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VARREDURAS GENÔMICAS PARA DETECÇÃO DE VARIANTES 
GENÉTICAS ASSOCIADAS À REPRODUÇÃO DE CÃES 

 

 

RESUMO - Variante funcional (functional variant - FV) é um polimorfismo da 
sequência de DNA que possui efeitos sobre a função ou mesmo sobre o nível de 
expressão de um ou mais genes. Por apresentarem alta probabilidade de interferência 
em fenótipos celulares, teciduais ou mesmo sistêmicos, as FVs são alvos frequentes de 
pressão de seleção negativa ou positiva em uma população. Algumas FVs podem, 
inclusive, causar perda parcial ou total da função gênica, caso no qual estas recebem a 
denominação de loss-of-function variant (LoFV). Os cães domésticos (Canis lupus 
familiaris) possuem baixa variabilidade genética decorrente da intensa seleção artificial 
feita pelo homem para fenótipos extremos de características morfológicas e 
comportamentais. Os altos níveis de endogamia nas populações caninas favorecem a 
intensificação da ação da deriva genética e, por consequência, o aumento da prevalência 
de FVs e LoFVs que seriam mantidas em baixa frequência se estas populações 
apresentassem maior variabilidade genética. Assim, o cão doméstico é um modelo 
valioso para estudos de processos fisiológicos e de doenças genéticas humanas. O 
recente surgimento de ferramentas para análise genômica têm auxiliado na identificação 
de FVs e LoFVs de interesse zootécnico e biomédico em cães. Estas variantes podem 
ser mapeadas através de duas estratégias distintas, porém complementares, de 
varredura genômica. A primeira, denominada de estudo de associação genômica ampla 
(Genome-Wide Association Study - GWAS), consiste no teste de associações entre 
genótipos e fenótipos. A segunda consiste na busca por combinações alélicas, chamadas 
de haplótipos, que ocorram em alta frequência, porém que apresentem deficiência de 
homozigose. No presente trabalho, utilizamos ambas as estratégias no mapeamento de 
FVs e LoFVs de alto impacto funcional associadas à reprodução de cães. No primeiro 
estudo, um GWAS para tamanho de ninhada foi conduzido em Cães Boiadeiros de 
Entlebuch, o qual revelou uma FV no gene do fator de crescimento e diferenciação 9 
(growth/differentiation factor 9 – GDF9). No segundo estudo, reportamos haplótipos de 
alta frequência com deficiência de homozigotos nas raças Cão da Crista Chinesa, Cão 
Boiadeiro de Entlebuch, Labrador Retriever e Golden Retriever. Ambas as abordagens 
permitiram a identificação de variantes que podem estar associadas a prejuízos 
reprodutivos. 

 
 

Palavras chave: Polimorfismo de sítio único (SNP), haplótipo, variante funcional, 
reprodução, Canis lupus familiaris 
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GENOME-WIDE SCANS FOR THE DETECTION OF GENETIC VARIANTS 

ASSOCIATED WITH REPRODUCTIVE PERFORMANCE IN DOGS 
 

 

ABSTRACT- Functional variant (FV) is a DNA sequence polymorphism that has 
effects on the function or even the level of expression of one or more genes. FVs are 
frequent targets of negative or positive selection in a population due to its high probability 
of interfering in cell, tissue or system phenotypes. Some FVs may even cause partial or 
total loss of gene function, in which case they are called loss-of-function variants (LoFVs). 
Domestic dogs (Canis lupus familiaris) have low genetic variability resulting from intense 
human-driven artificial selection for extreme phenotypes of morphological and behavioral 
traits. High levels of inbreeding in canine populations favor the intensification of genetic 
drift and, consequently, an increase in the prevalence of FVs and LoFVs that would be 
maintained at low frequencies if these populations presented higher genetic variability. 
Thus, the domestic dog is a valuable model for studying physiological processes and 
human genetic diseases. The recent emergence of tools for genomic analysis has 
assisted in the identification of FVs and LoFVs of zootechnical and biomedical interest in 
dogs. These variants can be mapped through two distinct but complementary genomic 
scanning strategies. The first, known as Genome-Wide Association Study (GWAS), 
involves testing of phenotype-genotype associations. The second consists in the search 
for allelic combinations, called haplotypes, that occur in high frequency, but that present 
deficiency of homozygosity. In the present work, we used both strategies in the mapping 
of FVs and LoFVs of high functional impact associated with reproduction in dogs. In the 
first study, a GWAS for average litter size was conducted in Entlebucher Mountain dogs, 
which revealed a FV in the growth differentiation factor 9 gene (GDF9). In the second 
study, we reported high frequency haplotypes with deficiency of homozygosity in the 
Chinese Crested, Entlebucher Mountain, Labrador Retriever and Golden Retriever dog 
breeds. Both approaches allowed the identification of variants that may be associated 
with reproductive performance. 

 
 

Keywords: Single nucleotides variants (SNV), haplotype, functional variant, 
reproduction, Canis lupus familiaris 
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CAPÍTULO 1 - Considerações gerais 
 

1. A seleção artificial promoveu o aumento da frequência de variantes de alto 
impacto funcional no genoma canino 

 

O cão doméstico (Canis lupus familiaris) foi a primeira espécie animal a ser 

domesticada pelo homem, entre 20 e 40 mil anos atrás (Pendleton et al., 2018). Nos 

últimos três séculos, a intensa seleção artificial para fenótipos extremos de 

características morfológicas e comportamentais deu origem às mais de 400 raças 

catalogadas atualmente (Ostrander et al., 2017). Esta intensa seleção favoreceu a 

redução da diversidade genética e consequente intensificação da ação da deriva 

genética, favorecendo o aumento da frequência de variantes de alto impacto funcional 

no genoma canino (Xue et al., 2012; Marsden et al., 2016).  

Deriva genética (genetic drift) é um mecanismo de evolução neutra que consiste 

na flutuação aleatória das frequências alélicas. Um alelo pode tornar-se prevalente ou 

extinguir-se da população por meio da deriva genética por consequência de fenômenos 

como gargalos populacionais, redução da variabilidade genética ou endogamia. O 

arrasto genético (genetic draft) é caracterizado por aumento da frequência de alelos 

neutros que pegam “carona” (hitchhiking) com alelos vizinhos que estão sob pressão de 

seleção. Alguns alelos podem ainda ter efeitos pleiotrópicos, que indicam que podem 

afetar mais de uma característica, podendo ser uma delas vantajosa e a outra 

desvantajosa. 

Variante funcional (functional variants- FV) é definida como um polimorfismo da 

sequência de DNA capaz de afetar a função ou o nível de expressão de um ou mais 

genes. Algumas FVs podem, inclusive, causar perda parcial ou total da função gênica, 

caso no qual estas recebem a denominação específica de loss-of-function variant (LoFV) 

(Pagel et al., 2017). Por apresentarem alta probabilidade de interferência em fenótipos 

celulares, teciduais ou mesmo sistêmicos, tanto as FVs como as LoFVs são alvos 

frequentes de pressão de seleção negativa em uma população (Boyle et al., 2017; Zeng 

et al., 2018). A análise de genomas completos de milhares de seres humanos revelou 

que, em média, cada pessoa hígida é portadora de aproximadamente 100 LoFVs, cada 
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uma destas apresentando baixa frequência populacional e, em muitos casos, sendo 

privativas (Macarthur et al., 2012). Muitas LoFVs não induzem diferenças fenotípicas 

significativas quando em heterozigose, porém, a herança de duas cópias de uma LoFV 

pode gerar fenótipos extremos ou até ser incompatíveis com a vida. Assim, a diminuição 

da variabilidade genética de uma população, seja por meio de endogamia, deriva 

genética ou gargalo populacional, pode favorecer o aumento da frequência e a eventual 

homozigose destas variantes. 

O genoma canino (Canis lupus familiaris) apresenta alta ortologia com o genoma 

humano, fazendo do cão doméstico um excelente modelo para o estudo de processos 

fisiológicos e patológicos (Karlsson e Lindblad-toh, 2008). Apesar da grande diversidade 

morfológica observada nos cães (Akey et al., 2010), o processo de formação de raças 

foi caracterizado pelo uso de pequeno número de animais fundadores (Parker et al., 

2004; 2017) e drásticos gargalos populacionais proporcionados pela seleção humana 

(Lindblad-toh et al., 2005, Ostrander et al., 2017). Consequentemente, as diversas raças 

caninas apresentam reduzida variabilidade genética em comparação com outras 

espécies (Vila et al., 1999), corroborando para o aumento indireto da frequência de FVs 

e LoFVs e da ocorrência de doenças genéticas nessa espécie (Cruz et al., 2008; 

Ostrander, 2012; Parker et al., 2010). 

A endogamia em cães, além de ser responsável pelo aumento da frequência de 

doenças genéticas e perdas embrionárias, também afeta drasticamente o desempenho 

reprodutivo da espécie. Alterações como criptorquidismo (Smit et al., 2018), doenças 

uterinas (Voorwald, 2015), tamanho de ninhada reduzidos e problemas de 

acasalamentos (Schrack et al., 2017) são constantemente encontrados dentro de canis. 

Cães da raça Boiadeiro de Entlebuch, por exemplo, possuem alta consanguinidade 

devido ao seu baixo número de fundadores e gargalo populacional decorrente da 

Segunda Guerra Mundial. Por consequência, nos últimos anos houve uma queda de 

eficiência de acasalamentos e uma redução do número médio de filhotes por ninhada na 

raça (Schrack et al., 2017). 
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2. Ferramentas genômicas podem auxiliar na caracterização de variantes 
funcionais associadas à reprodução em cães 

 

Na última década, a finalização do genoma canino de referência, juntamente à 

descoberta de polimorfismos de sítio único (single nucleotide variants – SNVs ou single 

nucleotide polymorphisms- SNPs) comuns entre as raças caninas e ao surgimento de 

microarranjos de DNA com paralelismo massivo (SNV chips), viabilizou o processo de 

mapeamento de regiões cromossômicas envolvidas em diferenças fenotípicas em cães 

(Lindblad-toh et al., 2005; Karlsson et al., 2007). Estes avanços na área de genômica 

impulsionaram inúmeros estudos populacionais de associação entre variantes 

genômicas e características de interesse em cães (Pfhaler e Distl, 2012; Philipp et al., 

2012; Seppälä et al., 2012, Hayward et al., 2016). 

 Marcadores SNV podem auxiliar no mapeamento de FVs associados a 

características reprodutivas em cães por meio de duas estratégias distintas porém 

complementares: i) através da busca de combinações alélicas (i.e., haplótipos) com 

moderada ou alta frequência que raramente ocorrem em homozigose (Vanraden et al., 

2011); ou ii) por meio da busca de associações entre fenótipo e genótipo (Bush e Moore, 

2012). Em ambos os casos, a correlação não aleatória entre variantes próximas em um 

segmento cromossômico (i.e., desequilíbrio de ligação) permite a captura indireta da 

informação de FVs não observadas da sequência de DNA por meio de alta densidade de 

marcadores SNV. Por sua vez, as coordenadas genômicas dos SNVs viabilizam o 

sequenciamento alvo da região afetada para posterior caracterização da FV. Portanto, a 

aplicação destas abordagens em cães podem auxiliar i) no entendimento de 

enfermidades e processos fisiológicos nos animais de companhia; ii) na geração de 

informação para o desenvolvimento de ferramentas diagnósticas; iii) no desenho e 

potencialmente personalização de condutas terapêuticas; iv) no aconselhamento 

genético para controle da incidência de casos; e, por fim, v) na elucidação de processos 

similares em humanos. 

De fato, atualmente existem 719 enfermidades genéticas descritas em cães, 

acometendo praticamente todos os sistemas orgânicos, sendo que apenas 243 possuem 
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causa conhecida e 420 como modelo para doenças humanas (Online Mendelian 

Inheritance in Animals- OMIA, disponível em: http://omia.angis.org.au/home/). Dentre 

essas anotações catalogadas, algumas são associadas a perdas embrionárias e/ou a 

redução do tamanho de ninhada. Um exemplo, seria o Cão da Crista Chinesa, raça com 

marcante fenótipo de alopecia corporal (i.e. promovida por displasia ectodérmica). Este 

fenótipo está associado a uma LoFV descrita no gene Forkhead Box I3 (FOXI3) 

(Drögemüller et al., 2014). Ao mesmo tempo, esta LoFV em estado homozigoto leva à 

morte embrionária, sendo sempre recomendada a reprodução entre animais 

“powderpuff” (peludos) e animais heterozigotos para a LoFV do FOXI3 (alopécicos). Por 

simples herança Mendeliana, o acasalamento entre cães alopécicos (heterozigotos) gera 

morte de 25% dos embriões produzidos. A LoFV do FOXI3 foi encontrada através de 

estudos de associação genômica ampla (Genome-wide association study- GWAS) por 

Drögemüller e colaboradores (2014), mas também poderia ser identificada através de 

busca por haplótipos de alta frequência com ausência de homozigotos, já que estes 

morrem em estado embrionário. 

Apesar de todas as raças de cães possuírem altos índices de consanguinidade 

(endogamia), como já descrito anteriormente, algumas raças de cães são mais 

endogâmicas que outras (Boyko et al., 2010). Esta observação pode ser revelada por 

análises de tamanho efetivo de população (Effective Population Size - Ne) e corridas de 

homozigose (Runs of Homozygosity - ROH). O tamanho efetivo de população (Ne) é um 

parâmetro importante na genética populacional, sendo utilizado como ferramenta na 

conservação e quantificação de variabilidade genética (Barbato et al., 2015; Husemann 

et al., 2016). Já a análise de ROH permite avaliar segmentos genômicos homozigotos 

ao longo dos cromossomos (Mcquillan et al., 2008; Curik et al., 2014). Blocos 

homozigotos de grande extensão estão geralmente associados com endogamia recente, 

enquanto que blocos menores são relacionados à endogamia ou fixação de haplótipos 

herdados de ancestrais remotos (Mcquillan et al., 2008; Boyko et al., 2010). 
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3. Variantes funcionais associadas à reprodução através de deficiência de 
homozigotos 

 

Como discutido anteriormente, a deriva genética favorece o aumento da 

frequência de LoFVs em populações com baixa variabilidade genética, tornando-as 

suscetíveis à incidência de variantes deletérias em estado homozigoto. No entanto, ela 

não é o único fenômeno capaz de manter LoFVs em alta frequência em uma população. 

Algumas variantes deletérias podem apresentar pleiotropia, sendo mantidas em alta 

frequência por simultaneamente causarem um fenótipo positivamente selecionado. Um 

exemplo típico, é o já citado Cão da Crista Chinesa, no qual a LoFV do FOXI3 é deletéria 

em homozigose, causando morte embrionária, e ao mesmo tempo responsável pelo 

fenótipo de alopecia corporal em heterozigose, o qual é positivamente selecionado 

(Drögemüller et al., 2014). Outro fenômeno é o arrasto genético, no qual a LoFV pode 

estar em desequilíbrio de ligação com uma outra FV positivamente selecionada. 

Independente do fenômeno de manutenção de LoFVs, espera-se que haplótipos 

carreadores de LoFVs desfavoráveis em homozigose apresentem ausência ou baixa 

frequência de homozigotos na genotipagem de número suficientemente grande de 

indivíduos (VanRaden et al., 2011). A metodologia requer apenas genótipos de indivíduos 

não afetados, não sendo necessários dados fenotípicos de perdas embrionárias. 

 A detecção indireta de variantes com impacto funcional que causam fenótipos 

recessivos tem se mostrado viável em outras espécies através da detecção de haplótipos 

com deficiência de homozigotos (VanRaden et al., 2011; Sahana et al., 2013; Hoff et al., 

2017; Häggman e Uimari, 2017). O método inicia-se com a determinação de haplótipos 

em janelas cromossômicas de tamanhos pré-definidos. Um teste de hipótese é aplicado 

para cada haplótipo para comparar o número observado de homozigotos com o que seria 

esperado em Equilíbrio de Hardy-Weinberg (Hardy-Weinberg Equilibrium- HWE). 

Haplótipos com número de homozigotos observados muito abaixo do esperado são 

então considerados candidatos a albergar variantes que causam fenótipos recessivos 

desfavoráveis. A técnica tem sido particularmente útil na predição de variantes que 

provocam morte embrionária, uma vez que esta é de difícil mensuração e raramente 
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observada. Considerando a existência de ferramentas genômicas de alta densidade em 

cães, como o SNV chip, esta estratégia pode ser aplicada ao genoma canino de modo a 

detectar variantes de alta frequência e de alto impacto funcional nesta espécie.  

O mapeamento de haplótipos com ausência de homozigotos foi aplicado com 

sucesso na identificação de variantes letais em bovinos (VanRaden et al., 2011; Fritz et 

al., 2013; Kadri et al., 2014). Nesta espécie, a semelhança do que ocorreu em cães, a 

forte pressão de seleção para aumento de produção contribuiu para o acúmulo de LoFVs, 

as quais são responsáveis por expressiva parcela de falhas reprodutivas e, 

consequentemente, perdas econômicas na pecuária (VanRaden et al., 2011; Kadri et al., 

2014). 

 Por exemplo, VanRaden e colaboradores (2011) buscaram haplótipos com 

ausência de homozigotos em 65.732 bovinos de três raças diferentes genotipados para 

cerca de 50.000 SNVs. No estudo, onze haplótipos candidatos foram identificados, entre 

os quais esperavam-se sob equilíbrio de Hardy-Weinberg de 7 a 90 indivíduos 

homozigotos, sendo que nenhum foi observado. Estes achados culminaram na posterior 

caracterização da variante causal de um destes haplótipos, por meio de dados de 

sequenciamento (Sonstegard et al., 2013), e o desenvolvimento de ferramentas 

diagnósticas para direcionar acasalamentos nestes rebanhos 

(http://aipl.arsusda.gov/reference/recessive_haplotypes_ ARR-G3.html). 

 Apesar do evidente acúmulo de LoFVs no genoma canino (Marsden et al., 2016), 

estudos semelhantes em cães ainda não foram conduzidos. Comparado a outras 

espécies, o cão doméstico sofreu gargalos populacionais mais intensos, requerendo 

assim tamanhos amostrais de magnitude menores em estudos genômicos (Karlsson et 

al., 2007). 
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4. Variantes com alto impacto funcional por meio de análise de associação 
genômica ampla em cães 

 

Estudos de GWAS surgiram como uma ferramenta eficaz para identificar regiões 

cromossômicas associadas a variações fenotípicas (Chung e Chanock, 2011). Locos de 

características quantitativas (Quantitative trait loci- QTLs) já foram detectados para 

diversas características herdáveis em cães, como por exemplo condrodisplasia (Parker 

et al., 2009), variações de caudas e orelhas (Vaysse et al., 2011), braquicefalia 

(Bannasch et al., 2010), diferenças de pelagens (Cadieu et al., 2009), características 

reprodutivas (Inanç et al., 2018), entre diversos outros (Hayward et al., 2016; Machiela e 

Chanock, 2014). 

Da mesma forma que a abordagem de haplótipos com deficiência de 

homozigotos, este método com a utilização de fenótipos visa a identificação de regiões 

e possíveis variantes genéticas candidatas associadas ao fenótipo fornecido. A utilização 

destas ferramentas e confirmação de variantes com impacto funcional viabilizam o 

desenvolvimento de um painel de diagnóstico molecular para a identificação de animais 

carreadores dentro de canis. Este tipo de ferramenta pode auxiliar no direcionamento de 

acasalamentos com maior eficiência e produtividade. 

 

5. Objetivos do presente trabalho 
 

Com base nas informações descritas, o segundo capítulo desta tese objetivou a 

utilização da análise de GWAS para a identificação de variantes genéticas relacionadas 

ao tamanho de ninhada em Cães Boiadeiros de Entlebuch, tendo em vista que esta raça 

apresentou recentes problemas reprodutivos, com perdas de filhotes, acasalamentos 

malsucedidos e redução do tamanho médio de ninhadas. O terceiro capítulo, por sua 

vez, apresenta a abordagem de busca por variantes com impacto funcional por 

intermédio de ausência ou deficiência de homozigotos em cães das raças Cão da Crista 

Chinesa, Boiadeiro de Entlebuch, Golden Retriever e Labrador Retriever. 
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CAPÍTULO 2- Association of a missense variant in GDF9 with decreased average 
litter size in Entlebucher Mountain dogs 

 
 

Rafaela Beatriz Pintor Torrecilha; Marco Milanesi; Milena Gallana; Sarah Sugiato; Ann-
Kritin Besold; Iris Reichler; Vidhya Jagannathan; Gaudenz Dolf; Tosso Leeb; Johann 
Sölkner; José Fernando Garcia; Claude Schelling; Yuri Tani Utsunomiya 

 
 

ABSTRACT- The Entlebucher Mountain (EM) dog is a Swiss canine breed that 
experienced a rapid decrease in average litter size (ALS) in the last decade, suggesting 
genetic drift of variants with major effects on the trait. Here, we conducted a genome-wide 
association study (GWAS) for ALS using the single-step methodology to take advantage 
of 1632 pedigree records, 892 phenotypes and 372 genotypes (173662 markers) for 
which only a small percentage of the dogs (~12%) had both phenotypes and genotypes 
available. Our analysis revealed genome-wide significant (p < 5.69 x 10-7) associations 
mapping to the vicinity of the growth differentiation factor 9 gene (GDF9), which encodes 
for a ligand of the transforming growth factor-beta (TGF-β) superfamily that regulates the 
expansion and differentiation of cumulus cells and promotes ovarian follicle growth. The 
trait heritability was estimated at 43.1%, much higher than in other dog breeds, from which 
~15% was accountable by the GDF9 locus alone. Therefore, markers spanning the GDF9 
region explained around 6.5% of the variance in ALS in EM dogs, opening a tangible 
opportunity to improve fertility in the breed. Analysis of whole genome sequences of 8 EM 
dogs revealed a novel GDF9 missense substitution (g.11:21147009G>A) affecting a 
highly conserved nucleotide in vertebrates. The derived allele A was associated with 
decreased ALS, and was predicted to cause a p.Pro77Ser amino acid change to the 
GDF9 protein. Intriguingly, residue 77 was immediately followed by a 6-residues deletion 
that is fixed in the canine species but absent in non-canids. Moreover, given that canids 
uniquely ovulate oocytes at the Metaphase II stage of the first meiotic division, requiring 
maturation in the oviduct, we conjecture that the p.Pro77Ser substitution and the 6-
residues deletion of GDF9 may serve as a model for future insights into the dynamics of 
ovarian follicle growth and oocyte maturation in canids. 
 
Keywords: Canis lupus familiaris, number of offspring, multiple ovulation, single 
nucleotide polymorphism, single-step GBLUP 
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1. Introduction 
 

The Entlebucher Mountain (EM) dog is the smallest and youngest of the four Alpine 

dog breeds (NEMDA, 2018). Inbreeding depression is a major concern in the breed, since 

it suffered two important historical population bottlenecks: (i) one in its formation about 

100 years ago, which relied on a small number of founders; and (ii) another during World 

War I and II, when its development was put on hold. Inbreeding in the EM population kept 

increasing slowly and constantly since, which contributed to a recent decline in the 

breed’s average litter size (Schrack et al., 2017). These observations tease the 

hypothesis of recent genetic drift of variants with large effects on the trait, which could be 

prospected through a genome-wide association study (GWAS). 

As the EM population size is small, conducting a standard GWAS analysis for 

average litter size (ALS) may be difficult since the ideal sample would comprise 

phenotypes and genotypes from hundreds of females, each with at least one litter 

observed. Currently, these data exist only in a fragmented way. From the studbooks of 

the Swiss national kennel club, genealogy and ALS data are recoverable for several 

hundreds of registered females. However, sources of DNA may be only available for a 

small percentage of these dogs. Access to DNA samples from living EM dogs is fairly 

easy, but the number of living females with recorded litters is limited. In order to counteract 

the discontinuity between DNA and phenotype availability, pedigree relationships could 

be used to link genotypes from either males or females to phenotypes from non-

genotyped females. This type of strategy has been developed for the analysis of complex 

traits in livestock, where the combination of large sets of phenotypes with smaller sets of 

genotypes is a frequent scenario (Misztal et al., 2009; Aguilar et al., 2010). The 

methodology used to that end is known as single-step GBLUP, which is capable of fitting 

a linear mixed model to a heterogeneous data set including pedigree, genotypes and 

phenotypes. The statistical model estimates the heritability of the trait and the aggregate 

of additive genetic effects of each animal, which can then be converted into marker effects 

through a procedure called single-step GWAS (Wang et al., 2012; 2014; Zhang et al., 

2016). 
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Here, we conducted a single-step GWAS analysis of ALS using 1632 pedigree 

records, 892 phenotypes and 372 Illumina® CanineHD genotypes (173662 markers). 

Combined with whole-genome sequences (WGS) of 8 dogs, these data revealed a 

missense variant in the growth differentiation factor 9 gene (GDF9) associated with 

decreased ALS in EM dogs. 

 

2. Material and Methods 
 
2.1 Summary of the data 

 
Data from 1632 EM dogs were available for analysis, from which 111 had both 

phenotypes and genotypes, 261 had only genotypes, 781 had only phenotypes and 479 

did not have genotypes or phenotypes but were revealed by screening of 5556 pedigree 

records as relatives of animals with phenotypes. These data were obtained from a 

previous report (Schrack et al., 2017), which were complemented with WGS from 8 EM 

dogs. The distributions of ALS and number of recorded litters per female for the 892 

phenotyped dogs are presented in Apêndices- Figure 1A. 

 

2.2 Genotype filtering 
 
Genotypes for 177 males and 195 females were derived from the Illumina® 

CanineHD BeadChip assay, which included 173662 single nucleotide variant (SNV) 

markers. These genotypes were previously generated and used for a standard GWAS for 

ectopic ureters in the EM breed (Gallana et al., 2018). The PLINK v1.9b4.6 software 

(Purcell et al., 2007; Chang et al., 2015) was used to filter markers exhibiting call rate 

greater than 95% and minor allele frequency of at least 2%. 
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2.3 Regression model 
 

The blupf90 suite of programs (Misztal et al., 2002) was used to fit the following 

linear mixed model to the data: 

 

y = 1μ + Zu + e 

 

where y is the 892 x 1 vector of ALS, 1 is a 892 x 1 vector of ones, σ is a scalar 

representing the overall mean, u = [un ug]T is the 1632 x 1 vector of unobserved random 

effects for non-genotyped (un) and genotyped (ug) animals, Z is the 892 x 1632 incidence 

matrix relating animals to phenotypes, and e is the 892 x 1 vector of random residual 

effects. Following the single-step GBLUP approach (Misztal et al., 2009; Aguilar et al., 

2010), random effects were assumed independent and distributed as: 

 

u ~ MVN(0, Hσu²) 

e ~ MVN(0, Wσe²) 

 

where W is a diagonal matrix of number of recorded litters and H is a composite matrix 

combining pedigree (A) and genomic (G) relationships among animals. All elements from 

H were identical to those in A, except that the subset of A containing pedigree 

relationships among genotyped animals (Agg) was replaced by ωG + (1 – ω)Agg, where 

ω = 0.95. The genomic relationship matrix was defined as G = MDMTq, where M is the 

centered genotype matrix with animals in rows and markers in columns, D is a diagonal 

matrix of marker weights, and q = 1/[2¦pi(1 – pi)], where pi is the reference allele 

frequency at marker i (VanRaden, 2008). Variance components σu² and σe² were 

estimated via REstricted Maximum Likelihood (REML) using 10 iterations of the 

Expectation-Maximization (EM-REML) algorithm followed by maximization until 

convergence by the Average-Information (AI-REML) algorithm (Patterson e Thompson, 

1971; Gilmour et al., 1995; Yang et al., 2011). The heritability of the trait was obtained 

from REML estimates of variance components as h2 = σu²/(σu² + σe²). Solutions for μ and 

u were obtained by solving the mixed model equations. 
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2.4 Genome-wide association analysis 
 

The genome-wide scan for ALS associations was based on the single-step GWAS 

approach (Wang et al., 2012; 2014; Zhang et al., 2016) and comprised converting animal 

effects into marker effects by iterating the steps below: 

 

1. Initialize D as an identity matrix 

2. Fit the mixed model 

3. Update allele substitution effects: â = qDM′G-1ûg 

4. Update marker-specific variances: σi2 = 2pi(1 – pi)�̂�𝑖2 

5. Update the genome-wide variance:  σa2 = ¦σi 

6. Update the contribution of each marker to the genome-wide variance: σi = σi2/σa2 

7. Update marker weights: Dii = SiN 

8. Exit if the maximum number of iterations has been reached, otherwise loop to 2 

 

The analysis was carried out using two iterations in order to achieve a balanced 

relationship between increased power to detect large effects and shrinkage of small 

effects. Significance of SNV markers was assessed using a subsampling procedure, as 

suggested by Wang et al. (2014). Briefly, the entire single-step analysis was re-run on 

multiple subsamples of the original data, and marker effects obtained in these samples 

were used to derive standard errors as follows: 

 

𝑆𝐸(�̂�𝑖) = √
𝑚

𝑛(𝑏−1)
∑ (�̂�𝑖𝑘 − �̅�𝑖)2𝑏
𝑘=1   

 

where, relative to marker i, b is the number of subsamples, m is the subsample size, n is 

the original sample size, �̂�𝑖𝑘 is the estimated effect at the kth subsample and �̅�𝑖 is the 

marker effect averaged across all subsamples. Here we assumed b = 150, n = 896 and 

m = 625 (i.e, ~70% of the original phenotypic data), and adequacy of the choices of b and 

m were verified by evaluating the convergence of standard error estimates (Apêndices- 
Figure 2A). Standard errors were then used to compute the conventional chi-squared 
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statistic ti2 = [�̂�𝑖/ 𝑆𝐸(�̂�𝑖)]2. The genomic control method (Devlin e Roeder, 1999) was used 

to correct the test statistics for systematic inflation, which was measured as the slope of 

a simple linear regression of observed onto theoretical chi-squared quantiles. A 

Bonferroni-corrected significance level of 0.05/N was adopted, where N is the number of 

markers. The R v3.4.4 software (R CORE TEAM, 2018) and the ggplot2 package 

(Wickham, 2016) were used for graphical visualization of the results. 

 

2.5 Analysis of whole genome sequence data 
 
A total of 8 dogs were whole genome sequenced at an average coverage of 13x. 

Paired-end reads of 2 x 101 bp were generated with a Illumina® HiSeq 2000 instrument, 

following the manufacturer’s protocol. Read alignments to the CanFam3.1 assembly were 

performed with the Burrows-Wheeler Alignment (BWA) algorithm v0.7.10-r789 (Li e 

Durbin, 2009). Optical and PCR duplicates were marked with PicardTools v1.119 

(available at: http://broadinstitute.github.io/picard/). Sequence variants were extracted 

from aligned reads using the mpileup algorithm from SAMtools v1.3.1 and BCFtools 

v1.3.1 (Li et al., 2009). Variant effects were predicted and annotated with Ensembl Variant 

Effect Predictor (Mclaren et al., 2016). The Integrative Genomics Viewer v2.3 software 

(Thorvaldsdóttir et al., 2013) was used to visually inspect sequence alignments to search 

for additional variants that were not detected by the mpileup algorithm, such as large 

structural variants. 

 

2.6 Orthology analyses 
 

The UCSC (Casper et al., 2018) and Ensembl (Zerbino et al., 2018) databases 

were used to retrieve inter-species alignments of protein and genomic sequences of 

candidate genes, as well as PhyloP scores of nucleotide conservation in 100 vertebrates. 
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3. Results 
 
3.1 Single-step GWAS maps litter size associations to a chromosomal region 
sheltering GDF9 

 

We combined pedigree data from 1632 dogs with 892 phenotypes and 372 

genotypes using the single-step GWAS method to map genetic loci associated with ALS 

in the EM breed. A total of 87855 SNV markers were screened for association assuming 

a significance level of 5.69 x 10-7, and three markers on canine autosome 11 (CFA11) 

were declared significant (Figure 1 - A). Relative to the CanFam3.1 reference genome 

assembly, the most significant marker was g.11:20806345C>T (rs22084797, p = 4.21 x 

10-7), which presented a reference allele frequency of 33.3%. Associations on CFA11 

mapped to a chromosomal region proximal to a ~570 kb gap in marker coverage (Figure 
1 – B). Test statistics used to compute p-values were only slightly inflated and were 

therefore corrected using genomic control (Figure 1 - C). The sheep and goat sequences 

orthologous to the gap segment spanning CFA11:21076652-21646082 were previously 

shown to affect litter size, with the growth differentiation factor 9 gene (GDF9) being 

pointed as the causal gene (Silva et al., 2011; Feng et al., 2011; Våge et al., 2013; An et 

al, 2013). Notably, the topology of -log10(p) values on CFA11 suggested peaking 

associations towards the gap region in EM dogs, where the canine GDF9 is located 

(CFA11:21143982-21147237). Additive genetic and residual variances of ALS were 

estimated at 1.143 ± 0.252 and 1.506 ± 0.138, respectively, resulting in a heritability of 

43.1% in EM dogs. Associations on CFA11 accounted for ~15% of this heritability, 

translating into ~6.5% of the phenotypic variance. 
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Figure 1. Genome-wide association scan for major loci affecting litter size in Entlebucher 
Mountain dogs. (A) Manhattan plot showing significant associations (p < 5.69 x 10-7) 
mapping to canine autosome 11 (CFA11). (B) Regional association plot of CFA11 
demonstrating linkage disequilibrium to the top scoring marker g.11:20806345C>T 
(rs22084797, red diamond) and a gap in marker coverage between 21.08 and 21.65 Mb 
(white rectangle). (C) Quantile-quantile plots of association test statistics before (left 
panel) and after (right panel) genomic control (GC) adjustment for the inflation factor (λ). 
 

3.2 Whole genome sequence data reveal a novel missense variant in GDF9 
 

We analyzed WGS data of 8 EM dogs to prospect candidate causal variants 

underlying the CFA11 association signal. We detected two missense variants in GDF9 

that were in perfect linkage disequilibrium with the most significant marker 

g.11:20806345C>T, namely g.11:21146969C>T (rs850899575) and g.11:21147009G>A. 

The Ensembl track for variant g.11:21146969C>T indicated that the alternative allele T 

underlying the tolerated p.Cys90Tyr amino acid substitution was fairly common across 

dog breeds, as it had a frequency of 19% in 218 dog genomes. However, the 

g.11:21147009G>A variant associated with the amino acid change p.Pro77Ser was not 

cataloged and is therefore novel, implying it is not as commonly found across dog breeds 
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as g.11:21146969C>T. From the 8 sequenced EM dogs, 5 were homozygous AA and 3 

were heterozygous GA at the novel variant, indicating that the alternative allele A is the 

major one in the breed. Based on the perfect linkage disequilibrium with rs22084797, we 

predicted that allele A at the novel variant was associated with decreased litter size. We 

further observed that the residue 77 was positioned immediately proximal to a 6-residues 

deletion in the canine GDF9 protein sequence that is not found in non-canid species 

(Figure 2 - A). Additionally, residues 77 (Pro) and 78 (Ala) flanking the canine deletion 

were found to be conserved across mammals, indicating that further changes to this part 

of the protein sequence could alter its function and trigger natural negative selection. 

Examination of the codon sequences revealed that the first two bases of codon 77 were 

highly conserved (Figure 2 - B), whereas the third base was not, which was expected 

given that CCN encodes for the conserved proline residue. In particular, the 

g.11:21147009G>A variant in EM dogs alters the most conserved base of that codon 

(Figure 2 - C). 
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Figure 2. Effect and conservation of the detected missense variant (g.11:21147009G>A, 
p.Pro77Ser) in the growth differentiation factor 9 gene (GDF9). (A) The proline to serine 
substitution at residue 77 occurs immediately proximal to a 6-residues deletion that is not 
observed in non-canid species. (B) Orthologous genomic sequences (negative strand) of 
the GDF9 segment containing the seven codons that were deleted in dogs. (C) 
Conservation of the triplet encoding residue 77. The low conservation of thymine (T) and 
high conservation of the two cytosines (C) are consistent with conservation of proline, 
since this amino acid is encoded by CCN. 
 

 

 

 



22 
 

4. Discussion 
 

Average litter size (ALS) is an indicator of fertility and prenatal survival and is 

defined as the mean number of offspring per litter. Leroy and collaborators (2015) 

estimated the heritability (h2) of ALS in seven dog breeds and found values ranging from 

6% in Basset hounds to 11% in Bernese Mountain dogs, indicating that the trait is most 

likely complex (i.e., affected by a large number of genes) and lowly heritable within dog 

breeds. However, between-breeds differences in h2 estimates suggest that some dog 

breeds might have a stronger genetic contribution to ALS variation than others, implying 

breed-specific genetic architectures for ALS. In the present study, we found that h2 for 

ALS in the Entlebucher Mountain (EM) dog, an Alpine breed closely related to Bernese 

Mountain dogs, could be as high as 43%. Furthermore, in spite of the assumed trait 

complexity, markers flanking the growth differentiation factor 9 gene (GDF9) could explain 

as much as 6% of the variance in ALS in EM dogs. 

The upper limit of offspring per litter is physiologically constrained by the ovulation 

rate of the dam, which is partially controlled by two genes of the transforming growth 

factor-beta (TGF-β) superfamily: BMP15 (bone morphogenetic protein 15) and GDF9 

(Moore et al. 2003; Shimasaki et al. 2004; Reader et al., 2011; 2016). Animal models for 

genetic variants in GDF9 and BMP15 with large effects on ALS are well exemplified in 

sheep (Silva et al., 2011; Våge et al., 2013; Demars et al., 2013) and goats (Feng et al., 

2011; An et al., 2013). The proteins encoded by GDF9 and BMP15 are mainly expressed 

by the oocyte, and act in synergism to regulate ovarian follicle growth and to fine tune 

steroidogenesis, differentiation, division and expansion of cumulus cells (Reader et al., 

2016). In particular, expansion of cumulus cells is a morphological marker of oocyte 

quality and viability, and is crucial for oocyte maturation (Lee et al., 2017). Both GDF9 

and BMP15 signal the Sma mothers against decapentaplegic (SMAD) pathway, but while 

GDF9 activates SMAD2/3, BMP15 activates SMAD1/5/8 (Reader et al., 2016). The 

canine BMP15 is located on chromosome X positions 43764777-43771303, and although 

we can not rule out the contribution of variants in BMP15 to ALS variation in EM dogs, 

our study did not detect significant associations nearby that gene. Likewise, two deletions 

downstream of the SMAD2 gene (SMAD2) were previously shown to affect body size in 
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several dog breeds (Rimbault et al., 2013), but our analysis did not identify associations 

for ALS towards SMAD2 (CFA7:43720229-43769889) in the EM breed. The absence of 

associations for BMP15 and SMAD2 could be related to a true lack of effects of variants 

of these genes on ALS variation in EM dogs, or to a limitation of statistical power in our 

study. In the latter case, either the effect size or frequency of the variants could be too 

low to be detected at our current sample size. In fact, the deletions were observed only 

in one out of the eight whole genome sequenced EM dogs (Apêndices- Figure 3A). 

Therefore, the results of the present study were restricted to significant genetic effects 

mapping to GDF9. 

 The most plausible candidate causal variant pinpointed by our whole genome 

sequence analysis was the novel g.11:21147009G>A missense substitution in GDF9, 

predicted to lead to a proline to serine change at codon 77 of the GDF9 protein. Allele G 

at the variant site was found to be highly conserved in 100 species of vertebrates, implying 

negative selection towards substitutions of that nucleotide across species. Moreover, the 

derived allele A was associated with negative effects on ALS, in line with the observed 

decline in the mean offspring per litter in EM dogs in the last decade (Schrack et al., 

2017). Therefore, the candidate variant is consistent with our initial hypothesis that 

inbreeding in EM dogs might have facilitated drift of variants with large negative effects 

on ALS. Additionally, the p.Pro77Ser residue substitution was immediately followed by a 

6-residues deletion that is fixed in the domestic dog but absent in non-canid species. 

Canids uniquely ovulate immature oocytes at the Metaphase II stage of the first meiotic 

division, and oocyte maturation is only completed in the oviduct (Chastant-Maillard et al., 

2011; Reynaud et al., 2012). Of note, Lee et al. (2017) demonstrated that the canine 

oviduct highly expresses oocyte maturation-related genes, including BMP15 and SMAD2. 

Therefore, the investigation of differences in protein sequences and patterns of gene 

expression between canids and non-canids within the GDF9/BMP15/SMAD2 pathway 

seems a promising source of insights into the particularities of reproductive biology in the 

Canidae family. 
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5. Conclusions 
 
 The canine GDF9 chromosomal region shelters genetic variants explaining ~6.5% 

of the variation in average litter size in Entlebucher Mountain dogs. Among these variants, 

g.11:21147009G>A is the most plausible functional candidate since it leads to an amino 

acid substitution preceding a canid-specific deletion of 6 residues in the protein encoded 

by GDF9. Although a more detailed characterization of the variants in GDF9 is necessary 

before marker-assisted selection for litter size is conducted in the Entlebucher Mountain 

dogs, our results open a new window for improvement of fertility traits in the breed. Finally, 

given the importance of GDF9 to oocyte maturation, future research prioritizing 

differences in protein sequence and expression patterns of this gene between canids and 

non-canids may contribute to improve our knowledge about this yet cryptic process in 

canids. 
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ABSTRACT- A recessive phenotype is produced when its causal genetic variant is at 
the homozygous state. A highly unfavorable recessive phenotype (HURP) is defined as a 
recessive phenotype that is under strong negative (purifying) selection. While most HURP-
causing genetic variants are typically purged or kept at very low frequency in a population, 
some of these may become highly prevalent as a consequence of genetic drift, genetic draft or 
pleiotropy (i.e., the HURP-causing variant may concurrently determine an advantageous 
dominant phenotype that is positively selected). In particular, genetic drift can be potentiated 
by population bottlenecks and inbreeding, phenomena that occurred during the formation of 
modern breeds of domestic dogs. Because it is negatively selected, a HURP is usually rare in 
a population and thus difficult to observe or measure. However, if the HURP-causing variant is 
prevalent, it leaves a distinctive genomic signature characterized by chromosomal regions 
sheltering high frequency haplotypes with exceptional deficiency of homozygosity (HDHR). The 
purpose of this study was to evaluate the use of genome-wide screenings for HDHR as a 
mapping strategy for HURP-causing variants in dogs. In order to validate the method, we first 
applied the screening technique to Chinese Crested (CC, n = 137) dogs, a breed that 
segregates a well known pleiotropic homozygous-lethal variant. We then applied the genome-
wide analysis in Golden Retriever (GR, n = 871), Labrador Retriever (LR, n = 561) and 
Entlebucher Mountain (EM, n = 373) dogs. By using a combination of high density single 
nucleotide variant (SNV) microarray and whole genome sequence (WGS) data, we were able 
to detect sixteen HDHR across all four canine breeds. Five HDHRs contained genes linked to 
either hair coat phenotypes (FOXI3, CBD103 and TBX15) or retinal disease (PRPF31, CNOT3, 
SAG, SMC3 and PDE6D). Two HDHRs overlapped with chromosomal regions that are highly 
differentiated between domestic and wild canids (AMY2B and CRTC3 chromosomal domains). 
Six HDHRs had near zero homozygotes and therefore were likely tagging lethal alleles. One of 
these was further verified to be significantly associated with average litter size in EM dogs. This 
study provides a proof of concept that genetic variants underlying HURPs can be indirectly 
mapped using genome-wide scans for HDHRs in dog populations. 
 
Keywords: positive selection; purifying selection; deleterious mutations; Canis lupus familiaris; 
autosomal recessive inheritance; population genetics 
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1. Introduction 
 
 Domestication of dogs (Canis lupus familiaris) may have occurred over 15 thousand 

years ago, but the selective breeding that gave rise to the nearly 400 dog breeds cataloged to 

date greatly intensified in the past few centuries (Ostrander et al., 2017). The process of 

formation of dog breeds involved strong population bottlenecks and intense artificial selection 

for behavioral and morphological traits, resulting in rapid reductions of within-breed genetic 

diversity and accumulation of deleterious mutations (Marsden et al., 2016). Consequently, the 

domestic dog became an invaluable model for studying patterns of genetic variation produced 

by inbreeding and drift in finite populations. Moreover, the characterization of loci harboring 

deleterious mutations in dogs has the potential to enlighten the function of orthologous genes 

in humans and uncover their relevance in disease and biomedical applications. 

The indirect detection of genetic variants underlying highly unfavorable recessive 

phenotypes (HURPs) has successfully been demonstrated in other animal species through the 

search for high frequency haplotypes with exceptional deficiency of homozygosity (VanRaden 

et al. 2011; Sahana et al., 2013; Hoff et al., 2017; Häggman e Uimari, 2016). The method begins 

by determining haplotypes in chromosomal windows of a predefined length. Then, a hypothesis 

test (typically based on a null binomial distribution) is applied to each haplotype to compare the 

observed number of homozygotes with what would be expected under Hardy-Weinberg 

Equilibrium (HWE). Haplotypes with much lower than expected homozygosity are considered 

tags for putative variants causing HURPs. The technique has been found particularly useful in 

the prediction of early embryonic, recessive lethal phenotypes, since these are difficult to 

measure and barely observable. 

 Apart from deleterious alleles that could be under the influence of natural negative 

(purifying) selection, the technique may also be useful to reveal mutations that are artificially 

penalized at the homozygous state by human selection. In this context, “unfavorable” may be 

interpreted beyond the scope of the classical definition of “fitness” and embrace both natural 

and artificial selection. Therefore, exceptional deficiency of haplotype homozygosity may be 

explained by genetic variants implicated in selectively disadvantageous recessive phenotypes, 

which comprises a broader class of variants than simply deleterious or homozygous-lethal 

mutations. Considering the current availability of high density single nucleotide variant (SNV) 

genotype data for a number of dog breeds, this strategy could be applied to the canine genome 
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in order to uncover high frequency haplotypes that segregate with HURP-causing genetic 

variants in the species. Here, we report the first study of this kind in dogs, which relied on data 

from 373 Entlebucher Mountain (EM), 137 Chinese Crested (CC), 871 Golden Retriever (GR) 

and 561 Labrador Retriever (LR) dogs genotyped for over 148,000 SNVs. In order to propose 

candidate mutations, we also investigated whole genome sequence data from eight EM, four 

GR and three LR dogs, as well as sequence variants previously reported by other re-

sequencing projects. 

 
2. Materials and Methods 
 
2.1 Genotypes 

 
Illumina® CanineHD BeadChip assay genotypes from the EM, CC, GR and LR breeds 

were gathered from six different sources, which are listed in Table 1. General genotype data 

manipulation was performed with PLINK v1.9b4.6 (Purcell et al., 2007; Chang et al., 2015). 

Replicates between genotyping initiatives were avoided by excluding samples with 90% or 

more of their genotypes identical to another sample. Prior to analysis, all 173,662 SNV probe 

sequences were realigned to the CanFam3.1 reference assembly using custom scripts to retain 

only autosomal markers with unambiguous genomic coordinates. Next, SNVs failing a Fisher's 

exact test for HWE (p < 10-5) in all four breeds were excluded. Finally, only markers exhibiting 

call rate greater than 95% and GenTrain Score greater than 70% were kept for downstream 

analyses. After filtering, genotypes were subjected to phasing with the Segmented HAPlotype 

Estimation & Imputation Tool v2.r837 (SHAPEIT2) (O'Connell et al., 2014) using windows of 

500 kbp, 200 states and 10 burn in, 10 prune and 50 main iterations. The effective population 

size parameter required by SHAPEIT2 was estimated for each breed separately from linkage 

disequilibrium data (NeLD) with SNeP v1.1 (Barbato et al., 2015). 
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Table 1. Sources of Illumina® CanineHD genotypes used in this study 
Breed Abbreviation Sample 

size 

Samples from 

this study 

Samples from 

other studies 

References 

Chinese Crested CC 137 137 0 - 

Entlebucher 

Mountain 

EM 373 373 0 - 

Golden Retriever GR 871 72 799 Arendt et al. (2015); 

Olsson et al. (2015); 

Tonomura et al (2015); 

Molin et al. (2015) 

Labrador Retriever LR 561 132 429 

 

Forsberg et al. (2015); 

Olsson et al. (2015); Molin 

et al. (2015) 

Total - 1948 720 1228 - 

 

 

2.2 Inbreeding analysis 
 

Since genetic drift is potentiated by population bottlenecks and inbreeding, we estimated 

genomic autozygosity at the individual level based on the percentage of the genome that was 

covered by Runs of Homozygosity (ROH), as proposed by McQuillan et al. (2008). Stretches 

of consecutive homozygous genotypes were identified for each dog using the Hidden Markov 

Model (HMM) implemented in BCFTools v1.3.1 (Narasimhan et al., 2016). Allele frequencies 

required by the model were estimated from breed-level genotype data. Uncertainty about 

genotype emissions was taken into account by setting the phred-scaled genotype likelihood to 

the default value of 30. Then, genomic autozygosity (FROH) was computed as: 

 

𝐹𝑅𝑂𝐻 = 100
∑ 𝑅𝑖𝑛
𝑖=1
𝐺  

 

where Ri is the length of ROH i, and G is the total size of the genome covered by SNV markers. 

The value of G was obtained by summing the distances between consecutive markers 

according to their positions in the CanFam3.1 assembly. Genomic autozygosity was calculated 



32 
 
based on ROH of different minimum lengths: 1, 2, 4, 8 or 16 Mbp, representing inbreeding that 

occurred approximately 50, 25, 13, 6 and 3 generations in the past, respectively (Howrigan et 

al., 2011; Ferenčaković et al., 2013). Considering a generation interval of up to 4 years (Lewis 

et al., 2015), segments over 1Mbp in length were considered proxies for inbreeding that 

occurred up to 200 years ago, which covers most breed history. Locus autozygosity (FL) was 

also calculated for each SNV as the percentage of dogs presenting a ROH encompassing the 

SNV (Kim et al., 2013). 

 

2.3 Choice of haplotype size 
 

Let k be either the size of the sliding window in base pairs (bp) or the number of markers 

included in the sliding window. As argued by Hoff et al. (2017), the larger is the value of k, the 

higher is the likelihood that identical-by-state (IBS) haplotypes are also identical-by-descent 

(IBD). Consequently, IBS haplotypes at large k will be more likely to be identical at the level of 

sequence, except for a few young or de novo mutations. However, the likelihood of IBD is 

expected to decline as a function of number of generations since the common ancestor, such 

that choosing an excessively large value of k may give rise to many private haplotypes. At the 

opposite direction, a too small value of k may yield IBS haplotypes that are not IBD. The value 

of k may be further affected by the demographic history of the population under investigation, 

being specially sensitive to the extent of linkage disequilibrium (LD) in the genome. Therefore, 

the choice of k is not a trivial problem and thus lacks a straight-forward solution. In order to 

retain as much power as possible in the present study, we interrogated haplotypes of lengths 

100 kbp, 500 kbp, 1 Mbp, 2 Mbp and 5 Mbp. At each step, windows moved forward one quarter 

of their lengths. In order to avoid large gaps in marker coverage, we discarded haplotypes with 

densities below 50 kbp/SNV. All haplotypes were determined from phased data using the GHap 

R package v1.22 (Utsunomiya et al., 2016; R CORE TEAM, 2018). 

 

2.4 Detection of haplotypes with deficit of homozygotes 
 

Relative to haplotype i, let pi and hi represent the haplotype frequency and the observed 

number of homozygotes, respectively. The probability of observing hi or less homozygotes 

under Hardy-Weinberg Equilibrium was obtained as: 
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𝑃𝑟(𝑋 ⩽ ℎ𝑖) = ∑ (
𝑛
𝑗)

𝑗⩽ℎ𝑖

𝑝𝑖
2𝑗(1 − 𝑝𝑖2)𝑛−𝑗 

 

where n is the total number of dogs and X is a random draw from the binomial distribution. 

Haplotypes presenting p smaller than a significance level α were considered homozygous-

deficient (HDH) and prioritized for further investigation. The value of α was selected based on 

a permutation test, as specified in the nest section. Since multiple HDH may overlap as 

consequence of our sliding window approach, consensus segments of overlapping HDH were 

built, which will be hereafter referred as HDH regions (HDHR). 

 

2.5 Power analysis 
 
As a consequence from the assumption of a binomial distribution under the null 

hypothesis, the probability formulated above is essentially dependent on sample size and 

haplotype frequency. Therefore, one can easily compute, for a given haplotype frequency, what 

would be the minimum sample size required to detect deficiency of homozygosity at the chosen 

significance level. As our primary goal was to identify high frequency HDH, we limited our 

search space to haplotype frequencies between 5% and 30%. We built a curve of sample size 

as a function of haplotype frequency and then projected the sample sizes of CC, EM, GR and 

LR against that curve in order to determine the lower boundary of haplotype frequency that was 

detectable in each breed in the present study. 

 

2.6 Analysis of carrier sequence data 
 

Whole genome sequences of 8 EM, 4 GR and 3 LR were available for analysis. Paired-

end libraries of 2 x 100 bp were generated with a Illumina® HiSeq 2000 instrument, following 

the manufacturer’s protocol. Reads were aligned against the CanFam3.1 assembly using the 

Burrows-Wheeler Alignment (BWA) algorithm v0.7.10-r789 (Li e Durbin, 2009). After alignment, 

optical and PCR duplicates were marked with PicardTools v1.119 (available at: 

http://broadinstitute.github.io/picard/). Sequenced animals were classified as carriers or non-

carriers for each one of the candidate HDHR, and had their variants extracted from aligned 
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reads using the mpileup algorithm from SAMtools v1.3.1 and BCFtools v1.3.1 (Li et al., 2009). 

Variant effects were predicted and annotated with Ensembl Variant Effect Predictor (McLaren 

et al., 2016). Variants with genotypes matching haplotype predictions were considered 

neighboring tags for causal variants underlying HDHR. The Integrative Genomics Viewer v2.3 

software (Thorvaldsdóttir et al., 2013) was used to visually inspect sequence alignments near 

tag variants to confirm variant positions and search for additional variants that were not 

detected by the mpileup algorithm (e.g. large structural variants). Sequence variants previously 

reported by other re-sequencing projects that overlapped with HDHR were also considered. 

 

2.7 Gene annotation 
 
We used the intersect utility from BedTools v2.25.0 (Quinlan e Hall, 2010) to map 

Ensembl gene annotations (Kinsella et al., 2011) to all HDHR. We also used the UCSC genome 

browser for complementary annotation (Casper et al., 2018). Orthologous gene entries in the 

Online Mendelian Inheritance in Men (OMIM, 2018), Online Mendelian Inheritance in Animals 

(OMIA, 2018) and the Mouse Genome Informatics (MGI, 2018) databases were also inspected 

in order to identify genes for which disruptive mutations have been previously found to cause 

any measurable phenotype, particularly embryonic lethality, early death or anatomo-

physiological impairment. Finally, we mined the literature in the search for other traits that could 

be linked to the candidate regions, such as recessive hair coat and disease phenotypes. 

 

2.8 Association between haplotypes and average litter size 
 
Data on average litter size estimated over three or more litters were available for 64 EM 

females. Phenotypes were regressed on candidate haplotypes using a multiple linear 

regression analysis. Haplotype effects were evaluated using the t-test for significance of 

regression coefficients and a significance level of 5%. 
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3. Results 
 
3.1 Detection power at sample sizes below 1,000 dogs is constrained to HDH with 
frequency >10% 

 

As shown in Figure 1, the sample sizes available for CC, EM, LR and GR limited our 

search to candidate haplotypes with frequencies equal to or greater than 28%, 17%, 14% and 

11% in these breeds, respectively. Therefore, we hypothesize that genetic variants underlying 

candidate HDH in this study were most likely: (i) contributed by highly successful sires or dams 

via inbreeding and genetic drift; (ii) pleiotropic and simultaneously responsible for an 

unfavorable recessive phenotype and a selected dominant phenotype; or (iii) in LD with a 

selected variant and thus under genetic draft. In cases (ii) and (iii), positive selection on the 

favored phenotype must have been strong enough to counteract the action of purifying selection 

on the unfavorable phenotype. Case (i) suggests that inbreeding to influential families in the 

formation of the breed may override the selective force against the unfavorable variant and 

keep a large number of heterozygous carriers in the population. 

 

3.2 Low effective population size and high inbreeding supports high frequency HDH in 
dogs 
 

After filtering, a total of 149383, 148965, 149357 and 149670 SNVs were analyzed in 

the CC, EM, GR and LR data sets, respectively. Estimates of NeLD were LR = 172, CC = 154, 

GR = 122 and EM = 20, indicating that all four breeds are partially inbred and that EM is far 

more inbred than the other three breeds. The NeLD estimates agreed with the ROH analysis, 

where EM presented consistently larger average values of FROH (Apêndices- Figures 1B-5B). 

For instance, considering only recent inbreeding (ROH > 4 Mbp), average autozygosity was 

estimated at 17.22 ± 6.45%, 16.60 ± 6.35%, 20.91 ± 7.62% and 35.07 ± 3.84% for LR, CC, GR 

and EM, respectively. Therefore, the existence of high frequency HDH in these breeds is 

plausible given their current levels of inbreeding. 
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Figure 1. Sample size required to detect homozygous-deficient haplotypes (HDH) as a function 
of their frequency. The curve was built considering a significance level of α = 10-5. Abbreviations 
on the curve mark the sample sizes available for analyses in the four investigated breeds, 
revealing their corresponding lower bound of detectable frequency. GR = Golden Retriever, LR 
= Labrador Retriever, EM = Entlebucher Mountain, CC = Chinese Crested. 
 
3.3 Genome-wide screening identifies sixteen HDHR across four dog breeds 
 

We performed genome-wide screenings for HDHRs using sliding windows of 100 kbp, 

500 kbp, 1 Mbp, 2 Mbp and 5 Mbp. All analyses produced similar genome-wide significance 

topology, but the run using windows of 100 kbp retained more statistical power and thus 

presented better signal resolution (Apêndices- Figures 6B-9B). Therefore, we focused on the 

results obtained with 100 kbp-long haplotypes. We found a total of sixteen HDHR across all 

four breeds studied here (Figure 2), which were numbered from HDHR1 to HDHR16 (Table 2). 

The numbers of HDHR that were specific to CC, GR, LR and EM were 1, 3, 2 and 4, 

respectively. We detected 4 HDHR that were shared between GR and LR, and a single HDHR 

that was shared between LR and EM. Remarkably, HDHR4 was shared among all four breeds. 
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 2 
Figure 2. Manhattan plots of genome-wide screenings for homozygous-deficient haplotypes of length 100 kbp. 3 
 4 

5 



38 
 

 

Table 2. Observed-to-expected ratios and p-values (inside brackets) for homozygous-deficient haplotype regions (HDHR) 6 

Region Chr Start End Chinese Crested Golden Retriever Labrador Retriever Entlebucher 
Mountain 

Number of genes 
in the region Candidate genes 

HDHR1 1 10262500
0 

10322500
0 - 44:88 

(5.30 x 10-8) - - 29 CNOT3 
PRPF31 

HDHR2 3 52750000 54000000 - 12:64 
(3.09 x 10-16) - - 37 CRTC3 

HDHR3 6 44250000 49000000 - 7:33 
(3.35 x 10-8) 

21:73 
(3.37 x 10-14) - 22 

AMY2B 
RNPC3 
COL11A1 

HDHR4 9 15000000 18500000 0:16 
(3.55 x 10-8) 

20:116 
(1.03 x 10-30) 

4:46 
(4.38 x 10-16) 

4:58 
(2.83 x 10-22) 47 ARHGAP27 

HDHR5 10 15500000 17500000 - - - 67:108 
(5.67 x 10-7) 59 SYCE3 

NCAPH2 

HDHR6 13 58000000 60500000 - - 0:39 
(3.52 x 10-18) - 54 - 

HDHR7 14 1 6250000 - - 1:50 
(9.96 x 10-22) 

0:31 
(1.23 x 10-14) 80 - 

HDHR8 16 58875000 59000000 - 27:69 
(2.53 x 10-9) - - 4 CBD103 

HDHR9 17 36750000 39000000 0:34 
(1.49 x 10-17) - - - 61 FOXI3 

HDHR10 17 55750000 58500000 - 54:158 
(4.06 x 10-25) 

0:21 
(4.21 x 10-10) - 42 TBX15 

HDHR11 19 20000000 20500000 - 1:57 
(1.07 x 10-24) 

0:19 
(4.42 x 10-9) - 9 - 

HDHR12 21 45825000 46525000 - - 0:25 
(6.07 x 10-12) - 9 - 

HDHR13 25 43500000 46000000 - - - 1:51 
(8.59 x 10-23) 55 PDE6D 

SAG 

HDHR14 26 26000000 28250000 - - - 0:16 
(7.10 x 10-8) 51 - 

HDHR15 28 20875000 21375000 - - - 49:85 
(1.35 x 10-6) 4 SMC3 

HDHR1
6 32 2650000

0 
3000000

0 - 98:145 
(5.29 x 10-6) 

26:123 
(8.32 x 10-31) - 37 COL25A1 

SEC24B 

7 
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3.4 HDHR9 validates the FOXI3 homozygous-lethal frameshift variant in Chinese 
Crested dogs 

 

A single CC-specific region was identified, namely HDHR9 (Figure 3 - a). This 

region spanned positions 36.75-39.00 Mbp on canine autosome (CFA) 17, with the 

peaking haplotype mapping to 37.93-38.08 Mbp. This haplotype had a sample frequency 

of 49.64%, and although 34 homozygotes were expected, none was observed (p = 1.49 

x 10-17). The HDHR contained the forkhead box I3 gene (FOXI3, CFA17:38,032,447-

38,038,363), known to harbor a 7 bp duplication in exon 1 that explains the hairless 

ectodermal dysplasia phenotype in CC (Drögemüller et al., 2008). This finding validates 

our approach of detecting high frequency HDH linked to HURPs, since the FOXI3 

mutation was originally reported by Drögemüller and collaborators (2008) using a different 

method that required phenotypes (i.e., genome-wide association analysis). We also found 

that the FOXI3 region contained a ROH desert, consistent with strong positive selection 

for a homozygous-lethal mutation (Figure 3 - b). This FOXI3 mutation is therefore an 

example of a variant causing both a recessive disadvantageous phenotype (death) and 

a selected dominant phenotype (hairless ectodermal dysplasia). Subsequent to this 

successful proof of principle, we proceeded with the exploration of the candidate regions 

in the remaining breeds. 
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Figure 3. Detection of a homozygous-deficient haplotype (HDH) tagging the 
homozygous-lethal mutation of FOXI3 in Chinese Crested (CC) dogs. (A) The top panel 
displays the significance of haplotypes (points) along coordinates of CFA17, with the 
highest point mapping to FOXI3. Colors portray the level of heterozygosity of each 
haplotype. The middle panel shows locus-specific inbreeding with lack of autozygosity 
around the position of the FOXI3 variant. The lower panel exhibits every CC individual as 
a horizontal gray bar, with black areas representing runs of homozygosity (ROH). (B) 
Aspect of the dominant ectodermal dysplasia phenotype (hairless dog on the right) as 
compared to the wild type phenotype (powderpuff dog on the left), characterized by 
absent or sparse hair coat. (C) The deleterious variant tagged by the HDH is a 7 bp 
duplication in exon 1 causing a shift in the reading frame of FOXI3 (Drögemüller et al., 
2008). 
 

3.5 HDHR8 indicates selection against the homozygous wild type CBD103 
genotype in Golden Retriever dogs 

 

The HDHR8 segment (CFA16:58.88-59.00 Mbp) found in GR dogs contained the 

canine β-defensin gene (CBD103). The ΔG23 variant (rs851502010) responsible for the 

dominant black coat color phenotype (Candille et al., 2007) was found to negatively 
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correlate with haplotype predictions in the four sequenced GR dogs. These data indicated 

that the wild type allele was the unfavorable variant. The ΔG23 variant is a 3-bp inframe 

deletion that causes the removal of a glycine residue at the N-terminus of the resulting 

protein, which leads to a higher binding affinity between β-defensin and the melanocortin 

1 receptor (Mc1r) of melanocytes. Consequently, the ΔG23 allele promotes a higher 

production of eumelanin, resulting in a dominant black coat color. Leonard et al. (2012) 

analyzed a sample of 13 GR dogs and found that 46% were homozygous for the ΔG23 

mutation whereas the remaining 54% were heterozygous, translating into frequencies of 

73% and 27% for the ΔG23 and the wild type alleles, respectively. At a first glance, these 

data seem inconsistent since GR dogs have yellow/brown instead of black coat color. 

However, GR are highly selected for a premature stop codon (p.Arg206STOP or R306ter) 

in the Mc1r gene (MC1R), which switches eumelanin production to pheomelanin. 

Although it has been proposed that the loss-of-function mutation at MC1R leads to a 

yellow/golden phenotype regardless of CBD103 or Agouti (ASIP) genotypes (CANDILLE 

et al., 2007), this model does not explain why Leonard et al. (2012) could not find at least 

one GR dog homozygous for the CBD103 wild type allele (as expected under HWE) or 

why HDHR8 presents deficiency of homozygosity for the haplotype tagging the wild type 

variant in the present study. In fact, it is still not yet clear whether the R306ter variant 

causes complete or partial loss of function of Mc1r. Indeed, the R306ter variant is 

predicted to cause the loss of 12 amino-acids at the C-terminal tail of Mc1r, which are 

required for receptor localization and trafficking but not for functioning (Newton et al., 

2000). Thus, it could be hypothesized that R306ter causes a decreased localization of 

Mc1r to the melanocyte membrane, but not its complete absence. If this hypothesis holds, 

epistasis between MC1R and CBD103 genotypes would be expected and the ΔG23 

mutation would contribute to darker hues of yellow/golden in GR dogs due to partial 

production of eumelanin. Since GR dogs exhibit color lightness variation, homozygous 

wild type CBD103 genotypes could be associated with lighter yellow coat, which might be 

considered undesirable by some breeders. This hypothesis is supported by the 

observation of R306ter homozygous and wild type CBD103 homozygous Akita-inu dogs 

being white (Oguro-Okano et al., 2011), and by the fact that the white/cream coat color in 

GR is most likely explained by the autosomal recessive inheritance of an unknown variant 
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(Schmutz e Berryere, 2007). Additionally, introgression of R306ter from domestic dogs to 

Newfoundland coyotes (Canis latrans), supposedly contributed by hybridization with GR 

dogs, resulted in white coyotes (Brockerville et al., 2013). Figure 4 summarizes the 

proposed epistasis mechanism between MC1R and CBD103 genotypes in GR dogs. 

 

 
Figure 4. Proposed model for epistatic interactions between MC1R and CBD103 
mutations in dogs. (A) Competitive binding of CBD103, ASIP and α-MSH gene products 
to the melanocortin receptor produces an Agouti-like wild type coat color, characterized 
by mixtures of eumelanin and pheomelanin. (B) The ΔG23 mutation enhances binding 
affinity of CDB103 and MC1R gene products, resulting in the predominance of eumelanin 
production and black coat color. (C) The R306ter mutation decreases trafficking and 
localization of MC1R gene products to the melanocyte membrane, yielding predominance 
of pheomelanin production and light yellow, white or cream coat colors. (D) Presence of 
both ΔG23 and R306ter mutations results in few melanocortin receptors in the 
melanocyte membrane to bind with CBD103 ligands with higher likelihood as compared 
with ASIP or α-MSH gene products, producing darker hues of yellow/golden coat color.   
 
3.6 Black-and-tan coat color patterning as the putative unfavorable recessive 
phenotype underlying HDHR10 in Labrador and Golden Retriever dogs 
 

Homozygotes for the significant haplotype at HDHR10 were rare in GR dogs (three 

times more homozygotes were expected) and completely absent in LR dogs. Haplotype 

predictions were consistent with genotypes at two insertions-deletions (INDELs) in introns 
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1 and 2 of the T-box 15 gene (TBX15). These INDELs were predicted to affect two canine-

specific short interspersed nuclear elements (SINE_Cf). The TBX15 murine orthologue 

has been associated with black-and-tan coat color (Candille et al. 2004). Indeed, the 

black-and-tan coat color was prevalent in the ancestral retriever population and deemed 

to follow an autosomal recessive inheritance. A SINE insertion in ASIP, which segregates 

in both GR and LR, was previously incriminated as the cause of the black-and-tan 

phenotype in several dog breeds (Dreger e Schmutz, 2011). Although epistasis among 

ASIP, MC1R and CBD103 alleles are deemed to prevent the black-and-tan phenotype in 

retriever dogs, black-and-tan progeny are known to occur at very low frequency in both 

breeds. Therefore, it is an opened question whether yet another mutation plays a role in 

determining black-and-tan coat color in retriever dogs. Moreover, the effects of TBX15 on 

color patterning are most likely independent from ASIP mutations (Mills e Patterson, 

2009). We thus hypothesize that a novel TBX15 mutation, for which the two SINE_Cf 

identified here are candidates, also contributes epistatically to the appearance of the 

recessive black-and-tan phenotype in GR and LR. In this scenario, selection against 

animals that were homozygous for the unknown TBX15 variant would then explain the 

HDHR10 signal. 

 

3.7 HDHR16 points to COL25A1 as another candidate gene harboring unfavorable 
alleles in retriever dogs 

 

The HDHR16 signal was consistent with two closely located INDELs (4 bp deletion 

at CFA32:28690728-28690731 and 6 bp insertion at CFA32:29321784) within intron 1 of 

the collagen type XXV alpha 1 chain gene (COL25A1). Mutations in COL25A1 have been 

linked with hereditary cranial dysinnervation and ocular muscle disorders in humans 

(Shinwari et al., 2015), as well as Alzheimer's disease-like pathology in mice (Tong et al., 

2010). Although we could not point to a specific mutation or phenotype, putative traits 

involved with HDHR16 may include those related with ocular, neuronal or muscular 

activity. 
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3.8 HDHR3 contains the largest CNV in the dog genome spanning AMY2B 
 

The HDHR3 locus on CFA6:44250000-49000000 was shared between GR and 

LR, and sheltered a ~1.5 Mbp copy number variant (CNV) spanning the pancreatic alpha-

amylase 2b gene (AMY2B), RNA binding region containing 3 gene (RNPC3) and collagen 

type XI alpha 1 chain (COL11A1). This structural variant has been reported by previous 

re-sequencing projects (Nicholas et al., 2009; Berglund et al., 2012) and is the largest 

CNV in the dog genome described to date. The amylase gene shelters strong selection 

signatures and copy number gains in dogs, suggesting a post-domestication selection for 

starch-rich diets (Axelsson et al. 2013). Arendt and colleagues (2014; 2016) estimated 

that GR and LR carry on average ~13 and ~12 copies of AMY2B, respectively. Although 

we could not confirm carrier status in the present study, this complex CNV region seems 

the most plausible site sheltering the mutation causing deficiency of haplotype 

homozygosity at HDHR3. Given the complexity of this CNV region, we hypothesize that 

the intense selective pressure for ability to digest starch, which required evolutionary 

innovation and gene amplification in the chromosomal domain encompassing AMY2B, 

may have caused deleterious mutations to increase in frequency through genetic draft. In 

this case, positive or even balancing selection on the amplified copies of AMY2B must 

have been strong enough to counteract the action of purifying selection on hitchhiking 

disadvantageous mutations. Interestingly, most re-sequenced dogs presented a deletion 

of the neighboring segment flanking RNPC3 and COL11A1 in previous studies, 

suggesting the deletion to be the ancestral allele (at least in the domestic lineage), 

whereas samples from LR and Boxer have been observed to carry complex duplications 

(Nicholas et al., 2009; Berglund et al., 2012), all assumed to be derived alleles. These 

duplications might represent candidate deleterious mutations since COL11A1 is involved 

with osteochondrodysplasia and connective tissue syndromes in humans (Kohmoto et 

al., 2016). 
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3.9 HDHR1, HDHR13 and HDHR15 contain candidate genes implicated in retinal 
disease 

 
Two EM-specific regions (HDHR13 and HDHR15) and one GR-specific region 

(HDHR1) contained genes that could be linked with progressive retinal atrophy (PRA). 

This retinal disease is homologous to the human retinitis pigmentosa and is common in 

several dog breeds, including GR (Downs et al., 2011) and EM (Heitmann et al., 2005). 

The HDHR1 region spanned the pre-mRNA processing factor 31 homolog (PRPF31) and 

the CCR4-NOT transcription complex subunit 3 (CNOT3) genes. Epistasis between these 

two genes causes incomplete penetrance of retinitis pigmentosa in humans (Venturini et 

al., 2012; Rose et al., 2014). Retinitis only occurs when an individual carries at least one 

copy of the causal mutation at PRPF31 (autosomal dominant) and two copies of a high-

expressing allele of CNOT3 (autosomal recessive). Also, murine embryos carrying null 

CNOT3 or PRPF31 alleles die during early development (Dickinson et al., 2016). Given 

the large number of genes and variants implicated in retinitis pigmentosa, the complexity 

of the mode of inheritance, and the prevalence of PRA in the GR breed (Downs et al., 

2014), an involvement of CNOT3 and PRPF31 with HDHR1 could be hypothesized. 

Moreover, the HDHR13 and HDHR15 regions in EM also contained genes incriminated 

in retinitis pigmentosa in humans, namely S-antigen visual arrestin (SAG), 

phosphodiesterase 6D (PDE6D) and structural maintenance of chromosomes 3 (SMC3) 

(Sullivan et al., 2017; He et al., 2008). Since PRA can be triggered by mutations in several 

different genes, and is generally selected against by dog breeders, the observation that 

3 out of the 16 candidate regions detected in the present study harbored genes implicated 

in retinal disease may be relevant. 

 

3.10 HDHR2 points to an obesity-related gene with high differentiation between 
dogs and wild canids 
 

The HDHR2 region was also exclusive to the GR breed and mapped to 

CFA3:52.75-54.00 Mbp. Five times more dogs were expected to be homozygous for the 

significant haplotype than what was observed. Out of the four sequenced GR dogs, only 
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one was a carrier for the significant haplotype. A total of 467 sequence variants were 

filtered based on genotypes of that single dog, and from which only 4 were missense 

variants. One of these variants (rs851527235) was located on the CREB regulated 

transcription coactivator 3 gene (CRTC3), which has been found to shelter higher 

structural diversity in domestic dogs as compared to wild canids (Ramirez et al., 2014). 

This gene is also involved with energy balance, insulin-sensitivity and adipose tissue 

mass, traits that are linked to obesity (Song et al., 2010). Heritable obesity is common in 

dogs (Switonski et al., 2013), especially in the GR breed. Although we could not confirm 

causality of rs851527235 or the involvement of CRTC3 in the HDHR2 signal, associations 

between HDHR2 and heritable obesity should be investigated in depth in future studies. 

 

3.11 The common HDHR4 locus maps to a complex copy number variant 
encompassing ARHGAP27 
 

 We took advantage of whole genome sequence data of 8 EM, 5 GR and 3 LR dogs 

to explore the HDHR4 locus (CFA9:15.00-18.50 Mbp), which appears to shelter 

haplotypes with deficiency of homozygosity in all four breeds studied here. In total, 7 EM, 

1 GR and 0 LR were predicted to be heterozygous for the unobserved mutation, and a 

single EM dog was predicted to be a rare homozygous. A total of 138 variants located 

between CFA9:16917716-18205230 were in perfect correlation with haplotype 

predictions and were further investigated. Inspection of read alignments supporting these 

variants revealed a complex CNV spanning positions 18.19 – 18.24 Mbp on CFA9. This 

CNV contained the gene encoding the Rho GTPase activating protein 27 (ARHGAP27) 

and a long intergenic non-coding RNA (lincRNA). This complex CNV has been previously 

reported in several dog breeds (Berglund et al., 2012), which supports the appearance of 

the HDHR4 signal in all four breeds in this study. However, the HDHR4 region spanned 

over 3 Mbp and we could not narrow it down to individual genes or variants. 
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3.12 HDHR5 found in Entlebucher Mountain dogs encompasses a gene implicated 
in reduced fertility 

 

Using EM sequence data, we found a 4 bp insertion (CFA10:16759326) within the 

HDHR5 segment mapping to the intronic region of two genes that overlap at the opposing 

DNA strands, namely the synaptonemal complex central element protein 3 gene (SYCE3) 

and the non-SMC condensin II complex subunit H2 gene (NCAPH2). In particular, SYCE3 

is required for the progression of homologous recombination during meiosis (LU et al., 

2014), and deletion of SYCE3 in mice causes both male and female infertility due to 

meiotic arrest (Schramm et al., 2011). Given that mean litter size and rate of mating 

success decreased in the EM breed in the past years, and that inbreeding alone has been 

found to contribute with only small negative effects to fertility in the EM breed (Schrack et 

al., 2017), infertility and the SYCE3 variant are plausible candidates underlying the 

HDHR5 signal in our sample of EM dogs. 

 

3.13 HDHR6, HDHR7, HDHR11, HDHR12 and HDHR14 may be linked with 
homozygous-lethal mutations 
 

 Near zero homozygotes were observed in regions HDHR6, HDHR7, HDHR12 and 

HDHR14, suggesting that these haplotypes may partially tag homozygous-lethal 

mutations. Since our sequence analysis was limited to a small number of dogs, we were 

unable to pinpoint putative deleterious mutations for each one of these regions, although 

some candidates were suggested from our haplotype analysis. These regions should be 

targets of future in-depth investigation for the search of lethal alleles. Using average litter 

size data from 64 female EM dogs, we were able to associate HDHR7 with a significant 

decrease in litter size, estimated at -0.61 ± 0.29 puppies per litter (p = 0.042). This finding 

suggests a homozygous-lethal mutation underlying HDHR7. 
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4. Discussion 
 

We reported the first genome-wide screening for haplotypes with deficiency of 

homozygosity segregating at high frequency in domestic dogs. Our analysis revealed 16 

homozygous-deficient haplotype regions (HDHRs) across four inbred canine lineages. 

More than one third of these HDHRs were linked with either hair coat phenotypes or 

retinal disease. As for the remaining HDHRs, half of them were predicted to tag lethal 

alleles, whereas the other half were predicted to underlie various unfavorable recessive 

phenotypes. We were also able to map putative causal nucleotides responsible for some 

of these HDHR signals, which are now available for further investigation. 

The occurrence of HDHR in the dog genome may result from a variety of distinct 

phenomena. For instance, the same allele may cause a dominant phenotype that is 

artificially or naturally selected for, and at the same time cause an unfavorable recessive 

phenotype that would be eliminated by the action of purifying selection otherwise. One 

example is the FOXI3 frameshift variant in Chinese Crested dogs (HDHR9), which 

promotes the dominant hairless phenotype that is a hallmark of the breed, but is also 

lethal in the homozygous state (Drögemüller et al., 2008). Selective pressure on the 

dominant phenotype might be so strong that, even if the allele is homozygous-lethal, the 

mutation is kept at high frequency in the heterozygous state in the population. Similar 

cases have also been observed in dairy cattle populations, where a homozygous-lethal 

deletion of four genes was kept at high frequency in Nordic red cattle due to its positive 

effects on milk production (Kadri et al., 2014). 

Similar to the scenario above, mutations causing unfavorable recessive 

phenotypes may also produce HDHR if they are in linkage disequilibrium with variants 

under selection, in which case they would hitchhike to high frequency. In the present study 

we found that the highly selected AMY2B locus, which was extremely important for the 

adaptation of the domestic dog to starch-rich diets (Axelsson et al. 2013; Arendt et al. 

2014; 2016), may also contain mutations linked with unfavorable recessive phenotypes 

in retriever dogs. 

Another possible source of HDHR is inbreeding and genetic drift. In fact, this has 

been the main driver behind the use of haplotypes to detect unfavorable mutations in 
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livestock species (VanRaden et al. 2011; Sahana et al., 2013; Hoff et al., 2017; Häggman 

e Uimari, 2017). The heavy use of specific sires and dams in livestock breeding programs 

may result in the increase of frequency of deleterious mutations, and consequently 

economic losses. The same rationale could be applied to dogs, since the high incidence 

of congenital and hereditary diseases in the species is in part explained by inbreeding. 

The series of HDHR pointing to retinal disease, obesity-related traits and infertility may 

be an example of disease alleles prevailing in the population thanks to inbreeding. 

Finally, other more complex mechanisms might also underlie the sustained 

presence of HDHRs in the dog genome. For instance, epistasis between the CBD103 

and MC1R loci may be responsible for keeping the wild type CBD103 allele in Golden 

retrievers at high frequency but preferably at the heterozygous state with the ΔG23 

mutation. If our model is correct, heterozygous or ΔG23-homozygous individuals that are 

also homozygous for the R306ter MC1R mutation might exhibit coat color lightness 

varying between yellow and dark golden, which is the usual desirable range in the breed. 

However, R306ter/R306ter dogs that are also homozygous wild type at the CBD103 locus 

will present a white or cream coat color, which is less appreciated by breeders. Similar 

epistatic interactions may be expected for the TBX15 locus, presumably involved with the 

rare black-and-tan phenotype in retriever dogs. 

 

5. Conclusion 
 

 In conclusion, we showed that screenings for HDHR can reveal haplotypes tagging 

mutations in the dog genome that are involved with unfavorable recessive phenotypes in 

the species. Consorting HDHR analyses with whole genome sequence data mining can 

further contribute to the identification of these mutations and yield sensible predictions of 

the unobserved phenotypes based on gene function. 
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APÊNDICE A - Capítulo 2 Supplementary Figures  
 

 
 
 
 
 
 
 

 

 
 
 
Figure 1A. Histograms and summary statistics of average litter size and number of 
observed litters for 892 females of the Entlebucher Mountain dog breed. 
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Figure 2A. Convergence plot of standard errors averaged across 87855 SNV markers. 
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Figure 3A. Genotype status at deletions near SMAD2 in eight Entlebucher Mountain 

dogs. (A) Sequence depth normalized over 100 bp reveals a single dog carrying the two 

deletions (Del 1 and Del 2) associated with decreased body size described by Rimbault 

et al. (2013). (B) IGV snapshot of read alignments for the carrier dog, confirming 

occurrence of the deletions through higher than average insert sizes for paired-end reads 

(in red) at the deletion position as compared with two control dogs. 
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APÊNDICE B - Capítulo 3 Supplementary Figures 
 
 

 
Figure 1B. Genomic autozygosity estimated with runs of homozygosity larger than 1 Mbp. 
 

 
Figure 2B. Genomic autozygosity estimated with runs of homozygosity larger than 2 Mbp. 
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Figure 3B. Genomic autozygosity estimated with runs of homozygosity larger than 4 Mbp. 
 

 
Figure 4B. Genomic autozygosity estimated with runs of homozygosity larger than 8 Mbp. 
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Figure 5B. Genomic autozygosity estimated with runs of homozygosity larger than 16 
Mbp. 
 

 
Figure 6B. Manhattan plot of genome-wide screenings for homozygous-deficient 
haplotypes with window sizes of 500 kbp. 
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Figure 7B. Manhattan plot of genome-wide screenings for homozygous-deficient 
haplotypes with window sizes of 1 Mbp. 
 

 
Figure 8B. Manhattan plot of genome-wide screenings for homozygous-deficient 
haplotypes with window sizes of 2 Mbp. 
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Figure 9B. Manhattan plot of genome-wide screenings for homozygous-deficient 
haplotypes with window sizes of 5 kbp. 
 


