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CARACTERIZACAO DAS CORRIDAS DE HOMOZIGOSE NO GENOMA DE
BOVINOS DA RACA GIR

RESUMO - As corridas de homozigose, do inglés “Runs of homozygosity”
(ROH), sdo segmentos homozigéticos continuos que estdo presentes em
individuos e populacdes. A habilidade desses segmentos em elucidar sobre
eventos genéticos populacionais torna-os uma ferramenta capaz de prover
informacdes valiosas a respeito da evolucdo demografica de uma populacdo ao
longo do tempo. Além disso, informagBes amplas do genoma fornecem
subsidios relevantes para compreender a constituicdo genética de um animal por
meio da caracterizagdo dos ROH, constituindo uma metodologia acurada para
manter a diversidade genética em diversas populacdes animais. O objetivo deste
estudo foi (i) acessar a autozigosidade do genoma de bovinos da raca Gir
Leiteiro a fim de caracterizar os padrdes de ROH; (ii) prospectar genes em ROH
compartilhados por mais de 50% da populacdo, e por fim (iii) comparar as
estimativas de endogamia calculadas a partir da proporgdo genbmica em
homozigose (Frown), da matriz gendmica de parentesco G (Fgrv) € do pedigree
tradicional (Fpep). Animais da raca Gir Leiteiro foram genotipados com o
BovineHD BeadChip (lllumina Inc., San Diego, CA, USA) que contém 777.962
SNPs (n=582), BovineSNP50 BeadChip (lllumina Inc., San Diego, CA, USA)
contendo 54.609 SNPs (n=1664) e GGP-LD Indicus (Geneseek® Genomic
Profiler Indicus 30K) que contém 27.533 SNPs (n=662). Todos o0s gendétipos
foram imputados para o painel BovineHD BeadChip (lllumina Inc., San Diego,
CA, USA). SNPs sem posicao definida ou mapeados nos cromossomos sexuais
foram removidos do conjunto de dados. Apés a edicdo, 2908 animais e 735,236
SNPs foram mantidos para as andlises. Os ROH foram identificados por meio do
software PLINK v1.07 considerando 0s seguintes parametros: uma janela
deslizante de 50 SNPs, o numero minimo de SNPs consecutivos incluidos em
um ROH foi 100, o comprimento minimo de um ROH foi ajustado para 1 Mb, o
intervalo maximo entre SNPs homozigéticos consecutivos foi de 500 kb, uma
densidade de 1 SNP por 50 kb, cinco SNPs com gendétipos faltantes e um
gendtipo heterozigoto. O Fpep foi estimado por meio do software INBUPGF90.
Para cada animal foi calculado um Fron (FROHl—Z Mb, FROH2-2 Mb, FrROH4-8 Mb, FROHS-16
vb € Frons16 Mb) COM base na distribuicdo de ROH a partir de cinco comprimentos
(ROH)): 1-2, 2-4, 4-8, 8-16 e > 16 Mb, respectivamente. O Fgrm foi calculado a
partir da diagonal da matriz de relacdo gendmica (G). Os ROH foram
identificados em todos o0s animais, apresentando um numero médio de
55,12+10,37 segmentos por animal e um comprimento médio de 3,17 Mb.
Segmentos curtos (ROH;., vp) foram abundantes nos genomas, representando
cerca de 60% de todos os segmentos identificados, no entanto, cobriram apenas
uma pequena proporgdo do genoma. Nossos resultados demonstraram que em



média 7,01% (175,28 Mb) do genoma dessa populacdo € autozigotico. As
estimativas de Fpgp variaram de 0,000 a 0,327 e as de Fron de 0,001 a 0,201.
Correlagbes baixas a moderadas foram observadas entre as estimativas de
Fpep-Fron © Ferm-Fron, COmM valores entre -0,16 e 0,59. As correlacdes entre
Fron de diferentes comprimentos e Fpgp aumentaram com comprimento dos
ROH. ROH compartilhados por mais de 50% das amostras foram classificados
como ilhas de ROH. Quatorze ilhas de ROH foram identificadas e diversos
genes contidos nessas ilhas foram associados com o teor de gordura do leite
(DGATL, CYP11B, EEF1D, INSIG2 e STAT1), involucdo da glandula mamaria
(IGFBP7), lactacdo (CHR e TRAPPCY9) e adaptacdo ao calor (HSF1). Nossos
resultados sugerem que (i) as baixas correlacdes (r<0.44) entre Fpep.Fron para
segmentos pequenos indicam que o Fpep NA0 é adequado para capturar eventos
remotos de endogamia. As correlacdes moderadas (r>0.44) entre segmentos
grandes indica que os niveis de autozigosidade derivados dos ROH podem ser
utilizados como uma estimativa acurada dos niveis de endogamia; e (i) ROH
podem ser utilizados para identificar regibes genémicas sob selecdo, uma vez
que véarias regibes compartilhadas estavam associadas com caracteristicas de
leite e adaptacao.

Palavras-chaves: Autozigosidade, Bos indicus, Diversidade genética,
Endogamia



CHARACTERIZATION OF RUNS OF HOMOZYGOSITY IN GYR CATTLE
GENOME

ABSTRACT - Runs of homozygosity (ROH) are continuous homozygous
segments that are common in individuals and populations. The ability of these
segments to give insight into a population's genetic events makes them a useful
tool to provide information about the demographic evolution of a population over
time. Additionally, genome-wide information provides valuable information to
comprehend the animal’s genome based on ROH, being and accurate tool to
maintain diversity and fitness in livestock populations. The aim of this study was
() to access genome-wide autozygosity to identify and characterize ROH
patterns in Gyr dairy cattle genome; (ii) identify ROH islands for gene content and
enrichment in segments shared by more than 50% of the samples, and (iii)
compare estimates of molecular inbreeding calculated from ROH (Fron), GRM
approach (Fgrm), and from pedigree-based coefficient (Fpep). Gyr dairy animals
were genotyped with the BovineHD BeadChip (lllumina Inc., San Diego, CA,
USA), that contains 777,962 bialleleic SNPs markers (n=582); the BovineSNP50
BeadChip (lllumina Inc., San Diego, CA, USA), containing 54,609 SNPs
(n=1664); and with the GGP-LD Indicus (Geneseek® Genomic Profiler Indicus
30K), that contains 27,533 bialleleic SNPs markers (n=662). All genotypes were
imputed to the BovineHD BeadChip (lllumina Inc., San Diego, CA, USA). SNPs
unsigned to any chromosome and mapped to sexual chromosomes were
removed from the dataset. After editing, 2908 animals and 735,236 SNPs were
retained for the analyses. ROH were identified using PLINK v1.07 considering
the following parameters: a sliding window of 50 SNPs, the minimum number of
consecutive SNPs included in a ROH was 100, the minimum length of a ROH
was set to 1 Mb, the maximum gap between consecutive homozygous SNPs was
500 kb, a density of 1 SNP per 50 kb, and a maximum of five SNPs with missing
genotypes and up to one heterozygous genotype were allowed in a ROH. Fpgp
was estimated through the software INBUPGF90. For each animal Fron (FrowH1-2
Mb, FROH2-4 Mb, Frona-s Mb, Froms-16 mb, @and Frons16 mp) Was calculated based on
ROH distribution of five minimum different lengths (ROH;): 1-2, 2-4, 4-8, 8-16,
and >16 Mb, respectively. Fcrm Was calculated from the diagonal of the genomic
relationship matrix (G). ROH were identified in all animals, with an average
number of 55.12+10.37 segments and a mean length of 3.17 Mb. Short
segments (ROH;., wp) Were abundant through the genomes, accounting for 60%
of all segments identified, however, they just covered a small proportion of the
genome. Our results suggest that on average 7.01% (175.28Mb) of the genome
of this population is autozygous. Fpgp estimates ranged from 0.000 to 0.327 and
Fron from 0.001 to 0.201. Low to moderate correlations were observed between
Fpep-Fron and Ferv-Frow, With values ranging from -0.16 to 0.59. Correlations
between Fron from different lengths and Fpgp increased with ROH length. ROH
shared by more than 50% of the samples were chosen as an indication of a
possible ROH islands throughout the genome, and 14 regions were identified.
Several genes inside those ROH islands were associated with milk fat content
(DGAT1, CYP11B, EEF1D, INSIG2, and STAT1), mammary gland involution
(IGFBP7), lactation (CHR and TRAPPC9), and heat adaptation (HSF1). Our



Vi

results suggest that (i) low correlations (r<0.44) between Fpgp.Fron for small
segments indicate that Fpgp estimates are not the most suitable method to
capture ancient inbreeding. Moderate correlations (r>0.44) between larger ROH
indicate that the levels of autozygosity derived from ROH can be used as an
accurate estimator of individual inbreeding levels, and (ii) ROH might be used to
identify genomic regions under selection as several overlapping regions were
associated with dairy and adaptive traits.

Keywords: Autozygosity, Bos indicus, Genetic diversity, Inbreeding



INTRODUCAO E JUSTIFICATIVA

E sabido que as condicdes ambientais nos trépicos geram grandes
prejuizos econdmicos na produ¢do animal, uma vez que temperaturas elevadas,
altas taxas de radiacdo solar e a elevada umidade relativa presente nessas
regibes tendem a provocar mudancas fisioldégicas nos animais, reduzindo a taxa
de crescimento, a producéo leiteira e o desempenho reprodutivo (AZEVEDO;
ALVES, 2009). Com isso, a pecuaria leiteira nos paises tropicais necessita de
opcOes que permitam uma exploracdo mais eficiente dentro de suas realidades
ambientais. Uma das estratégias adotadas para minimizar os efeitos das
condicbes ambientais nos rebanhos localizados nessas regides tem sido a
introducdo de animais zebuinos, importando animais mais adaptados as
condigcbes ambientais brasileiras para serem utilizados como puros ou em
cruzamentos (MADALENA et al., 1990; MCGLOTHEN et al., 1995). Devido a sua
melhor adaptacdo ao clima tropical (HANSEN, 2004), as racas zebuinas se
difundiram amplamente no Brasil e nesse sentido, a raca Gir apresentou-se
como uma ragca com grande potencial para a exploracdo leiteira nos paises
tropicais.

Os primeiros animais da raca Gir foram importados para o Brasil em 1912
e a maioria dos touros entre 1914 e 1921, e entdo, empregados em cruzamentos
(SANTIAGO, 1986). Em um primeiro momento esses animais foram utilizados
para a producdo de carne, porém, alguns criadores observaram que
determinados exemplares se destacavam por sua capacidade leiteira,
direcionando assim sua criagdo para a producdo de leite. Os animais Gir
também foram e tém sido intensamente utilizados em regifes tropicais e
subtropicais como base para cruzamentos com racas leiteiras europeias, a fim
de conferir & progénie cruzada uma maior rusticidade e tolerancia aos ambientes
adversos (QUEIROZ; LOBO, 1993). Os acasalamentos entre os animais
importados para a criagdo das primeiras linhagens de Gir Leiteiro conduziu a um
aumento da endogamia na populacdo, porém, neste primeiro momento, este
aumento foi aliado a ganhos genéticos e fixacdo de alelos favoraveis na raca

(REIS FILHO, 2006). Por conseguinte, o rapido crescimento e disseminacao da



raca, aliada a uma base genética reduzida devido ao numero limitado de animais
importados da india, além do intenso uso de um pequeno nimero de touros
provados com um alto valor genético (WANG, 2015) e a inexisténcia de um
programa de melhoramento genético animal na época, invariavelmente levaram
a um aumento gradual na taxa de endogamia na ra¢a (REIS FILHO, 2006).

O interesse por animais da raca Gir estd em crescente expansao, ndo so
no Brasil, mas em varios paises de clima tropical importadores da genética Gir
brasileira, como a Coldmbia e a Venezuela. Apesar da crescente expansao da
raca, Reis Filho (2006) caracterizou a estrutura genética da populacdo de
animais desta raca selecionada para leite e avaliou o efeito da endogamia sobre
as caracteristicas produtivas da mesma, e, constatou um aumento significativo
da taxa de endogamia por geracdo. O autor enfatiza que, como consequéncia
deste aumento significativo, hd uma evidente perda da variabilidade genética,
afetando significativamente o ganho genético e a expressao de caracteristicas
de interesse econbmico relacionadas a producdo e viabilidade, além de
caracteristicas produtivas, como a producdo de leite e crescimento. O aumento
da taxa de endogamia em populacdes de animais domésticos € um assunto
importante e de muita preocupacdo por parte de técnicos e produtores. A
endogamia tem como consequéncia direta a reducdo da heterozigosidade e,
consequentemente, um aumento na homozigosidade e na frequéncia de genes
recessivos deletérios que podem reduzir o desempenho fenotipico e a
viabilidade dos individuos (AGERHOLM et al., 2001; ZHANG et al., 2015),
resultando na heranca de haplétipos IBD (“Identical By Decedent”), originando
longos segmentos de corridas de homozigosidade (ROH) no genoma dos seus
sucessores (KU et al., 2011).

As recentes e intensas praticas de selecdo das populacdes animais tém
alertado a comunidade cientifica para o estudo de estratégias para a
conservagao e manutencdo das populacbes (HERRERO-MEDRANO et al.,
2013), aumentando o interesse por parte dos pesquisadores em caracterizar e
monitorar a autozigosidade, com o objetivo de preservar a diversidade genética
em longo prazo dos programas de melhoramento genético animal (ZAVAREZ et

al., 2015). Neste sentido, o estudo dos segmentos de ROH tornou-se uma



ferramenta aplicavel para estudar a estrutura das populagbes, entender suas
interacdes e para estimar parametros populacionais relevantes. A identificagdo e
caracterizacdo dos ROH podem informar sobre o histérico de uma populacgéo,
fornecendo informacdes a respeito da ocorréncia de gargalos populacionais e do
seu histérico demografico (BOSSE et al., 2012; PURFIELD et al.,, 2012,
HERRERO-MEDRANO et al., 2013), além de prover informacdes a respeito da
pressdo de selecdo exercida e do manejo reprodutivo adotado (BOSSE et al.,
2012; PURFIELD et al., 2012; KARIMI, 2013; KIM et al., 2013; ZHANG et al.,
2015).

O objetivo deste estudo € identificar e caracterizar segmentos
homozigoticos presentes no genoma de bovinos da raca Gir leiteiro, bem como
prospectar genes de importancia econbémica e produtiva em segmentos
compartilhados por mais da metade dos individuos, além associa-los com niveis
de endogamia obtidos a partir do pedigree e de dados gendmicos oriundos da
matriz gendmica de parentesco. Deste modo, o estudo da distribuicdo dos alelos
idénticos por descendéncia no genoma de bovinos da raca Gir constitui-se uma
ferramenta de suma importancia visando a estimacdo das relacbes de
parentesco entre animais e 0s valores genéticos para as caracteristicas
produtivas, bem como na manutencdo da variabilidade genética, auxiliando no
delineamento e direcionamento dos sistemas de acasalamentos, evitando o

aumento da endogamia nos rebanhos.
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CAPITULO 1 - Runs of homozygosity: current knowledge and applications in
livestock @

Abstract

This review presents a broader approach to the implementation and study of
runs of homozygosity (ROH) in animal populations; focusing on identifying and
characterizing ROH and their practical implications. ROH are continuous
homozygous segments that are common in individuals and populations. The ability of
these homozygous segments to give insight into a population's genetic events makes
them a useful tool that can provide information about the demographic evolution of a
population over time. Furthermore, ROH provide useful information about the genetic
relatedness among individuals, helping to minimize the inbreeding rate and also
helping to expose deleterious variants in the genome. The frequency, size, and
distribution of ROH in the genome are influenced by factors such as natural and
artificial selection, recombination, linkage disequilibrium, population structure,
mutation rate, and inbreeding level. Calculating the inbreeding coefficient from
molecular information from ROH (Fron) is more accurate for estimating autozygosity
and for detecting both past and more recent inbreeding effects than estimates from
pedigree data (Fpep). The greater results of Fron suggest that Fron can be used to
infer information about the history and inbreeding levels of a population in the
absence of genealogical information. The selection of superior animals has produced
large phenotypic changes and reshaped the ROH patterns in various regions of the
genome. Additionally, selection increases homozygosity around the target locus, and
deleterious variants are seen to occur more frequently in ROH regions. Studies
involving ROH are increasingly common and provide valuable information about how
the genome’s architecture can disclose a population's genetic background. By
revealing the molecular changes in populations over time, genome-wide information
is crucial to understanding antecedent genome architecture and, therefore, to

maintaining diversity and fitness in endangered livestock breeds.
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1.1 Introduction

In diploid genomes, runs of homozygosity (ROH) are continuous homozygous
segments of the DNA sequence (Gibson et al.,, 2006). ROH have been applied to
quantifying individual autozygosity (McQuillan et al., 2008; Ferencakovi¢ et al., 2011;
Keller et al., 2011; Ferencakovi¢ et al., 2013a; Sili6 et al., 2013; Marras et al., 2014;
Zavarez et al., 2015), given their high correlation with autozygosity (r=0.7) (McQuillan
et al.,, 2008), and consequently, the high accuracy with which autozygosity is
detected (Keller et al., 2011). Autozygosity occurs when parents have a common
ancestor and pass shared chromosomal segments on to their progeny, i.e., an
individual inherits chromosomal fragments that are identical by descent (IBD) from
both parents (Wright, 1922), resulting in homozygous segments in the offspring's
genome that give rise to ROH (Broman and Webber et al., 1999). This results from
population phenomena such as genetic drift, population bottleneck, inbreeding, and
intensive artificial selection (Falconer & Mackay, 1996).

The identification and characterization of ROH can provide insight into how
population history, structure, and demography have evolved over time. Such
population phenomena can impact homozygosity patterns in the genome and these
events can be revealed by ROH (Bosse et al., 2012; Purfield et al., 2012; Herrero-
Medrano et al.,, 2013). ROH can identify inbreeding levels and the genetic
relationships between individuals, providing support in estimating the true level of
autozygosity at the individual and population levels (FerenCakovi¢ et al., 2011;
FerenCakovi¢ et al., 2013a; Kim et al., 2015a; Zavarez et al., 2015). Selection
pressure and mating scheme can also be revealed by ROH (Bosse et al., 2012;
Purfield et al., 2012; Karimi, 2013; Kim et al., 2013; Zhang et al., 2015).

The use of high-density SNP arrays in scanning the genome for ROH has
been proposed as an effective method for identifying IBD haplotypes (Gibson et al.,
2006; Lencz et al., 2007). In this regard, SNP arrays can provide information about
both past and more recent demographic variations of a population, i.e., population
size reflecting founder effects and bottlenecks (Megens et al., 2009; Bosse et al.,
2012), allowing a comparison of the degree of homozygosity among populations with

varying degrees of isolation and inbreeding (Kirin et al., 2010). Curik et al. (2014)



presented a review of different approaches to estimate inbreeding levels using
genomic information, highlighting the importance of ROH in quantifying and
understanding inbreeding in livestock, humans, and plants.

The intense selection in livestock has alerted the scientific community to the
necessity of strategies to preserve populations (Herrero-Medrano et al., 2013),
characterize and monitor autozygosity, and maintain genetic diversity in long-term
animal breeding programs (de Cara et al., 2013; Bosse et al., 2015). Studies have
also shown a relationship between ROH in the genome and the occurrence of
recessive disorders, mainly in humans (Lencz et al., 2007; Nalls et al., 2009; Vine et
al., 2009; Szpiech et al., 2013) and more recently in livestock (Biscarini et al., 2014a;
Kim et al., 2015a; Meszaros et al., 2015; Muchadeyi et al., 2015; Zhang et al., 2015).
The analysis of ROH has therefore proved to be important in the design of mating
systems to minimize the inbreeding rate (Toro & Varona, 2010; Biscarini et al.,
2015a). Besides, it's important in mapping recessive alleles related to the occurrence
of diseases, since ROH have an increased risk of carrying IBD deleterious recessive
alleles, thereby reducing the viability of the organism (de Cara et al., 2013; Bosse et
al., 2015).

Our review presents a broad overview of the study and application of ROH in
animal populations and future prospective research areas. The addressed aspects
are related to: i) a brief history of research on ROH, including the first studies on
ROH in different livestock species; ii) practical implications of ROH identification, in
which we discuss the software used to identify ROH and the consequences of some
of the selected parameters when detecting them; iii) identification and
characterization of ROH in livestock populations, wherein ROH patterns and their
relationship with demographic history and inbreeding are identified; iv) the impact of
molecular information on the measure of inbreeding coefficients; v) the effect on
phenotype and disease risk, exploring autozygosity throughout the genome to
determine whether ROH are correlated to deleterious variants; vi) the effects of
selection on ROH; vii) genetic diversity and ROH, exploring genomic tools to
minimize the loss of genetic diversity in livestock populations; and viii) a final
discussion to recognize trends in livestock ROH studies and gaps for new research

areas.



1.2. A brief history of the surge of ROH research

The first human study which recognized long homozygous chromosomal
segments was performed by Broman and Weber (1999). They inferred that long
chromosomal segments likely represent autozygosity, and might have implications for
human health. The first human study using high-density SNP arrays was conducted
by Gibson et al. (2006), whose results described different ROH lengths, frequency,
and distribution across the genome. This work spurred a host of other research on
ROH analysis in human population genetics (McQuillan et al., 2008; Kirin et al., 2010;
Nothnagel et al., 2010). In livestock, the first studies on ROH were performed on
cattle by Soélkner et al. (2010) and Ferencakovi¢ et al. (2011). Several studies on
ROH in cattle followed (Purfield et al., 2012; Bjelland et al., 2013; FerenCakovi¢ et al.,
2013a; Kim et al.,, 2013). In swine, the first studies on ROH were performed to
highlight the influence of population relationships, demographic history and the
effects of inbreeding on homozygosity (Bosse et al., 2012; Herrero-Medrano et al.,
2013). Silié et al. (2013) and Saura et al. (2015) measured inbreeding and inbreeding
depression in pigs from pedigree and genome-wide data. Khanshour (2013a) and
Metzger et al. (2015) performed ROH analysis to reveal signatures of positive
selection in horses. In sheep, research on population history and structure, and
homozygosity using ROH was presented by Beynon et al. (2015) and Muchadeyi et
al. (2015). Guangul (2014) characterized ROH patterns and genomic inbreeding
coefficients in goats.

1.3 Criteria and software for detecting ROH

To date, few studies have examined and compared the performance of
different software to identify ROH and which set of parameters within a given
software is optimal for detecting them (Howrigan et al., 2011). Different studies have
used different methodologies for predicting ROH (Zhang et al., 2013). A recurrent
limitation in studies involving ROH is the lack of consensus in establishing the criteria
to define ROH (Ku et al., 2011). The main objective in establishing criteria for

defining the patterns of ROH lies in the fact that they are used to identify the
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autozygosity, differentiating non-autozygotic segments that are identical by state
(IBS) from autozygotic and IBD segments.

Howrigan et al. (2011) evaluated the performance of three major software
programs, PLINK (Purcell et al.,, 2007), GERMLINE (Gusev et al., 2009) and
BEAGLE (Browning & Browning, 2010). The authors observed that PLINK generated
the highest proportion of significant results to detect autozygosity from distant
common ancestors, outperforming the other two programs. GERMLINE, compared to
PLINK, underperformed regarding the proportion of significant results to detect
autozygosity due to the low resolution at the start and endpoints of ROH. The authors
had hypothesized that BEAGLE would yield the best accuracy in detecting
autozygosity because it incorporated linkage disequilibrium (LD), but it was not
observed.

Karimi (2013) analyzed PLINK (Purcell et al., 2007), SVS (Golden Helix SNP
& Variation Suite v.7.6.8) and cgaTOH (Zhang et al., 2013) to determine whether
frequencies of detected ROH were significantly different. PLINK and SVS are
common tools used to identify ROH patterns while cgaTOH is a new algorithm
proposed by Zhang et al. (2013). The results showed that the ROH islands were
located in similar regions by the three programs with only small differences in the
frequency of ROH. However, cgaTOH captured a higher number of individuals that
had ROH compared to the other two. The SVS and PLINK results overlap to a larger
extent when compared to cgaTOH. The frequency of ROH were significantly different
(P<0.001), but all three software identified ROH islands in similar regions. The
development of accurate tools to assess genome-wide autozygosity is a prerequisite
for successful research on ROH (Ku et al., 2011). In this sense, new algorithms and
studies have also been developed to assess and compare individual genome-wide
homozygosity (Seelow et al., 2009; Browning & Browning, 2010; Polasek et al., 2010;
Marras et al., 2016).

The inconsistency among the criteria for defining ROH make it difficult to
compare studies since the lack of consensus allows different thresholds across
studies (Howrigan et al., 2011; Ku et al., 2011). This limitation may be responsible for
bias in ROH-based estimates of autozygosity (FerenCakovi¢ et al., 2013b). Table 1

presents some of the major works on ROH for various livestock species and the
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respective parameters and thresholds used to identify ROH. It can be seen that the
criteria for identification and characterization of ROH differ among and within species.

Howrigan et al. (2011) reported that some parameters and thresholds imposed
during sequence analysis can impact the number and length of ROH. Results from
Mastrangelo et al. (2016) showed different inbreeding coefficient estimates from
ROH (Fron) depending on whether one, two or three heterozygous genotypes were
allowed. Ferencakovi¢ et al. (2013b) pointed out that the density of the SNP chip
used to generate the data for ROH analysis, and also the frequency of SNP
genotyping errors, can influence ROH identification in cattle. The 50k panel
overestimated the number of small segments (1 to 4 Mb long). With the HD panel,
the number of segments longer than 8 Mb was underestimated when limiting the
number of heterozygous SNP genotypes within a single ROH. The same was
observed by Purfield et al. (2012), whose findings pointed out that the 50k panel was
appropriate for identifying ROH longer than 5 Mb. The minimum ROH length that can
be detected depends therefore on the density of the SNP chip. In addition, allowing a
number of genotyping errors in long ROH may minimize the underestimation of these
segments (Ferencakovi¢ et al., 2013b).

Given that the definition of ROH is still not unambiguous and that some
studies employ more strict criteria compared to others (Ku et al., 2011), we believe
that the lack of standards for ROH increases the likelihood of biased and false
positive results, since one set of parameters can be chosen among many. Therefore,
to overcome this situation, we suggest a cautious and critical interpretation when
comparing studies, analyzing the density of the SNP chip used, the minimum length
of ROH, the number of genotyping errors allowed, and the minimum number of SNP
allowed in a single ROH, since they are likely to greatly affect ROH-based estimates
of autozygosity. Furthermore, additional studies identifying which set of parameters is
optimal for detecting ROH is needed in a wider range of livestock species, since it
has not been systematically analyzed and the main published works are in cattle.

Additionally, several factors can influence the frequency, size and location of
ROH in individuals. These factors may be related to recombination, LD, and mutation
rate (Gibson et al.,, 2006). Other factors may be derived from chromosomal

aberrations such as the occurrence of uniparental disomy (inheritance of a pair of
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homologous chromosomes from only one parent), hemizygous deletion (one
chromosome is deleted and is not repaired, resulting in the loss of half genome for a
locus) or loss of heterozygosity in the genome (the inactivation of a functional allele
at a heterozygous locus) (Engel, 1980; Koufos et al., 1985; Yokota et al., 1987; Huie
et al., 2002; Dong, 2001; Marguerite et al., 2008).

Purfield et al. (2012) observed in cattle that 87.2% of the animals in the
dataset had a ROH located on chromosome 14 (centered on the 25Mb position). This
ROH was 127.3 Kb long and consisted of 28 SNPs. When analyzed using Haploview
(Barrett et al., 2005), they observed that most of the SNPs in this region were in high
LD with each other. Bosse et al. (2012) studied pigs and observed that longer ROH
were located in regions of low recombination in the central part of the chromosome,
and that smaller ROH had a relatively higher distribution toward telomeric regions.
Herrero-Medrano et al. (2013) also reported a correlation among LD, ROH size and
recombination rate in pigs. The authors found a positive correlation between average
values of LD and number of ROH per chromosome (p=0.70, p<0.002), and a
negative correlation between ROH size and rate of recombination (p=-0.67,
p<0.003). Ai et al. (2013) compared Chinese and Western pig populations and
observed that the Chinese population of Jinhua pigs had the highest fraction of long
ROH and hence a high LD rate. As expected by the authors, Chinese pig populations
that had lower LD exhibited fewer ROH.

1.4 ROH in livestock populations

After the first pioneering work by Sdlkner et al. (2010), scientists studied ROH
more deeply in various livestock species, focusing on their identification and
characterization and on the relationship with demographic history and inbreeding.

Purfield et al. (2012) analyzed the patterns of ROH in Bos taurus cattle and
observed that they differed markedly among breeds. For almost all breeds, most
ROH were short (1-5 Mb). Holstein, Holstein-Friesian, and Friesian breeds showed
the greatest coverage in the longer ROH. The three most homozygous animals had
on average of 700.3 Mb of their genome as ROH. Kim et al. (2013) studied Holstein

cattle with different selection intensities and observed that the mean ROH length per
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animal was = 6 Mb (Table 2). ROH shorter than 5 Mb long accounted for 53% of all
segments identified and contributed less than 30% of the total cumulative ROH
length. The ROH distribution pattern observed in Holstein cows can result from
population bottlenecks during the breed formation together with a constant directional
selection, resulting in high inbreeding. In this same study, non-selected animals
showed a significantly lower average size of ROH.

FerenCakovi¢ et al. (2013a) studied the autozygosity in Brown Swiss,
Fleckvieh, Norwegian Red and Tyrol Grey cattle breeds, and found that distribution
and frequencies of ROH varies among breeds. Brown Swiss animals had the highest
average number of ROH (98.9) and the highest genome coverage with ROH (Table
2). The shortest average ROH length was found in Fleckvieh animals, whose
genome was composed mostly of many short ROH. Brown Swiss animals had mostly
few large ROH. Norwegian Red animals showed a similar pattern as Fleckvieh, and
some Tyrol Grey animals had few ROH that, however, covered more than 630 Mb of
the genome. According to the authors, the high number of long ROH observed in
Brown Swiss animals is related to the importation of semen from a small number of
bulls (Yoder & Lush, 1937). Fleckvieh animals showed a small autozygous proportion
of the genome, consistent with a larger effective population size. The ROH patterns
found in Norwegian Red animals is attributed to a high heterogeneity that has
resulted from the historic admixture in the breed (Ferencakovi¢ et al., 2013a).

An example of an extremely homozygous population is Chillingham cattle. The
Chillingham breed has not been subjected to selection and for the last 350 years has
not experienced migration events and has remained closed (Hall & Hall 1988; Hall et
al., 2005). Williams et al. (2015) observed that 90.9% of the SNP were monomorphic,
and the ROH genome coverage was 95%, indicating a reduced genetic variation and
extreme homozygosity in this population.

Bosse et al. (2012) examined different European and Asian pig populations
and found that ROH size and abundance in the genome varied considerably among
individuals from different populations and subpopulations. Moreover, animals of the
same population showed similar ROH patterns in their genomes. On average, 23% of
the genome was considered to be in a region of homozygosity, and the most

autozygous individual was a Japanese wild boar (78% of its genome). Overall, small
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ROH were abundant throughout the genome, and even though large ROH were at
most one tenth as abundant as small ROH, they still covered a higher proportion of
the genome. In domesticated Asian pigs, the cumulative ROH length was dominated
by large ROH, which may be indicative of a recently reduced population that
originated from a larger population. The genome of the European wild pig had the
greatest number of ROH and the highest genome autozygotic proportion. These
results are consistent with the evidence of a greater intensity of population
bottlenecks due to glaciation in Europe as compared to Asia (Groenen et al., 2012).
Therefore, further degradation of genetic diversity is expected in European
populations as compared to Asian populations.

Herrero-Medrano et al. (2013) studied populations of wild and domesticated
pigs of the Iberian Peninsula and observed ROH in all animals analyzed. These
authors reported differences between wild and domesticated populations in terms of
quantity and variation of ROH length. Domesticated pigs had both the highest and
lowest average proportion of the genome covered by ROH: 29% in the Chato
Murciano breed and 10% in the Bisaro breed. Additionally, Chato Murciano pigs had
the highest number of long ROH, emphasizing the recent inbreeding and low genetic
diversity in the genome of this breed. The analyses also showed that wild pigs have a
very large number of short ROH and no long ROH, which can be correlated with a
reduced population size in the past and little inbreeding in recent times (Kirin et al.,
2010). This pattern of ROH could be from population bottlenecks in the past century
in Europe (Apollonio et al., 1988), resulting in a drastic reduction of the effective
population size. Other possibilities are the formation of sub-populations and the
migration of animals, random crossing with domesticated pigs, and the absence of
geographical barriers in the lberian Peninsula, which may have prevented high
inbreeding in wild pigs (Ferreira et al., 2009).

Metzger et al. (2015) identified ROH in 10 horses of six different populations to
estimate the genetic diversity and detect signatures of selection. Small ROH (40-49
Kb) were found in abundance and equally distributed in all animals, while ROH
longer than 59 Kb showed a distinct distribution among different populations. Longer
ROH (>400 Kb) and high inbreeding coefficients in Sorraia and Thoroughbred horses
were attributed to a closed population, and in Arabian horse, it was attributed to a
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limited genetic base (Aberle et al., 2004; Khanshour et al., 2013b). The low genetic
diversity and high inbreeding in Thoroughbred horses may be a result of selective
pressure on racing performance traits (Gu et al., 2009).

Beynon et al. (2015) inferred population history and structure of Welsh sheep
breeds using the haplotype homozygosity (HHn) method. This method relies on the
genome-wide distribution of ROH. The inference using HHn reflected a very large
ancestral population size which has been sharply reduced since then. This steep
reduction could reflect the Last Glacial maximum which occurred 20,000 to 30,000
years ago (Clark et al., 2009), and the domestication event that occurred 12,000
years ago (MacLeod et al., 2013).

An overview of the mean number of ROH per animal and the mean genome
coverage in different livestock species is given in table 2. Horses showed the highest
proportion of the genome covered by ROH and the highest mean number of ROH per
animal, followed by pigs, which also showed a high ROH genome coverage. Based
on the data shown in table 2, further research is called for in species like horse,
sheep and goat, since results so far are sparse and do not allow a direct comparison
of ROH patterns. In addition, it is necessary to determine whether results reflect
population phenomena or are biased (over/under-estimation) due to the set of
parameters used to perform ROH analysis.

1.5 ROH and molecular estimates of relatedness and inbreeding

The inbreeding coefficient has traditionally been estimated mainly from the
information derived from pedigree data since Wright (1922). The recent development
of high-density SNP arrays led to an increasing interest in calculating the inbreeding
coefficients from molecular information in livestock (FerenCakovi¢ et al., 2011;
Purfield et al., 2012; Bjelland et al., 2013; Ferenakovi¢ et al., 2013a; Silié et al.,
2013; Marras et al., 2014; Saura et al., 2015; Zavarez et al., 2015); molecular data
are more effective for estimating autozygosity and for detecting the effects of
inbreeding than pedigree data (Keller et al., 2011). It is not uncommon for pedigree
data to contain errors (Ron et al., 1996). Further, pedigree relatedness is estimated

from statistical expectations of the probable proportion of genomic identity by
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descent, while genotype-based estimates show the actual relatedness among
individuals (Visscher et al. 2006).

As a result, molecular information has introduced significant advances into the
analyses of inbreeding coefficients, i.e. inbreeding estimated from observed
homozygous genotypes and from ROH (Fron). Observed homozygosity can be
defined as the proportion of homozygous loci at either the individual or population
level (Allendorf, 1986; Avise, 1994), and it is an alternative measure of inbreeding (Li
et al., 2011).

Fron estimates present several advantages compared to Fpgp. Fron more
accurately predict the current autozygotic percentage of the genome and detect
autozygosity due to common ancestry even fifty generations ago (Howrigan et al,
2011; Keller et al., 2011). It can be estimated in any genotyped animals, even when
the pedigree information is not available; and also, it allows examining genome
autozygosity distribution to find the specific locations with high levels of autozygosity,
for example, to estimate the Fron separately for different chromosomes (Keller et al.,
2011). Besides, Fpep assumes that the entire genome does not undergo selection
(Curik et al., 2002) and recombination events, and therefore does not take into
account potential bias from these events (Carothers et al., 2006). This variance
increases with every meiosis (McQuillan et al., 2008) and relies on recombination
events that occur during the formation of gametes (Bjelland et al., 2013).

The moderate to high correlations between Fpgp and Fron pointed out that
Fron estimates can be applied as an indicator of inbreeding levels in a number of
cattle and swine breeds (Table 3). It is worth mentioning that Fpep-Fron correlation
increases with ROH length. According to Marras et al. (2014), this may be explained
by considering that ROH reflect both past and recent relatedness, and that Fpep
estimates are based on pedigree records which may not extend back many
generations. When longer ROH reflecting recent relatedness are considered to
calculate Fron, the Fpep-Fron correlation tends to be higher. Saura et al. (2015)
reported that the average Froussmp Was very close to Fpep, Whereas the average
Fron<smp Was about four times lower than the average Fpep.

Scraggs et al. (2014) suggested that the Fpgp underestimated the true
relatedness of Wagyu cattle since differences in inbreeding coefficient levels
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between Fpgp and Fron Were observed. They reported lower estimated Fpgp
compared to Fron. These results are consistent with the data obtained for cattle
(Marras et al., 2014; Kim et al., 2015a) and pigs (Saura et al., 2015), in which Fron
gave a higher estimate, suggesting that Fpep may possibly be underestimating
inbreeding. In horses, Metzger et al. (2015) estimated Fron, but did not correlate it to
Frep. Fron estimates for 50 SNP-window ranged from 0.18 to 0.43. Guangul (2014)
estimated Frop in five goat populations at different run lengths (>1 Mb to >16 Mb) and
found values ranging from 0.0048 (Fron >16 Mb) to 0.0500 (Fron >1 Mb). A more
recent study found Fron Values ranging from 0.02 to 0.09 in goats and 0.02 to 0.10 in
sheep (Kim et al., 2015b). An overview of Fron levels and mean Froy for different
species, such as human, cattle and pig is available in Curik et al. (2014).

According to previously described studies we can conclude that Fron is a
better tool for quantifying inbreeding. Our conclusion is based on limitations of Fpgp.
Pedigree-based inbreeding estimates fail to capture the actual proportion of the
genome that is IBD, hence, animals in the founder population may be classified as
unrelated. Also, the probabilistic approach of Fpgp does not account for stochastic
variations during meiosis. We believe that these shortcomings may be responsible
for underestimated/erroneous Fpep estimates. The advantage of Fron goes further in
identifying IBD segments with a greater accuracy. Fron estimates can disclose the
age of the inbreeding based on the length of the ROH, which is an important tool in

population genetics.

1.6 Deleterious variants and inbreeding depression through detected ROH

In mid-1876, Charles Darwin reported that inbreeding could lead to reduced
productivity in plants (Darwin, 1876), and Garrod (1996) realized that some traits in
humans, as albinism and alkaptonuria, occurred more frequently in progeny derived
from consanguineous marriages. Garrod studied the pattern of recessive inheritance
proposed by Mendel (1866) and observed that the high incidence of recessive
diseases in inbred individuals resulted from the high probability that they were
homozygous for a deleterious recessive allele inherited IBD. The deleterious

recessive variants can be identified in inbred individuals by the presence of long
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homozygous regions (Lander & Botstein, 1987) or by studying the ROH (Broman &
Weber, 1999). Szpiech et al. (2013) and Zhang et al. (2015) observed a strong linear
relationship between the frequency of deleterious homozygous variants and the
genomic ROH fraction, with values of 0.98 and 0.93, respectively. Szpiech et al.
(2013) reported that individuals with a high ROH coverage had a higher fraction of
deleterious variants occurring in long ROH, which are in agreement with the
hypothesis that recent inbreeding enables rare deleterious variants to exist in
homozygous form. Additionally, Zhang et al. (2015) observed that deleterious
homozygotes occur more frequently in ROH regions than non-deleterious
homozygotes. Therefore, the role played by autozygosity contributed to an ongoing
interest in determining whether these segments are correlated to risk factors for
simple and complex diseases (Howrigan et al., 2011) and to inbreeding depression
(Charlesworth & Willis, 2009).

Biscarini et al. (2014a) studied the distribution of functional bovine variants
and used ROH to detect genomic regions associated with susceptibility to infectious,
metabolic and reproductive diseases, and the risk of mastitis and locomotion
disorders in dairy cattle. They were able to identify the prevalence of ROH in regions
that contain important genes that trigger the diseases. One example is the ROH
located at 12Mb on BTA12, which contains the VWAS8 gene, whose mutations might
be associated with musculoskeletal disorders and coagulation abnormalities. ROH
associated with reproductive problems were found on BTA 5, BTA 15 and BTA 18.
Susceptibility to infectious diseases was found on BTA 7 and BTA 12. Biscarini et al.
(2013) also used ROH to study causal mutations for arthrogryposis and macroglossia
in Piedmontese cattle.

Muchadeyi et al. (2015) examined Swakara sheep, looking for extended ROH
shared across animals associated with sub-vitality performance. Consensus
overlapping ROH (cROH) in sub-vital sheep were observed on chromosomes 3, 4
and 25. These cROH regions carried genes impacting on the nervous system and
skeletal and brain development, such as LRRTM3, DPP6, and SHH. Despite the
findings, they were unable to support the presence of a recent recessive-lethal
mutation causing the sub-vital phenotype.

Scanning the genome for ROH might be an alternative or complementary
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strategy to genome-wide association studies (GWAS) for complex disease traits
(Biscarini et al., 2014b). Huson et al. (2014) utilized genome-wide association,
haplotype analysis, signatures of selection, and ROH analysis to identify a
consensus region for the SLICK locus on BTA20 in cattle. Mészaros et al. (2015)
utilized ROH and GWAS analysis to identify genomic regions of entropion in Austrian
Fleckvieh cattle. Biscarini et al. (2015b) studied different methods to identify QTLS in
farm animals instead of traditional GWAS, namely resampled predictive models
(Biffani et al., 2015) and a ROH-based approach. Kim et al. (2015a) used genome-
wide association testing to explore potential negative correlations between the
occurrence of ROH and daughter pregnancy rate and/or somatic cell score in US
Jersey cattle.

The genetic basis of inbreeding depression is caused by an increased rate of
homozygosity (Charlesworth & Willis, 2009) and frequency of homozygous
deleterious alleles (Ouborg et al., 2010; Ku et al., 2011), which leads to reduced
individual performance and decreased population variability (Gonzalez-Recio et al.,
2007). The performance reduction in plant and animal populations due to inbreeding
depression has been described by Charlesworth & Willis (2009). The reduced
performance and diversity in populations lead to a reduced selection response of
breeding programs (Weigel, 2006). Thus, the study of inbreeding depression and its
negative consequences are considered indispensable for conservation genetics
studies and for breeding program management (Keller & Waller 2002).

Pryce et al. (2014) estimated inbreeding depression for milk production and
fitness traits using pedigree-based inbreeding coefficients. Increasing Fpep and Fgrwm
(diagonal of the genomic relationship matrix minus 1) in 1% for Holstein’s cows
decreased milk yield of 21 and 28 liters/lactation, respectively. For Jersey cows, this
reduction was 12 and 27 liters/lactation, respectively. The effect of Fpgp on fertility
was only significant (P<0.005) for Holstein cows, where a 1% increase resulted in a
calving interval extension of +0.18 days. Also, milk, fat and protein yields decreased
for Holstein and Jersey cows, which was attributed to a 1% increase in homozygous
SNPs. Kim et al. (2015a) recognized that more than 60 regions displayed increased
ROH levels, which can be correlated to Fpgp increase in US Jersey cattle in the last

five decades. A negative association between the occurrence of ROH and daughter
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pregnancy rate (DPR) was observed on BTA 3, BTA 7, BTA 8, and BTA 12. The
same pattern was observed for somatic cells score (SCS). An increase of ROH levels
based on Fpgp influenced SCS on BTA 1, BTA 3, BTA 4, BTA 5, BTA 13, and BTA
21, suggesting that high autozygosity due to inbreeding may potentially influence
fertility and be related to susceptibility to mastitis.

A study to test inbreeding depression on post-weaning growth performance in
pigs was performed by Sili6 et al. (2013). Their estimates of inbreeding depression
were expressed by the decreasing performance relative to the mean per a 0.10
increase in inbreeding coefficient, and were -4.40% for daily gain, and -1.52% for
weight at 90 days. Saura et al. (2015) observed genomic regions responsible for
inbreeding depression for two reproductive traits in a highly inbred line of Iberian pigs
(Guadyerbas pigs). A reduction in number of piglets born alive and in the total
number of piglets born was also observed per a 10% increase in inbreeding.

These findings suggest that inbreeding increases autozygosity throughout the
genome, and might trigger the expression of homozygous recessive alleles that may
cause expression of an unfavorable phenotype (Agerholm et al., 2001).
Understanding when deleterious mutations arose and why they persist in populations
is of interest in breeding and conservation programs (Schubert et al., 2014; Marsden
et al.,, 2016). Marsden et al. (2016) demonstrated that rather than just avoiding
inbreeding, a large population size is critical for preventing the accumulation of
deleterious variants. Thus, we believe that further efforts need to be made in
conservation genetics programs to avoid environmental population segregation. If it
is not accomplished in time, the accumulation of deleterious variants and the
occurrence of genetic erosion will lead to more severe consequences than the ones

triggered by the inbreeding itself.

1.7 Effect of artificial selection on ROH

The identification of recent selection signatures in the genome provides
relevant information regarding the response to strong directional selection in
domesticated animals. The selection of superior animals reduced phenotypic

variability and reshaped the genome, including ROH patterns, when compared to not
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intensively selected animal groups (Kim et al., 2013). The search for superior animals
via selection has reduced the diversity of haplotypes and increased homozygosity
around the target locus, generating high frequency of ROH in regions that house the
selection targets (Leocard, 2009; Karimi, 2013; Zhang et al., 2015).

Zhang et al. (2015) observed that ROH patterns were not randomly distributed
across the genome. A number of ROH peaks were distributed and shared among
individuals, which is likely the result of selection events and not only attributable to
demographic history. Genomic regions that are selection targets tend to generate
ROH islands, defined as genomic regions with reduced genetic diversity and,
consequently, high homozygosity around the selected locus compared to the rest of
the genome (Pemberton et al., 2012). According to Sonesson et al. (2010), there is a
risk that the genomic selection can also result in long homozygous segments around
QTL regions in populations that were selected for any given trait.

Purfield et al. (2012) observed that the genomic regions located on BTA 7,
BTA 14, BTA 16, and BTA 18, which had a high incidence of ROH, also contained
important cattle genes associated with traits related to immunity, carcass, and
dystocia in calving. In particular, BTA 5 and BTA 9 had an increased number of long
ROH (> 20Mb) and tended to contain QTL associated with milk fat production and
growth traits in cattle. Kim et al. (2013) found that the longest ROH was 87.13 Mb on
BTA 8 in a Holstein cow selected from an elite herd. The average number of ROH
per individual in the control group, i.e. animals without selection, was significantly
lower (p<0.0001) compared to the animals that had undergone genetic selection.
Animals belonging to groups with higher selection intensity had a high level of
autozygosity in their genomes, especially in 13 regions of 11 chromosomes.
Differences in patterns of ROH among populations support the possibility that animal
selection affects the patterns of autozygosity in their genome. According to
Pemberton et al. (2012), recent strong directional selection is expected to have a
greater influence on long ROH compared to medium and small ROH because it
tends to generate long haplotype segments.

Karimi (2013) studied some European (Angus, Fleckvieh, and Brown Swiss)
and zebu (Nellore, Gir, and Brahman) cattle breeds and found a total of six common

regions in the genome of the two groups of animals located at regions associated
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with  QTL for production on BTA 6 (38,268,200:39,451,000), BTA 7
(51,502,500:52,353,000), BTA 10 (24,575,700:25,619,800), BTA 12
(28,434,000:29,628,100), BTA 16 (43,802,200:44,968,700) and BTA 21
(1,360,390:1,853,150). These results suggest that natural and artificial selection may
strongly shapes genomic ROH patterns in livestock (Pemberton et al., 2012).

Khanshour (2013a) screened for candidate segments for positive selection
performing ROH analysis in distinct Arabian horse populations. Metzger et al. (2015)
studied the functional distribution of ROH in selected and non-selected horses, and
noticed that genes affecting cellular, metabolic, and developmental processes, as
well as the immune system and reproduction, were observed in ROH regions. The
Hanoverian breed which has been intensively selected for optimal performance
shared 18 ROH regions which harbored six relevant genes for morphology and
performance in sport horses.

Intense selection and decreasing the effective population size through the
selection of superior animals can endanger the viability and variability of populations
in the long term (Saccheri et al., 1996). Selection tends to increase inbreeding rates,
resulting in fixed alleles that cause major phenotypic changes, and lead to loss of
allelic variation (Muir et al., 2008). The studies reviewed above demonstrate the
importance of managing the breeding programs to maintain heterozygosity in the
chromosomal regions that house important genes for animal husbandry, thus
keeping the genetic diversity around the selection target locus and avoiding the

expression of deleterious variants throughout the genome.

1.8 Genetic diversity and ROH

The last decade has witnessed a sharp increase in the intensity of selection in
breeding programs, especially in dairy cattle, pigs and poultry. The increased use of
elite animals has contributed to increased inbreeding rates, reducing the effective
population size. The low effective population size increases the effect of inbreeding
and genetic drift and reduces the genetic variability, which may compromise the
viability of populations and change the patterns of ROH in the long-term (Frankham &
Ralls, 1998). These events are more accentuated in many local breeds with a small
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population size, predisposing them to extinction (FAO, 2013).

Genomic tools have been widely used to study and characterize the genetic
diversity and population structure of livestock (Rothschild & Plastow, 2014).
Therefore, without pedigree data, in many breeds genetic markers can be used to
estimate the effective population size, for example, by exploring the extent of LD (de
Roos et al., 2008; Corbin et al., 2010; Herrero-Medrano et al., 2013; Uimari & Tapio,
2011; Beynon et al., 2015). The estimated effective population size based on the
recombination rate and LD provides useful predictions and consistent comparisons
among populations (de Roos et al.,, 2008; Herrero-Medrano et al., 2013). The
individual evaluation of ROH patterns also has practical implications for conservation
programs. Animals with high levels of ROH may be excluded or used less frequently
in mating populations threatened with extinction or with a small effective population
(Herrero-Medrano et al., 2013; Biscarini et al., 2015a).

The mating or cross between outbred individuals or populations is an option
for increasing genetic diversity, contributing to the disruption of long ROH in the
genome. The effects of hybridization or outbreeding were observed in three African
hybrid cattle breeds (Kuri, Sheko, and Borgou) that had the shortest ROH among the
studied African breeds (Purfield et al., 2012). In pigs, recent mating between
domesticated Manchado de Jabugo animals and other breeds may have resulted in
the breakdown of homozygous haplotypes longer than 100 Mb. The Manchado de
Jabugo population showed no signs of high inbreeding, probably due to its mixed
heritage, despite being highly endangered due to its small population size (Herrero-
Medrano et al.,, 2013). Ai et al. (2013) observed that Chinese Kele pigs had the
shortest ROH, leading to a hypothesis that this population has a historical admixture
with Western pigs. This hypothesis was based on structural analysis, in which Kele
pigs showed close phylogenic relationships and signals of admixture with Western
pigs. The White Duroc breed showed the lowest fraction of autozygous segments in
Western pigs. It might be attributed to the recent admixture of Duroc and Large White
in the population, reducing the length of homozygous segment in the White Duroc
genome. The same pattern was observed by Al-Mamun et al. (2015), in which the
pure sheep breeds had more ROH across the whole genome than the crosses.

Maintaining the genetic diversity within-breed and across-breed is crucial in
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conservation genetics (Ollivier & Foulley, 2005) to sustain livestock production. In this
regard, studies using genomic measures of coancestry to minimize the loss of
genetic diversity and inbreeding in conservation programs have been proposed (de
Cara et al., 2013; Bosse et al., 2015; Gémez-Romano et al., 2016). A measure of
coancestry based on IBD segments has been suggested as a strategy to maintain
genetic diversity and fitness in conservation programs when the given population has
a medium to high inbreeding load (de Cara et al., 2013). As discussed in this review,
selection, low effective population size and inbreeding can negatively affect genetic
diversity, and breeding programs must monitor genetic variation to prevent an
irreversible erosion of genetic diversity in livestock populations, maximizing their

capability to adapt to changes (Biscarini et al., 2015a).

1.9 Final Considerations

The objective of this study was to give a comprehensive review of current
knowledge and application of ROH in livestock, and also to identify research gaps for
future research areas. Studies involving homozygous segments have shown that
ROH are common in the genome of livestock species, and have addressed
population history and their structure, selection pressure, inbreeding, and the
occurrence of deleterious variants throughout the genome. However, most of the
studies involved dairy cattle and pig, and fewer were on beef cattle and other
livestock species. Studies on a wider range of species are needed to better
understand the genetic architecture and the effects of ROH in livestock.

Probably the major difficulty faced by scientists is the lack of consistent criteria
among studies regarding the threshold values in each parameter analyzed to define
a ROH. A number of software programs have been developed to infer ROH by
applying different algorithms and methodologies, but there have been relatively few
studies assessing which set of parameters is optimal for detecting ROH so as to
better understand their effects on detecting autozygosity (Howrigan et al., 2011,
FerencCakovi¢ et al., 2013b; Karimi, 2013; Mastrangelo et al., 2016). Even though
some incipient standards can be seen among the studies, such as the number of

heterozygous calls allowed being no more than two, further efforts need to be made
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to reduce biased values when defining a ROH. In addition, as stated in this review,
the frequency and distribution of ROH in livestock is influenced by many factors, of
which we highlight the populations’ demographic history. However, to date, there
have been no studies on the influence of the particularities of a specific population on
the ability of these algorithms to infer ROH and to establish consistent criteria.

It has been well demonstrated that ROH is a more effective and accurate
alternative for quantifying animal relatedness and inbreeding levels. Most of the ROH
analyses have been heavily used for conservation purposes, to manage inbreeding,
and in small and isolated populations to make them reservoirs of genetic variation.
However, further research is necessary to quantify the impact of animal relatedness
measures based on ROH on EBV prediction and genetic evaluation reliability. In this
regard, Luan et al. (2014) showed that predicting GEBV based on ROH showed
higher or similar accuracy of GEBV prediction for simulated data in Brown Swiss
cattle as compared to linkage analysis relationships. It is important to stress that
different from dairy cattle populations, in beef cattle and sheep populations the
absence of pedigree information or the presence of incomplete pedigree with missing
parents is more common. According to Berry et al. (2016), the development of
accurate genomic evaluations in beef populations is more difficult than in dairy
populations due to the existence of multiple breeds, poor extent of phenotyping, lack
of artificial insemination, and beef systems' being generally a lower-margin business
and a poorer adopter of technology. Thus, for beef and sheep populations, it is
expected that gains in EBV reliability from pedigree information based on ROH are
likely to be somewhat higher than those in dairy cattle.

In recent years, the emergence of various next-generation sequencing (NGS)
platforms has enabled the sequencing of the full genome at lower cost and in shorter
time. NGS platforms bring higher map resolution not only for ROH detection
(Pippucci et al., 2014) but also for other structural variations, like the genome copy
number variation (Pirooznia et al., 2015). Despite the advances in high-throughput
technologies and whole-genome sequencing analysis, tools to integrate the genomic
structural variations with whole transcriptome analysis are necessary to better
elucidate the genetic mechanisms that determine the genetic and phenotypic

differences among animals, causal variation and loss of alleles. These technologies
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can assist in better understanding the autozygosity at work in livestock.
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Table 01: Comparison of pre-set parameters for identification and characterization of ROH in different animal species.
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. . . - Missing
. Consecutive Denslty2 MaximumG Minimum Iength4 Heterozygous L
Author Specie Software SNP array SNPs/ROH: (SNP/kb) ap® (kb) (kb) SNP/Sliding window SNPY=iding
Cattle: lllumina Bovine
Ferencakovi¢ et al. (2011) Dual pur .ose Fortran 90 software SNP 50k 15 - - 1000 00 -
purp BeadChip
Cattle: lllumina BovineHD
Purfield et al. (2012) Beef, dairy and PLINK v1.07 Genotyping 58 1/50 100 500 01 02
dual purpose® BeadChip assay
Cattle: lllumina Bovine
Purfield et al. (2012) Beef, dairy and PLINK v1.07 SNP 50k No restriction 1/120 1000 500 01 02
dual purpose® BeadChip
Cattle: lllumina Bovine
Bjelland et al. (2013) Dair ' PLINK v1.07 SNP 50k 30 - - - 00 01
y BeadChip
Cattle: s . lllumina Bovine
Ferencakovié et al. (2013a) Dairy and dual ~ SNP & \’/‘3”5‘%0” Suite SNP 50k 15 1/1000 1000 1000 00 05
purpose’ s BeadChip
Cattle: SNP & \\/gnglgon Suite Illumina BovineHD
Karimi (2013) Beef, dairy ancg PLINK \'/1 07 Genotyping 30 1/50 250 1000 01 04
dual purpose CgaTOH BeadChip assay
Cattle: Illumina Bovine
Biscarini et al. (2014a) Dair ’ PLINK v1.07 SNP 50K No restriction - 1000 - 01 05
y Beadchip
Cattle: ! lllumina bovine
Marras et al. (2014) Beef, dairy and s ASSAE stitzutsgrzl%tlz) SNP 50K 15 - 1000 1000 00 00
dual purpose® BeadChip
Cattle: Illumina bovine
Scraggs et al. (2014) el PLINK v1.07 SNP 50K 50 - - 1000 01 01
BeadChip
Cattle: Illumina Bovine
Mészaros et al. (2015) Dual our .ose - SNP 50k 30 - - 1000 00 00
purp BeadChip
Cattle: kept for R Development Core lllumina BovineHD
Williams et al., (2015) y . Genotyping - 1/50 100 100 01 02
conservation Team, 2008 :
BeadChip assay
] -~ . lllumina BovineHD
Zavarez et al. (2015) Cattle: SNP & Variation Suite Genotyping 30 1/100 500 4000 02 (ROH 2 4Mb) 05
Beef v7.6.8 :
BeadChip assay
Cattle: SNP & Variation Suite lllumina BovineHD
Zavarez et al. (2015) Beef. V7.6.8 Genotyping 30 1/100 500 500 00 (ROH < 4 Mb) 05

BeadChip assay
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Porcine SNP60

Bosse et al. (2012) Swine PLINK v1.07 . 20 1/1000 - 10 01 -
Beadchip
Ai et al. (2013) Swine PLINK v1.07 Porcine SNP60 . - - 500 01 05
Beadchip
Herrero-Medrano et al. (2013) Swine PLINK v1.07 Poggfjfmg‘so 20 1/1000 1000 10 o1 ;
Sili6 et al. (2013) Swine SNP & Variation Suite Porcine SNP60 30 1/100 1000 1000 - 02
v7.6.8 Beadchip
Saura et al. (2015) Swine Fortran Porcine SNP60 30 1/100 1000 ; 01 02
Beadchip
) Porcine SNP60
Zhang et al. (2014) Swine PLINK v1.07 Beadchip 10 1/500 1000 5000 - 01
Traspov et al. (2016) Swine PLINK v1.09 Porcine SNP60 - - - 500 01 05
Beadchip
Equine SNP50
Khanshour (2013a) Horse PLINK v1.07 BeadChip 50 1/50 1000 500 - -
lllumina Ovine
Al-Mamun et al. (2015) Sheep PLINK v1.07 SNP50 BeadChip - - 250 500 01 02
. lllumina Ovine
Muchadeyi et al. (2015) Sheep PLINK v1.07 SNP50 Beadchip 20 1/50 500 - 00 02
Guangul (2014) Goat CgaTOH 47K Sglh'T; bead 20 - 1000 1000 o1 05
ROH, runs of homozygosity; “-”, Information not available.

! Minimum number of consecutive SNPs needed to define a segment as a ROH.
2 Minimum allowed density of SNPs inside a run.

3 Maximum gap between consecutive homozygous SNPs.

* Minimum length to define a ROH.

° Papers analyzing different breeds, and each breed with a different purpose.
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Table 2. Comparison between the mean of the total number of ROH, the mean genome length covered by ROH (Mb), and the mean genome proportion covered by ROH (%)
in different livestock species.

Average Mean genome Mean genome Mean ROH
Author Specie SNP array Breed/Population n number of ROH length covered by proportion covered by length (Mb)
ROH (Mb) ROH (%)
Angus 39 - 198.60" 7.911° 5.09"
Hereford 40 - 198.70 7.911° 4,96
Belgian Blue 38 - 2.12t0 2.46°
Charolais 117 - 0.68 to 0.79°
Purfield et al, Cattle lllumina ‘ BovineH_D Friesian 98 - 0.89 to 0.952
2012 Genotyping BeadChip :g:::::g_mesmn 262 - 80.58 to 93.48" 3.20 to 3.7212 0.30to 0.353
crosses 111 - 0.721t00.84
Limousin 128 - 0.63t00.73°
Simmental 58 - 1.39t0 1.61°
Brown Swiss 304 98.9 396.80 15.60" 1.30°
Ferendakovi¢ et Cattle lllumina Bovine SNP Fleckvieh 502 94.5 223.10 8.77" 0.44"
al., 2013a 50k BeadChip Norwegian Red 498 80.0 253.50 9.96" 0.51"
Tyrol Grey 117 72.3 221.00 8.68" 1.88'
Unselected line 299 31.1%135° - -
. . Contemporary 5 6
Kim et al., 2013 Cattle lllumina Bovine SNP Holsteins 1634 43.57/20.1 ) ) 6.61%10.0°
50k BeadChip s . .
elected line for milk 151 20.45/19 5° ) )
production ) )
Italian Holstein 2093 81.7 297.00 11.61; 3.6
. . Italian Brown 749 94.6 371.00 14.51 3.9
Maras et al. Cattle pumna dt?%'ge SNP Piedmontese 364 54.0 106.00 414’ 1.9
Marchigiana 410 714 210.00 8.21 -
Italian Simmental 479 94.3 210.00 8.21" 2.2
sovarez et al, Cattle 'C'B"ég‘(;?;pmg gg‘;‘é‘gmg Nellore 1278 ; 120.22° 479 1.26
European pig breeds
Bosse et al., 2012 Swine Porcine SNP60 European wild boar 52 778.8 645.95° 23.00 1.11
Beadchip Asian wild boars
Chinese pigs
Chato Murciano 25 34 814.472 29.00 23.952
. Bisaro 15 13 280.85 10.00 21.60
Herrero-Medrano Swine gg;‘lgﬁip SNP60 wild boars 18 30 <561.70° <20.00 <18.72°
" Iberian 31 26 <561.70 <20.00 <21.60
Manchado de Jabugo 08 24 <561.70° <20.00 <23.40
Russia, Belorussia,
Traspov et al., Swine Porcine SNP60 Kazakhstan and 170 - 72.30 2.57° 0.42°
2016 Beadchip Ukraine breeds
Chinese breeds 135 - 106.00 3.77° 0.78°
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International 153 - 123.28 4.38° 0.80°
commercial breeds
Sorraia 02 4175° 798.63 35.60™° 0.19°
Dilmen Horse 01 28042 416.55 18.5712 0.14°
Metzger et al, Horse lllumina SNP50 égkgr?-r}hurin ian 01 3581 565.57 25.21 0.15°
2015 BeadChip. 9 01 3138° 476.06 21.22% 0.15°
Heavy Warmblood
Thoroughbred 01 4595° 953.19 42.49% 0.20°
Hanoverian 04 311° 454.02 20.24"° 0.14°
Border Leicester (BL) 253 49.65 - - -
Al-Mamun et al., Sheep lllumina OvineSNP50 Merino (MER) 265 7.57 - - -
2015 BeadChip Poll Dorset (PD) 264 37.89 - - -
MER x BL 260 0.30 - - -
MER x BL x PD 231 1.43 - - -
White-vital 41 214 - - 1.66
Muchadeyi et al., Sheep lllumina OvineSNP50 White subvital 16 84 - - 1.61
2015 Beadchip Black 15 72 - - 1.56
Grey 22 109 - - 1.75
Abergelle - 33.24 69.11 2.87" 2.07°
Western Lowland - 29.35 63.86 2.65" 217
Guangul, 2014 Goat 47K SNPs bead chip Red Sokoto - 28.49 115.02 478" 4.03°
Western African Dwarf - 42.48 120.17 5.00" 2.82°
Sahel - 21.86 61.68 2.56" 2.82°
ROH runs of homozygosity; ‘—, information not available.

Value defined using the parameters set for the HD panel genotypes;

An estimation considering the overall length of the genome covered by SNPs to be 2510.61 Mb.
Estlmatlon of the mean ROH length (Mb) calculated by dividing the mean genome length covered by ROH (Mb) by the mean of the total number of ROH.
* An estimation considering the overall length of the genome covered by SNPs to be 2543.17 Mb.

5Values defined using a 50 SNP sliding window.
Values defined using a 100 SNP sliding window.

An estimation considering the overall length of the genome covered by SNPs to be 2556.00 Mb.
An estimation considering the overall length of the genome covered by SNPs to be 2510.00 Mb.
An estimation considering the overall length of the genome covered by SNPs to be 2808.52 Mb, based on refseq database Scrofa 10.2, 2014.

An estimation considering the overall length of the genome covered by SNPs to be 2242.87 Mb.
! An estimation considering the overall length of the genome covered by SNPs to be 2402.62 Mb.
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Table 3. Correlations between the inbreeding from pedigree data (Fpgp) and from molecular information through runs of homozygosity (Fron) for different ROH length and
livestock species

r

Author Specie  SNP array Breed/Population n (Fpep, Fron)  (Feep, Fromsavb)  (Frep, Frotsawmb) (Fpep, Frot>amb) (Frep, Froti>smb) (Frep, Froti>amb) (Feen, Frows16mb)
FerenCakovic et al lllumina  Bovine
“ Cattle  SNP 50k  Austrian Simmental 500 - 0.64" 0.67" 0.68" - 0.68" 0.63"
2011 .
BeadChip
lllumina
) BovineHD . 2 2 3
Purfield et al., 2012 Cattle Genotyping Multiple breeds 891 0.71 - - - - - -
BeadChip assay
llumina Bovine BTN Swiss 304 - 0.66" 0.67" - - 0.60" 0.50"
Ferendakovic et al, . SIL\’lr;'”a °"5'gi Fleckvieh 502 - 0.66" 0.69" - - 0.70* 0.64"
2013a . Nowegian Red 498 - 0.61" 0.61" - - 0.62" 0.53"
BeadChip 1 1 1 1
Tyrol Grey 117 - 0.71 0.72 - - 0.71 0.70
Unselected line 299 0.62%/0.60° - - R - - -
llumina Bovine  Contemporary 4 5
Kim et al., 2013 Cattle  SNP 50k  Holsteins 1634 0.687/0.64 ; - - - ; -
BeadChip Selected line for milk 4 5
oroduction 151 0.59%0.58 - - - - - -
lllumina Bovine Italian Holstein 2093 - 0.70 0.69 - 0.65 0.56
Marras et al., 2014 Cattle SNP 50k Italian Brown 749 - 0.66 0.66 - 0.65 0.58
BeadChip Italian Simmental 479 - 0.66 0.74 - 0.76 0.71
lllumina Bovine Holstein 8853
Pryce et al., 2014 Cattle SNP 50k 0.53 - - - - - -
BeadChip Jersey 4138
lllumina  Bovine
Neves et al., 2015 Cattle SNP 50k Gyr 25 - - 0.39 0.40 - 0.40 -
BeadChip
lllumina  Bovine
Kim et al., 2015 Cattle SNP 50k Jersey 1062 0.70%0.71"
BeadChip
) Porcine  SNP60 .
Zhang et al., 2014 Swine Beadchip Yorkshire 2358 0.69
s . Porcine  SNP60 . 8 8
Silio et al., 2013 Swine Beadchip Iberian 64 - 0.77 0.81
Saura et al., 2015 Swine ~ Forcine SNPEO o o dverbas 109 0.63 0.24 0.60
Beadchip

" Pedigree inbreeding coefficients referred to all generation long.

2 Angus (n=39), Hereford (n=40), Belgian Blue (n=38), Charolais (n=117), Friesian (n=98), Holstein (n=262), Holstein-Friesian crosses (n=111), Limousin (n=128), and Simmental (n=58).
% value defined using the parameters set for the HD panel genotypes in which the sum of ROH per animal was set as ROH >500 kb.

* Values defined using a 50 SNP sliding window.

® Values defined using a 100 SNP sliding window.



® Definition of ROH based on the number of continuous homozygous SNP (100 SNPs).
" Definition of ROH based on the number of continuous homozygous SNP (30, 50, and 80 SNPs).
8 values for genealogical inbreeding coefficients tracing the pedigree back to the founder animals (F26G) and tracing the pedigree back five generations to common ancestors (F5G).
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CAPITULO 2 - Assessment of runs of homozygosity islands and estimates of

genomic inbreeding in Gyr (Bos indicus) dairy cattle

Resumo - As corridas de homozigose (ROH) séo definidas como segmentos
homozigoticos continuos de uma sequéncia de DNA. Os ROH tém sido utilizados em
estudos para quantificar a autozigosidade individual e como um estimador acurado
dos niveis de endogamia em diversas espécies animais. Animais da raca Gir Leiteiro
foram genotipados com o BovineHD BeadChip (lllumina Inc., San Diego, CA, USA)
que contém 777.962 SNPs (n=582), BovineSNP50 BeadChip (lllumina Inc., San
Diego, CA, USA) contendo 54.609 SNPs (n=1664) e GGP-LD Indicus (Geneseek®
Genomic Profiler Indicus 30K) que contém 27.533 SNPs (n=662). Todos o0s
genadtipos foram imputados para o painel BovineHD BeadChip (lllumina Inc., San
Diego, CA, USA) e utilizados para as analises dos padrées gendmicos de ROH e
para a estimacao dos coeficientes de endogamia. Segmentos em homozigose foram
identificados em todos os animais, com uma média de 55,12+10,37 segmentos por
animal e um comprimento médio de 3,17 Mb. Segmentos pequenos (ROH1omp)
foram encontrados abundantes nos genomas dos animais, totalizando
aproximadamente 60% de todos os ROH identificados, entretanto, a proporc¢éao total
do genoma coberto pelos mesmos foi relativamente pequena. Nossos resultados
sugerem que em média 7,01% (175,28 Mb) do genoma dessa populacdo é
autozigotico. Os coeficientes de endogamia foram estimados por meio da anélise da
proporcao gendmica em homozigose (Fron), pela matrix gendmica de parentesco
(Ferv) € por estimativas baseadas no pedigree tradicional (Fpep). Estimativas do
Fpep variaram de 0,000 a 0,327 e Fron de 0,001 a 0,201. CorrelacBes baixas a
moderadas foram observadas entre Fpgp-Fron € Ferv-Fron, COM valores variando de
-0,16 a 0,59. Correlacdes entre Fron de diferentes tamanhos e Fpgp aumentaram
com o comprimento do ROH. As baixas correlagbes (r<0.44) entre Fpep-Fron para
segmentos pequenos indicam que o Fpep NA0 é adequado para capturar eventos
remotos de endogamia. Correlacbes moderadas (r>0.44) entre segmentos grandes
indicam que os niveis de autozigosidade derivados dos ROH podem ser utilizados
como uma estimativa acurada dos niveis de endogamia. Quatorze regides
compartilhando segmentos por mais de 50% dos individuos foram identificadas e
classificadas como ilhas de ROH. Nessas regides, genes associados com o
conteado de gordura no leite (DGAT1, CYP11B, EEF1D, INSIG2 e STAT1),
involucdo da glandula mamaria (IGFBP7), lactacédo (CHR e TRAPPC9) e adaptacéo.
Genes contidos nas ilhas de ROH sugerem uma forte sele¢do para caracteristicas
leiteiras e adaptacdo ambiental ao calor (HSF1) foram identificados.

Palavras-chave: Bos indicus, Caracteristicas leiteiras, Coeficientes de endogamia,

Corridas de homozigose, Ilhas de ROH

Abstract - Runs of homozygosity (ROH) are continuous homozygous
segments of the DNA sequence. They have been applied to quantify individual
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autozygosity and been used as a potential inbreeding measure in livestock species.
Gyr dairy animals were genotyped with the BovineHD BeadChip (lllumina Inc., San
Diego, CA, USA), that contains 777,962 bialleleic SNP markers (n=582); the
BovineSNP50 BeadChip (lllumina Inc., San Diego, CA, USA), containing 54,609 SNP
(n=1664); and with the GGP-LD Indicus (Geneseek® Genomic Profiler Indicus 30K),
that contains 27,533 bialleleic SNP markers (n=662). All genotypes were imputed to
the BovineHD BeadChip (lllumina Inc., San Diego, CA, USA) and used for the
analysis of genomic ROH patterns and inbreeding coefficients measurements. ROH
were identified in all animals, with an average number of 55.12+10.37 segments and
a mean length of 3.17 Mb. Short segments (ROH;., wp) Were abundant through the
genomes, accounting for 60% of all segments identified, however, the proportion of
the genome that was covered by them was relatively small. Our results suggest that
on average 7.01% (175.28Mb) of the genome of this population is autozygous.
Inbreeding coefficients were estimated by the analysis of the genome portion in runs
of homozygosity (Fron), using the genomic relationship matrix (Fervm), and by
pedigree-based estimate coefficient (Fpep). Fpep estimates ranged from 0.00 to 0.327
and Fron from 0.001 to 0.201. Low to moderate correlations were observed between
Fpep-Frow and Fgrwv-Fron, With values ranging from -0.16 to 0.59. Correlations
between Froy from different lengths and Fpgp increased with ROH length. Low Fpep.
Fron correlations for small segments (r<0.44) indicate that Fpep estimates are not the
most suitable method to capture ancient inbreeding. Moderate correlations between
larger ROH (r>0.44) indicate that the levels of autozygosity derived from ROH can be
used as an accurate estimator of recent inbreeding levels. Overlapping ROH were
evident across the genomes and 14 regions were identified with ROH frequencies
exceeding 50% of the whole population. Several genes associated with milk fat
content (DGAT1, CYP11B, EEF1D, INSIG2, and STAT1), mammary gland involution
(IGFBP7), lactation (CHR and TRAPPC9), and heat adaptation (HSF1) were
identified Genes inside ROH islands suggest a strong selection for dairy traits and
enrichment for Gyr cattle environmental adaptation.

Keywords: Bos indicus, Dairy traits, Inbreeding coefficients, ROH islands, Runs of
homozygosity

2.1 Introduction

Autozygosity occurs when chromosomal segments arising from a common
ancestor are identical by descent (IBD) and inherited from both parents on to the
offspring genome (BROMAN; WEBER, 1999). This pattern of inheritance gives rise
to continuous IBD homozygous segments, characterized as runs of homozygosity
(ROH) (GIBSON; MORTON; COLLINS, 2006), which can be a consequence of
several population phenomena (FALCONER; MACKAY, 1996). The development of

high-density SNP arrays to scan the genome for ROH has been proposed as a useful



50

method to distinguish non-autozygotic segments that are identical by state (IBS) from
those autozygotic and IBD (HOWRIGAN; SIMONSON; KELLER, 2011).

As the occurrence of ROH tend to be revealed in the genome, its identification
and characterization can provide an insight into how population structure and
demography have evolved over time (BOSSE et al., 2012; PURFIELD et al., 2012,
HERRERO-MEDRANO et al., 2013). ROH can disclose the genetic relationships
among individuals, estimating with a high accuracy the autozygosity at the individual
and population levels (FERENCAKOVIC et al., 2011; 2013; KIM et al., 2015;
ZAVAREZ et al., 2015), and can elucidate about selection pressure events (KARIMI,
2013; KIM et al., 2013; ZHANG et al., 2015a). As the expected length of the
autozygous segment follows an exponential distribution with mean equal to 1/2g
morgans, where g is equal to the number of generations since the common ancestor,
the number of generations from the selection events can be inferred from the length
and frequency of ROH (HOWRIGAN; SIMONSON; KELLER, 2011).

The autozygosity based on ROH can help to better understand the genetic
selection process of quantitative traits, since selection tend to print homozygous
stretches on the genome (MARRAS et al., 2014). According to Zhang et al. (2015a),
ROH patterns are not randomly distributed across the genome, and ROH islands are
seen to be distributed and shared among individuals, which is likely the result of
selection events. Therefore, ROH can be used to explore signatures of selection
(KARIMI, 2013; MARRAS et al., 2014), since genomic regions sharing ROH
potentially contain alleles associated with genetic improvement in livestock
(PURFIELD et al., 2012) and are of interest for breeding programs (MARRAS et al.,
2014). Runs of homozygosity can also be an accurate estimator of inbreeding, since
high levels of inbreeding increases the frequency of homozygous alleles.

Studies have considered pedigree-based estimates of inbreeding (Fpep) Since
Wright (1922), however, the availability of whole-genome marker panels has
widespread the use of genomic information in animal breeding (MEUWISSEN,;
HAYES; GODDARD, 2001). Pedigree-based relatedness is estimated from statistical
expectations of the probable proportion of genomic identity by descent, while
genotype-based estimates show the current relatedness among individuals

(VISSCHER et al., 2006). Molecular approaches based on inbreeding coefficient
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estimates derived from ROH (Fron) and based on genomic relationship matrix (Fcrm)
(VANRADEN, 2008) are meaningfulness to avoid drawbacks of using pedigrees to
analyze inbreeding. Fron are worth to estimate genome-wide autozygosity since it
captures the influence of relatedness among founders from the base population, it
takes into account the stochastic nature of recombination and mutations loads
(KELLER et al., 2011), and also account for potential bias resulting from selection
(CURIK; SOLKNER; STIPIC, 2002).

The first Gyr (Bos primigenius indicus) animals entered in Brazil in 1912, and
most of the bulls were imported between 1914 and 1921, and then used in crosses
(SANTIAGO, 1986). The imported animals were first used for beef cattle purpose,
and some breeders started to use them for milk production. Gyr animals have been
intensely used as the basis for crosses with taurine dairy breeds due to its rusticity
and greater tolerance to the tropical environment (QUEIROZ; LOBO, 1993). The
mating between imported animals invariably led to an increased inbreeding rate in
the population, nevertheless it resulted in genetic gains and fixation of favorable
alleles. Over time, the deleterious effects associated with increased homozygosity
arising from inbreeding are predisposed to reduce the genetic gains, resulting in a
clear loss of genetic variability (reviewed by PERIPOLLI et al., 2016). Hence, the
intense use of founders’ animals to create the first Gyr dairy lines without an
existence of a breeding program at the time (REIS FILHO, 2006), and the limited
number of animals imported from India concomitant with the small number of proven
sires used to disseminate the breed (WANG, 2015) were presumably the trigger of
autozygosity. Therefore, maintaining genetic variability in the Gyr cattle in Brazil is a
demanding issue, since Brazil is recognized as a Gyr genetic supplier to some
tropical countries that have deficiencies in milk production. Genome-wide
autozygosity is an upcoming research area and there is a growing interest in
characterizing and comprehending the mechanisms involved in it, to allow a long-
term viability and sustainability of Gyr breeding programs.

The aim of this work was to access genome-wide autozygosity in Gyr cattle to
identify and characterize the occurrence of ROH, as well as to investigate ROH

islands for gene content in segments shared by more than 50% of the animals.
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Finally, to compare estimates of molecular inbreeding calculated from ROH (Fron),
GRM approach (Fecrm), and pedigree-based coefficient (Fpep).

2.2 Material and Methods

2.2.1 Animals and genotyping

The animals used in this study comprise the progeny test program from the
National Program for Improvement of Dairy Gir (PNMGL), headed by Embrapa Dairy
Cattle (Juiz de Fora, Minas Gerais, Brazil) in cooperation with the Brazilian
Association of Dairy Gyr Breeders (ABCGIL) and the Brazilian Association of Zebu
Breeders (ABCZ). The objective of the program is to promote the genetic
improvement of the Gyr dairy cattle, through the identification and selection of
genetically superior bulls for fat, protein and total solids in milk, as well as traits
associated with animal conformation and management.

A total of 19 dams and 563 sires born between 1964 and 2013 were
genotyped with the BovineHD BeadChip (lllumina Inc., San Diego, CA, USA),
containing 777,962 bialleleic SNP markers; 1,664 dams with the BovineSNP50
BeadChip (lllumina Inc., San Diego, CA, USA), that contains 54,609 SNP; and 662
dams with the GGP-LD Indicus (GeneSeek® Genomic Profiler Indicus 30K), that
contains 27,533 bialleleic SNP markers.

Imputation was implemented using the FIMPUTE 2.2 software (SARGOLZAEI;
CHESNAIS; SCHENKEL, 2014), and lower density panels were imputed to the HD
level. High accuracies of SNP imputation for the Gyr dairy cattle breed were reported
by Boison et al. (2015), with values ranging from 0.95 to 0.98 when considering low-
density panels with more than 15k markers to impute high-density panel containing
777,962 bialleleic SNP markers (lllumina Inc., San Diego, CA, USA). SNPs unsigned
to any chromosome and mapped to sexual chromosomes were removed from the
dataset. SNP Markers and samples were also edited for call rate (<90%). The
animals genotyped with the BovineHD BeadChip (lllumina Inc., San Diego, CA, USA)
were used as reference population for imputation. The missing genotypes were

imputed in the reference population and all the markers were retained. After editing
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the reference and imputed genotypes, a total of 2,908 animals and 735,236 SNPs
were retained for the analyses.

2.2.2 Runs of homozygosity

ROH were identified in every individual using PLINK v1.07 (PURCELL et al.,
2007). The PLINK software uses a sliding window of a specified length or number of
homozygous SNPs to scan along each individual’s genotype at each SNP marker
position to detect homozygous segments (HOWRIGAN; SIMONSON; KELLER,
2011). The parameters and thresholds applied to define a ROH were (i) a sliding
window of 50 SNPs across the genome; (ii) the proportion of homozygous
overlapping windows was 0.05; (i) the minimum number of consecutive SNPs
included in a ROH was 100; (iv) the minimum length of a ROH was set to 1 Mb; (V)
the maximum gap between consecutive homozygous SNPs was 500 kb; (vi) a
density of one SNP per 50 kb; and (vii) a maximum of five SNPs with missing
genotypes and up to one heterozygous genotype were allowed in a ROH. The ROH
were defined by a minimum of 1 Mb in length to avoid short and common ROH that
occur throughout the genome due to linkage disequilibrium (LD) (PURFIELD et al.,
2012). ROH were classified into five length classes: 1-2, 2-4, 4-8, 8-16, and >16 Mb,
identified as ROH;1- mp, ROH2.4 mb, ROH4.8 Mb, ROHs.16 Mb, @and ROHs16 mp, respectively.

2.2.3 Pedigree and genomic inbreeding coefficients

Three types of inbreeding coefficients (Fpep, Fron and Ferv) Were estimated.
Pedigree-based inbreeding coefficients (Fpep) were estimated for all animals using
pedigree records from a dataset containing 101,351 animals born between 1946 and
2015. The pedigree data was provided by Embrapa Dairy Cattle (Juiz de Fora, Minas
Gerais, Brazil). The average pedigree depth was approximately three generations
ranging from 0 to 7.85. The Fpgp was estimated through the software INBUPGF90
(AGUILAR; MISZTAL, 2008). Genomic inbreeding coefficients based on ROH (Fron)

were estimated for each animal according to McQuillan et al. (2008):
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S Lpon
F _ j=1~ROHj
ko Ltotal

where Lronj is the length of ROH;, and Lo is the total size of the autosomes covered
by markers. Lo Was taken to be 2,510,605,962 bp, based on the consensus map.
For each animal Fron (FroH1-2 Mb, FroH2-4 Mb, FroH4-8 Mb, FroHs-16 Mb, @nd Frows16 mb)
was calculated based on ROH distribution of five minimum different lengths (ROH)):
1-2, 2-4, 4-8, 8-16, and >16 Mb, respectively. A second measure of genomic
inbreeding was calculated from a Genomic relationship matrix (G) and was denoted
as Ferv. The G matrix was calculated according to the method described by

VanRaden et al. (2011) using the following formula:

zZ7'

G =
2% P (1=P)

where Z is a genotype matrix that contains the 0-2p values for homozygotes, 1-2p for
heterozygotes, and 2-2p for opposite homozygotes, where P; is the reference allele
frequency at locus ith. The diagonal elements of the matrix G represent the
relationship of the animal with itself, thus, it was used to assess the genomic
inbreeding coefficient. Pearson’s correlation coefficients were calculated between

estimates of pedigree-based (Fpep) and genomic inbreeding coefficients (Fron and

Form).

2.2.4 Gene prospection in shared ROH regions

The homozygous segments shared by more than 50% of the samples were
chosen as an indication of possible ROH islands throughout the genome. The --
homozyg-group function implemented in PLINK v1.07 (PURCELL et al., 2007) was
used to assess ROH islands shared among individuals. The Map Viewer of the
bovine genome UMD3.1.1 was used for identification of genes in ROH regions,
available at "National Center for Biotechnology Information”™ (NCBI Map Viewer -
https://www.ncbi.nlm.nih.gov/mapview/). Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v6.8 tool (HUANG; SHERMAN; LEMPICKI, 2009a;
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HUANG; SHERMAN; LEMPICKI, 2009b) was used to identify Gene Ontology (GO)
terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways using the
list of genes from ROH islands and the Bos taurus annotation file as background.

2.3 Results and Discussion

2.3.1 Genomic distribution of Runs of homozygosity

ROH were identified in all 2908 individuals, totaling 161,362 homozygous
segments among overall samples. On an individual animal basis, the average
number of ROH per animal was 55.12+10.37, with values ranging from 17 to 121.
The mean ROH length was 3.17 Mb. The shortest ROH was 1.00 Mb (226 SNPs)
found on BTA7 and the longest was 108.97 Mb (33,050 SNPs) found on BTAS.
Similarly, Kim et al. (2013) found the longest ROH on BTA 8 (87.13 Mb) in a
contemporary Holstein cow and Mastrangelo et al. (2015) in Cinisara cattle breed
(112.65 Mb on BTA 8). The number of ROH per chromosome was greater for BTA 5
(10,670 segments), and tended to decrease with chromosome length. Contrasting
with our results, Purfield et al. (2012), Mastrangelo et al. (2015), and Gurgul et al.
(2016) observed the greatest number of ROH per chromosome on BTA 1. The
greatest fraction of chromosome residing in ROH was found on BTA 25 (11.98% of

chromosomal length in a ROH) (Figure 1).
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Figure 1. Average percentage of chromosome coverage by runs of homozygosity
with a minimum length of 1 Mb. The error bars indicate standard error.
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Descriptive statistics of ROH number and length by classes is given in Table
1. Total length of ROH for Gyr is composed mostly of a high number of shorter
segments (ROH1.2 mp). These segments accounted for approximately 60% of all ROH
detected, however contributed less than 25% of the cumulative ROH length. Similar
results were observed by Purfield et al. (2012), Ferencakovic et al. (2013), Kim et al.
(2013), Marras et al. (2014) and Mastrangelo et al. (2015) in which most ROH
coverage was in the shorter ROH class and longer ROH were found to be less
abundant across the genome.

While shorter ROH were abundant throughout the genome, the proportion of
the genome that was covered by them was relatively small. In contrast, larger ROH
(ROHs16 wp) Were at least twenty-five fold less abundant than shorter ROH (ROH;.,
vb) and still covered a higher proportion of the genome than small and medium ROH
(Table 1).

The number of generations of inbreeding can be inferred from the extent of
ROH, since their extension is expected to correlate to ancient and recent inbreeding
due to recombination events (BROMAN; WEBER, 1999). Therefore, ROH due to
recent inbreeding are expected to be longer, since recombination did not have
enough time to break up these IBD segments, while short ROH tend to reflect ancient
inbreeding because the segments have been broken down by repeated meiosis
(KIRIN et al., 2010). The presence of segments larger than 10 Mb is traceable to
inbreeding from recent common ancestors that occurred only five generations ago
(HOWRIGAN; SIMONSON; KELLER, 2011), and 78% of the animals presented at
least one homozygous segment extending over 10 Mb, which is likely a reflection of a

recent parental relatedness.

Table 1. Descriptive statistics of runs of homozygosity number (nROH) and length (in Mb)
by class (1-2, 2-4, 4-8, 8-16, and >16 Mb).

Standard Genome

0 - .
Class nROH (%) Mean Length Minimum Maximum Deviation Coverage (%)

ROHiomp 95,892 59.42 1.34 1.00 1.99 0.27 1.77
ROHzamp 35,395 21.93 2.77 2.00 3.99 0.55 1.34
ROHsem, 17,843 11.05 5.54 4.00 7.99 1.12 1.36
ROHg1sMm 8,518 5.27 10.98 8.00 15.99 2.17 1.46

ROH>iemp 3,714 2.30 25.23 16.00 108.97 10.06 2.33
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The animal displaying the highest autozygosity exhibited a ROH genome
coverage encompassing 730.21 Mb of the total autosomal genome extension
covered by markers (29.20% of the cattle genome), with 71 ROH = ROH;., wn, and a
mean ROH length of 10.28 Mb. Purfield et al. (2012) observed that dairy breeds were
the most autozygous animals among several studied breeds, and had on average
700.3 Mb classified as ROH. Mastrangelo et al. (2015) observed a similar value for
the Reggiana dairy breed (725.2 Mb classified as ROH). Besides, Marras et al.
(2014) described that dairy breeds had a higher sum of all ROH than beef breeds.
The higher autozygosity observed in dairy breeds can be explained by the intense
artificial selection and the repeatedly use of superior and proven sires for
reproduction by artificial insemination (KIM et al., 2013). The least inbred animal
exhibited a ROH genome coverage encompassing 48.81 Mb (1.95% of the cattle
genome), with 32 ROH = ROH1., wp, and a mean ROH length of 1.52 Mb. Figure 2
illustrates the relationship between the total number of ROH per animal and the total
length (Mb) of genome in such ROH for each individual. The sum of all ROH per
animal allowed the estimation of the percentage of the genome that is autozygous.
Overall, the ROH statistics suggest that on average 7.01% (175.28Mb) of the
genome of this population is autozygous. A similar value was observed by Marras et
al. (2014) (7% for Marchigiana beef purpose breed). Gyr cattle presented a lower
genome average autozygosity compared to previous studies reported by
FerenCakovi¢ et al. (2011) (9% for Austrian dual purpose Simmental, Brown Swiss,
and Tyrol Grey bulls) and Kim et al. (2013) (10% for Holstein cattle), and a higher
autozygosity than results obtained by Zavarez et al. (2015) (4.58% for Nelore cattle).

Number of ROH

100 200 300 400 500 600 700
Total Length in ROH (Mb)
Figure 2. Relationship between the total number of runs of homozygosity (ROH>1

Mb) and the total length (Mb) of the genome in such ROH for each individual. Each
circle represents one animal.
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2.3.2 Pedigree and genomic inbreeding

Descriptive statistics for Fpep and Fron coefficients are presented in Table 2.
Among Fron estimates, we can observe an increase in variation with ROH length,
being evidenced by the coefficient of variation (CV). The higher the CV was, the
greater the differences between the mean and median were for each Fron length.
Thus, given the dissimilarity among the CV, we assumed that the mean should not
be used as the best measurement of central tendency, indicating that the median

should be used instead for Fpep and Fron coefficients.

Table 2. Number of genotyped animals (n) and descriptive statistics for
pedigree (Fpep) coefficient and genomic inbreeding coefficients based on runs
of homozygosity (FROH) for different Iengths (FROH 1-2 Mb, FROH 2-4 Mb, FROH 4-8 Mb»
FroH 8-16 Mb, @Nd FroH >16 Mb)-

Inbregdmg Mean Median Minimum Maximum Cogfflplent of n
coefficient Variation (%)

Frep 0.019 0.004 0.000 0.327 3.387 2,758
Frowizomp  0.017  0.017 0.006 0.037 20.70 2,758
Fronz-amp  0.013  0.013 0.001 0.039 35.30 2,757
Fronssmp ~ 0.013  0.012 0.001 0.063 55.63 2,740
Frous-1i6mp  0.014  0.012 0.003 0.082 73.04 2,422
Frousismp  0.023  0.016 0.006 0.201 97.75 1,533

In the dairy industry, genomic inbreeding coefficients of genotyped animals are
commonly calculated from Fgrm (BJELLAND et al., 2013). Fgrm moderately
correlated with Fpgp (0.37) (Figure 4), concurring with the results obtained by Pryce
et al. (2014). VanRaden et al. (2011) reported higher correlations for Holstein (0.59),
Jersey (0.68), and Brown Swiss (0.61) animals. Hayes and Goddard (2008) also
obtained higher correlations for Australian Angus bulls (0.69). Lower correlations
between these estimates were reported by Gurgul et al. (2016), Marras et al. (2014),
and Zhang et al. (2015b). Two out of three reasons hypothesized by Pryce et al.
(2014) might explain the poor correlation found in our study: (i) individuals from sub-
populations for which allele frequencies diverge from those of the entire population
are estimated to have high Fgrm; and (ii) pedigree completeness.

Low to moderate correlations were observed between Fpgp-Fron and Feru-

Fron. The lowest correlation was observed for Froni-2 mb- Frons-16 mb (-0.04) and the
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highest for Fgrm-Frons16 mb (0.59). Correlations between Fron from different lengths
and Fpgp increased with ROH length. This tendency may be explained by considering
that ROH reflect both past and recent relatedness, and that Fpgp estimates are based
on pedigree records which may not extend back many generations
(FERENCAKOVIC et al., 2013; MARRAS et al., 2014). When longer ROH reflecting
recent relatedness are considered to calculate Fron, the Fpep-Fron correlation tends
to be higher (MARRAS et al., 2014; SAURA et al., 2015).
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Figure 4. Scatterplots (lower panel) and correlations (upper panel) of genomic
inbreeding coefficients Fron (Fro 1-2 Mb, FrROH 2-4 Mb, FrOH 4-8 Mb, FroH 8-16 Mb, @Nd Fron
>16 Mb) @and Fgrm, and pedigree-based inbreeding coefficients (Fpep).

Several authors have found a high correlation between Fpgp-Fronw When a
deeper number of described generations are available in the pedigree
(FERENCAKOVIC et al., 2011; PURFIELD et al., 2012; FERENCAKOVIC et al.,
2013; MARRAS et al., 2014; GURGUL et al., 2016), suggesting that the correlation
between these parameters increases with pedigree deep. Ferencakovi¢ et al. (2011,
2013) observed Fpep-Fron correlations values ranging from 0.61 to 0.67 and 0.50 to
0.72, respectively, for pedigrees with more than five generations. Purfield et al.
(2012) used a complete generation equivalents higher than six and obtained Fpgp-
Frown correlations of 0.73 for ROH>10 Mb and 0.71 for ROH>1Mb, both with the
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reduced panel. Marras et al. (2014) observed high Fpep-Fron correlations using
pedigree with four, seven and ten generations, with values from 0.56 to 0.74. Gurgul
et al. (2016) also reported the highest Fpep-Fron correlation for animals with seven
complete generations of pedigree data, with an average value of 0.45. In the present
study, a small number of generations were available to estimate Fpgp, Which may
have introduced biased Fpgp values as the pedigree was not able to cover ancient
relatedness. Furthermore, incomplete pedigree also reduces Fpgp estimates
(CASSEL et al., 2003).

The correlations between Fgru-Fron Were higher than those between Fpgp-
Fron for all ROH classes described. Conversely, Marras et al. (2014) observed a
higher Fpep-Fron correlation than those reported for Ferv-Fron. Several studies also
have found a low to moderate Fgry-Fron Ccorrelation for dairy breeds (MARRAS et al.,
2014; MASTRANGELO et al., 2015). In Holstein cattle, moderate to high correlations
were described by Bjelland et al. (2012) (0.81). Pryce et al. (2014) observed a
correlation of 0.62 in Holstein and Jersey populations, and Zavarez et al. (2015)
correlations ranging from 0.41 to 0.74 in Nellore cattle based on ROH of different
minimum lengths.

The inbreeding evolution (Fpep and Frow) for animals born between 1980 and
2012 is shown in Figure 5 and the genotyping sampling of animals per inbreeding
coefficient in table 2. The Fpgp evolution showed a tendency to slightly increase over
time (Figure 5a), while Fron tended to decrease for segments higher than 4 Mb
(Figure 5d, 5e, and 5f). It is worth to highlight that the decline in Fropss-16 mp @and
Frous16 mp reflects an inbreeding up to six and just three generations ago,
respectively. The reduction in these coefficients since the 80’s happen together with
the creation of the Brazilian Dairy Gyr Breeding Program (PNMGL) and the
implementation of the Gyr progeny testing, both in 1895 (JUNIOR SANTANA, 2014).
Probably, these facts suggested that different proven sires from different lines started
to be incorporated into the population and the herds were no longer closed.
Additionally, it is expected that better mating decisions were taken by the breeders
with the advent of the breeding program, decreasing the genomic inbreeding level in

these populations over time.
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Figure 5. Inbreeding evolution over the past 30 years for pedigree-based inbreeding

(Frep) and Fron (Froni2 mb, From24 mb, Fromas mb, Frows16 mb, and Frownsis mb)
coefficients. Each blue dot represents the inbreeding average per year.

2.3.3 Gene characterization in ROH islands

Overlapping ROH were evident across the genome, and their genomic
distribution was non-uniform both in length and position across chromosomes. A total
of 14 regions were identified with ROH frequencies exceeding 50% of the whole
population on BTA 2, 6, 10, 12 and 14 (Appendix A), suggesting that these regions
are likely a sign of ROH islands shared among animals (FERENCAKOVIC et al.,
2013). ROH islands can be defined as genomic regions with reduced genetic
diversity and, consequently, high homozygosity around the selected locus that might
harbor targets of positive selection and are under strong selective pressure
(PEMBERTON et al., 2012). The most strong pattern was observed on BTA 2
(78,394,916:87,587,063), with an overlapping ROH region present in 92% of the
samples (Figure 3). This region showed an enrichment of genes involved with the
immune system (Appendix A). Similarly, Marras et al. (2014) reported a ROH in 90%
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of the samples in Piedmontese cattle, however, it was located at the beginning of
BTA 2 closest to the myostatin (MSTN) locus. Karimi (2013) identified four ROH
islands exceeding 40% of individuals for Brahman, Gyr and Nelore breeds, with the
most common pattern on BTA 21 exceeding 92% of individuals. The ROH islands on
BTA 10 and BTA 12 observed by Karimi (2013) were not found to be located in the
same genomic region as in our study. However, the ROH island on BTA 10
(24,575,700:25,619,800) reported by them was located closest
(25,895,397:27,374,489). ROH islands on BTA 6 were also seen by Gaspa et al.
(2014) in ltalian Holstein cattle and Marras et al. (2014) in dairy and beef breeds.
ROH islands on BTA 6 may be an indicative of signatures of selection for dairy traits,
since this chromosome is well documented to harbour genes that affect milk
production traits (COHEN et al., 2004; COHEN-ZINDER et al., 2005; SCHNABEL et
al., 2005; SCHOPEN et al.,, 2011). Other studies with dairy breeds have found
different ROH islands among chromosomes (PURFIELD et al., 2012; KIM et al.,
2013; HOWARD et al., 2015).

A relevant number of genes (n=282) inside these ROH islands were observed
(Appendix A), in which several of them play important role in the mammary gland
biology and have a prominent importance in milk, dairy traits, and heat adaptation.
Gene ontology (GO) and pathway analysis (KEEG) were performed to obtain a broad
functional insight for the set of genes. An enrichment of genes involved in several
biological processes, which we highlighted cell differentiation (G0:0030154),
regulation of cell death (GO:0010941), positive regulation of cell migration
(G0O:0030335), synaptic transmission and dopaminergic (GO:0001963), response to
unfolded protein (GO:0006986), utero embryonic development (GO:0001701), mRNA
transcription (G0:0009299), cellular response to insulin stimulus (GO:0032869),
positive regulation of B cell proliferation (GO:0030890), and negative regulation of B
cell apoptotic process (G0:0002903), were observed.
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Figure 3. Distribution of overlapping ROH (ROH islands) in Gyr cattle genome. X
axis: distribution of ROH across the genome. Y axis: frequency (%) of overlapping
ROH among samples.

A total of 10 genes were identified related to cell differentiation process
(G0O:0030154), in which we highlight the TRAPPC9 gene on BTA 14. Interestingly,
this gene was found to have significant effects on mastitis-related traits in Chinese
Holstein populations (WANG et al., 2015). Besides, Jiang et al. (2014) observed a
higher TRAPPC9 mRNA expression level in the mammary gland of lactating cows
than in the other tissues, such as heart, liver, lung, kidney, ovary, uterus, and muscle.

Three genes associated with regulation of cell death (GO:0010941) were
identified and one of them, the EEF1D gene on BTA 14, was found to possess one
SNP (rs109661298) associated with milk fat percentage in Chinese Holstein
population (JIANG et al., 2010). More recently, Xie et al. (2014) identified two
alternatively spliced variants of the EEF1D gene (EEF1Da and EEF1Db) in the
mammary gland of lactating Holstein cow. The EEF1Da (exon la + exon 2) was the
dominant transcript and expressed in higher level in mammary gland than in other
tissues of lactating dairy cows, implying that this gene is likely involved in biological
and physiological processess in the mammary gland. Jiang et al. (2014) also
observed a high EEF1D mRNA expression level in the mammary gland of lactating
cows. This gene was also related with the mRNA transcription (G0O:0009299), as
also the HSF1 gene found on BTA 14. This gene is a heat-shock transcription factor,

and its transcription is rapidly induced after temperature stress (provided by RefSeq,
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Jul 2008). Heat shock transcription factors and heat shock proteins (HSP) play a
crucial role in environmental stress adaptation and thermal balance since it allows
cells to adapt to gradual environmental changes (SORENSEN et al.,, 2003),
controlling the balance between survival and an effective immune system in order to
adjust to stress (MORANGE, 2006). Chan, Nagaraj and Reverter (2010), in a study
comparing Bos indicus and Bos taurus cattle, observed genes that have been
reported to be associated with performance attributes for tropical-adaptation and
among their findings, HSP (HSPA14 and HSPB9) were associated with heat
adaptation. Kumar et al. (2015) observed a higher abundance of HSP family genes
during summer and winter compared to mid-spring season in Bos indicus cattle and
Murrah buffaloes, and the magnitude of increase was higher during summer as
compared to winter. Among their findings, a significantly higher (p<0.001) HSF1
MRNA expression during the summer as compared to mid-spring season was also
observed. These findings are consistent with the zebu cattle adaptation traits, in
which we highlight its greater ability to tolerate poor feed and hostile climate.
Furthermore, HSP may be used to access stress response and heat tolerance
adaptation in cattle due to its variation in expression under different heat stress
conditions (KUMAR et al., 2015).

A total of seven genes were identified in ROH islands related to positive
regulation of cell migration (GO:0030335) biological process. Of these, the IRS2,
ATP8ALl, GABRG1, and GABRAG2 genes have been previously associated with
dairy traits. The IRS2 gene on BTA 12 encodes the insulin receptor substrate 2, a
cytoplasmic signaling molecule that mediates effects of insulin, insulin-like growth
factor 1, and other cytokines (provided by RefSeq, Jul 2008). Insulin infusion has
been shown to increase milk and protein yields, and reduce milk fat content and yield
in lactating goats. It also decreased net uptake of C10:0, C14:0, C16:0, trans-C16:1
and >C18:0 fatty acids, and increased mammary blood flow by 42% (BEQUETTE et
al., 2001). The IRS2 gene has also been shown to be associated with the positive
regulation of B cell proliferation (GO:0030890) and negative regulation of B cell
apoptotic process (G0O:0002903). The ATP8ALl, GABRGL1, and GABRAG2 genes on
BTA 6 laid within the region of the most iHS score as reported by Hayes et al. (2008)
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in Norwegian Red cattle, a breed which has been strongly selected for milk
production.

The CRH gene found on BTA 14 was identified associated with synaptic
transmission and dopaminergic (GO:0001963) biological process. This hormone is
secreated in response to stress, and binds to corticotropin releasing hormone
receptors and stimulates the release of adrenocorticotropic hormone from the
pituitary gland (provided by RefSeq, Nov 2015). Since stress disrupts lactation,
intracerebroventricularly admnistration of CRH was performed in primiparous rats
and a dose-dependent reduction in the amount of milk obtained by the pups was
observed (ALMEIDA; YASSOURIDIS; FORGAS-MOYA, 1994).

Three genes were related to cellular response to insulin stimulus
(G0O:0032869) and among them the STAT1 gene found on BTA 2 has been reported
to be expressed through pregnancy, lactation and involution (WATSON, 2001).
STATL1 is under control of the prolactin hormone, and several events take place when
the prolactin binds to its receptor, such as the activation of the STAT1, STAT3, and
STATS proteins, which regulate the transcription of genes involved in secretion of
milk proteins and components (TUCKER, 2000; BOLE-FEYSOT et al., 1998). STAT1
effects on increased milk fat percentage (0.01%) and milk protein percentage was
reported by Cobanoglu et al. (2006).

We also found a number of genes within ROH islands that have been reported
to have a prominent importance in milk and dairy traits on BTA 14 (DGAT1,
CYP11B1, and DERL1), BTA 2 (INSIG2), and BTA 6 (IGFBP7) chromosomes.

The DGAT1 gene found on BTA 14 catalyzes the last stage in triacylglycerols
synthesis (CASES et al.,, 1980), and a nonconservative lysine to alanine (K232A)
substitution in this gene has been shown to have effects on milk production traits in
dairy cattle breeds (THALLER et al., 2003; KAUPE et al., 2007), specially for milk fat
content (WINTER et al., 2002; GRISART et al.,, 2004; ARGOV-ARGAMAN et al.,
2013) and fatty acid composition (SCHENNINK et al., 2007).

The CYP11B1 gene on BTA 14 catalyzes the 11B3- and 18-hydroxylation of
corticosteroids in cattle (MULLER, 1998; LISUREK; BERNHARDT, 2004), and
cortisol is one of the principal hormones involved in lipid metabolism (BHATHENA,
2000). Polimorfism on CYP11B1 (V30A) gene had associated effects on milk fat
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content (+0.04%), protein content (+0.01%), and milk yield (+82 kg) (KAUPE et al.,
2007). In bufaloes, a novel polymorphism on CYP11B1 (p.A313T) gene was also
found associated with increased milk fat percentage (MARYAM et al., 2015).

It is suggested that the protein coded by DERL1 gene on BTA 14 has effects
associated with tissue remodeling and maintenance of function in reproductive
tissues. A greater DERL1 mRNA expression was associated with active ovarian
follicular growth and early corpus luteum development and function, suggesting a
role of DERL1 gene in developing follicles (NDIAYE; LUSSIER; PATE, 2010). Our
findings are particularly interesting, since fertility and longevity are highly connected
(ESSL, 1998) and have a considerable economic impact upon dairy cattle industry.
Reduced fertility affects longevity in cattle, decreasing the lifetime reproductive cycles
and lactations per female (NDIAYE; LUSSIER; PATE, 2010).

Insulin-induced genes (INSIGs) are important mediators in the lipid
metabolism (XIAO-YING; SHENG-QIU, 2010). Given the role of the INSIGs genes in
lipogenesis and cholesterol regulation in animals, the study of variants which might
affect the production performance in animals is of substantial interest (DENG et al.,
2016). On BTA 2 ROH islands, the INSIG2 gene was observed, and polimorfism in
this gene has been reported to have effects on milk fatty acids composition in
Holstein cattle (RINCON et al., 2012). INSIG2 mRNA expression was increased
during lactation in cows (BIONAZ; LOOR, 2008) and was highly expressed in the
mammary gland in buffalo, suggesting that INSIGs protein might be important in the
regulation of fat milk synthesis (WU et al., 2014). Mutations in 88, 436 and 471
nucleotides of the INSIG2 gene sequence in ewes influenced milk fat content, and
the SNP in 1,071 nucleotide was associated with milk yield and milk protein content
(LURIDIANA et al., 2014).

The IGFBP7 gene found on BTA 6 encodes a member of the insulin-like
growth factor (IGF)-binding protein (IGFBP) family (provided by RefSeq, Dec 2011).
IGFs and IGFBPs genes play an essential role in mammary gland development by
influencing mammary epithelial cell proliferation, differentiation and cell survival
(POLLAK; SCHERNHAMMER; HANKINSON, 2004; KLEINBERG; BARCELLOS-
HOFF, 2011; BARTELLA et al., 2012). Virgin mice’s lacking the IGFBP7 gene has

been described to have significantly mammary gland development retardation.
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Pregnant Igfbp7-null mice exhibited precocious mammary gland involution in the
presence of suckling pups, and Igfpb7-null glands contained fewer alveolar structures
(CHATTERJEE et al., 2014).

Among the KEGG pathways identified, we highlighted the ones related to
environmental information processing, such as neuroactive ligand-receptor
interaction (bta04080), PI3K-Akt signaling pathway (bta04151), and AMPK signaling
pathway (bta04152) with 11, 10, and 5 genes identified in ROH islands, respectively.
PI3K-Akt signaling pathway regulates key cellular functions such as transcription,
translation, growth, proliferation, and survival. AMPK signaling pathway acts as a
sensor of cellular energy status leading to a concomitant inhibition of energy-
consuming biosynthetic pathways and activation of ATP-producing catabolic

pathways.

2.4 Final considerations

Despite of the reduced genetic basis and the limited number of animals
imported to form the first Gyr dairy lines, the autozygotic proportion of the genome
were considerably low in this population. Besides, it can be seen a clearly decay in
Fron for segments higher than 4 Mb, which is consistent with the development of the
first Gyr breeding program and the progeny testing program. Low correlations
between Fpep-Fron for small segments indicate that Fpep estimates are not the most
suitable method to capture ancient inbreeding, especially when a deeper number of
generations are not described in the pedigree. The existence of a moderate
correlation between larger ROH indicates that the levels of autozygosity derived from
ROH can be used as an accurate estimator of individual inbreeding levels. Several
common ROH islands have been found in the Gyr genome, suggesting that ROH
might be used to identify genomic regions under selection. Common islands on BTA
14 are supposed to be a sign of strong selection for dairy traits and environmental
adaptation as several genes associated with them were identified. Our findings
contribute to the understanding of the effects of inbreeding when accessing genome-
wide autozygosity, and how selection can shape the distribution of ROH islands in

the cattle genome. Hence, this approach may contribute to comprehend the
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evolutionary process of the Gyr breed and provide the basis to overcome future
challenges.
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Appendix A - Gene content inside runs of homozygosity (ROH) overlapping regions

BTA'

ROH Frequency

Physical Position (bp)

Length (bp)

Genes content

0.755

68,748,659:89,063,900

20,315,241

CCDC93, INSIG2, DBI, SCTR, CFAP221,
PTPN4, EPB41L5, RALB, INHBB, GLI2,
TFCP2L1, CLASP1, TSN, CNTNAPS,
GYPC, STAT1, STAT4, MYO1B, TMEFF2,
SLC39A10, DNAH7, CCDC150, PGAP1,
SF3B1, HSPD1, HSPE1, MARS2, BOLL,
PLCL1, SATB2

0.569

68,748,659:104,825,968

36,077,309

DBI, SCTR, INHBB, GLI2, GYPC, STAT],
STAT4, HSPD1, HSPE1, BOLL, AOX1,
NDUFB3, CFLAR, CASP8, FZD7, SUMO1,
BMPR2, CD28, CTLA4, NDUFS1, CREBI,
CRYGD, CRYGC, CRYGB, IDH1, MAP2,
MYL1, LANCL1, FN1

0.924

78,394,916:87,587,063

9,192,147

GYPC, LOC100295717, GLS, STATI1,
STAT4, TRNAC-GCA, MYO1B, TRNAE-
UuUC, NABP1, SDPR, TMEFF2,
LOC785710, SLC39A10, DNAH7, STK17B,
LOC531691, CCDC150, GTF3C3,
C2H2o0rf66, PGAP1, ANKRDA44, SF3B1,
COQ10B, HSPD1, HSPE1, MOB4, RFTN2,
MARS2, BOLL, PLCL1

0.781

81,983,121:87,587,063

5,603,942

LOC100138726, LOC781256, SLC39A10,
LOC104971271, DNAH7, STK17B,
LOC101906937, LOC531691,

CCDC150, GTF3C3, C2H2orf66, PGAP1,
LOC101907169, ANKRDA44,
LOC104971272, LOC104971273,
LOC782417, LOCS504995, SF3B1, COQ10B,
HSPD1, HSPE1, MOB4, RFTN2, MARSZ2,
BOLL, PLCL1, LOC104971274,
LOC104971275

0.638

58,133,150:59,323,454

1,190,304

NWD2, LOC101906734, C6H4orf19,
TRNAC-GCA, RELL1, LOC783826, PGM2,
LOC783708, LOC781379,

LOC101906872, TBC1D1, LOC104972736,
LOC104972737,

LOC104972738, LOC101907152,

0.737

62,281,712:81,603,050

19,321,338

ATP8Al, KCTD8, GABRG1l, GABRAZ2,
GABRA4, GABRB1, ATP10D, NFXL1,
CNGAL, ZAR1, OCIAD1, CWH43,
SPATA18, RASL11B, FIP1L1, LNX1,
CHIC2, KIT, KDR, SRD5A3, CLOCK,
CEP135, KIAA1211, PPAT, PAICS, HOPX,
POLR2B, IGFBP7, ADGRL3,

TECRL

0.887

68,338,834:73,220,200

4,881,366

CNGA1, NIPAL1, TXK, TEC, SLAINZ2,
ZAR1, FRYL, OCIAD1, OCIAD2, CWHA43,
LRRC66, SGCB, SPATA18, USPA46,
RASL11B, SCFD2, FIP1L1, LNX1 CHIC2,
PDGFRA, KIT, KDR, SRD5A3, TMEM165,,
CLOCK, PDCL2, NMU, EXOC1, CEP135,
KIAA1211

0.587

70,117,799:81,603,050

11,485,251

RASL11B, SCFD2, FIP1L1, LNX1, CHIC2,
GSX2, PDGFRA, KIT, KDR, SRD5AS,
TMEM165, CLOCK, PDCL2, EXOC1, NMU,
CEP135, KIAA1211, AASDH, PPAT, PAICS,
SRP72, ARL9, THEGL, HOPX, SPINK2,
NOA1, POLR2B, IGFBP7, ADGRL3, TECRL

10

0.518

5,133,564:8,452,227

3,318,663

THOC3, CPLX2, LOC104973021, HRH2,
LOC104973023, SFXN1, DRD1, GCNT4,
LOC104973024, LOC104973025,
LOC104970646, ANKRD31, POLK, TRNAY-
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GUA, HMGCR, COL4A3BP, ANKDDI1B,
POC5, SV2C, IQGAP2, F2RL2, FZ2R,
LOC100296562, F2RL1, S100Z, CRHBP,
AGGF1, LOC781720, ZBEDS3, PDESB

10

0.529

25,895,397:27,374,489

1,479,092

RPGRIP1, HNRNPC, ZNF219, ARHGEFA40,
RNASE13, TPPP2, NDRG2, SLC39A2,
METTL17, RNASE2, RNASE1l, BRB,
RNASE1, RNASE6, RNASE4, ANG, ANG2,
RNASE12, RNASE11l, RNASE10, PNP,
TMEM55B, APEX1, OSGEP, KLHL33,
CCNB1IP1, TTC5, OR11H4, ORA4N4,
OR4K14

12

0.720

86,889,033:89,989,632

3,100,599

LOC781180, FAM155A, LIG4, ABHD13,
TNFSF13B, MYO16, TRNAY-AUA,
LOC104973669, LOC104973672,
LOC101905776, LOC101905821,
LOC104973673, IRS2, LOC104973674,
COL4AL1, LOC104973675, COL4AZ,
LOC104973676, LOC104973677, RAB20,
NAXD, CARS2, ANKRD10, ING1,
LOC784176, LOC104973678, ARHGEF7,
TEX29, LOC101906959

12

0.606

86,889,033:89,992,862

3,103,829

LOC781180, FAM155A, LIG4, ABHD13,
TNFSF13B, MYO16, CARS2, TRNAY-AUA,
LOC104973669, LOC104973672,
LOC101905776, LOC101905821,
LOC104973673, IRS2, LOC104973674,
COL4A1, LOC104973675, COL4A2,
LOC104973676, LOC104973677, RABZ20,
NAXD, ANKRD10, ING1l, LOC784176,
ARHGEF7, TEX29, LOC101906959,
LOC104973678

14

0.778

37,250,059:42,032,707

4,782,648

EYA1, TRNAC-ACA, MSC, TRPAL,
MIR1603, KCNB2, TERF1, SBSPON,
LOC101906455, C14H8orf89, RPL7,
RDH10, TRNAG-UCC, MIR2284L, STAUZ,
UBE2W, TCEB1, TMEM70, LY96, TRNAE-
UUC, LOC104974051, JPH1, GDAP1,
LOC104974053, LOC104974054, PI15,
CRISPLD1, HNFA4G, LOC104974057,
ZFHX4

14

0.505

39,495,608:41,685,719

2,190,111

SLC39A4, CPSF1, DGAT1, HSF1, CYC1,
EEF1D, CYP11B1, PTK2, TRAPPC9, TG,
MYC, DERL1, HAS2, CEBPD, PRKDC,
ATP6V1H, RGS20, MOS, PLAG1, PENK,
RAB2A, ASPH,

CRH, MYBL1, ARFGEF1,

" Bos Taurus Autosome (BTA) that presented a frequency of overlapping ROH shared by more than 50% of the samples.



