm in femalesand
the weight up to 3kg. The cacer prevalence seems to be proportional to the CF body
size However, he cancer occurrende the CzeclCF populationcould be influenced by
hereditary factordevel of inbreeding in the breed bubssiblyalsoby the fact, that the
dogs are often workg in crop fields, that are chemically treated repeatedly throughout
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the year. The setting of the dog tastthe Czech Republiequires the dogs to be trained
mainly during springtime when a lot of crops is growing and autumn when a new round
of crops s being sowed and again need to be chemically treated. The dog then must work
in this environment covered up to its shoulderdps@xamplethe mammary glands are
always in contact with the cropsid chemicalsThe mammary gland cancer is often seen

in CF, however, there is no data yet on the prevalence of different types of cancer in CF.

In the abroadCF population was often the veterinary diagnosis more precise in
case of the subcategories of Aother health
seek the proper diagnosis as thoroughly as breeders in abitrexligh inthe UK was
also found, that only approximately 5 % of owners proceeded to autopsy to find the real
COD [53]. The Czech peopleften euthanize the animal because it, for example, cannot
walk anymore, but they do not seek the real COD. Such amicoald have had
spondylosis, DM, HDor other, more rare COD, butetheal cause remains unknown.

The median longevity of CF was found to be 11.76 in the Czech Republic and
11.7 in abroad11.74years for the whole CF populatioffhis is comparable tather
breeds of pointing dogk the UK was found the median longevitpwWeimaraneis 10.3
and 11.lyears[53,178] in Pointer 11.4nd 12.4years[53,178] in Irish Setter 11.and
12 years[53,178] in Gordon Setter 11.9 yeals3], in German Wirehaired Pointer 10
years, in German Shorthaired Pointer 12 years, in English Setter 11.6 years, in Hungarian
Vizsla 12.9 year§l78].

Theoldest recorded CF lived up to 28.years (Table 11), which $everal years
longer than the longest liyrecordedPointer (16.6and 16.4years) Gordon Setter (14.8
and 16.3years) or Irish Setter (12.95nd 15.17ears)[53,178] In Weimaraner were
recorded individuals below (17 and 15.5 ye#$,179) and above (18.8 year;78])
the oldest CF agdn CF, 25 % of dogswereolder than 13.5 years (approximately 80
individuals) which showthatthe~18 yearsold individual is not amutlier.

Unfortunately, in the Czech Republic does not exist a central database of health
andlongevity records from veterinariares it does in other countrie§he only option
how to screen for health problems and longevity is through surveys directly from
breedersThe main limitation inour survey study was the number of records and a
possible bias caed by the type of respondents. Many records were taken from the CF

database, but these records did not contain information about housing and environment
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sometimes eve@OD, thus, the results might be altered. Also, the respondents were more
probably youger people, who are able to work@oomputer However, despite the low
number of records, the results seem to correspond with the fieatibgt people in the

Czech Republic are keeping their dogs in an outside kennel and mostly live in rural areas.

Weare going tocontinue inthecollection of available healtfelated data to obtain
a more robust dataset, and thugreaccurate results the future.
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5. Conclusions

In this dissertation thesjsve reviewed the main problems in genetic variability
evaluation in small populations of dogs. The loss of genetic variability is a problem in
dog breeding in general. All breeds have gone through several bottlenecks during their
evolution and development resulting in a strong decreagenetic variability. This
deagease continues even today. The increasing homozygosity of the dog breed
populations is connected to a higher occurrence of recessive genetic diseases. Some of
these diseases have an equivalent in humans as well, some do not. Either way, studying
the mechaisms of genetic diseases in dogs is a valuable tool for discovering new
treatments and detection methods directly for human disease equivalents or indirectly in

similar human diseases.

Breeds with mall populations are very challenging in terms of maimte
genetic variability. There are many factors at play that chigterhomozygosityin the
population.However, if the breeding is managed properly by people thélmecessary
knowledge, it is possible to keep the breed viable with minimal lossetige/ariability.
One example of a small populatiesized breed, E, we exploredparameters of genetic
variability thatcan be consideresifficient. Asidefrom the aRFA, CF can be considered
a healthy breed despite its breedimgthodthat might bring sme genetic diseases to the
surface. Thenly genetic diseaseketected byurresearchvere DM and HUU, and only
carriers were found. The findingsere brought to the attention of thiereed club
(KCHCF) and action was taken to solve the problem. We dbana enough information
to make any radical steps, so we recommend testing breeding animals and monitoring the

situationas well as collecting more healtblated data in the future.

We haveanvestigated the genetics and the differential geqpeessionsssociated
with alopecia §RFA) in the Cesky Fousek using a unique combinatiotecfiniques
genomewide association study on 216 individuals, RN&gexperiments from skin
biopsies of 11 dogs, and examined the histopathological phemuitgjlmgs with aRR.
This was the first complex genomic study of canine alopecia in dogs usuan an
extensive sample size. Histologically, we found that aRFA is similar to RFA and
compatible with an impaired HC. The mRNA of genes associated with the initiation and

promoton of the HC, as well as of genes encoding for follicular stem cell markers, were
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mostlydownregulated. These findings explain the lack of anagen follicles in the skin of
affectedindividuals. In total, we identified 144 candidate genes from the GWASsmal
(includingboth the significant and suggestive associations) and 236 strongly deregulated
genes fromthe RNAseq analysisUsing the suggestive GWAS candidate genes we
discovered four major metabolic pathwassociated with aRFAcollagen formation,
muscle structure/contraction, lipid metabolisamd the immune system. The findings
from our study suggest that aRFA has a comgénetic inheritance that warrants further

study.

Given the limitations of the GWAS analyses, further genetic studies imgplvi
independentind larger cohorts, including multiple breeds, are needed to validate our

findings andpinpointthe specific variants that contribute to aRFA risk.

The median longevity in CF is comparable to other breeds of pointing dogs. One
of the most common causes of death was found carmerd fiot her heal th
however, more records are needed to verify our results andetzahgatea possible
influence ofthe coefficient of inbreeding othelongevity. A central national veterinary
database woullde very useful to properly evaluate the most common cause of death and

longevity in the Czech populations of dog breeds.

We conclude that CF is a suitable model organism for studying genetic variability
since there is used an unusual type of breedingrgtrolledline-breeding) outcrosses
andprecautionsn the breedinguch as limit obreedingsor males or ban of repeated
matings. Our resultamply the breeding managemeuitthe breedchelps tomaintainas
much genetic diversity as possib&uch infemationcan be usechia small population

of domesticants as well as seaaiptive species of animals

73



10.

11.

12.

References

Perri AR, Feuerborn TR, Frantz LAF, Larson G, Malhi RS,tk&gIDJ, et al. Dog
domestication and the dual dispersal of people and dogs into the Americas. Proc
Natl Acad Sci. 2021;118: €2010083118. d0i:10.1073/pnas.2010083118

Janssens L, Giemsch L, Schmitz R, Street
look at an &d dog: BonnOberkassel reconsidered. J Archaeol Sci. 2018;92: 126
138. doi:10.1016/j.jas.2018.01.004

Serpell J, editor. The domestic dog: its evolution, behavior and interactions with
people. Second edition. New York: Cambridge University Press; 2017.

Freedman AH, Wayne RK. Deciphering the Origin of Dogs: From Fossils to
Genomes. Annu Rev Anim Biosci. 2017;5: P8Q7. doi:10.1146/annureanimal
022114110937

Thalmann O, Shapiro B, Cui P, Schuenemann VJ, Sawyer SK, Greenfield DL, et
al. Comple¢ Mitochondrial Genomes of Ancient Canids Suggest a European
Origin of Domestic Dogs. Science. 2013;342: .
doi:10.1126/science.1243650

Freedman AH, Gronau |, Schweizer RM, Ortdggl Vecchyo D, Han E, Silva
PM, et al. Genome Sequencing Highliglthe Dynamic Early History of Dogs.
Andersson L, editor. PLoS Genet. 2014;10: €1004016.
doi:10.1371/journal.pgen.1004016

Zhang Z, Khederzadeh S, Li Y. Deciphering the puzzles of dog domestication.
Zool Res. 2020;41: 9204. doi:10.24272/j.issn.2098137.2020.002

Parker HG, Dreger DL, Rimbault M, Davis BW, Mullen AB, Carpint&amirez

G, et al. Genomic Analyses Reveal the Influence of Geographic Origin, Migration,
and Hybridization on Modern Dog Breed Development. Cell Rep. 2017;19: 697
708. doi:101016/j.celrep.2017.03.079

Fan Z, Silva P, Gronau I, Wang S, Armero AS, Schweizer RM, et al. Worldwide
patterns of genomic variation and admixture in gray wolves. Genome Res.
2016;26: 168173. d0i:10.1101/gr.197517.115

Range F, MarshalPescini S.Comparing wolves and dogs: current status and
i mplicati onsddmeas thiuaneatni @rs.ed fTr en3d%s Cogn !
doi:10.1016/j.tics.2022.01.003

Mech LD, Janssens LAA. An assessment of current wolf Canis lupus
domestication hypotheses kdson wolf ecology and behaviour. Mammal Reuv.
2022;52: 304314. d0i:10.1111/mam.12273

Morrill K, Hekman J, Li X, McClure J, Logan B, Goodman L, et al. Ancestry
inclusive dog genomics challenges popular breed stereotypes. Science. 2022;376:
eabk0639. di:10.1126/science.abk0639

74



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Streitberger K, Schweizer M, Kropatsch R, Dekomien G, Distl O, Fischer MS, et
al. Rapid genetic diversification within dog breeds as evidenced by a case study on
Schnauzers. Anim  Genet. 2012;43: B986. doi:10.1111/}.1365
2052.2011.02300.x

McGreevy PD, Nicholas FW. Some practical solutions to welfare problems in dog
breeding. Animal Welfar®otters Bar. 1999;8: 32942.

Asher L, Diesel G, Summers JF, McGreevy PD, Collins LM. Inherited defects in
pedigree dogs. Pat: Disorders related to breed standards. Vet J. 2009;18R: 402
411.

Worboys M, Strange, Juli®larie, Pemberton, Neil. The invention of the modern
dog: breed and blood in Victorian Britain. Baltimore: Johns Hopkins University
Press; 2018.

Ghirlanda S, Acerbi A, Herzog H, Serpell JA. Fashion vs. Function in Cultural
Evolution: The Case of Dog Breed Popularity. Bentley RA, editor. PLoS ONE.
2013;8: €74770. doi:10.1371/journal.pone.0074770

Leroy G. Genetic diversity, inbreeding and breedinacpices in dogs: Results
from pedigree analyses. Vet J. 2011;189:1182. doi:10.1016/.tvj.2011.06.016

Summers JF, Diesel G, Asher L, McGreevy PD, Collins LM. Inherited defects in
pedigree dogs. Part 2: Disorders that are not related to breeadrsimndet J.
2010;183: 3945. doi:10.1016/j.tvjl.2009.11.002

Ma&a ki K. Population structure and genetic
Tolling Retriever and Lancashire Heeler dog populations. J Anim Breed Genet.
2010;127: 318326. doi:10.1111/§4390388.2010.00851.x

Urfer SR. Inbreeding and fertility in Irish Wolfhounds in Sweden: 1976 to 2007.
Acta Vet Scand. 2009;51: 21.

Voges S, Distl O. Inbreeding trends and pedigree analysis of Bavarian mountain
hounds, Hanoverian hounds anddlgan hounds. J Anim Breed Genet. 2009;126:
357 365. d0i:10.1111/j.1439388.2009.00800.x

Mandigers PJ, Ubbink GJ, Vanden Broek J, Bouw J. Relationship between litter
size and other reproductive traits in the Dutch Kooiker dog. Vet Q. 1994;1i6: 229
232 do0i:10.1080/01652176.1994.9694454

Oliehoek PA, Bijma P, van der Meijden A. History and structure of the closed
pedigreed population of Icelandic Sheepdogs. Genet Sel Evol. 2009;41: 39.
doi:10.1186/129-068641-39

Leroy G, Rognon X, Varlet A, Jtmin C, Verrier E. Genetic variability in French

dog breeds assessed by pedigree data. J Anim Breed Genet. 20069.23: 1
doi:10.1111/j.1439388.2006.00565.x

75



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Goleman M, Balicki I, Radko A, Jakubczak A, Fornal A. Genetic diversity of the
Polish Hunthg Dog population based on pedigree analyses and molecular studies
Livest Sci. 2019;229: 11417. doi:10.1016/j.livsci.2019.09.017

KaniaGierdziewicz J, Gierdeiwi ¢ z M, Budzy EsKki B. Ge
of Tatra Shepherd Dog Population From Tatra Mountain Region. Ann Anim Sci.
2015;15: 32B335. d0i:10.2478/a0a20140090

Ubbink GJ, van de Broek J, Hazewinkel H a. W, Rothuizen J. Risk estimates for

net.

dichotomous genetic disease traits based on a cohort study of relatedness in

purebred dog populations. Vet Rec. 1998;142: 1328.
doi:10.1136/vr.142.13.328

Dreger DL, Rimbault M, Davis BW, Bhatnagar A, Parker HG, Ostrander EA.
Whole-genome sequence, SHRips and pedigree structure: building demographic
profiles in domestic dog breeds to optimize geretit mapping. Dis Model
Mech. 2016;9: 14451460. doi:10.1242/dmm.027037

Yordy J, Kraus C, Hayward JJ, White ME, Shannon LM, Creevy KE, et al. Body
size, inbreeding, and lifespan in domestic dogs. Conserv Genet. 2020;2148.37
doi:10.1007/s1059919-01240x

Temwichitr J, Leegwater PAJ, Hazewinkel HAW. Fragmented coronoid process
in the dog: A  heritable disease. Vet J. 2010;185: i129.
doi:10.1016/j.tvjl.2009.06.022

Lavrijsen ICM, Heuven HCM, Voorhout G, Meij BP, Theyse LFH, Leegwater

PAJ, et al. Phenotypic and genetic evaluation of elbow dysplasia in Dutch Labrador

Retrievers, Golden Retrievers, and Bernese Mountain dogs. Vet J. 2048693
492. doi:10.1016/j.tvjl.2012.01.001

Boge GS, Mol dal ER, Di mopoul ou M,

Skij

susceptibility for common surgically treated orthopaedic diseases in 12 dog breeds.

Acta Vet Scand. 2019:61: 19. doi:10.1186/s13028-04544

Bannasch D, Safra N, Young A, Karmi N, Schaible RS, Ling GV. Mutations in the
SLC2A9 Gene Cause Hyperuricosuria and Hyperuricemia in the Dog. Barsh GS,
editor. PLoS Genet. 2008;4: €1000246. doi:10.1371/journal.pgen.1000246

Awano T, Johnson GS, WadeM, Katz ML, Johnson GC, Taylor JF, et al.
Genomewide association analysis reveals a SOD1 mutation in canine

degenerative myelopathy that resembles amyotrophic lateral sclerosis. Proc Natl

Acad Sci. 2009;106: 2792799. doi:10.1073/pnas.0812297106

Neradil ov 8§ S, Schauer AM, Haywar d
Jagannathan V, et al. Genomic and Transcriptomic Characterization of Atypical
Recurrent Flank Alopecia in the Cesky Fousek. Genes. 2022;13: 650.
doi:10.3390/genes13040650

Zapata |, SerpkDA, Alvarez CE. Genetic mapping of canine fear and aggression.
BMC Genomics. 2016;17: 572. doi:10.1186/s12864-29363

76

JJ,



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Brunner MAT, Jagannathan V, Waluk DP, Roosje P, Linek M, Panakova L, et al.
Novel insights into the pathways regulating the wsanhair cycle and their
deregulation in alopecia X. Miragliotta V, editor. PLOS ONE. 2017;12: e0186469.
doi:10.1371/journal.pone.0186469

Hedrick PW, GarcidDorado A. Understanding Inbreeding Depression, Purging,
and Genetic Rescue. Trends Ecol Evol. 01&31: 940952.
doi:10.1016/j.tree.2016.09.005

Dost 81 J. Leskl fousek. 1. vyd. Praha: F

Zierath S, Hughes AM, Fretwell N, Dibley M, Ekenstedt KJ. Frequency of five
diseasecausing genetic mutations in a large mikeded dogpopulation (2011
2012). PLOS ONE. 2017;12: e0188543. doi:10.1371/journal.pone.0188543

Wacht el H. Hundezucht 2000: gesunde Hunc
Popul ationsgeneti k fg¢r Hundezgchter wund
neuestengenetisce n Er kenntni ssen ; der neue Weg
das Verh?2ltnis der genetisch bedingten K
Gollwitzer; 1998.

Boccardo A, Marelli SP, Pravettoni D, Bagnato A, Busca GA, Strillacci MG. The
German Shdhair Pointer Dog Breed (Canis lupus familiaris): Genomic
Inbreeding and Variability. Animals. 2020;10: 498. doi:10.3390/ani10030498

Mastrangelo S, Biscarini F, Auzino B, Ragatzu M, Spaterna A, Ciampolini R.
Genomewide diversity and runs of homozygga t y i n the fABraque F
Pyr®n®eso6 dog breed. BMC Res N-O0lifes. 201
31129

Baker B. Current Dog Breeding Practices Impacts on Health and Preservation of
Purebred  Dogs. Honors Theses  Capstones. 2020. Available:
https://scholars.unh.edu/honors/522

Radko A, Rubi S D, Szumiec A. Analysis of
the Tatra Shepherd Dog. J Appl Anim Res. 2018;46: i258.
doi:10.1080/09712119.2017.1292912

Neradil ov8 S, Connlefl2lk dv, 8 HBI.I vTar &Pc i . rgnesn d
of pointing dog breeds: Cesky Fousek as both survivor and rescuer. Palsson A,
editor. PLOS ONE. 2019;14: e0221418. doi:10.1371/journal.pone.0221418

Smetanov8 M, Bolf2kovg§ BL, FRRmnWetalE, Cani
From Wolves to Dogs, and Back: Genetic Composition of the Czechoslovakian
Wolfdog. PloS One. 2015;10: e0143807.

Jansson M, Laikre L. Recent breeding history of dog breeds in Sweden: modest
rates of inbreeding, extensive loss of gendiiersity and lack of correlation
between inbreeding and health. J Anim Breed Genet. 2014;131:1%3
doi:10.1111/jbg.12060

77



50.

51.

52.

53.

4.

55.

56.

S7.

58.

59.

60.

61.

Calboli FCF, Sampson J, Fretwell N, Balding DJ. Population Structure and

Inbreeding From Pedigree Analysis of Purebred D&getics. 2008;179: 583
601. doi:10.1534/genetics.107.084954

Chu ET, Simpson MJ, Diehl K, Page RL, Sams AJ, Boyko AR. Inbreeding

depression causes reduced fecundity in Golden Retrievers. Mamm Genome.

2019;30: 166172. doi:10.1007/s0033519-098054

Farrell LL, Schoenebeck JJ, Wiener P, Clements DN, Summers KM. The
challenges of pedigree dog health: approaches to combating inherited disease.

Canine Genet Epidemiol. 2015;2: 3. doi:10.1186/s40570014-9

Lewis TW, Wiles BM, LlewellynZaidi AM, Evans

and mortality in Kennel Club registered dog breeds in the UK in 2014. Canine
Genet Epidemiol. 2018;5: 10.

doi:10.1186/s409518-0066-8

K

M, OONei

Urfer SR, Galillard C, Steiger A. Lifespan and disease predispositions inghe Iri
Wolfhound: A review. Vet Q. 2007;29: 10211.
doi:10.1080/01652176.2007.9695233

Bannasch D, Famula T, Donner J, Anderson H, Honkanen L, Batcher K, et al. The
effect of inbreeding, body size and morphology on health in dog breeds. Canine

Med Genet2021;8: 12. doi:10.1186/s405121-0011%4

Waters DJ, Kengeri SS, Clever B, Booth JA, Maras AH, Schlittler DL, et al.

Exploring mechanisms of sex differences in longevity: lifetime ovary exposure and

exceptional longevity in dogs. Aging Cell. 20097&2 755. doi:10.1111/j.1474

9726.2009.00513.x

Korec E, Chal

upa O, Hanl I

M,

Kor cov 8§

Italiano dog breed and its relationship with hair colour. Open Vet J. 20177: 170

173. doi:10.4314/ovj.v7i2.

Cecchi F, Pad, Spaterna A, Ciampolini R. Genetic Variability in Bracco Italiano

Dog Breed Assessed by Pedigree Data. Ital J Anim Sci. 2013;12: eb4.

doi:10.4081/ijas.2013.654

Pedersen N, Liu H, Theilen G, Sacks B. The effects of dog breed development on

genetic dversity and the relative influences of performance and conformation
breeding. J Anim Breed Genet. 2013;130:1Z38. doi:10.1111/jbg.12017

Wright S. Coefficients of Inbreeding and Relationship. Am Nat. 1922;56: 330

338. doi:10.1086/279872

Sams Al, Boyko AR. FineScale Resolution of Runs of Homozygosity Reveal

Patterns of Inbreeding and Substantial Overlap with Recessive Disease Genotypes

in Domestic Dogs. G3
doi:10.1534/9g3.118.200836

GenesGenomesGenetics.

78

2019;9:11237

J,

DG



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jansson M, Laikre LPedigree data indicate rapid inbreeding and loss of genetic
diversity within populations of native, traditional dog breeds of conservation
concern. PLOS ONE. 2018;13: e0202849. do0i:10.1371/journal.pone.0202849

Ubbink GJ, Knol BW, Bouw J. The relatiship between homozygosity and the
occurrence of specific diseases in Bouvier Belge des Flandres dogs in the
Netherlands: Inbreeding and disease in the bouvier dog. Vet Q. 1992;144037
doi:10.1080/01652176.1992.9694350

¢l afsd-ttir nG&Coreldtedipedigieesamd rsotecular estimates of
inbreeding and their ability to detect inbreeding depression in the Icelandic
sheepdog, a recently bottlenecked population of domestic dogs. Conserv Genet.
2008;9: 16391641. doi:10.1007/s105920895260

Lowe JK, Kukekova AV, Kirkness EF, Langlois MC, Aguirre GD, Acland GM, et

al. Linkage mapping of the primary disease locus for collie eye anemaly
Genomics. 2003;82: 865. doi:10.1016/S0888543(03)00078

Marelli SP, Rizzi R, Paganelli A, Bagdi M, Minozzi G, Brambilla PG, et al.
Genotypic and allelic frequency of a mutation in the NHEJ1 gene associated with

collie eye anomaly in dogs
doi:10.1002/vro2.26

in

ltaly. Vet

Rec Open.

2022;9: e26.

Proschowsky HF, Olsen JB, Jepsen B, FredholmEWNaluation of the present
breeding programme against copper toxicosis in Danish Bedlington terriers. Anim
Genet. 2003;34: 14245. doi:10.1046/j.1362052.2003.00964.x

Fieten H, Leegwater PAJ, Watson AL, Rothuizen J. Canine models of copper
toxicosis for understanding mammalian copper metabolism. Mamm Genome.
2012;23: 6275. d0i:10.1007/s0033811-93787

Haywood S, Boursnell M, Loughran MJ, Trafford J, Isherwood D, Liu X, et al.
Copper toxicosis in ne@OMMD1 Bedlington terriers is associated hwinetal

transport gene ABCAl2. J Trace Elem Med Biol.

doi:10.1016/j.jtemb.2016.01.015

2016:35:1 893

Windig J j., Doekes H p. Limits to genetic rescue by outcross in pedigree dogs. J
Anim Breed Genet. 2018;135: 23818. do0i:10.1111/jbg.12330

Bailey J. Griffon Gun Dog Supreme: The History and the Story of How to Improve
a Breed. 1st edition. Hillsboro, Or: Swan Valley Press; 1996.

Dost 8§l J Martenek M,

Dona; 1998.

Tr i

pes

O ’

Kober ov &

Donner J, AndersoH, Davison S, Hughes AM, Bouirmane J, Lindgvist J, et al.
Frequency and distribution of 152 genetic disease variants in over 100,000 mixed

breed and purebred dogs.
doi:10.1371/journal.pgen.1007361

PLOS

79

Genet.

2018:14:

e1007361.



74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Di er ks C, IMp W bistl OSAllelichieterogeneity of FGF5 mutations
causes the longair phenotype in dogs. Anim Genet. 2013;44: 1424.
doi:10.1111/age.12010

Koshyk C. Pointing Dogs, Volume One: The Continentals. First edition. Winnipeg:
Dog Willing Publicatians; 2011.

Dost 8l J. Genetika a glechthDn?2 plemen ps

Kuhn J. Monografie | esk®ho fouska. NovT
fouskT; 2005.

Ostrander EA, Wayne RK, Freedman AH, Davis BW. Demographic history,
sdection and functional diversity of the canine genome. Nat Rev Genet. 2017;18:
705 720. doi:10.1038/nrg.2017.67

Hyt °nen MK, Lohi H. Canine models of hum
e1241362. doi:10.1080/21675511.2016.1241362

Story BD, Miller ME, Bradbury AM, Million ED, Duan D, Taghian T, et al. Canine
Models of Inherited Musculoskeletal and Neurodegenerative Diseases. Front Vet
Sci. 2020;7. Available:
https://www.frontiersin.org/article/10.3389/fvets.2020.00080

Hayward JJ, CastelhamdG, Oliveira KC, Corey E, Balkman C, Baxter TL, et al.
Complex disease and phenotype mapping in the domestic dog. Nat Commun.
2016;7: 10460. doi:10.1038/ncomms10460

Petukhova L, Duvic M, Hordinsky M, Norris D, Price V, Shimomura Y, et al.
Genomewide association study in alopecia areata implicates both innate and
adaptive immunity. Nature. 2010;466: 1137. doi:10.1038/nature09114

Biran R, Zlotogorski A, Ramot Y. The genetics of alopecia areata: New
approaches, new findings, new treatments. dma&l Sci. 2015;78: 1IRO0.
doi:10.1016/j.jdermsci.2015.01.004

Noh HJ, Tang R, FIl anni ck J, O6Dushl ai ne
Integrating evolutionary and regulatory information with a multispecies approach
implicates genes and pathwaysoipsessivecompulsive disorder. Nat Commun.

2017;8: 774. doi:10.1038/s41461 7-00831x

Lee GS, Jeong YW, Kim JJ, Park SW, Ko KH, Kang M, et al. A canine model of

Al zhei mer 6s disease generated by overex
precursor protei. Int J Mol Med. 2014;33: 1003012.
doi:10.3892/ijmm.2014.1636

J-n8s D, S8ndor S, T8trai K, Egyed B,
Investigate the Genetic Background of Longevity Based on WHReleome
Sequence Data of Two Methuselah Dogs. FrGeinet. 2020;11. Available:
https://www.frontiersin.org/article/10.3389/fgene.2020.00315

80



87. Geneious. Auckland, NZ: Biomatters Ltd; Available: https://www.geneious.com

88. Raymond M, Rousset F. GENEPOP (version 1.2): population genetics software for
exad tests and ecumenicism. J Heredity. 1995. doi:862/3

89. Rousset F. g e n e p -ampléndedtation ofathe gemepgpl seftivaee r e
for Windows and Linux. Mol Ecol Resour. 2008;8: 1066.

90. Guo SW, Thompson EA. A Monte Carlo method for combisegregation and
linkage analysis. Am J Hum Genet. 1992;51: 111P6.

91. Langella O. Populations 1.2.30. 1999 |[cited 25 Jan 2018]. Available:
http://bioinformatics.org/~tryphon/populations/#ancre_telechargement

92. Nei M. Genetic distance between ptations. Am Nat. 1972;106: 2B392.

93. Rambaut A. FigTree v1.4.2. 2006 [cited 30 Nov 2017]. Available:
http://tree.bio.ed.ac.uk/software/figtree/

94. Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F. GENETIX 4.05, logiciel
sous Windows TM pour lg ®n ®t i que des popul ations.
Popul ations, I nteractions, CNRS UMR 517
Montpellier (France). 2004 1996 [cited 30 Nov 2017]. Available:
http://kimura.univmontp2.fr/genetix/

95. Pritchard JK, Stephens M, Doglly P. Inference of Population Structure Using
Multilocus Genotype Data. Genetics. 2000;155: D).
doi:10.1093/genetics/155.2.945

96. LiY-L, Liu J-X. StructureSelector: A webased software to select and visualize
the optimal number of clusters usimglltiple methods. Mol Ecol Resour. 2018;18:
176'177. doi:10.1111/1756998.12719

97. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals
using the software STRUCTURE: a simulation study. Mol Ecol. 2005;14:12611
2620.

98. Puetimaille SJ. The program structure does not reliably recover the correct
population structure when sampling is uneven: subsampling and new estimators
alleviate the problem. Mol Ecol Resour. 2016;16: i@%. doi:10.1111/1755
0998.12512

99. Purcell S, Neald3, ToddBrown K, Thomas L, Ferreira MAR, Bender D, et al.
PLINK: A Tool Set for WholeGenome Association and PopulatiBased
Linkage Analyses. Am J Hum Genet. 2007;81:1%0/%.

100. Purcell S. PLINK 1.07. |[cited 30 Jan 2020]. Available:
http://pngu.mgtharvard.edu/purcell/plink/

81



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Hayward JJ, KellySmith M, Boyko AR, Burmeister L, De Risio L, Mellersh C, et

al. Agenomenvi de associ

ati

on study

of deaf

CE, editor. PLOS ONE. 2020;15: €0232900. doi:10.1371/jourmad.p@32900

Tsai KL, Evans JM, Noorai RE, Stavtoss AN, Clark LA. Novel Y Chromosome
Retrocopies in Canids Revealed through a Gerdfitkee Association Study for

Sex. Genes. 2019;10: 320. doi:10.3390/genes10040320

Price AL, Patterson NJ, PlengeMR Weinblatt ME, Shadick NA, Reich D.
Principal components analysis corrects for stratification in genoite
association studies. Nat Genet. 2006;381909. doi:10.1038/ng1847

Patterson N, Price AL, Reich D. Population Structure and EigenanaR<iS

Genet. 2006;2: €190. doi:10.1371/journal.pgen.0020190

ness

R core team (2019). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R

project.org/.

Clayton D. Snpfats.
https://www.bioconductor.org/packages/release/bioc/html/snpStats.html

2021.

Available:

Hunter JD. Matplotlib: A 2D graphics environment. Comput Sci Eng. 2007{9: 90

95.

Kluyver T,RagarK e | | ey B,

2016. pp. 8790.

P®r ez F,

Gr ahdyupyter B

Notebooksi a publishing format for reproducible computational workflows.
Positioning and Power in Academic Publishing: Players, Agents and Agendas.

Zhou X, Stephens M. Genorwede efficient mixedmodel analysis for ass@mtion

studies. Nat Genet. 44: 8§2324.

Purcell S, Chang C. PLINK 1.9. [cited 30 Jan 2020]. Available: https://www.cog

genomics.org/plink/1.9/

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second
generation PLINK: rising tothe challenge of larger and richer datasets.
GigaScience. 2015;4. doi:10.1186/s131015-004 78

Delaneau O, Howie B, Cox AJ, ZaguryF,J Marchini J. Haplotype Estimation

Using Sequencing Reads. Am J

doi:10.1016/j.ajhg.203.09.002

Hum Genet.

Brunner MAT, R¢efenacht S,
Bald thigh syndrome in sighthour@®Revisiting the cause of a wethown

disease. Simon M, editor.
doi:10.1371/journal.pone.0212645

PLOS

82

ONE.

2013;93: 1 6867

-Bagache IS, ethal.

2019:14:

e0212645.

, Bus

Erpel



114. Anders S, Pyl PT, Huber W. HTSeq Python framework to work with high
throughput sequencing data. Bioinforma Oxf Engl. 2015;31: 1 168.
doi:10.1093/bioinformatics/btu638

115. Love MI, Huber W, Anders S. Moderated estimation of fold change and dmpersi
for RNA-seq data with DESeg2. Genome Biol. 2014;15: 550. doi:10.1186/s13059
01405508

116. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Hu€gpas J, et
al. STRING v10: proteiiprotein interaction networks, integrated over the tfee o
life. Nucleic Acids Res. 2015;43: D44452. doi:10.1093/nar/gku1003

117. Bohut 2nsk8 M, Alston M, Monnahan P, Ma n d
Novelty and Convergence in Adaptation to Whole Genome Duplication.
Purugganan M, editor. Mol Biol Evol. 2021;38: 39103924.
doi:10.1093/molbev/msab096

118. STATISTICA CZ. StatSoft, Inc.; Available: https://www.statsoft.cz

119. Wiener DJ, Groch KR, Brunner MAT, Leeb T, Jagannathan V, Welle MM.
Transcriptome Profiling and Differential Gene Expression in ii@an
Microdissected Anagen and Telogen Hair Follicles and Interfollicular Epidermis.
Genes. 2020;11: 884. doi:10.3390/genes11080884

120. Shaffer LG, Ramirez CJ, Sundin K, Connell LB, Ballif BC. Genetic screening and
mutation identification in a rare caniher e e d | the ceskIl fousek.
2017:4. doi:10.1136/vetrec@016000346

121. Schmutz SM, Berryere TG. Genes affecting coat colour and pattern in domestic
dogs: a review: Coat colour genes in dogs. Anim Genet. 2007;385439
doi:10.1111/j.865-2052.2007.01664.x

122. Leroy G, Verrier E, Meriaux JC, Rognon X. Genetic diversity of dog breeds:
within-breed diversity comparing genealogical and molecular data. Anim Genet.
2009;40: 32B332. doi:10.1111/j.1362052.2008.01842.x

123. Soh PXY, Hsu W, Khatkar MS, Williamson P. Evaluation of genetic diversity
and management of disease in Border Collie dogs. Sci Rep. 2021;11: 6243.
doi:10.1038/s4159821-85262x

124. Sheet S, Kim-5, Ko MJ, Kim N-Y, Lim Y-J, Park MR, et al. Insight into the
Candidde Genes and Enriched Pathways Associated with Height, Length, Length
to Height Ratio and BodWeight of Korean Indigenous Breed, Jindo Dog Using
Gene Set Enrichmefased GWAS Analysis. Animals. 2021;11: 3136.
doi:10.3390/ani11113136

125. Hagenaars SP,iIHWD, Harris SE, Ritchie SJ, Davies G, Liewald DC, et al.

Genetic prediction of male pattern baldness. PLOS Genet. 2017;13: e1006594.
doi:10.1371/journal.pgen.1006594

83



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Tang R, Noh HJ, Wang D, Sigurdsson S, Swofford R, Perloski M, et al. Candidate
genes and functional noncoding variants identified in a canine model of obsessive
compulsive disorder. Genome Biol. 2014;15: R25. doi:10.1185041415-3-r25

Tam V, Pat el N, Turcotte M, Boss® Y,
of genomewide association studies. Nat Rev Genet. 2019;20:71484.
doi:10.1038/s4157619-01271

Do DN, Bissonnette N, Lacasse P, Miglior F, Sargolzaei M, Zhao X, et al. Genome
wide association analysis and pathways enrichment for lactation persistency in
Canadan Holstein cattle. J Dairy Sci. 2017;100: 105%/0.
doi:10.3168/jds.201-:81910

Soh PXY, Marin Cely JM, Mortlock @\, Jara CJ, Booth R, Natera S, et al.
Genomewide association studies of 74 plasma metabolites of German shepherd
dogs reveal two mebmlites associated with genes encoding their enzymes.
Metabolomics. 2019;15: 123. doi:10.1007/s11806-15862

Seddon JM, Fortes M, Kelgmith M, Sommerlad SF, Hayward JJ, Burmeister L,
et al. Deafness in Australian Cattle Dogs associated to Q thrmmosome 20 in
genomewide association study analyses. Anim Genet. 2021;527 &4
doi:10.1111/age.13115

Kim KW, Ober C. Lessons Learned From GWAS of Asthma. Allergy Asthma
Immunol Res. 2018;11: 1¥@87. doi:10.4168/aair.2019.11.2.170

Brodie A, Azaria JR, Ofran Y. How far from the SNP may the causative genes be?
Nucleic Acids Res. 2016;44: 604@054. doi:10.1093/nar/gkw500

Claussnitzer M, Dankel SN, Kim-K, Quon G, Meuleman W, Haugen C, et al.
FTO Obesity Variant Circuitry and Adipgte Browning in Humans. N Engl J
Med. 2015;373: 8907. doi:10.1056/NEJM0al1502214

Musunuru K, Strong A, FranKamenetsky M, Lee NE, Ahfeldt T, Sachs KV, et
al. From noncoding variant to phenotype via SORTL1 at the 1p13 cholesterol locus.
Nature. 201166: 714 719. doi:10.1038/nature09266

Al-Barghouthi BM, Mesner LD, Calabrese GM, Brooks D, Tommasini SM,
Bouxsein ML, et al. Systems genetics in diversity outbred mice inform BMD
GWAS and identify determinants of bone strength. Nat Commun. 202408
doi:10.1038/s4146021-236490

Stenn KS, Paus R. Controls of Hair Follicle Cycling. Physiol Rev. 2001;81: 449
494. doi:10.1152/physrev.2001.81.1.449

Almohanna HM, Ahmed AA, Tsatalis JP, Tosti A. The Role of Vitamins and
Minerals in Hair loss: A Review. Dermatol Ther. 2019:;9: i5D.
doi:10.1007/s1355918-02786

84



138.

139.

140

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Lin KK, Kumar V, Geyfman M, Chudova D, lhler AT, Smyth P, et al. Circadian
Clock Genes Contribute to the Regulation of Hair Follicle Cycling. Millar SE,
editor. PLoS Genet. 29;5: e1000573. doi:10.1371/journal.pgen.1000573

Chen GC, Chuong CM. Multlayered environmental regulation on the
homeostasis of stem cells: The saga of hair growth and alopecia. J Dermatol Sci.
2012;66: 311. doi:10.1016/j.jdermsci.2012.02.007

Chen CC, Plikus MV, Tang FC, Widelitz RB, Chuong CM. The Modulatable
Stem Cell Niche: Tissue Interactions during Hair and Feather Follicle
Regeneration. J Mol Biol. 2016;428: 142340. doi:10.1016/}.jmb.2015.07.009

Lee J, Tumbar T. Hairy tald signaling in hair follicle development and cycling.
Semin Cell Dev Biol. 2012;23: 90816. doi:10.1016/j.semcdb.2012.08.003

Kretzschmar K, -catehinssgralmgin adult mavimmaliarbepithelial
stem cells. Dev Biol. 2017;428: 27332. doi:10.1016/}.ydbio.2017.05.015

Abe Y, Tanaka N. Roles of the Hedgehog Signaling Pathway in Epidermal and
Hair Follicle Dewelopment, Homeostasis, and Cancer. J Dev Biol. 2017;5: 12.
doi:10.3390/jdb5040012

Rompolas P, Greco V. Stem cell dynamics in the hair follicle niche. Semin Cell
Dev Biol. 2014;2526: 34 42. doi:10.1016/j.semcdb.2013.12.005

Cadieu E, Neff MW, Qignon P, Walsh K, Chase K, Parker HG, et al. Coat
Variation in the Domestic Dog Is Governed by Variants in Three Genes. Science.
2009;326: 150153. doi:10.1126/science.1177808

Kawano Y, Kypta R. Secreted antagonists of the Wnt signalling pathwasil J C
Sci. 2003;116: 2622634. doi:10.1242/jcs.00623

Greco V, Chen T, Rendl M, Schober M, Pasolli HA, Stokes N, et al. AStep
Mechanism for Stem Cell Activation during Hair Regeneration. Cell Stem Cell.
2009;4: 155169. doi:10.1016/j.stem.2008.0P9

Hsu Y-C, Li L, Fuchs E. Transibmplifying Cells Orchestrate Stem Cell Activity
and Tissue Regeneration. Cell. 2014;1571939. doi:10.1016/j.cell.2014.02.057

Welle MM, Wiener DJ. The Hair Follicle: A Comparative Review of Canine Hair
Follicle Anatomy and Physiology. Toxicol Pathol. 2016;44: 554.
doi:10.1177/0192623316631843

Stenn KS, Karnik P. Lipids to the Top of Hair Biology. J Invest Dermatol.
2010;130: 12061207. doi:10.1038/jid.2010.52

Nusse R. Wnts and Hedgehogs:idinodified proteins and similarities in

signaling mechanisms at the cell surface. Development. 2003;130i 5305/
doi:10.1242/dev.00821

85



152. Evers AWM, Verhoeven EWM, Kraaimaat FW, Jong EMGJD, Brouwer SJMD,
Schalkwijk J, et al. How stress gets under $kin: cortisol and stress reactivity in
psoriasis. Br J Dermatol. 2010;163: 9861. do0i:10.1111/1.1365
2133.2010.09984.x

153. Morinaga H, Mohri Y, Grachtchouk M, Asakawa K, Matsumura H, Oshima M, et
al. Obesity accelerates hair thinning by stem-ceitric converging mechanisms.
Nature. 2021;595: 26@71. doi:10.1038/s4158621-03624x

154. Dal | 6 Agli o C, Maranesi M, Di Loria A, Pi
et al. Effects of Obesity on Adiponectin System Skin Expression in Dogs: A
Comparate Study. Animals. 2021;11: 2308. doi:10.3390/ani11082308

155. Palmer MA, Blakeborough L, Harries M, Haslam IS. Cholesterol homeostasis:
Links to hair follicle biology and hair disorders. Exp Dermatol. 2020;29 2D8®.
doi:10.1111/exd.13993

156. Spustey 8§ V, Dzvar i k R. [ Vitamin D: synt hesi
assessment of its deficiency in patients with chronic renal disease]. Vnitr Lek.
2004;50: 53v543.

157. Sakai Y, Kishimoto J, Demay MB. Metabolic and cellular analysis of alopecia in
vitamin D receptor knockout mice. J Clin Invest. 2001;107: 1 966.
doi:10.1172/JCI11676

158. Bikle DD. Vitamin D and the skin: Physiology and pathophysiology. Rev Endocr
Metab Disord. 2012;13:139. doi:10.1007/s1115811-91940

159. Demay MB, MacDonaldPN, Skorija K, Dowd DR, Cianferotti L, Cox M. Role of
the vitamin D receptor in hair follicle biology. J Steroid Biochem Mol Biol.
2007;103: 344346. doi:10.1016/j.jsbmb.2006.12.036

160. Hong SH, Lee JE, An SM, Shin YY, Hwang DY, Yang SY, et al. Effect
Vitamin D3 on Biosynthesis of Estrogen in Porcine Granulosa Cells via
Modulation of Steroidogenic Enzymes. Toxicol Res. 2017;33i549
doi:10.5487/TR.2017.33.1.049

161. Sinclair R. Pathogenesis and treatment of alopecia in humans. Sydney, Australia:
World Congress of Veterinary Dermatology; 2020. p. 13. doi:10.1111/vde.12907

162. Ge Y, Miao Y, GufCohen S, Gomez N, Yang H, Nikolova M, et al. The aging
skin microenvironment dictates stem cell behavior. Proc Natl Acad Sci. 2020;117:
5339 5350. doi:10.073/pnas.1901720117

163. Mokry J, Pisal R. Development and Maintenance of Epidermal Stem Cells in Skin
Adnexa. Int J Mol Sci. 2020;21: 9736. doi:10.3390/ijms21249736

164. Lee SA, Li KN, Tumbar T. Stem cel l i ntri
folli cle homeostasis. Exp Dermatol. 2021;30:148Y. doi:10.1111/exd.14251

86



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Vandenabeele S, Declercq J, De Cock H, Daminet S. Canine recurrent flank
alopecia: a synthesis of theory and practice. VLAAMS Diergeneeskd Tijdschr.
2014;83: 275283.

Boeykens F, Peelman L, Bhatti S, Broeckx B. Genetic insights in canine
degenerative myelopathy. VLAAMS Diergeneeskd Tijdschr. 2020;89: Z&13
doi:10.21825/vdt.v89i5.16951

Zeng R, Coates Jr., Johnson G c., Hansen L, Awano T, Kolicheski A, et al. Breed
Distribution of SOD1 Alleles Previously Associated with Canine Degenerative
Myelopathy. J Vet Intern Med. 2014;28: 3821. doi:10.1111/jvim.12317

Coates JR, Wininger FA. Canine Degenerative Myelopathy. Vet Clin North Am
Small Anim Pract. 2010;40: 92950. doi:10.1016/j.cvsm.2010.05.001

Kobatake Y, Nakata K, Sakai H, Sasaki J, Yamato O, Takashima S, et al. The
LongTerm Clinical Course of Canine Degenerative Myelopathy and Therapeutic
Potential of Curcumin. Vet Sci. 2021:;8: 192. doi:10.3390/N@t90192

l vansson EL, Megquier K, Kozyrev SV,
Variants within the SP110 nuclear body protein modify risk of canine degenerative
myelopathy. Proc Natl Acad  Sci. 2016;113: E3023100.
doi:10.1073/pnas.1600084113

Bell JS. The Aspect of Population Size on Healthy Breeding in Dog Breeds. St.
Louise; 2019.

Coile C. When 23 and me HAS Gone to the Dogs. The Canine Chronicle October
2019. 2019: 132.

Leone CA. Genetics: Lysenko versus Mendel. TransisKAcad Sci 1903
1952;55: 369. doi:10.2307/3625986

Orel V. Jaroslav Krizenecky (189864), Tragic Victim of Lysenkoism in
Czechoslovakia. The Quarterly Review of Biology. 1992;671484.

Borinskaya SA, Ermolaev Al, Kolchinsky EIl. Lysenkni Against Genetics: The
Meeting of the Lenin AHUnion Academy of Agricultural Sciences of August
1948, Its Background, Causes, and Aftermath. Genetics. 2019;212. 1
doi:10.1534/genetics.118.301413

Leroy G, Phocas F, Hedan B, Verrier E, RognomKreeding impact on litter size
and survival in selected canine breeds. Vet J. 2015;203:7874
doi:10.1016/j.tvjl.2014.11.008

Ujvari B, Klaassen M, Raven N, Russell T, Vittecoq M, Hamede R, et al. Genetic

diversity, inbreeding and cancer. Proc BcB Biol Sci. 2018;285: 20172589.
doi:10.1098/rspb.2017.2589

87



178. Adams VJ, Evans KM, Sampson J, Wood JLN. Methods and mortality results of a
health survey of purebred dogs in the UK. J Small Anim Pract. 2010;50524.2
doi:10.1111/j.174&827.2010.0084.x

179. O6 Nei | | DG, Church DB, Mc Gr eevy PD, Thon

and mortality of owned dogs in England. Vet J. 2013;198:71638.
doi:10.1016/j.tvjl.2013.09.020

88



Supplementary material

Figures:

Figure S1:Example of high differentiatioim coat color in two breeds of the same
historical origin-(a) Deutsch Drahthaar; (b) German Wirehaired Pointer.
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Figure S2:Output from Structure Selector based on Bayesian clustering in Structure.
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Figure S3: Studied breeds visualized by Factorial r@spondence Analysis using
different axes (1x3) than in Figure 3.
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Figure S4:Two PCA plots of all individuals collected for the study (n = 216). The PCA

plot shows genetic distances between individuals. Figure (a) shows relationships

between affecteddd) and healthy (blue) individuals and their geographic origin

(circular point- individuals from the Czech Republic; triangle poimdividuals from
the US Club CFNA). Note that individuals kept in the US but born in the Czech

Republic were placed imte

plates of samples genotyped in 2016 (plate 1), 2018 (plate 2), and 2019 (plate 3).

ACZO group.
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Figure S5:Manhattan and Quantit®Quantile Plot of quantitative GWAS. The top SNP
p-value does not reach th@asificance threshold (Bonferroni correction = 5.8xI¢

shown as a purple line), however, there were identified many SNPs on chr8 (colored in
green)closeto each other. We consider these associatsuggestive. Lambda value
shows that stratification coection worked well.
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Figure S6:Manhattan and Quantit®Quantile Plot of GWAS analysis of individuals
affected up to two years of age. Identified variants cefiktt the time and/or severity
of the affection. One variant can be considered significem®(, BICF2G630640798,
raw P-value = 5.01x10), it reaches the significance threshold (Bonferroni correction
= 5.8x10"; shown as a purple line), and it lies in a gene ANO3. Lambda value shows
that stratification correction worked well.
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Figure S7:Manhattan and QuantilkQuantile Plot of GWAS analysis of individuals
with severe affection (level 4 aRFA). In green are colored chromosomes cadlrging
top three SNPs. The significance threshold was based on Bonferroni correction
(5.8.x107; shown in a purm@ line). The top SNP does not reach the significance
threshold, however, it is the same SNP as in the early onset GWAS. Lambda value
shows that stratification correction worked well.
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Figure S8:Linkage disequilibrium (r2) plots for top SNP on chronmss 19 and 8
from the case/control GWAS. The plots show LD among the top SNP on the
chromosome and other SNPs within 2Mb or 4Mb (blaek.D; bluei weak LD, green
T intermediate LD, yellow moderate LD; red strong LD).
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Figure S9:Predicted proteirprotein interactions among the 144 GWAS candidate

geneso6 products. The

GWAS genmpteinandi dat es

interactions, specifically, they were predicted to be connected in six clusters of more
than three proteins. Each ches is connectethrough the lines of different thickrses,
that represent the strength of evidencéheffunctional connection between genélse
color of each gene snot been changed from the STRING database output.
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Figure S10: Interactions of GWAS candidatergs (green) and STRIN&sociated
strongly differentially expressed genes, colored by their level of expression. Only
medium and higher confidence associations were used (increasing thickness of lines
connecting genes indicates greater confidence). Cdlbtfables represent the

metabolic pathways common for each cluster of genes. Shown are also couples and

smaller clusters of interacting genes.
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Figure S11: Simple gaphs showing numbers sfirveyrecords for housing of the dogs,
theenvironment where #y live, and the main cause of demtlthe Czech Republic and

abroad.
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Figure S12: Simple gaphs showing numbers aurveyrecords foreach COD category

in relation to sex, and origin.
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Figure S13: Simple gaph showing numbers stirveyrecordsbrt he Aot her heal't
probl emd group of C@ubkxategiriessdivided accoadindgltdbthes pe c i f i

origin.
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Tables:

Table S1:Genotypes and origin of the samples used for the study. Country = country of the sample origin; Popttopp@Wa& = Cornell
Veterinary Biobank; breeder = owner of the individual; authors = authors of this paper

Sample  Pop Country St:lr:;?‘:e AHTk211 CXX279 REN16901¢ INUO55 RENS54P11 INRA21  AHT137 REN169D01 AHTh260 AHTKk253 [INUOO5 INUO30  FH2848 AHT121 FH20% REN162C0: AHTh171 REN247M2Z
by
1 CF Ccz authors| 89 89 117 127 157 167 203 203 228 236 94 98 146 150 208 216 245 247 289 289 129 131 144 150 230 242 95 103 157 173 202 204 217 225 272 274
2 CF Ccz authors| 85 87 115 125 161 161 203 203 228 236 100 102 130 150 212 216 245 245 289 289 129 129 144 146 230 230 101 107 153 173 202 204 225 225 272 280
3 CF Ccz authors| 85 89 127 127 165 167 199 203 234 236 94 94 146 150 212 216 245 245 289 289 111 131 148 150 238 240 101 109 157 161 202 206 219 225 270 272
4 CF Ccz authors | 87 89 115 123 157 163 203 203 228 236 92 94 148 152 216 216 245 245 287 289 125 131 146 150 230 230 101 101 153 161 202 204 219 225 274 280
5 CF Ccz authors | 87 87 115 127 159 163 203 203 236 236 98 102 146 150 216 216 245 251 289 289 125 127 144 144 240 240 95 101 153 157 202 202 225 225 272 274
6 CF Ccz authors| 87 89 115 125 157 165 203 203 228 236 100 102 130 148 212 216 245 249 289 289 129 131 144 148 230 240 101 101 153 153 202 204 219 225 274 280
7 CF Ccz authors| 89 89 127 127 161 167 201 203 234 234 96 102 148 148 212 212 237 251 289 289 111 111 144 144 238 240 109 109 165 173 202 202 225 233 274 274
8 CF Ccz authors| 85 89 127 129 159 161 203 203 228 228 94 96 130 150 212 216 245 247 289 293 125 129 150 150 238 242 109 109 153 157 204 206 219 225 274 280
9 CF Ccz authors| 87 87 115 127 159 163 203 203 236 236 98 102 146 150 216 216 245 251 289 289 125 127 144 144 240 240 95 101 153 157 202 202 225 225 272 274
10 CF Ccz authors| 89 93 117 127 167 167 203 203 234 234 94 102 130 148 212 212 245 251 289 289 111 125 144 144 230 240 109 109 153 165 202 204 233 233 272 274
11 CF Ccz authors| 89 93 115 119 157 169 203 203 228 228 94 96 130 150 212 216 245 251 289 291 131 131 144 150 230 240 95 101 157 173 200 202 219 225 280 280
12 CF Ccz authors| 85 89 117 127 157 159 201 203 234 236 94 98 130 146 208 212 245 247 289 289 129 131 144 150 238 238 101 103 157 177 202 202 225 237 280 280
13 CF Ccz authors| 93 93 119 127 157 159 201 203 234 236 92 98 146 150 216 216 245 245 289 289 125 125 144 144 240 240 103 107 173 173 202 202 225 225 270 270
14 CF Ccz authors| 87 89 115 115 157 161 203 203 236 236 94 100 148 150 216 216 245 249 289 289 129 131 146 148 230 238 101 101 153 173 202 202 225 225 280 280
15 CF Ccz authors | 87 89 127 127 159 161 201 203 228 234 94 94 144 150 212 212 245 247 289 293 129 131 150 150 234 240 95 95 161 173 204 210 233 237 272 280
16 CF Ccz authors| 85 87 115 127 161 167 201 203 228 228 92 102 130 148 208 216 245 245 289 293 131 131 144 150 240 246 95 109 157 177 202 206 219 225 270 272
17 CF (074 authors| 89 89 127 129 159 167 201 201 234 238 102 102 130 130 212 216 245 245 289 289 125 131 144 144 240 240 101 109 157 157 202 202 219 225 272 274
18 CF Ccz authors| 89 93 127 127 161 161 201 201 234 238 92 98 130 148 216 216 247 251 289 289 131 131 150 152 242 242 95 107 161 177 200 202 219 239 272 274
19 CF Ccz authors| 89 93 119 127 159 169 203 203 234 236 92 94 148 150 212 212 245 247 289 289 129 129 144 150 230 240 95 109 161 177 202 204 219 237 280 280
20 CF Ccz authors| 89 93 115 117 167 169 203 203 234 236 94 94 148 150 212 212 245 245 289 289 125 129 144 150 240 240 95 101 157 165 202 202 225 233 270 280
21 CF Ccz authors| 85 85 119 127 157 159 201 203 234 236 94 94 146 148 212 212 245 247 289 289 125 131 144 144 238 240 103 109 157 173 202 202 219 225 270 270
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274

274

280

280

270

274

280

280

280

272

274

274

280

270

280

270



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

CF NL authors| 85 87 115 127 161 167 203 203 234 236 92 94 148 152 216 216 245 245 289 289 111 131 146 150 230 240 101 109 173 173 202 204 225 225 272 280
CF NL authors | 89 89 123 127 163 167 201 203 228 228 98 102 130 130 198 216 245 245 289 289 129 131 144 144 240 240 109 109 157 157 202 202 219 219 272 274
CF NL authors| 85 87 117 127 165 167 203 203 234 234 102 102 130 152 212 216 245 245 287 289 131 131 150 150 230 240 103 109 153 173 202 202 225 227 270 272
CF NL authors| 89 89 115 115 159 163 203 203 234 236 102 102 148 150 212 212 245 251 289 289 125 131 148 150 238 240 101 111 165 173 202 204 225 225 270 270
CF NL authors | 87 93 119 127 159 161 201 203 234 234 94 98 148 150 212 216 237 243 289 289 129 131 144 150 238 240 95 107 153 161 202 202 219 237 274 274
CF NL authors| 89 89 127 127 159 161 201 203 234 236 94 102 150 150 212 212 245 245 287 289 125 125 144 150 238 240 111 111 153 165 200 202 225 225 270 274
CF NL authors | 87 89 123 127 163 167 203 203 228 228 94 94 150 150 212 212 245 245 289 293 125 129 146 150 238 240 95 109 157 157 202 204 219 233 272 280
CF NL authors| 89 93 127 127 163 167 203 203 234 234 92 94 144 150 212 216 245 251 289 289 125 131 150 150 238 240 101 107 153 157 202 202 219 233 274 280
CF NL authors| 89 89 117 127 159 161 203 203 228 234 94 94 130 148 208 212 245 245 289 291 125 125 150 150 230 238 95 107 153 157 202 204 219 219 274 274
CF NL authors| 89 89 115 115 161 165 203 203 236 236 92 94 148 150 212 216 245 249 289 289 O 0O 146 148 230 238 95 101 O 0 202 202 225 225 270 280
CF NL authors| 87 89 115 115 163 167 199 201 234 234 94 102 146 148 208 212 245 245 289 289 125 131 144 146 238 240 101 111 157 157 202 202 219 225 270 280
CF Ccz authors| 89 93 115 127 159 167 199 203 228 238 94 102 150 150 212 216 243 243 293 293 131 131 144 150 234 240 101 109 153 165 202 202 219 225 270 272
CF Ccz authors| 87 93 119 127 157 167 203 203 228 228 94 94 150 150 212 212 245 249 289 289 125 125 148 150 238 238 O 0 165 173 202 204 219 225 272 272
CF Ccz authors| 93 93 115 115 161 165 203 203 234 238 94 94 130 150 216 216 245 247 289 289 125 131 144 148 230 234 97 109 161 173 202 202 219 225 270 270
CF USA breeder| 85 89 115 127 159 165 203 203 228 234 92 96 144 150 212 212 247 247 289 293 111 131 144 150 230 240 101 105 161 161 202 206 225 237 274 280
CF Ccz authors| 89 89 127 127 161 163 203 203 228 234 102 102 148 148 212 212 237 247 289 289 111 125 144 148 230 230 103 109 157 173 202 202 225 225 274 274
BWPGC/ USA CVvB [ 89 93 115 127 159 169 203 203 228 236 102 102 148 150 212 212 245 245 287 289 125 125 144 148 230 244 95 101 153 153 202 206 225 237 272 274
BWPGC/ USA CVvB |8 93 127 127 159 159 201 203 236 236 98 102 146 148 212 212 245 245 289 289 125 129 144 150 240 240 95 103 173 173 202 202 225 225 270 272
BWPGC/ USA CVvB | 85 93 123 123 157 159 203 203 234 236 102 102 150 150 212 212 245 245 287 287 127 129 144 152 230 240 95 101 173 173 202 206 219 225 272 274
BWPGC/ USA CvB |87 89 119 127 157 161 203 203 228 236 94 102 148 150 206 216 245 245 287 289 125 125 148 150 230 230 95 101 153 157 202 206 225 225 274 274
BWPGC/A USA CVvB |8 93 119 127 163 167 203 203 228 236 94 102 148 152 212 212 243 245 289 289 125 127 144 152 230 230 95 109 161 173 206 206 225 233 272 272
BWPGC/A USA CVvB | 87 89 115 127 159 167 203 203 236 236 94 102 148 150 206 212 245 245 289 289 127 129 148 148 240 244 95 109 157 169 202 210 225 237 274 274
BWPGC/A USA CvB |87 89 127 127 157 159 203 203 236 236 94 98 148 150 212 212 245 245 289 289 111 127 144 148 238 240 95 109 169 173 202 202 233 237 270 274
BWPGC/A USA CvB |89 93 115 127 157 163 199 203 234 236 94 94 148 150 212 212 245 247 287 289 129 131 144 150 230 230 101 111 161 173 202 202 225 237 274 280
BWPGC/A USA CVvB |89 93 127 127 157 157 203 203 224 236 98 102 148 150 212 212 245 251 287 289 111 129 148 152 230 238 95 95 153 169 202 206 233 237 270 274
BWPGC/A USA CVvB |89 89 127 127 159 167 203 203 236 236 94 94 150 150 208 216 243 251 289 289 127 131 144 144 238 240 101 109 157 173 202 204 219 225 280 280
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204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

BWPGC#A

BWPGC#

BWPGC#A

BWPGC#A

BWPGC#

BWPGC#A

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGC#

BWPGCA

BWPGC#

BWPGCA

BWPGCA

BWPGC#

BWPGCA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

breeder
CvB
breeder
CcvB
CvB
breeder
CvB
breeder
breeder
CvB
CcvB
breeder
CvB
CcvB
CvB
breeder
breeder
breeder
CcvB
CcvB
CcvB
CcvB
breeder
breeder
breeder

breeder

89

85

87

89

89

85

85

89

85

89

89

89

87

85

89

85

89

89

89

89

85

85

87

93

89

89

89

87

89

89

89

93

87

93

87

93

93

93

93

93

93

87

93

89

89

93

89

89

93

93

89

93

115

115

123

127

119

117

117

127

115

127

123

127

115

127

115

115

115

117

127

115

115

115

115

123

115

123

115

127

127

127

127

127

123

127

123

127

127

127

127

127

117

127

127

127

129

119

127

117

129

127

127

127

159

157

159

159

167

159

159

159

157

157

157

167

157

157

163

163

163

159

157

167

157

159

157

157

159

157

169

157

159

159

167

167

167

159

157

163

169

169

163

163

163

167

167

167

167

169

159

159

163

167

167

157

199

199

203

203

203

203

203

203

203

203

203

199

199

203

203

203

199

203

203

203

199

199

199

201

199

201

203

203

203

203

203

203

203

203

203

203

207

203

203

203

203

203

201

203

203

203

203

203

203

203

203

203

224

234

236

236

236

236

228

236

234

236

236

236

236

228

234

228

234

236

236

236

234

234

234

234

236

228

236

236

236

236

236

236

236

236

236

236

236

236

236

236

236

234

236

236

236

236

236

236

236

236

236

234

98

94

94

94

94

96

98

102

94

94

94

102

94

102

98

94

92

94

92

94

94

94

92

94

94

102

102

94

98

102

94

102

98

102

102

94

94

102

94

102

98

102

94

102

92

102

94

94

94

102

102

102

146

146

150

150

146

146

146

146

150

148

146

146

130

148

144

130

146

146

130

146

144

146

146

130

146

148

150

148

150

150

150

148

150

148

150

148

148

148

150

152

146

130

150

150

146

150

148

150

150

150

146

150

212

198

212

212

208

212

212

212

212

212

212

212

212

216

216

212

198

212

212

212

212

212

212

212

212

216

212

212

212

212

212

212

212

212

212

216

212

212

212

216

216

212

208

212

216

216

212

212

216

212

109

237

237

245

245

237

243

245

243

245

243

251

243

243

237

245

245

245

245

237

245

243

243

251

251

243

245

245

243

245

245

245

245

245

245

251

245

251

245

245

243

247

245

251

245

245

245

245

245

251

251

245

251

289

287

289

289

289

287

287

287

287

289

289

287

287

287

289

289

287

287

289

287

287

287

287

287

289

287

293

289

289

289

289

287

289

289

287

289

289

289

289

289

289

289

287

289

289

289

293

293

289

289

289

289

125

111

127

125

111

125

131

125

127

111

129

125

127

127

129

131

125

125

131

125

111

111

129

125

129

127

129

129

131

127

127

131

131

129

131

111

129

129

127

127

131

131

129

127

131

129

131

125

131

129

131

131

144

150

144

144

148

148

150

148

144

144

148

144

144

144

148

144

144

148

148

144

144

144

144

144

144

144

144

152

150

144

152

150

152

152

150

144

150

144

150

144

150

144

150

148

150

144

150

150

144

144

144

150

230

230

230

230

230

230

230

230

230

230

238

240

230

230

230

230

238

230

238

230

230

240

230

240

238

230

240

230

238

230

240

244

240

244

240

238

244

240

240

230

230

240

240

240

244

244

240

240

240

240

240

238

95

95

95

95

95

101

101

95

95

95

95

109

95

95

101

101

95

97

95

95

101

101

95

101

101

95

111

95

95

95

101

101

107

101

107

109

109

109

109

109

101

109

111

101

111

109

101

101

109

101

109

109

169

173

157

153

157

153

157

153

157

161

157

157

153

161

157

157

153

157

153

157

169

157

173

173

157

157

173

177

173

157

173

157

177

173

173

173

173

173

173

173

161

173

173

173

153

161

173

161

173

177

173

173

202

202

202

202

202

202

204

202

202

202

202

202

202

202

202

202

202

202

202

202

204

208

204

202

202

202

206

206

206

206

204

206

206

202

206

206

210

202

206

206

202

204

202

202

202

206

206

210

210

210

202

204

225

225

219

219

225

219

219

237

219

225

225

219

225

233

237

219

225

225

225

225

225

225

225

219

219

219

225

225

233

237

237

237

225

237

225

233

225

237

237

237

237

219

225

237

225

233

237

237

235

237

237

233

270

274

270

272

274

272

272

274

272

274

274

272

274

272

270

274

270

272

274

272

274

270

274

272

280

274

274

280

274

274

280

274

272

274

274

280

280

280

274

272

280

280

270

274

274

274

280

280

274

280

280

280



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

BWPGC/A USA breeder| 93 93 115 119 157 163 199 201 228 234 94 102 130 150 212 216 245 251 289 289 131 131 150 150 230 230 95 109 157 157 202 206 219 225 272 272
BWPGC/A USA breeder| 89 93 119 127 167 167 203 203 228 236 94 94 148 150 206 212 237 245 289 289 125 129 144 148 230 230 101 109 161 173 206 210 219 225 274 280
WPG USA breeder| 89 89 125 125 159 159 203 203 224 236 88 92 146 150 198 198 245 245 293 293 111 127 144 144 238 242 101 101 157 157 202 206 225 225 276 280
WPG USA breeder| 87 93 115 115 163 167 199 203 228 236 92 98 130 130 208 212 245 245 287 293 111 125 150 152 230 242 105 105 169 173 206 208 225 237 270 272
WPG USA breeder| 89 89 115 115 159 165 199 199 224 224 98 98 142 150 208 212 245 245 285 293 111 111 144 144 238 238 101 111 153 153 208 208 225 237 270 270
WPG USA breeder| 89 93 115 125 159 167 199 199 224 228 92 98 130 150 212 212 245 245 287 291 111 111 144 146 238 244 107 111 161 173 204 208 225 225 270 270
WPG USA breeder| 85 87 115 129 163 167 199 199 224 236 O 0 136 146 208 216 245 245 289 289 125 125 152 152 240 242 111 111 O 0 206 206 225 237 270 280
WPG USA breeder| 87 87 115 125 159 159 199 201 236 236 92 92 130 150 206 206 247 255 285 287 125 127 150 150 238 242 101 105 O 0 202 202 225 235 270 270
WPG USA breeder| 87 89 115 115 159 167 199 199 228 236 94 98 130 142 206 212 245 245 289 293 111 129 144 144 238 238 105 113 153 173 202 206 225 235 270 270
WPG USA breeder| 85 93 125 129 159 159 201 203 236 236 88 98 150 150 212 212 245 245 287 289 127 127 144 152 240 242 105 105 153 161 202 202 219 233 270 270
WPG USA breeder| 87 89 115 115 157 163 199 199 224 234 92 92 146 150 208 212 245 245 287 289 111 133 144 150 230 238 105 111 169 173 206 208 237 237 270 272
WPG USA breeder| 89 89 115 123 157 167 199 203 224 224 92 92 146 150 198 212 245 245 293 297 111 125 144 144 230 242 105 105 153 169 204 208 225 237 272 272
WPG USA breeder| 85 87 115 129 163 167 199 203 224 236 88 102 146 150 208 216 245 245 289 291 111 125 144 152 240 240 109 111 157 177 204 206 225 237 270 270
WPG USA breeder| 87 89 115 125 163 167 201 203 224 236 94 98 130 150 212 216 243 245 293 293 111 125 150 156 240 242 101 107 161 177 206 208 225 225 270 270
WPG USA breeder| 89 93 123 125 163 167 199 201 224 228 92 94 130 130 198 198 245 245 287 293 105 111 148 152 238 242 105 105 173 177 202 206 225 235 272 272
WPG USA breeder| 89 93 115 115 159 165 203 203 224 228 92 98 130 150 198 208 245 245 289 293 125 127 152 152 242 244 107 111 157 173 202 204 219 227 270 276
WPG USA breeder| 85 89 115 115 167 167 199 203 236 236 92 98 130 146 208 216 245 245 291 293 111 129 144 144 242 242 105 111 157 157 206 208 225 235 272 276
WPG USA CVvB |87 87 123 123 165 167 199 203 224 228 92 92 130 146 208 216 245 245 293 293 125 125 144 144 238 242 101 107 169 169 206 208 219 225 270 280
WPG USA breeder| 89 89 123 129 167 167 199 199 228 230 98 98 144 146 198 212 243 245 287 293 111 133 152 152 242 244 105 105 169 173 202 208 225 237 272 272
WPG USA CVvB |89 93 129 129 163 167 199 207 224 230 88 88 130 146 208 212 245 255 291 293 111 111 144 144 242 242 107 113 177 177 202 206 227 233 270 270
WPG USA CVvB [ 89 93 125 129 163 167 199 203 224 228 92 98 130 146 216 216 245 245 293 297 127 129 144 152 238 246 105 115 169 169 204 208 219 225 272 274
WPG USA CVvB |87 93 115 129 159 167 201 203 228 228 88 98 130 150 198 206 245 245 289 291 125 125 144 152 238 244 105 105 153 161 204 206 225 235 272 272
DD Ccz authors| 87 89 125 125 159 163 199 203 228 236 92 98 148 148 212 212 245 245 287 289 125 127 144 148 230 238 113 113 157 165 202 204 219 225 270 270
DD Ccz authors| 89 93 117 125 159 163 199 207 228 236 94 98 130 148 216 216 251 251 289 293 127 127 148 152 230 240 95 109 153 165 202 202 233 233 270 272
DD Ccz authors| 89 89 119 125 163 165 199 199 228 236 94 98 130 148 198 212 245 245 293 293 127 131 144 148 230 240 95 113 153 165 202 202 219 219 272 274
DD Ccz authors| 89 89 119 125 159 163 199 201 228 234 92 98 148 152 208 212 237 245 287 293 125 127 148 150 230 238 103 109 153 157 202 206 225 225 270 270
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256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

Ccz

GE

GE

authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
authors
breeder

breeder

89

89

89

89

89

89

89

87

89

83

89

87

85

89

89

87

85

89

89

89

89

87

89

85

89

89

89

89

93

93

93

93

89

89

89

89

93

89

89

93

89

89

89

89

93

89

93

89

89

89

89

89

117

119

117

117

117

117

119

117

115

119

119

125

127

125

117

117

117

117

123

117

117

117

115

123

117

117

125

125

127

119

119

119

119

119

117

119

125

129

129

125

125

119

125

125

127

119

117

125

125

129

119

129

159

163

159

159

159

163

163

163

159

163

163

159

159

163

163

159

163

163

159

159

163

163

163

163

159

159

163

163

163

159

163

165

163

163

163

167

163

165

159

165

165

163

165

165

163

163

165

163

165

165

165

165

199

201

201

199

199

199

199

199

201

199

201

199

201

199

199

199

201

201

201

201

201

201

201

199

197

201

199

203

201

201

201

201

199

201

203

203

203

203

207

201

201

201

201

201

209

203

207

203

203

201

199

203

236

234

224

228

224

228

228

236

236

228

228

228

228

234

234

228

228

236

236

234

234

228

228

224

228

224

236

236

228

228

234

236

236

236

236

234

234

236

234

234

236

236

234

236

236

236

238

236

236

228

228

228

98

94

92

94

92

94

94

92

94

90

98

98

94

92

92

92

92

92

94

94

96

92

92

92

92

94

102

98

98

98

94

98

94

92

98

90

98

98

94

94

94

98

98

94

94

94

98

94

94

94

94

94

148

144

146

146

148

130

146

130

148

146

148

146

148

148

130

130

130

146

146

146

146

146

146

146

146

130

152

152

146

150

148

130

146

148

150

148

150

150

150

148

148

150

148

148

148

146

150

148

150

150

150

150

212

208

212

212

212

212

198

216

212

212

212

212

212

212

212

212

212

216

198

204

198

212

212

212

216

212

216

216

212

216

212

208

216

216

216

216

212

212

216

216

216

212

216

216

212

208

208

216

216

216

216

111

245

239

239

245

239

245

245

239

245

239

239

245

239

237

239

243

239

245

245

245

239

245

237

239

245

243

245

247

245

245

245

245

245

245

251

245

245

247

245

239

251

245

245

245

245

245

245

245

245

245

247

247

289

293

289

289

293

291

293

289

287

293

287

287

291

293

289

289

285

285

287

291

293

289

289

293

287

289

297

293

293

2901

293

293

293

289

289

293

293

289

293

293

293

289

285

289

293

293

293

291

293

293

293

293

125

111

127

111

111

125

125

127

125

125

125

111

125

125

111

125

111

111

125

111

125

127

125

111

125

125

125

125

131

131

125

131

125

131

131

125

125

127

127

125

125

127

125

125

125

125

129

133

125

129

125

131

148

150

148

148

150

148

144

144

148

144

148

148

148

150

148

148

150

144

148

144

144

148

144

148

148

148

150

150

148

148

152

152

150

148

150

150

150

148

150

150

150

150

152

152

150

148

144

148

152

150

150

150

240

234

238

238

240

238

240

238

230

230

230

238

238

230

236

238

230

246

238

240

230

230

244

244
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GWP NOR breeder| 89 89 117 129 161 163 201 201 228 234 94 94 146 150 212 214 239 245 289 289 125 125 144 144 230 244 111 121 173 177 202 206 219 235 270 272
GWP NOR breeder| 89 89 117 125 163 167 201 205 228 234 92 94 150 150 212 216 245 245 289 289 111 125 144 148 230 230 109 121 157 177 206 208 225 235 272 272
GWP NOR breeder| 89 89 117 125 163 167 201 201 228 234 92 94 150 150 214 216 239 247 289 289 125 125 144 144 230 230 109 111 169 173 202 206 225 235 270 272
GWP NOR breeder| 89 93 117 119 163 163 199 203 228 234 94 94 146 150 212 216 245 245 289 289 111 125 148 150 230 240 101 111 157 157 202 206 219 233 270 272
GWP NOR breeder| 89 89 117 129 157 163 201 205 228 236 94 102 148 150 212 212 239 247 289 289 125 125 144 150 230 230 111 111 173 177 202 206 219 235 270 272
GWP SWE breeder| 89 93 117 129 161 163 199 203 228 228 94 98 146 152 216 216 239 245 289 289 125 125 144 148 240 244 101 107 157 173 202 208 219 233 272 272
GWP NOR breeder| 89 89 117 127 163 165 201 201 224 228 92 98 146 150 212 214 245 245 289 289 111 125 148 150 230 230 101 103 153 177 206 206 219 233 272 278
GWP NOR breeder| 87 89 117 129 161 163 199 201 228 236 94 94 144 150 212 216 239 239 291 291 125 129 148 150 244 244 109 109 153 165 202 210 225 233 272 278
GWP NOR breeder| 89 93 127 129 163 165 203 205 236 236 94 94 150 150 212 216 245 253 285 293 123 125 144 150 238 244 107 107 165 173 202 202 219 225 270 274
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360

361

362
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364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

GWP NOR breeder| 89 93 117 117 163 167 201 203 228 238 94 94 130 150 212 212 239 245 287 289 125 129 144 148 238 246 107 111 153 177 202 202 225 233 272 274
GWP NOR breeder| 85 87 117 129 163 165 203 203 228 228 98 98 132 146 212 212 239 245 289 289 111 125 148 148 240 244 103 107 153 153 202 210 233 233 272 274
GWP NOR breeder| 89 93 119 119 163 165 199 201 224 228 94 94 146 152 212 216 239 245 289 289 125 125 144 148 230 244 103 109 153 153 202 210 219 235 270 272
GWP NOR breeder| 87 89 115 129 161 165 201 203 228 236 98 98 144 150 216 216 239 247 291 291 111 127 148 150 240 244 107 109 153 165 202 210 219 233 272 274
GWP NOR breeder| 89 89 115 119 163 167 201 201 236 238 92 92 146 150 212 216 245 247 287 293 111 125 144 148 242 244 109 109 157 169 200 206 219 233 270 272
GSP Ccz authors| 87 89 115 125 165 165 203 203 228 228 94 102 148 148 198 198 245 247 289 293 125 133 144 144 240 242 107 109 153 169 202 202 219 229 270 272
GSP Ccz authors| 89 89 125 125 165 165 203 203 228 238 94 98 148 150 212 212 247 249 289 297 125 125 144 144 234 242 109 109 149 157 202 206 219 237 272 272
GSP Ccz authors| 87 89 121 125 159 159 201 203 238 242 94 100 144 148 206 208 247 247 287 289 125 133 148 150 234 246 105 105 157 169 202 202 219 237 270 270
GSP Ccz authors| 89 89 125 125 159 165 203 203 224 228 92 102 146 146 198 212 245 245 291 291 111 129 144 148 234 234 111 113 153 169 202 202 219 219 270 270
GSP Ccz authors| 89 89 123 123 159 165 203 203 234 236 92 94 130 150 198 216 245 247 291 291 111 133 144 148 230 242 107 109 153 173 202 202 225 225 270 270
GSP Ccz authors| 87 93 115 123 159 165 201 207 228 234 94 98 146 146 206 212 245 251 291 293 125 127 148 150 234 242 105 109 157 157 202 202 219 237 270 270
GSP Ccz authors| 89 89 123 123 165 165 203 207 224 236 92 102 146 148 206 212 245 247 287 289 111 131 148 150 240 246 109 111 169 169 202 208 237 237 270 270
GSP Ccz authors| 89 89 123 127 165 165 201 203 228 236 94 94 144 146 210 212 245 249 285 289 125 125 144 144 230 240 105 109 153 165 202 202 225 225 270 276
GSP Ccz authors| 87 93 115 129 159 165 199 199 234 236 100 102 148 154 198 206 245 251 291 297 111 111 144 148 234 240 105 107 157 161 202 208 217 229 270 270
GSP Ccz authors| 89 89 121 123 165 165 199 203 224 234 100 102 146 146 198 212 245 245 285 289 125 125 148 150 240 242 105 105 153 157 202 202 225 237 270 270
GSP Ccz authors| 89 89 121 123 165 165 199 203 224 234 100 102 146 146 198 212 245 245 285 289 125 125 148 150 240 242 105 105 153 157 202 202 225 237 270 270
GSP Ccz authors| 89 89 125 125 159 159 203 203 228 238 94 102 146 148 212 216 245 247 289 291 125 129 144 144 230 242 105 109 157 165 202 206 225 225 270 276
GSP Ccz authors| 85 89 123 123 159 165 203 207 236 236 92 94 148 150 198 206 245 247 287 291 125 131 148 148 234 242 107 111 153 169 202 202 219 235 270 280
GSP Ccz authors| 89 89 123 125 165 167 201 203 228 234 94 102 148 148 210 210 245 247 285 291 125 129 144 144 230 242 105 105 157 169 202 202 219 225 270 272
GSP Ccz authors| 89 89 117 125 159 165 203 203 234 236 94 94 146 148 198 208 245 247 291 291 125 133 148 148 240 242 105 109 165 165 202 202 219 237 270 270
GSP Ccz authors| 89 93 115 123 165 165 199 199 228 242 92 92 148 148 212 212 245 249 289 289 123 125 148 152 234 234 105 107 153 169 202 206 217 225 270 270
GSP Ccz authors| 87 93 125 125 159 165 199 203 236 236 92 102 146 150 208 216 245 247 285 291 125 127 144 150 242 246 101 107 157 169 202 202 225 237 270 270
GSP Ccz authors| 89 89 115 123 159 165 203 203 236 238 100 102 150 150 198 208 253 255 291 291 111 125 144 148 230 242 101 105 169 173 202 202 219 225 270 272
GSP Ccz authors| 89 93 117 129 159 165 199 203 236 236 100 102 146 148 208 212 245 251 289 289 125 125 144 150 242 246 105 107 157 161 202 202 237 237 270 270
GSP Ccz authors| 89 89 117 125 159 159 201 201 234 236 92 100 146 146 212 216 245 247 291 297 125 125 148 148 234 240 105 107 157 161 202 202 219 225 270 272
GSP Ccz authors| 89 89 123 127 159 165 201 203 228 234 94 102 130 146 208 210 247 251 289 289 111 125 144 148 234 234 105 105 157 165 202 208 225 237 270 270
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Table S2:Information about hunting breeds gathered from different scientific papers.

Breed n Hg Ho Na Fis Ar Author
German Wirehaired 50 0.71 0.69 6.94 nd nd (DeNise et al., 2004)
Pointer 11 0.73 0.72 5.10 nd nd (Pedersen et al., 2013)
G Shorthaired 148 0.69 0.68 7.35 nd nd (DeNise et al., 2004)
emat o oMl 30 [ 070 | 069 | nd [ 0018 [ 54 | (Leroyetal,2009)
36 0.72 0.71 6.2 nd nd (Pedersen et al., 2013)
Wirehaired Pointing | 33 0.57 0.62 4.94 nd nd (DeNise et al., 2004)
Griffon 27 0.69 0.71 nd -0.027 5.0 (Leroy et al., 2009)
50 0.68 nd nd nd nd (Parra et al., 2008)
Pointer 20 0.62 0.57 nd 0.080 4.8 (Leroy et al., 2009)
78 0.64 0.60 5.82 nd nd (DeNise et al., 2004)
66 0.62 nd nd nd nd (Parra et al., 2008)
English Setter 20 0.66 0.64 nd 0.027 5.1 (Leroy et al., 2009)
125 0.48 0.45 5.29 nd nd (DeNise et al., 2004)
English Setter (Pedersen et al.,
(show) 36 0.46 0.43 3.7 nd nd 2013)
English Setter (Pedersen et al.,
(field) 13 0.66 0.69 47 nd nd 2013)
Irish Red White 30 07 | 065 nd | 0069 | 53 | (Leroyetal, 2009)
Setter
132 0.65 0.63 6.12 nd nd (DeNise et al., 2004)
Irish Setter 17 | 063 | 062 | 48 | nd nd (Pedersen et al.,
2013)
Gordon Setter 149 0.57 0.55 5.18 nd nd (DeNise et al., 2004)
Vizsla 116 0.68 0.67 6.00 nd nd (DeNise et al., 2004)
24 0.64 0.66 nd -0.033 43 (Leroy et al., 2009)
36 0.6l nd nd nd nd (Irion et al., 2003)
Weimaraner 50 | 072 | 065 | 690 | 0059 | nd (S“e“geo"f;)r etal,
88 0.54 0.54 5.24 nd nd (DeNise et al., 2004)
(Bjornerfeldt et al.,
16 0.56 0.54 nd 0.042 33 2008)
) 22 0.60 0.58 nd 0.021 4.4 (Leroy et al., 2009)
Labrador Retriever ™5™ (%™ 035 | 330 | nd nd | (Zajcetal. 1997)
52 066 | 065 | 5.76 nd nd | (DeNise et al., 2004)
44 0.64 nd nd nd nd (Irion et al., 2003)
Bracco Italiano 72 064 | 059 | 643 | 0060 | nd (C‘amggl]‘?; etal,
16 0.66 nd nd nd nd (Parra et al., 2008)
44 0.66 nd nd nd nd (Irion et al., 2003)
Brittany Spaniel 64 0.64 0.64 5.65 nd nd (DeNise et al., 2004)
30 0.68 0.71 nd -0.032 5.0 (Leroy et al., 2009)
) (Pedersen et al.,
72 0.65 0.63 6.50 nd nd 2013)
Dachshunds 632 0.74 0.67 7.60 0.047 nd (Piibanova et al.,
2009)
130 0.72 0.64 7.88 nd nd (DeNise et al., 2004)
Hanover Hound 92 | 066 | 067 | 644 |-0012| nd (Lip k;oa(;l; Distl,
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