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AVALIACAO DA AUTOZIGOSIDADE EM VACAS NELORE (Bos indicus) ATRAVES DE
GENOTIPOS SNP DE ALTA DENSIDADE

RESUMO - A pecuéria bovina de corte da atualidade conta com o auxilio significativo dos
programas de melhoramento genético animal para seu sucesso. O desenvolvimento de
distintos métodos para realizar avaliacbes fenotipicas e genotipicas, tem o intuito de
selecionar os rebanhos e obter animais geneticamente superiores com producéo
padronizada. A padronizacdo produtiva de um rebanho deve ser resultante de
acasalamentos dirigidos, que podem levar ao aumento da ocorréncia de alelos
homozigotos no genoma dos animais. Esse aumento da autozigosidade na populacao, isto
€, 0 aumento do numero de animais com alelos idénticos por descendéncia (IBD), provém
do acasalamento entre individuos aparentados. Nesse contexto, a ferramenta mais robusta
para identificar os fragmentos do genoma animal que sado idénticos por descendéncia € a
estimacao do coeficiente de endogamia baseado nas corridas de homozigosidade (ROH),
gue é denominado (Fron). Eventos evolutivos, tais como: o processo de selec¢do natural, a
deriva genética ou aleatoria, e 0 gargalo populacional, podem ter contribuido com o
aumento da autozigosidade e da ocorréncia de alelos IBD no genoma de uma populacéo
resultante da reproducédo entre individuos aparentados. Essa dissertacdo revisou o estado
da arte do que concerne o estudo da endogamia determinada por analises gendmicas
(Capitulo 1), e aplicou tais conhecimentos na analise da distribuicdo dos niveis de
autozigosidade baseado em corridas de homozigosidade (ROH) em 1.278 fémeas da raca
Nelore genotipadas para mais de 777 mil SNPs, e identificou regides autozigotas
possivelmente associadas a selecdo natural, domesticacdo, fertilidade, evolucdo e
adaptacao dos bovinos (Capitulo 2). O presente estudo abre perspectivas para a realizacéo
de analises detalhadas que permitam a mensuracdo da influéncia da autozigosidade
gendmica causada pela presséo seletiva sobre alelos especificos em bovinos da raga

Nelore.

Termos-chave: Adaptacdo, Bos indicus, Corrida de Homozigosidade, Domesticacao,

Endogamia, Genémica Animal, Selecdo, SNP



ASSESSMENT OF AUTOZYGOSITY IN NELLORE COWS (Bos indicus) THROUGH
HIGH-DENSITY SNP GENOTYPES

ABSTRACT - The current beef cattle chain has had significant help of animal breeding
programs to its success. The development of different methods to perform phenotypic and
genotypic evaluation has the objective of selecting flocks and producing genetically superior
animals with standardized production. The productive standardization of a herd must be the
result of directed matings, which can lead to increased incidence of homozygous alleles in
the genome of animals. The increase of autozygosity in the population, i.e., increasing the
number of animals with alleles identical by descent (IBD), is derived from the mating of
related individuals. In this context, the most robust tool to identifies the animal's genome
fragments that are identical by descent is the estimation of the inbreeding coefficient based
on runs of homozygosity (ROH), which is called (Fron). Evolutionary events, such as the
process of natural selection, random or genetic drift, and population bottleneck, may have
contributed towards increasing the autozygosity and occurrence of IBD alleles in the
genome of a population resulting crosses of related individuals. This thesis reviewed the
state of the art with respect to the study of inbreeding determined by genomic analysis
(Chapter 1), and applied this knowledge in the analysis of the distribution of autozygosity
levels based on runs of homozygosity (ROH) in 1,278 Nelore females genotyped to more
than 777,000 SNPs, and identified autozygote regions possibly associated with natural
selection, domestication, fertility, evolution and adaptation of cattle (Chapter 2). This study
open prospects for conducting detailed analysis on the influence of genomic autozygosity

caused by selective pressure on specific alleles in Nelore cattle.

Keywords: Adaptation, Bos indicus, Runs of Homozygosity, Domestication, Inbreeding,

Animal Genomics, Selection, SNP



Vi

LISTA DE ABREVIATURAS

ABCZ: Associacdo Brasileira dos Criadores de Zebu; Brazilian Association of Zebu

Breeders;

BOKU: Universidade de Recursos Naturais e Ciéncias Bioldgicas; University of Natural

Resources and Life Sciences;

BRCAZ2: Cancer de mama 2 gene; Breast cancer 2 gene;

BTA: Bos Taurus;

cM: Centi morgans;

DE: Depressao endogamica; Inbreeding Depression;

DG: Duracédo da gestacao; Gestation length;

DNA: Acido desoxirribonucleico; Deoxyribonucleic acid;

F: Coeficiente de endogamia; Inbreeding coefficient;

Frep: Coeficiente de endogamia baseado na analise de pedigree;
Fron: Coeficiente de endogamia baseado nas corridas de homozigosidade (ROH);
Fst: Coeficiente estimado por Wright, subtotal e total da populacéo;
Gb: Gigabase (10° nucleotides);

HD: Alta densidade; Hight density;

HH: Altura da garupa; Hip height;

i.e.: Id est (latim para “isto €” ou “em outras palavras”);



Vil
IBD: Alelos idénticos por descendéncia; Alleles identical by descent;
IBS: Alelos idénticos por estado; Alleles identical by state;
IEP: Intervalos entre partos; Calving intervals;
IPC: Idade a primeira cria; Age of first calving;
Kb: Kilobase (10° nucleotideos):;
Kg: kilogramas;
MAF: Frequéncia do menor alelo; Minor allele frequency;
Mb: Megabase (10° nucleotideos);
mtDNA: DNA mitocondrial; Mitochondrial DNA,;

MUS: Escore visual para musculatura aos 18 meses; Visual score for muscles at 18

months;

P12: Peso aos 12 meses de idade; Weight at 12 months of age;
P18: Peso aos 18 meses de idade; Weight at 18 months of age;
P24: Peso aos 24 meses de idade; Weight at 24 months of age;
P8: Peso aos 8 meses de idade; Weight at 8 months of age;
PL: Producéo do leite; Milk Production;

PN: Peso ao nascimento; Birth weight;

PP14: Probabilidade de prenhes em novilhas aos 14 meses; Probability of pregnant heifers

at 14 months;

PMGA: Programas de melhoramento genético animal; Animal breeding programs;



viii
ROH: Corridas de homozigosidade; Runs of Homozygosity;
S1: Material suplementar 1; Supplementary material 1;
S2: Material suplementar 2; Supplementary material 2;
SC: Circunferéncia escrotal aos 18 meses; Scrotal circumference at 18 months;
SNP: Polimorfismo de sitio Unico; Single Nucleotide Polymorphism;

SPOCK1: Sparc/ Osteonectin, Cwcv and Kazal-Like Domains Proteoglycan gene

(Testican);

STAY: Longevidade; Longevity or Stayability;

Th2: Células T auxiliaries; T helper cells;

WG345: Ganho de peso a desmama aos 345 dias; Weaning weight gain at 345 days

WW: Peso a desmama; Weaning weight;



LISTA DE TABELAS

CAPITULO 1 - A AUTOZIGOZIDADE GENOMICA E SEU POTENCIAL NO
MELHORAMENTO GENETICO EM BOVINOS NO BRASIL

Tabela 1. Fenotipos (crescimento, reproducédo e producédo de leite) analisados em distintas

racas bovinas no Brasil, segundo distintos autores.

CAPITULO 2 - ASSESSMENT OF AUTOZYGOSITY IN NELLORE COWS (Bos indicus)
THROUGH HIGH-DENSITY SNP GENOTYPES

Table 1. Detection of common runs of homozygosity according to different number of
consecutive SNPs, percentage of animals, gap size and number of heterozygous

genotypes.
Apéndices
Table S1. Parameter estimates for the nonlinear regression models by chromosome

Table S2. Parameter estimates for the nonlinear regression model for 5 replicates of 1

million randomly sampled r? values from each autosomal chromosome.



LISTA DE FIGURAS

CAPITULO 2 - ASSESSMENT OF AUTOZYGOSITY IN NELLORE COWS (Bos indicus)
THROUGH HIGH-DENSITY SNP GENOTYPES

Figure 1. Frequency distribution of percentage of autosomal genome coverage by runs of
homozygosity (Froy) Of different minimum lengths (>0.5, >1, >2, >4, >8 and >16 Mb) and

diagonal elements of the realized genomic relationship matrix (G; ;).

Figure 2. Scatterplots (lower panel) and correlations (upper panel) of percentage of
autosomal genome coverage by runs of homozygosity (Froy) Of different minimum lengths
(>0.5, >1, >2, >4, >8 and >16 Mb) and diagonal elements of the realized genomic

relationship matrix (G; ;).

Figure 3. Barplot of average percentage of chromosome coverage by runs of homozygosity

(Frog) Of minimum length of 0.5 Mb.

Figure 4. Manhattan plot of genome-wide locus autozygosity in Nellore cows. The dashed

line represents the 50% threshold.

Apéndices

Figure S1. Frequency distribution of percentage of the total genome (autosomes + X)
coverage by runs of homozygosity (Froy) of different minimum lengths (>0.5, >1, >2, >4, >8

and >16 Mb) and diagonal elements of the realized genomic relationship matrix (G; ;).

Figure S2. Scatterplots (lower panel) and correlations (upper panel) of percentage of total
genome (autosomes + X) coverage by runs of homozygosity (Froy) Of different minimum
lengths (>0.5, >1, >2, >4, >8 and >16 Mb) and diagonal elements of the realized genomic

relationship matrix (G; ;).



1

CAPITULO 1 - A AUTOZIGOZIDADE GENOMICA E SEU POTENCIAL NO
MELHORAMENTO GENETICO EM BOVINOS NO BRASIL

1. INTRODUCAO

Ao longo da histéria da evolucdo dos bovinos, varios foram os fenémenos que
influenciaram a adaptacéo desses animais as distintas condi¢cdes de sobrevivéncia, alguns
dos quais inclusive deixaram marcas indeléveis em seus genomas. Dentre esses
fendbmenos, destacam-se: i. Processos de selecao natural (ocorridos ao longo de milhares
de anos) e artificial (com o acasalamento de animais selecionados pelo Homem), ii. Deriva
genética ou aleatoria (em que pequena parte da populacdo passa a apresentar frequéncia
alélica alterada); iii. Efeito de gargalo populacional (reducéo drastica da populacéo e perda
da variabilidade genética) e iv. Endogamia (como fruto do acasalamento entre individuos

aparentados).

A permanéncia de alelos idénticos por descendéncia (IBD) no genoma dos bovinos
ao longo da historia evolutiva resultou no aumento da homozigosidade de determinados
loci ao longo do mesmo. A autozigosidade, que pode ser determinada pela medida da
ocorréncia de segmentos gendmicos homozigotos ao longo dos cromossomos, também
denominados de corridas de homozigosidade (ROH), € resultado da manifestacédo
combinada dos fendbmenos acima descritos. Esse aumento da homozigosidade tanto pode
se manifestar pela fixacdo de alelos desfavoraveis ou mutacdes, acarretando
consequéncias negativas sobre as caracteristicas de importancia econdmicas, quanto

através da promocdao de alelos favoraveis, levando ao aumento dos indices produtivos.

Com o intuito de detectar essas marcas no genoma, diversas tecnologias foram
desenvolvidas ao longo das Ultimas duas décadas. Primeiramente, concluiu-se o
sequenciamento e montagem do genoma bovino de referéncia, que por sua vez permitiu o
desenvolvimento de testes analiticos para a deteccdo de milhares de marcadores

moleculares do tipo SNP (SNP chips). Desta forma, tornou-se possivel a estimacédo dos
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niveis de endogamia genémicos nos bovinos, sendo o coeficiente de endogamia baseado
nas corridas de homozigosidade (Fron), uma das alternativas de calculo. Essa alternativa
de célculo consiste de trechos continuos de segmentos autozigotos em individuos que
possuem identidade por descendéncia (IBD). A identificacdo desses trechos, ou
fragmentos homozigotos continuos, ao longo do genoma dos bovinos, pode revelar a
histéria da endogamia de uma populacao basicamente por dois aspectos: i. A identificacao
de fragmentos longos (i.e. > 4 Mb), que apontam para a ocorréncia de
endogamia/autozigosidade recente e ii. A observagdo de fragmentos curtos (i.e. < 4 Mb),

gue denotam a presenca de endogamia ocorrida em tempos remotos.

Os padrdes de ROH, além de discorrerem sobre a histéria da endogamia numa
populacdo, permitem a caracterizacdo de alteracfes negativas ou positivas causadas por
eventos evolutivos que influenciaram a adaptacdo dos bovinos desde tempos remotos.
Consequentemente, essa nova informacao pode permitir intervengcdes em programas de
melhoramento genético animal, com o objetivo de selecionar e direcionar o0s
acasalamentos, visando a promocao de caracteristicas produtivas e rentaveis através da

manipulagéo das ROHs.

2. REVISAO DE LITERATURA

O termo endogamia, conhecido também como consanguinidade, refere-se ao efeito
do cruzamento entre os individuos mais aparentados do que a média de uma determinada
populacdo, gerando descendentes que serdo os pais da proxima geracdo (PEARL, 1913).
Portanto, esse conceito aplica-se ao resultado do acasalamento entre individuos

geneticamente relacionados, que apresentam um ou mais ancestrais comuns.

O cruzamento entre individuos aparentados possui importante papel tanto no
melhoramento genético dos animais domésticos, quanto no decurso dos processos
genéticos evolutivos (CHARLESWORTH & CHARLESWORTH, 1987, KRISTENSEN AND
SORENSEN, 2005; CURIK et al., 2014).

Individuos endogamicos possuem maior probabilidade de apresentar dois alelos
idénticos por descendéncia num determinado locus, provocando o aumento da proporgéo

de loci homozigotos no individuo e, eventualmente, na populacdo a qual ele pertence
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(DAVIS AND SIMMEN, 2010). A endogamia, portanto, € um fator de grande influéncia para
a selecdo de animais, pois fixa positivamente ou negativamente determinadas

caracteristicas através do aumento da homozigose.

Nesse contexto, a endogamia pode apresentar como consequéncias negativas, a
diminuicdo da variabilidade genética e a ocorréncia de danos a saude genética da
populacdo, pois um rebanho com baixa variabilidade genética apresenta dificuldade de
adaptacdo a mudancas ambientais (sejam elas naturais ou artificiais). Com isso, a
capacidade de resposta a mudancas de um rebanho em condicdo de elevada endogamia
sera pequena, podendo levar ao que se denomina “depressdo endogamica” ou “por
endogamia” (FERENCAKOVIC et al., 2012). Esse fendmeno pode afetar negativamente a
expressdo de uma caracteristica produtiva ou reprodutiva do individuo, diminuindo seu
desempenho ou sua capacidade de resposta a desafios (WRIGHT, 1922, KOCK et al.,
2009). A depressao endogamica ocorre pelo aumento da homozigose (de loci especificos
ou de todo o genoma) e consequente diminuicdo da variabilidade genética, sendo
observada em animais, plantas e seres humanos (NISWANDER AND CHUNG, 1965,
SCHULL et al., 1965; CHARLESWORTH & CHARLESWORTH, 1987).

A autozigosidade pode ocorrer por meio do acasalamento entre individuos
aparentados ou pelo fenbmeno de deriva genética (também conhecido como deriva
aleatdria), os quais aumentam a frequéncia de alelos homozigotos e a presenca de
variantes do tipo deletérias (geralmente recessivas) que normalmente se manifestam em
individuos homozigotos. Dessa forma, para que ocorra a depressdo endogamica numa
determinada caracteristica, € necessaria a presenca de efeitos de dominancia parcial,
completa ou de sobredominancia, tendo como principais consequéncias: i. A diminuicao da
variabilidade genética, ii. Perda de variantes presentes no DNA desses animais e iii.
Alteracdo no desempenho populacional médio para caracteristicas de interesse econémico
(FALCONER & MACKAY, 1996).

Os efeitos da endogamia ndo sdo apenas aqueles de vertente negativa. Segundo
Wright (1922), um dos efeitos positivos da endogamia pode ser o aumento da uniformidade
do rebanho, que estaria correlacionado com o aumento da prepoténcia. Neste contexto, a
prepoténcia em bovinos, isto €, a capacidade de um animal gerar progénies mais
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uniformes, esta relacionada com a producdo de gametas também mais uniformes. Logo,
animais aparentados e mais homozigotos do que a média da populacédo, poderao ter menor
diversidade na producdo de gametas, resultando na uniformizagcdo do rebanho. O
acasalamento dirigido desses animais homozigotos proporcionard progresso genético mais
rapido do que aquele observado em acasalamentos aleatérios (CARVALHEIRO et al.,
2004; NEVES et al., 2009).

A historia do calculo da endogamia teve inicio com Wright (1922), que definiu o
coeficiente de endogamia como sendo a correlacdo entre os alelos advindos dos gametas
reprodutivos femininos e masculinos em um novo ser. O nivel de endogamia de um
individuo foi determinado com base na estatistica do coeficiente de endogamia (F) que,
quando calculado a partir de dados completos de registros de pedigree, foram

denominados de coeficiente de endogamia baseado no pedigree (Fpep).

Segundo Hall et al. (2012), o coeficiente de endogamia pode ser definido como a
probabilidade de que dois alelos de um locus autossémico qualquer de um individuo sejam
copias de um unico alelo presente em um de seus ancestrais. FerenCakovi¢ et al. (2012)
definiram o coeficiente de endogamia como sendo a proporcdo do genoma de um individuo
gue é autozigoto, isto €, que possui alelos homozigotos idénticos por descendéncia (IBD).
Segundo Crow (1954), um locus idéntico por descendéncia (IBD) € aquele que possui dois
alelos herdados do mesmo haplétipo de um ancestral comum, tanto do pai quanto da méae,

na auséncia de recombinac¢ao ou mutagéo (CURIK et al., 2014).

Os efeitos da endogamia sobre as caracteristicas de interesse econémico foram
estudados em varias racas bovinas existentes no Brasil tais como: Nelore (SANTANA et
al., 2010), Guzera (OLIVEIRA et al., 1999), Hereford (PARIACOTE et al., 1998), Simental
(MAXIMINI et al., 2011), Gir (QUEIROZ et al., 1993), Marchigiana e Bonsmara (SANTANA
et al., 2012). A Tabela 1 sumariza os fenétipos analisados nos distintos estudos sobre o

efeito da endogamia em racas bovinas no Brasil.
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Tabela 1. Fenotipos (crescimento, reproducédo e producédo de leite) analisados em distintas

racas bovinas no Brasil, segundo distintos autores.

Caracteristica Referéncia

Raca

Crescimento

Peso a desmama

Ganho de peso a desmama aos 18 meses de idade
Escore visual para terminacdo (precocidade) aos 18
meses de idade

Escore visual para musculatura aos 18 meses
Santana et al.,

Altura da garupa
SR 2010

Reproducéo

Circunferéncia escrotal aos 18 meses de idade
Probabilidade de prenhes em novilhas aos 14 meses de
idade

Longevidade

Crescimento

Peso ao nascimento

Pesos aos 8 meses de idade
Pesos aos 12 meses de idade Oliveira et al., 1999
Pesos aos 18 meses de idade

Pesos aos 24 meses de idade

Crescimento

Peso ao nascimento .
Pariacote et al.,

Ganho de peso pré-desmama diario
1998

Peso a desmama

Reproducéo
Volume
Concentragéo
Motilidade

NuUmero de espermatozéides por ejaculado

Maximini et al.,
2011

Viabilidade dos espermatozoides

Producéo de Leite ;
- , Queiroz et al., 1993
Producéo do leite

Nelore

Guzera

Hereford

Simental

Gir




Reproducéao
Duracdo da gestacao
Idade a primeira cria Queiroz et al., 1993 Gir

Intervalos de partos

Crescimento

Peso ao nascimento aos 14 meses de idade Santana et al., o
_ Marchigiana
Peso a desmama aos 205 dias 2012
Crescimento
Peso ao nascimento Santana et al.,
Bonsmara
Peso a desmama 2012

Circunferéncia escrotal aos 12 meses de idade

Dentre as distintas caracteristicas associadas ao crescimento avaliadas, diversas
apresentaram decréscimo na média esperada dos individuos com distintos graus de
endogamia, tais como: peso a desmama em animais da raga Nelore, Marchigiana,
Bonsmara e Hereford, e peso ao nascimento nas racas Bonsmara e Hereford. O efeito
negativo do aumento de 1% no coeficiente de endogamia sobre a caracteristica peso ao
nascimento foi observado nas ragas Bonsmara e Hereford. Em contrapartida, nenhuma
evidencia de depressao endogamica (DE) para a caracteristica de peso ao nascimento foi
relatada nas racas Marchigiana e Guzera (PARIACOTE et al., 1998; OLIVEIRA et al.,1999;
SANTANA et al., 2010; SANTANA et al., 2012).

Santana et al. (2010) analisaram o efeito da endogamia sobre as caracteristicas de
ganho de peso a desmama aos 18 meses de idade, escore visual para terminagéo
(precocidade) aos 18 meses de idade, escore visual para musculatura aos 18 meses e
altura da garupa na raca Nelore, descrevendo efeitos negativos sobre as mesmas, exceto

para o escore visual para musculatura aos 18 meses.

Ainda no ambito do crescimento, Oliveira et al. (1999) estudaram os efeitos da
endogamia sobre as caracteristicas peso ao nascimento (PN) e peso aos 8 (P8), 12 (P12),

18 (P18) e 24 (P24) meses de idade na raca Guzera, evidenciando coeficientes de
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regressao linear da endogamia negativos e significativos para P8, P12 e P24 de fémeas e
P18 de machos. Pariacote et al. (1998) observaram reducdo do ganho de peso pré-

desmama diario na raca Hereford como efeito da depressao endogamica.

Além dos efeitos da endogamia sobre caracteristicas de crescimento, alguns poucos
estudos foram conduzidos na esfera reprodutiva, os quais abordaram a circunferéncia
escrotal aos 12 e 18 meses de idade nas ragcas Bonsmara e Nelore, apontando para a
reducdo de — 0,126 cm e — 1,638 cm, respectivamente, quando ocorria 1% de aumento no
coeficiente de endogamia (SANTANA et al., 2010; SANTANA et al., 2012).

A depressdo endogamica também foi relatada para outras caracteristicas
reprodutivas, tais como: probabilidade de prenhes em novilhas aos 14 meses e
longevidade na raca Nelore (SANTANA et al., 2010), além da duracéo da gestacdo na raca
Gir (QUEIROZ et al., 1993).

Caracteristicas relacionadas com a qualidade do sémen (volume, concentracao,
motilidade, numero de espermatozoides por ejaculado e a Vviabilidade dos
espermatozoides) foram analisadas sob a ¢tica do efeito da endogamia na raca Simental
(Maximini et al., 2011). Apesar da baixa média dos coeficientes de endogamia (1,3%),
todas as caracteristicas de qualidade do sémen apresentaram evidencias de depresséo
endogamica. Os maiores valores dos efeitos negativos da endogamia foram encontrados
para as caracteristicas viabilidade espermatica (-3,547 = 2,578 %) e nuamero de
espermatozoides (-2,397 + 0,796 x10%). Em contrapartida, nenhuma evidencia de DE foi
identificada para as caracteristicas de idade a primeira cria (IPC) e intervalos de partos
(IEP) na raca Gir (QUEIROZ et al., 1993).

Os efeitos da endogamia sobre a producdo de leite (PL) na raca Gir foram
estudados por Queiroz et al. (1993) que observaram reducéo de producdo da ordem de
19.99 Kg durante a lactacdo, quando ocorria aumento de 1% no coeficiente de endogamia.

Com base na literatura cientifica originada de estudos com populacdes brasileiras de
bovinos, a depressao endogamica afetou parcialmente distintas caracteristicas associadas
ao crescimento, reproducéo e producao de leite, fatores cruciais para o bom desempenho e

producédo dos bovinos.
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A depressado endogamica causada pelos efeitos de alelos desfavoraveis de grande
magnitude pode ser efetivamente reduzida através da selecdo artificial monitorada por
marcadores moleculares ou mesmo da deriva aleatéria (CHARLESWORTH &
CHARLESWORTH, 1987; HEDRICK, 1994; GLEMIN, 2003).

No Brasil, a partir de meados da década de 30, foi criado o primeiro sistema de
identificacdo de animais zebuinos (Registro Genealdgico) (ABCZ, 2011), com o intuito de
conferir maior precisdo aos pedigrees das racas zebuinas. Dessa forma, o calculo dos
coeficientes de endogamia (F) passou a contar com informacdes mais precisas contidas
nos registros genealdgicos, mas que, entretanto, seguem sendo incompletas e contendo
alta taxa de erro, o0 que pode levar ao calculo de estimativas imprecisas, limitando assim o
seu uso (RON et al., 1996; FERENCAKOVIC et al., 2012).

Gracas a finalizagdo do genoma bovino de referéncia (THE BOVINE GENOME
SEQUENCING AND ANALYSIS CONSORTIUM et al.,, 2009; ZIMIN et al., 2009), a
descoberta de variantes do tipo SNP (polimorfismo de sitio Unico, do inglés: Single
Nucleotide Polymorphism) abundantes e comuns entre diversas racas bovinas (VAN
TASSELL et al.,, 2008; THE BOVINE HAPMAP CONSORTIUM et al., 2009), e a
disponibilidade comercial de microarranjos de DNA capazes de interrogar milhares de SNP
ao longo de todo o genoma (MATUKUMALLI et al., 2009), tem sido possivel a aplicagdo da
gendbmica em programas de melhoramento genético de animais e plantas em larga escala
e de forma rotineira (BJELLAND et al., 2003; AJMONE-MARSAN et al., 2010; LUAN et al.,
2014).

Além da utilizacdo das informacgdes de pedigree para os célculos do coeficiente de
endogamia de um individuo ou de uma populacdo homozigotos (isto é, que possuem dois
alelos idénticos por estado (IBS), do inglés: Identity by State), agora € possivel a estimagéo
do coeficiente de endogamia (F) mais preciso a partir da informacdo gendmica dos
individuos (CURIK et al., 2014), através da deteccdo de segmentos homozigotos idénticos
por descendéncia (IBD), do inglés: Identity by Descent, e que possuem um ancestral
comum no genoma de um individuo (BROMAN & WEBER, 1999).

Um dos métodos mais empregados para a estimativa do coeficiente de endogamia é
a corrida de homozigosidade (ROH), do inglés: Runs of Homozygosity, que detecta
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segmentos autozigotos através dos padrdes de marcadores moleculares do tipo SNP (KIM
et al., 2013).

De acordo com Keller et al. (2011) o coeficiente de endogamia baseado na ROH
(Fron), € suficientemente robusto para a estimativa da autozigosidade gendmica de um
individuo. Esse coeficiente é expresso como a propor¢cdo do genoma disposto em longos
segmentos em homozigose, e apresenta alta correlacdo com 0s niveis de autozigosidade
calculados por meio da genealogia (Fpep). Por basear-se na informacéo genotipica real do
animal, ao invés de valores esperados por genealogia, 0 Fron apresenta-se como uma
alternativa mais segura para a estimativa de niveis de endogamia, pois erros de genealogia
em bovinos sdo muito comuns devido a erros de identificacdo e registros incompletos
(RON et al., 1996; FERENCAKOVIC et al., 2011). Segundo Leutenegger et al. (2003) o
(Fron) € definido como o comprimento do genoma oriundo da analise ROH, dividido pelo
comprimento total do genoma coberto por marcadores moleculares do tipo SNP.

A ROH também pode ser definida como um trecho continuo e ininterrupto da
sequéncia de DNA no estado dipléide, com auséncia de heterozigosidade (GIBSON et al.,
2006; FERENCAKOVIC et al., 2013b), que é transmitido a progénie na forma de haplétipos
idénticos (SOLKNER et al., 2014). O comprimento dessas ROH no genoma pode indicar se

a presenca da endogamia na populagdo provém de tempos remotos ou recentes.

Dessa forma, fragmentos longos em homozigose devem denotar autozigosidade
recente, uma vez que a ocorréncia de poucos eventos de recombinacdo mantém integros
os haplétipos idénticos herdados a partir de um ancestral comum recente. Em contraste,
fragmentos pequenos podem ou néo resultar de autozigosidade proveniente de ancestrais
remotos (CURIK et al., 2014; SOLKNER et al., 2014). Por esse motivo, estimativas de
autozigosidade levando em consideracdo fragmentos homozigotos muito pequenos podem
apresentar viés, por inclusao de fragmentos homozigotos cujos alelos sao idénticos apenas
por estado e ndo por descendéncia. Em contraste, estimativas baseadas somente em
fragmentos longos séo limitadas a captura de informacdo de endogamia recente
(FERENCAKOVIC et al., 2012). Dessa forma, pode-se considerar que o nimero e tamanho
ideais para a analise ROH dependem de parametros e limiares impostos durante as etapas
da analise (HOWRIGAN et al., 2011).
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As regides comuns de autozigosidade presentes no genoma de um individuo séo
denominadas de ‘“ilhas de homozigosidade”. Segundo Nothnagel et al. (2010), estas
regidoes em seres humanos, quando se encontram presentes em mais de 50% dos
individuos de uma popula¢éo, poderiam indicar a ocorréncia de forte sele¢do. Os padrbes
de ROH, que em ultima instancia refletem a autozigosidade, podem ser resultado de varios
fenbmenos ao longo da histéria da evolucdo, tais como: deriva genética, gargalos
populacionais, endogamia e a selecdo natural ou artificial (KELLER et al.,, 2011,
PEMBERTON et al., 2012; PURFIELD et al., 2012),

Desde tempos remotos, grandes filésofos e naturalistas discutiram sobre a
adaptacdo de seres vivos ao ambiente, 0 que gerou varias teorias ao longo do tempo.
Darwin foi um grande observador da natureza, que abordou a histéria da biologia evolutiva
que, segundo ele, era explicada pela adaptacdo dos seres vivos baseada na selecao
natural. O termo adaptacdo refere-se ao comportamento natural de um individuo que
impacta na evolucdo da espécie, ou mais especificamente a presenca de uma determinada
caracteristica que confere a esse individuo a capacidade de se adaptar, sobreviver e
reproduzir em um ambiente extremamente diferente daquele de seu nascimento (DARWIN,
1859).

Ao longo das geracgdes, as racas animais passam pelo processo de sele¢ao natural,
gue modifica seus genoétipos e, consequentemente, seus fendtipos, garantindo sua
sobrevivéncia e gerando animais adaptados e resistentes a determinadas doencas
(PORTO-NETO et al., 2012). Racas também podem ser extintas devido a processos de
selecdo, nos quais a substituicdo de populagdes inteiras ou o cruzamento indiscriminado
de animais selecionados de racas especificas causam impacto na composi¢cdo genética
dos rebanhos (AJMONE-MARSAN et al., 2010).

Neste contexto, os bovinos foram fortemente expostos ao processo de selegcao
artificial ao longo das geragbes, o que deve ter contribuido para deixar marcas nos
genomas desses animais. Segundo Zhang et al. (2014), regibes gendmicas sob forte
pressdo de selecdo apresentaram niveis elevados de ROH. O aumento das ROH nos
genomas animais pode levar a efeitos fenotipicos prejudiciais, devido ao acumulo de
mutagcbes advindas dos sistemas de acasalamento com preponderancia de pequenos
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grupos de animais (GLEMIN, 2003), os quais podem dificultar o processo de adaptacéo. De
acordo com Hedrick (1994), uma forma de evitar esses efeitos negativos € a conducéo de
cruzamentos entre parentes realizados de forma programada e selecionada, a fim de
manter a diversidade genética e permitir o processo de adaptacdo desses animais

futuramente.

Outro fendmeno que pode ter contribuido para o aumento da autozigosidade ao
longo da histéria dos bovinos foi a deriva genética ou aleatoria. Este fenbmeno consiste de
evento evolutivo no qual uma populacdo pequena de animais sofre alteracdo estocastica
no genoma, que se nota através da alteracdo das frequéncias alélicas esperadas
(SALMAN, 2007). Este tipo evento evolutivo foi importante para a formacdo das racas
bovinas, que se fundamentam invariavelmente no isolamento geografico e adaptacdo a
nichos ecoldgicos diferentes, acumulando diferencas alélicas ao longo do tempo (EGITO et
al., 2002).

Em adicdo, o gargalo populacional também pode contribuir para a ocorréncia de
autozigosidade, e pode ser devido a extingcdo, ou impossibilidade de reproducéo, de parte
significativa da populacdo, resultando na diminuicdo dos possiveis reprodutores. No
melhoramento genético, o gargalo populacional pode ser consequéncia do uso massivo de

touros em programas de inseminacéo artificial (FARIA et al., 2002; FILHO et al., 2002).

Além dos fendmenos evolutivos descritos acima, a domesticacdo dos bovinos
zebuinos (Bos indicus) e taurinos (Bos taurus) que precede o contato do Homem com os
bovinos selvagens ou aurochs (Bos primigenius) (ZEUNER, 1963), também pode ter
contribuido com o aumento da autozigosidade gendmica ao longo dos anos, devido a

selecéo e aos acasalamentos dirigidos realizados nesses animais.

Todos os eventos evolutivos, somados ao processo de domesticacdo e selecdo dos
bovinos resultaram na pecudaria de corte moderna. A pecuéaria de corte brasileira, em
especial a que compreende a raca Nelore, vive atualmente um momento particular no qual
a selecdo genética intensiva para caracteristicas de importancia econdémica visam a
produgdo de animais geneticamente superiores e homogéneos para determinados
fendtipos. Pode-se inferir, portanto que, o aumento da ocorréncia de alelos autozigotos no

genoma dos bovinos zebuinos (Bos indicus) e taurinos (Bos taurus), acumulados ao longo
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dos anos (em passado recente ou remoto), foi causado por eventos evolutivos (tais como a
endogamia, selecao natural e artificial, deriva genética ou aleatdria e gargalo populacional)
descritos nessa revisao, podem ser compreendidos e explorados gracgas a disponibilidade
das poderosas ferramentas analiticas diponiveis na atualidade.
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ABSTRACT - The use of relatively low numbers of sires in cattle breeding programs,
particularly on those for carcass and weight traits in Nellore beef cattle (Bos indicus) in
Brazil, has always raised concerns about inbreeding, which affect conservation of
genetic resources and sustainability of this breed. Here, we investigated the distribution
of autozygosity levels based on runs of homozygosity (ROH) in a sample of 1,278
Nellore cows, genotyped for over 777,000 SNPs. We found ROH segments larger than
10 Mb in over 70% of the samples, representing signatures most likely related to the
recent massive use of few sires. However, the average genome coverage by ROH (> 1
Mb) was lower than previously reported for other cattle breeds (4.58%). In spite of
99.98% of the SNPs being included within a ROH in at least one individual, only
19.37% of the markers were encompassed by common ROH, suggesting that the
ongoing selection for weight, carcass and reproductive traits in this population is too
recent to have produced selection signatures in the form of ROH. Three short-range
highly prevalent ROH autosomal hotspots (occurring in over 50% of the samples) were
observed, indicating candidate regions most likely under selection since before the
foundation of Brazilian Nellore cattle. The putative signatures of selection on
chromosomes 4, 7 and 12 may be involved in resistance to infectious diseases and

fertility, and should be subject of future investigation.

Keywords: Bos indicus;, Runs of Homozygosity,, Selections, Cattley,

Fertilitys, Disease resistances.
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1. Introduction

Autozygosity is the homozygote state of identical-by-descent alleles,
which can result from several different phenomena such as genetic drift,
population bottleneck, mating of close relatives, and natural and artificial
selection (Falconer & MacKay, 1996; Keller et al., 2011; Curik et al., 2014). In
the past 20 years, the heavy use of relatively low number of sires in Brazilian
Nellore breeding programs (Bos indicus) is deemed to have mimicked all these
triggers of autozygosity, especially considering the increasing use of artificial
insemination over the decades. As inbreeding has been incriminated in reduced
fithess and reproductive performance in other cattle populations under artificial
selection (Bjelland et al., 2013; Leroy et al., 2014), avoidance of mating of close
relatives is a typical practice of many Nellore breeders. Therefore, there is a
growing interest in characterizing and monitoring autozygosity in this breed to
preserve genetic diversity and allow the long-term sustainability of breeding
programs in Brazil.

Recently, the use of high-density single nucleotide polymorphism (SNP)
genotypes to scan individual genomes for contiguous homozygous
chromosomal fragments has been proposed as a proxy for the identification of
identical-by-descent haplotypes (Gibson et al., 2006; Lencz et al., 2007). As the
length of autozygous chromosomal segments is proportional to the number of
generations since the common ancestor (Howrigan et al., 2011), the
identification of runs of homozygosity (ROH) can reveal recent and remote
events of inbreeding, providing invaluable information about the genetic
relationships and demographic history of domesticated cattle (Purfield et al.,
2012; Ferencakovi¢ at al., 2013a; Kim et al., 2013). Also, given the stochastic
nature of recombination, the occurrence of ROH is highly heterogeneous across
the genome, and hotspots of ROH across a large number of samples (here after
referred as common ROH) may be indicative of selective pressure. Moreover,
the fraction of an individual's genome covered by ROH can be used as an
estimate of its genomic autozygosity or inbreeding coefficient (McQuillan et al.,
2008; Curik et al., 2014).

Here, we investigated the occurrence of ROH in the genomes of 1,278

Nellore cows (Bos indicus) genotyped for over 777,000 SNPs. We aimed at
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characterizing the distribution of ROH length and genome-wide levels of
autozygosity, as well as detecting common ROH that may be implicated in past

events of selection.

2. Materials and methods

2.1. Ethical statement

The present study was exempt of the local ethical committee evaluation
as genomic DNA was extracted from stored hair samples of animals from

commercial herds.

2.2. Genotyping and data filtering

A total of 1,278 cows were genotyped with the Illumina® BovineHD
Genotyping BeadChip assay (HD), according to the manufacturer's protocol.
These animals comprised part of the genomic selection reference population
from a commercial breeding program. These dams were born between 1993
and 2008, being under routine genetic evaluation for weight, carcass and
reproductive traits by the DeltaGen program, an alliance of Nellore cattle
breeders from Brazil. Data filtering was performed using PLINK v1.07 (Purcell et
al., 2007), and markers were removed from the dataset if GenTrain score lower
than 70% or a call rate lower than 98% was observed. All genotyped samples
exhibited call rates greater than 90%, thus no animals were filtered from further
analyses. Minor allele frequency (MAF) was not used as an exclusion criterion
in this analysis, so that the detection of homozygous segments was not

compromised. Both autosomal and X-linked markers were included.

2.3. Estimates of genomic individual autozygosity
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Genomic autozygosity was measured based on the percentage of an
individual's genome that is covered by ROH. Stretches of consecutive
homozygous genotypes were identified for each animal using SNP & Variation
Suite v7.6.8 (Golden Helix, Bozeman, MT, USA http://www.goldenhelix.com),
and chromosomal segments were declared ROH under the following criteria: 30
or more consecutive homozygous SNPs, a density of at least 1 SNP every 100
kb, gaps of no more than 500 kb between SNPs, and no more than 5 missing
genotypes across all individuals. In order to account for genotyping error and
avoid underestimation of long ROH (Feren€akovi¢ et al., 2013b), heterozygous
genotype calls were allowed under conditions where there were 2 heterozygous
genotypes for ROH = 4Mb, or no heterozygous genotypes for ROH < 4Mb.

Autozygosity was estimated according to McQuillan and colleagues (2008):

Z;L:l LROH]

Fron = I
total

Where LROHj is the length of ROH j, and L;,:,; IS the total size of the

genome covered by markers, calculated from the sum of inter-marker distances
in the UMD v3.1 assembly. In order to facilitate comparisons with other studies,
Froy Was calculated using both the genome size based on autosomal and
autosomal + X chromosomes. For each animal, Froy was calculated based on
ROH of different minimum lengths: 0.5, 1, 2, 4, 8 or 16 Mb, representing
autozygosity events that occurred approximately 100, 50, 25, 13, 6 and 3
generations in the past, respectively (Howrigan et al., 2011; Feren€akovic¢ et al.,
2013b). Additionally, chromosome-wise Fp,y was also computed.

An alternative measure of autozygosity was obtained by computing the
diagonal elements of a modified realized genomic relationship matrix
(VanRaden 2008; VanRaden et al., 2011), calculated as:

/A

G =
2Ymm(1—p)
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Where Z is a centered genotype matrix and p; is the reference allele
frequency at locus [. MatrixZ is obtained by subtracting from the genotype
matrix M (with genotype scores coded as 0, 1 or 2 for alternative allele
homozygote, heterozygote and reference allele homozygote, respectively) the
matrix P, whose elements of column [ are equal to 2p;. The diagonal elements
of G (G;;) represent the relationship of an animal with itself, and thus
encapsulate autozygosity information. Following VanRaden et al. (2011), G;;
can provide a more suitable proxy for the pedigree-based inbreeding coefficient
when assuming p; = 0.5, rather than using base population allele frequencies
estimates (which could be difficult to estimate especially in absence of complete
pedigree data). Thus, matrix G was computed using allele frequencies fixed at
0.5.

2.4. Detection of common runs of homozygosity

Chromosomal segments presenting ROH hotspots were defined as ROH
islands or common ROH. In order to identify such genomic regions, we used
two different strategies. First, we used the clustering algorithm implemented in
SNP & Variation Suite v7.6.8, which identifies clusters of contiguous set of
SNPs with size >s,,;,, where every SNP has at least n,,,;;, samples presenting a
run. Clusters were identified based on a fixed minimum cluster size of s,,,;;, = 0.5
Mb for varying minimum number of samples: 127 (10%), 255 (20%), 319 (25%),
and 639 (50%). In order to assess the sensitivity of the algorithm to parameter
settings in ROH detection, we repeated the analysis using minimum numbers of
30 or 150 SNPs in a run, maximum gap sizes of 100 kb or 500 kb, and O or 2
heterozygous genotypes as variable parameters.

Alternatively, we calculated locus autozygosity (F,) following Kim et al.
(2013). Briefly, for each SNP, animals were classified as autozygous (1) or non-
autozygous (0) based on the presence of a ROH encompassing the SNP. Then,
F; was simply computed as the percentage of animals with autozygosity status

equal to 1.
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3. Results and Discussion

The ultimate goal in livestock breeding strategies is to improve
populations by selecting animals with above-average productive performance
as parents of the next generation. Unavoidably, the use of ever-smaller
numbers of animals as founders incurs in autozygosity. Evidence from whole-
genome sequencing studies in humans indicate that highly deleterious variants
are common across healthy individuals (MacArthur et al., 2012; Xue et al.;
2012), and although no such systematical survey has been conducted in cattle
to the present date, it is highly expected that unfavorable alleles also segregate
in cattle populations. Therefore, inbreeding is expected to inadvertently increase
autozygosity of such unfavorable alleles (Szpiech et al., 2013), potentially
causing economic losses. Here, we analyzed high-density SNP genotypes in
order to characterize autozygosity in the genomes of a sample of Nellore cows

under artificial selection for weight, carcass and reproductive traits.

3.1. Distribution of ROH length

After filtering, 668,589 SNP marker genotypes across 1,278 animals
were retained for analyses. The average, median, minimum and maximum ROH
length detected across all chromosomes were 1.26, 0.70, 0.50 and 70.91 Mb,
respectively, suggesting this specific Nellore cattle population experienced both
recent and remote autozygosity events. Segments as large as 10 Mb are
traceable to inbreeding that occurred within the last five generations (Howrigan
et al.,, 2011), and a total of 942 samples (73.7%) presented at least one
homozygous fragment larger than 10 Mb. Therefore, it is likely that these long

ROH are signatures of the extended use of recent popular sires.

3.2. Distribution of genome-wide autozygosity

The distributions of G;; and Froybased on autosomal ROH of different

minimum lengths (>0.5, >1, >2, >4, >8 or >16 Mb) are shown in Figure 1.
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Although the inclusion of the X chromosome did not cause substantial
differences in the calculation of genome-wide Fyy,y (File S1 — Figure S1), we
focused on the estimates using only autosomes for the ease of comparison with
other studies. The skewness of the autosomal Fy,y distribution increased as the
minimum fragment length increased, ranging from 1.56 for Froy>o.smp 10 3.98 for
Frons1emp- The number of animals with Fr,y = 0 also increased as the minimum
ROH length increased, starting at 12 (0.94%) for Frous2mp @nd increasing to
827 (64.71%) for Frou>1e6mp- These findings suggest that varying the minimum
ROH length in the calculation of Fr,y can be useful to discriminate animals with
recent and remote autozygosity.

As shown in Figure 2, the correlation between autosomal Frpys1mp and
G;; (r = 0.69) was close to the ones reported by Ferencakovic¢ et al. (2013b) for
the comparison between Fgroy>1mp derived from the HD panel and pedigree
estimates in Brown Swiss (r = 0.61), Pinzgauer (r = 0.62), and Tyrol Grey (r =
0.75). Similar correlations were observed when the X chromosome was
included in the analysis (File S1 - Figure S2). McQuillan et al. (2008) also
reported correlations between Fr,y and pedigree estimates in human European
populations ranging from 0.74 to 0.82. Considering that VanRaden (2008)
proposed G as a proxy for a numerator relationship matrix obtained from highly
reliable and recursive pedigree data, we expect that the correlations found for
G;; are fair approximations to the ones we would have found if complete
pedigree data was available.

In the present study, correlations between Fr,y and G; ; decreased as a
function of different ROH length (Figure 2). This may be due to the properties of
the G matrix, which is based on individual loci, whereas Fryy iS based on
chromosomal segments. Ferencakovi¢ et al. (2013b) showed that medium
density SNP panels, such as the lllumina® BovineSNP50, systematically
overestimate Froy When segments shorter than 4 Mb are included in the
calculations, while the Illumina® BovineHD panel is robust for the detection of
shorter segments. Hence, although the inclusion of short length ROH in the
calculation of Froy may be desirable for autozygosity estimates accounting for
remote inbreeding, there is a compromise between SNP density, minimum ROH
length and false discovery of ROH. Since the HD panel allows for the detection

of short ROH, in this section we focused on the results obtained with Froy>1mp
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as it presented the second highest correlation with G; ; and is comparable with
previous studies.

The minimum, average, median, and maximum autosomal Froys1mp
across all animals were 0.43, 4.79, 4.58, and 18.55%, respectively. The animal
presenting the highest autozygosity value (18.55%) exhibited 69 ROH > 1 Mb
encompassing 465.66 Mb of the total autosomal genome extension covered by
markers (2.51 Gb), with a mean ROH length of 6.75 + 9.20 Mb, and a maximum
segment length of 43.79 Mb. The least inbred animal presented 8 ROH > 1 Mb,
summing up only 10.72 Mb, with an average length of 1.34 + 0.46Mb and a
maximum of 2.43 Mb.

The coefficient of variation (here denoted as the ratio of the standard
deviation to the mean) of the Froy-1mp distribution was 37.5%, indicating
moderate variability in autozygosity levels in this sample. In spite of the average
genome coverage by ROH of 4.58% may seem to indicate moderate inbreeding
levels for classical standards, it has to be considered that incomplete pedigree
data usually fails to capture remote inbreeding, so that traditional inbreeding
estimates based on pedigree are only comparable with Fy,y calculated over
large ROH lengths, which in the present study were close to 0%.

Compared to other cattle populations, this sample of Nellore cows
presented a lower average autozygosity. For instance, FerenCakovi¢ et al.
(2013b) reported average autosomal Fropsimp Of 15.1%, 6.2% and 6.6% for
samples of the Bos taurus breeds Brown Swiss, Pinzgauer, and Tyrol Grey,
respectively. Also, the effective population size estimated for this Nellore
sample was approximately 362 animals (File S1), which is consistent with the
low genome average LD reported by other studies (McKay et al., 2007;
Espigolan et al., 2013; Pérez-O'Brien et al., 2014) and indicative of a non inbred

population.

3.3. Distribution of chromosome-wise autozygosity

The averages of the chromosome-wise Fropso.smp @Cross samples are
shown in Figure 3. Chromosome X exhibited a substantially higher average
autozygosity when compared to the autosomes. Importantly, we found no
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evidence for a smaller effective population size for the X chromosome in
comparison to the autosomal genome (File S1). This may be due to the mode
of inheritance of the X chromosome, which is hemizygous in the male lineage
and therefore more susceptible to bottlenecks and drift even under assumptions
of balanced numbers of males and females (Gottipati et al., 2011).

An alternative explanation is that the gene content and the sex-specific
copy number of the X chromosome is under stronger selective pressure in
comparison to autosomal DNA (Hammer et al., 2010; Deng et al., 2014). In both
hypotheses, this higher autozygosity may reflect historical and demographical
events. In the early 20" century, when more frequent importation of Nellore
cattle to Brazil was initiated, the indigenous herds mainly consisted of
descendants from taurine (Bos taurus) cattle imported since the late 15
century after the discovery of America (Ajmone-Marsan et al., 2010). In spite of
the use of taurine dams for breeding during the early establishment of Nellore
cattle in Brazil, the decades that followed were marked by intense backcrossing
to Nellore bulls, causing most of the taurine contribution to be swept out from
the Nellore autosomal genome (Utsunomiya et al., 2014). However, it is well
established that taurine mitochondrial DNA is prevalent in Nellore cattle, as it is
a strict maternal contribution (Meirelles et al.,, 1999). Therefore, the X
chromosome may have experienced a greater drift than the autosomal genome
due to limited number of founder females, but the levels of taurine introgression

still segregating in the X chromosome in this herd remains unclear.

3.4. Identification of common ROH

Table 1 presents the results obtained from the ROH clustering analysis.
The algorithm was robust in respect to gap size between SNPs, but substantial
differences were observed when the number of consecutive SNPs and the
number of heterozygous genotypes were modified. Few common ROH were
identified even when the minimum number of samples in the cluster was 10%,
indicating that ROH distribution is not uniform across the genome. In fact,
despite of the occurrence of 99.98% of the SNPs within a ROH of at least one

individual, only 19.37% markers were encompassed by ROH observed in 10%
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or more of the samples. This finding is similar to that reported by Ferencakovi¢
et al. (2013b), and is consistent with the stochastic nature of meiotic
recombination. This suggests that the ongoing selection for weight, carcass and
reproductive traits in this population has not yet created detectable ROH-based
selection signatures related to production.

The calculations of locus autozygosity were consistent with the cluster
analysis using 150 SNPs and 2 heterozygous genotypes, regardless of
permitted gap size (Figure 4). Seven distinct genomic regions, four of them on
chromosome X, presented strong hotspots of autozygosity, where over half of
the samples (n = 639) contained a significant ROH. The common ROH on the X
chromosome are difficult to be discussed as they span several millions of
bases, encompassing hundreds of genes and making functional explorations
unfeasible. Besides, the assembly status of X chromosome is poorer than the
autosomal ones. Hence, we focused on the three autosomal regions on
chromosomes 4, 7 and 12. The three regions were relatively short, ranging from
0.73 to 1.43 Mb. For this range of ROH length, the expected number of
generations since the common ancestor is estimated between 35 and 69
(Howrigan et al., 2011). Assuming a cattle generation interval of 5 years, these
inbreeding events may have occurred between 175 and 345 years ago.
Although this estimate does not account for birth date and overlapping
generations, these remote autozygosity events are likely to predate the
foundation of the Nellore breeding programs, and therefore expected to be
related to natural selection, random drift or population bottlenecks.

The most autozygous locus was found at chromosome 7:51605639-
53035752. This region was previously reported in genome-wide scans for
signatures of selection in cattle through the comparison of Bos taurus and
indicus breeds via Fst analysis (Bovine HapMap Consortium, 2009; Porto-Neto
et al., 2013) and was detected as a ROH hotspot in an analysis of three taurine
and indicine breeds each (Solkner et al., 2014). This region has been implicated
in the control of parasitemia in cattle infected by Trypanosoma congolense
(Hanotte et al., 2003), and is orthologous to the human chromosome segment
5031-933, known as the Th2 cytokine gene cluster, which has been shown to
be implicated in the control of allergy and resilience against infectious diseases

such as malaria (Rihet et al., 1998; Garcia et al., 1998; Hernandez-Valladares
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et al., 2004; Flori et al., 2013) and leishmaniasis (Jeronimo et al., 2007). The
region also flanks SPOCK1, a candidate gene for puberty both in humans (Liu
et al., 2009) and cattle (Fortes et al., 2010). Although fertility and resistance to
infectious diseases are candidate biological drivers of this ROH hotspot, the
gene and the phenotype underlying this putative selection signature are
unknown.

The common ROH at 12:28433881-29743057 identified in the present
study also overlaps a common ROH hotspot (Sélkner et al., 2014) and a region
of divergent selection between Bos taurus and Bos indicus cattle (Porto-Neto et
al., 2013; Gautier et al., 2009), and the segment encompasses the human
orthologue BRCAZ2, involved in Fanconi anemia in humans (Howlet et al., 2002).
A signature of selection nearby the 4:46384250-47113352 region detected here
has also been reported by Gautier & Naves (2011), but the genes involved and

the selective pressure remain uncharacterized.

4, Conclusions

We used high-density SNP genotypes to successfully characterize
autozygosity in Nellore cows under artificial selection for reproductive, carcass
and weight traits. We have shown that, although the massive use of relatively
few sires and artificial insemination has generated long stretches of
homozygous haplotypes in the genomes of over 70% of these animals,
inbreeding levels were considerably low in this population. We also found few
genomic regions with high homozygosity across individuals, suggesting that the
ongoing selection for reproductive, weight and carcass traits in this population is
not very intensive or too recent to have left selection signatures in the form of
ROH. Furthermore, the current common breeding practices of avoiding
inbreeding in the mating schemes are antagonistic to additive trait selection,
making it hard to maintain ROH signatures in the herds. The three candidate
regions under selection identified herein were likely to be contributions from
remote ancestors, predating the foundation of the Nellore breeding programs.
The selective pressure effects and the genes involved in these regions should

be subject of future investigation.
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CAPITULO 3 — CONSIDERACOES FINAIS

Os programas de melhoramento genético animal sdo métodos
importantes para o desenvolvimento da pecuaria moderna. Assim, distintos
métodos foram criados para efetuar avaliacdes fenotipicas e genotipicas com o
objetivo de selecionar os rebanhos e 0os animais geneticamente superiores com
producdo padronizada. Essa padronizacdo na producdo dos animais pode ser
alcancada por meio de diversos eventos: i. Acasalamento dirigido entre animais
aparentados, isto €, por meio da selecdo artificial, ii. Sele¢do natural, iii. Deriva
genética ou iv. Gargalo populacional. Esses eventos contribuem com o
aumento da autozigosidade na populacao, isto é, o aumento do numero de
animais com alelos idénticos por descendéncia (IBD). Via de regra, a
ocorréncia desses eventos leva ao aumento da endogamia através do
surgimento de regifes autozigotas nos genomas dos individuos. As
implicacbes de tais circunstancias foram descritas no Capitulo 1 dessa

dissertacao.

A ferramenta mais robusta da atualidade para a identificacdo dos
fragmentos do genoma animal idénticos por descendéncia é a estimacédo do
coeficiente de endogamia baseado nas corridas de homozigosidade (ROH),
gue é denominado (Fron). NO Capitulo 2 dessa dissertacdo, dados gendémicos
foram empregados para calcular os niveis de autozigosidade baseada em
corridas de homozigosidade (ROH) a partir de 1.278 fémeas da raca Nelore
genotipadas com mais de 777 mil SNPs, para identificar regides autozigotas
possivelmente associadas a selecdo natural, domesticacdo, fertilidade,

evolucao e adaptacéao dos bovinos.

O baixo nivel de endogamia genémica do rebanho estudado, apesar do
uso de poucos touros fundadores e do uso massivo da inseminacao artificial,
pode ter sido responsavel pela geracdo de longos trechos de haplotipos
homozigotos nos genomas de mais de 70% destes animais. Os resultados
deste trabalho apontaram para o aumento da endogamia global na populacgéo,
devido a permanéncia de fragmentos longos de ROH em 70% dos individuos
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analisados, indicando que a selecéo artificial realizada através do programa de
melhoramento genético ao longo de aproximadamente 20 anos (com foco em
caracteristicas reprodutivas, de peso e de carcaca) ndo foi intensa o suficiente,
ou entdo foi muito recente, para ter deixado assinaturas de sele¢cdo na forma

de fragmentos de ROH comuns.

Entretanto, as trés regibes de ROH comuns ou ilhas de homozigosidade,
encontradas nos cromossomos 4, 7 e 12, podem ser referentes as
contribuicbes de antepassados remotos que estejam relacionadas com o
processo de selecdo natural e a adaptacdo desses animais, ou seja, a fatos
ocorridos anteriormente ao inicio do programa de melhoramento genético da

raca Nelore.

Dessa forma, o presente estudo abriu perspectivas para a realizacao de
analises mais detalhadas, que permitam a mensuracdo da influéncia da
autozigosidade gendmica causada pela pressdo seletiva sobre alelos

especificos em bovinos da raga Nelore.
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APENDICE A - Figure 1. Frequency distribution of percentage of autosomal genome
coverage by runs of homozygosity (Fgroy) Of different minimum lengths (>0.5, >1, >2, >4, >8

and >16 Mb) and diagonal elements of the realized genomic relationship matrix (G; ;).
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APENDICE F - Figure S2. Scatterplots (lower panel) and correlations (upper panel) of
percentage of total genome (autosomes + X) coverage by runs of homozygosity (Froy) Of
different minimum lengths (>0.5, >1, >2, >4, >8 and >16 Mb) and diagonal elements of the

realized genomic relationship matrix (G; ;).
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APENDICE G - Table 1. Detection of common runs of homozygosity according to different
number of consecutive SNPs, percentage of animals, gap size and number of heterozygous

genotypes.

30 SNPs 150 SNPs

Gapsize 10% 20% 25% 50% 10% 20% 25% 50% Heterozygotes

437 106 57 9 186 29 12 1 0
100 Kb

471 288 183 29 365 91 47 7 2

479 126 76 13 193 32 14 1 0
500 Kb

768 334 214 45 375 96 50 7 2
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APENDICE | — Table S2. Parameter estimates for the nonlinear regression
model for 5 replicates of 1 million randomly sampled r? values from each

autosomal chromosome.

Autosome A 5

replicate « B Ne
1 4.097 1447.460 361.865
2 4101 1446.598 361.649
3 4.108 1444.103 361.026
4 4.096 1448.812 362.203
5 4.097 1448.766 362.192
Average 4.100 1447.148 361.787
Stdev 0.005 1.941 0.485

APENDICE J — Methods for effective population size estimation.

Effective population size (N,) was estimated based on its approximate
relationship with linkage disequilibrium (LD). More precisely, the expected
squared correlation of allele frequencies at a pair of loci (r?) can be related to

N, as follows:

o 1
E(T' )—m+var(7’)

Where c is the linkage distance (in Morgans) between the loci, @« and k are
constants, and var(r) is the chance disequilibrium variance introduced by
experimental sampling. The analysis of autosomal markers (k = 4) under the
assumption of absence of mutation (a« = 1) and sampling error (var(r) = 0)
leads to the formula discovered by Sved (1971). Likewise, taking sampling error
(var(r) = 1/n, where n is the number of haplotypes), mutation (« = 2) and sex
chromosomes into account (k = 4 for autosomes and k = 2 for sex
chromosomes) leads to other known extensions of the problem (Hill, 1975; Weir
& Hill, 1980). Based on this formula, Tenesa et al. (2007) introduced a nonlinear

regression model to estimate N, from genome-wide SNP data:
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1
Ry A
Where y; = r? - 1/n is the LD for marker pair i corrected for the number of
haplotypes, B is a parameter representing kN, , c; is the genetic distance
between markers (in Morgans), and e; is an error term. First, due to
computational complexity, we used PLINK v1.07 (Purcell et al.,, 2007) to
calculate pairwise r2 only for SNPs presenting MAF > 0.05 that were no more
than 3 Mb apart. This distance constraint considered the rapid LD decay
reported for the Nellore genome (McKay et al., 2007; Espigolan et al., 2013;
Pérez-O'Brien et al., 2014). Following Uimari & Tapio (2010), only LD values of
0.01 <2< 0.99 were included, as the point estimates ofN, are infinite at 7> = 0
and r2 = 1. Second, the approximation ¢; = 10®d; was used, where d; is the
inter-marker distance in base pairs for SNP pair i, under the assumption of 1Mb
~ 1cM. Third, the model above was fitted for each chromosome and a and 8
were estimated using nonlinear least squares in R v3.1.1 (http://www.r-
project.org/). Chromosomal N, was derived as N, = /4 for autosomes and
N, = f/2 for the X chromosome. Finally, as the total number of computed
r? values was too large to be regressed using available hardware
(approximately 120 million), the genome-wide N, was derived by fitting the
nonlinear model using 1 million randomly sampled r2? values from each
autosome (summing up 29 million observations). Five replicates were

processed in order to measure sampling variance.



