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TRIGO, B.B. Identificação e caracterização de variantes genéticas associadas à 

pelagem em gado zebuíno. 2022. 102 f. Tese (Doutorado) – Faculdade de 

Medicina Veterinária, Universidade Estadual Paulista, Araçatuba, 2022. 

RESUMO 

O gado zebuíno da raça Nelore (Bos indicus) é conhecido por sua fácil adaptação 

nos ambientes de climas tropicais e subtropicais. Uma das características 

fenotípicas relacionadas à essa adaptação e principalmente à tolerância à radiação 

ultra-violeta é o padrão de coloração da pele e da pelagem apresentado pela raça. 

Outras raças zebuínas também apresentam padrão de pelagem semelhante ao 

Nelore. Dada a potencial contribuição da variação na pelagem destes animais na 

adaptação dos mesmos nos climas tropicais e sub-tropicais, objetivou-se mapear 

variantes genéticas candidatas estruturais ou funcionais que estivessem associadas 

ao escurecimento da pelagem nos zebuínos. Realizando análise de associação 

genômica ampla (genome-wide association study – GWAS) e posterior análise de 

dados de sequenciamento completo foi possível encontrar uma complexa variante 

estrutural nas proximidades do gene da proteína sinalizadora agouti (agouti signaling 

protein -ASIP) a qual foi denominada de ASIP-SV1, sendo fortemente correlacionada 

ao escurecimento da pelagem em regiões específicas no corpo dos bovinos das 

raças Nelore e Brahman. A variante estrutural ASIP-SV1 também foi predita como 

sendo de origem B. indicus, para confirmar tal predição foram analisadas sequencias 

da região da variante estrutural de animais zebuínos e não-zebuínos para elucidar a 

segregação desta variante. Nas análises realizadas 45,3% dos zebuínos analisados 

apresentaram a variante estrutural enquanto que dos taurinos somente 6.3% 

continham a variante no gene ASIP sendo que esses taurinos eram de raças 

conhecidas por apresentarem introgressão zebuína em seu genoma. Concluiu-se 

que a variante ASIP-SV1 causa o escurecimento na pigmentação da pelagem em 

regiões específicas do corpo destes animais causando um aumento na produção de 

eumelanina, a variante se mostrou robusta e sugeriu-se que, em conjunto a outros 

genes, essa variação possa contribuir com a adaptação dos bovinos aos climas 

tropicais e sub-tropicais. 

Palavras-chave: Bovinos. ASIP. Genética animal.  
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ABSTRACT 

Indicine Nellore cattle (Bos indicus) had as main characteristic their adaptation in 

tropical and subtropical climate. The pigmentation of skin and coat color are both 

phenotype characteristics related to its climate adaptation and heat tolerance. 

Several indicine breeds also had the same coat color pattern as shown by Nellore 

cattle. Given the potential contribution of coat color variation on their adaptation in 

tropical and subtropical environments the aim of the study was to map candidate 

genetic structure or functional variants associated with darkness of hair coat in zebu 

cattle. Using genome-wide association study (GWAS) and latter analysis of whole-

genome sequence it was possible to identity a complex structural variant in vicinity of 

agouti signaling protein (ASIP) gene named as ASIP-SV1, being strongly correlated 

to darkness of hair coat in specific body regions of Nellore and Brahman cattle. ASIP-

SV1 was also predicted to be B. indicus origin. To confirm this prediction, it was 

analyzed sequences from ASIP-SV1 region from indicine and non-indicine cattle to 

elucidate this variant segregation. It was possible to identify 45.3% from zebu 

animals analyzed showing ASIP-SV1 while only 6.3% from taurine animals analyzed 

had this structural variant. The taurine cattle with ASIP-SV1 in ASIP gene is known to 

had zebu introgression on their genome. It was possible to conclude that ASIP-SV1 

variant cause the darkness of hair coat on specifics regions of the body of these 

animals increasing eumelanin production, the variant shows to be robust and results 

suggest that ASIP-SV1, in a set of other genes, should play a role on cattle tropical 

and subtropical climate adaptation. 

Keywords: Bovine. ASIP. Animal genetics. 
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1 INTRODUÇÃO GERAL 

 

1.1 A bovinocultura no Brasil, características fenotípicas e a 

adaptação do gado Nelore na região tropical 

Atualmente, o Brasil é o maior exportador, o segundo maior produtor e o 

terceiro maior consumidor de carne bovina no mundo com um rebanho de 

aproximadamente 187,7 milhões de cabeças de gado (ABIEC, 2022). De todo o 

rebanho de corte brasileiro, a raça Nelore (Bos indicus) representa 80% da 

população (ABCZ, 2022). 

A raça Nelore é originária da região de Nellore-Ongole no leste da costa 

indiana. Também conhecida como Ongole, essa raça zebuína foi introduzida na 

costa indiana há mais de 4.000 anos e começou a ser importada para vários países 

tropicais no século XIX (AJMONE-MARSAN; GARCIA; LENSTRA, 2010). A 

motivação para a importação de animais desta raça para os países tropicais é 

devida à fácil adaptação do gado Nelore às condições extremas dos climas tropicais 

e subtropicais, a resistência da raça a diversas doenças e ectoparasitas, 

sobrevivência em pastagem de baixa qualidade nutritiva e principalmente devido à 

tolerância ao calor (KARTHICKEYAN et al., 2008). 

Os bovinos da raça Nelore possuem, de forma geral, a pele preta. 

Enquanto as vacas possuem pelagem branca, os touros apresentam uma pelagem 

na qual a coloração pode variar de cinza claro a preto em regiões específicas do 

corpo como a cabeça, pescoço e barbela, traseiro e joelhos (FIGURA 1). As regiões 

que possuem escurecimento da pelagem na idade adulta do bovino geralmente 

apresentam coloração avermelhada desde o nascimento até aproximadamente um 

ano de idade. Um padrão interessante e curioso é que podem ser observados 

também touros que apresentem como padrão de coloração a pelagem branca, 

semelhante ao padrão observado nas fêmeas (FIGURA 1). 

Figura 1 – Variação no padrão de coloração de pelagem do gado Nelore 

 

Fonte: Adaptado de Trigo et al. 2021 
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Fadare et al. (2013) e Leite et al. (2018), analisando tolerância térmica em 

ovelhas, hipotetizaram que a tolerância ao calor pode ser contribuída por algumas 

características fenotípicas como por exemplo o tamanho do pelo, a pigmentação da 

pele e a coloração da pelagem deste animal. 

Da Silva et al. (2003) descreveu que a mistura de pelos de pigmentação 

branca, cinza e escura, que fossem curtos (comprimento médio de 5 a 8 mm), 

grossos (> 50 mm), densos (> 1.400 pelos/cm2) e que estivessem contra uma pele 

escura, assim como é o padrão de pelagem apresentado pelo Nelore, refletiria mais 

radiação de onda curta do que o padrão de pelagem apresentado pelas raças 

européias de gado Bos taurus. A radiação de onda curta está bastante presente nas 

regiões tropicais e subtropicais, e inclui as radiações ultra-violeta A (UVA) e B (UVB), 

todo o espectro de luz visível e o infravermelho, sendo este último geralmente 

percebido como calor pelos termorreceptores da pele. Assim, todos os fatos 

apresentados sugerem que o padrão de pelagem apresentado pelo Nelore contribui 

para a tolerância ao calor observada na raça. 

Outra característica da adaptação do gado Nelore é a resistência a 

ectoparasitas e tal resistência foi também relacionada à coloração da pelagem em 

bovinos. A resistência contra ectoparasitas foi estudada em diferentes raças, e os 

autores concluíram que animais que apresentavam a pelagem clara se mostraram 

mais resistentes quando comparados com animais de pelagem escura (ANDRADE 

et al., 1998; CARDOSO et al., 2014). 

1.2 Características da pigmentação do pelo e suas vias funcionais 

Como o padrão de pelagem é um dos fatores de interesse na adaptação 

dos zebuínos da raça Nelore nas regiões tropicais e subtropicais, é importante 

compreender o ciclo do pelo, as proteínas que fazem parte das vias funcionais e 

como elas afetam a dinâmica da pigmentação do pelo. 

Os pelos são hastes queratinizadas que estão inseridas na epiderme e 

invaginadas na derme, onde encontra-se o folículo piloso (ERDOĞAN, 2017). O ciclo 

do pelo é dividido basicamente em 3 fases: (i) A fase anágena, na qual o pelo está 

em crescimento pela produção das células queratinizadas na matriz ou bulbo piloso; 

(ii) a fase catágena, na qual se observa uma redução na atividade celular e apoptose 

das células que formam a haste; e (iii) a fase telógena, na qual ocorre a soltura do 
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pelo do folículo e subsequente queda do pelo. O ciclo então se reinicia com a fase 

anágena ou anágena precoce (FIGURA 2) (LIM; NG; CLAVEL, 2019). 

 

Figura 2 – Ciclo de crescimento do pelo 

 

Fonte: Adaptado de LIM; NG; CLAVEL, 2019. 

Na formação dos pelos, as células se originam na matriz e se 

queratinizam formando a haste pilar que é dividida em medula, córtex e cutícula 

(FIGURA 3). A medula é a porção central do pelo, a cutícula é a região externa do 

pelo e é na região intermediária do pelo, o córtex, onde é determinado o pigmento 

por conta da produção de melanócitos na matriz (ERDOĞAN, 2017). 

Figura 3 – Estruturas presentes no pelo 

 

Fonte: Adaptado de Erdoğan, 2017. 
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Os melanócitos, como dito anteriormente, são encontrados em sua 

maioria na matriz do pelo. Porém, a produção da melanina ocorre somente na fase 

anágena em unidades pigmentares específicas do folículo piloso, ocorrendo a 

síntese da melanina nos melanossomas nos melanócitos. A pigmentação da haste 

capilar ocorre no momento em que esses melanossomos sintetizados nos 

melanócitos são transferidos da matriz para os queratinócitos da haste (ERDOĞAN, 

2017; STENN; PAUS, 2001). A melanina é dividida em dois tipos: a eumelanina, de 

coloração preta, e a feomelanina, de coloração vermelha ou amarela. A eumelanina 

é produzida a partir da reação da L-tirosina na presença da enzima Tirosinase 

(TYR), enquanto a feomelanina só é formada quando a L-tirosina está na presença 

da cisteína combinada com a falta da TYR ativada (SHARMA; WAGH; 

GOVINDARAJAN, 2002). 

A pigmentação é uma característica de via complexa controlada por 

centenas de genes que são capazes de afetar a coloração e o padrão da pelagem 

nos mamíferos (CIESLAK et al., 2011; ROCHUS et al., 2019; SCIENSKI, 2018). 

De modo geral, as colorações da pelagem são definidas de acordo com a 

relação entre eumelanina e feomelanina, a qual é controlada principalmente pelos 

agonistas e antagonistas do receptor de melanocortina 1 (melanocortin 1 receptor – 

MC1R) (CIESLAK et al., 2011; LIM; NG; CLAVEL, 2019). O gene MC1R produz a 

proteína transmembrana MC1R nos melanócitos, a qual é capaz de regular a 

produção de melanina. 

Radiações ultra-violetas (UV) causam danos no DNA, que por sua vez 

estabilizam a proteína supressora de tumor p53, reguladora central do ciclo celular e 

reparadora do dano ao DNA, que promove a ativação transcricional do gene pro-

opiomelanocortina (POMC). O gene POMC codifica a produção e secreção de 

alguns peptídeos, incluindo a alfa-MSH (ligante primário do MC1R) que se liga no 

MC1R presente na membrana dos melanócitos e ativa a cascata de cAMP (do 

inglês, cyclic adenosine monophosphate) - CREB (do inglês, cAMP response 

element- binding) - MITF (do inglês, microphthalmia-associated transcription factor). 

Essa cascata eleva os níveis de TYR e outras enzimas biossintéticas da melanina. A 

eumelanina que foi sintetizada nos melanócitos é então transferida e acumulada nos 

queratinócitos por intermédio dos melanossomos (D'ORAZIO et al., 2013; NGUYEN; 

FISHER, 2019) (FIGURA 4). 
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Adicionalmente, participa da regulação da pigmentação a SOX9 (do 

inglês, SRY sex-determining region Y-box 9) que é expressa nos melanócitos e 

supra-regulada também pela exposição aos raios UVB. Juntamente com o CREB, o 

SOX9 é capaz de controlar o promotor MITF e TYRP, aumentando a expressão das 

proteínas-chave melanogênicas como a TYR e estimulando o aumento da 

pigmentação (ARORA; SIDDIQUI; MEHAN, 2021; PASSERON et al., 2007) 

(FIGURA 4).  

Quando o inibidor competitivo ASIP é produzido pelas células da papila 

dermal e atua de forma parácrina nos melanócitos, ele evita com que o alfa-MSH se 

ligue ao receptor do MC1R, diminuindo assim a atividade da cAMP e alterando toda 

a cascata que viria a seguir diminuindo os níveis de TYR ativada e das outras 

enzimas biossintéticas. Além da diminuição da TYR, ocorre a inserção de cisteína na 

cascata resultando na síntese da feomelanina (melanossomo), a qual também será 

transferida e acumulada nos queratinócitos (CAVALCANTI, 2015; SHARMA; WAGH; 

GOVINDARAJAN, 2002), conforme observado na figura 4. Além de ser um 

antagonista para o MC1R, Passeron et al. (2007) demonstraram que o ASIP também 

é capaz de infra regular a expressão do SOX9 na cascata de pigmentação.  

Controlando a proporção dos pigmentos produzidos, o gene ASIP age 

localmente como um modificador de cor extracelular através da proteína ASIP, 

influenciando na distribuição dos pigmentos pelo corpo (BARSH et al., 2000; 

CIESLAK et al., 2011; LETKO et al., 2019; SUZUKI, 2013). 
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Figura 4 – Via de regulação do MC1R 

 

Fonte: Elaborado pela autora 

 

1.3 Possíveis causas para a variação no escurecimento da 

pelagem do Nelore e o escurecimento da pelagem em outras 

raças zebuínas 

O gado Nelore tem como característica fenotípica um padrão de pelagem 

variável que pode ser relacionado com a idade, as estações do ano, o sexo e a 

genética do animal. 
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Uma das características observadas que podem ser relacionadas à idade 

é o escurecimento da pelagem de avermelhado nos bezerros até a escala de cinza 

na idade adulta, parecendo ainda que a pelagem continua escurecendo conforme o 

passar da idade dos animais. A mudança na pigmentação de avermelhado para 

cinza pode sugerir um processo de maturação dos melanócitos relacionados à 

puberdade do animal e o escurecimento conforme o envelhecimento do animal é 

especulado por ser regulado por hormônios esteroides (FONSECA et al., 2019). O 

hormônio dihidrotestosterona (DHT) é a principal forma de testosterona que é 

sintetizada perifericamente e atua exclusivamente através do receptor de andrógeno 

(AR), que é um fator de transcrição intracelular presente nos queratinócitos 

foliculares e epidérmicos, células das papila-dermais, entre outras presentes na 

estrutura dérmica (ZOUBOULIS et al., 2007). O SOX9 foi apontado pelo estudo de 

Chen et al. (2006) por potencializar a esteroidogênese, além de ter sido detectado 

na pele. Diante dos fatos apresentados, é possível sugerir que a variação na 

intensidade de cor entre os machos e a variação na tonalidade da cor com o passar 

do tempo é devido à interação do DHT com o AR influenciando na regulação da 

expressão do SOX9 na cascata de pigmentação. Este fato também explicaria porque 

fêmeas Nelore não apresentam escurecimento do pelo como observado em machos. 

Além dessas variações na intensidade de pigmentação, são observadas 

diferentes tonalidades ao longo do ano que pode ser explicada pela exposição do 

animal aos raios UVA e UVB que são capazes de supra-regular os fatores de 

transcrição envolvidos na melanogênese (D'ORAZIO et al., 2013; NGUYEN; 

FISHER, 2019). 

Outra variação observada na pelagem é relacionada ao padrão na 

coloração da pelagem que difere nas fêmeas, sendo em um primeiro momento 

relacionada a uma variação sexual, inclusive pela interação do DHT com o AR se 

ligando ao SOX9 na cascata de pigmentação descrita anteriormente. No entanto, 

alguns touros também podem apresentar uma pelagem branca semelhante ao 

observado nas fêmeas, independentemente de seus níveis de DHT, idade ou 

estação do ano, sugerindo que a variação neste escurecimento da pelagem em 

machos é também determinada geneticamente. 

De qualquer forma, os fatores genéticos/epigenéticos e mecanismos 

moleculares observados no dimorfismo sexual, a variação do escurecimento na 
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pelagem dos touros, e o escurecimento da pelagem dos machos relacionados à 

idade e à luminosidade permanecem descaracterizados no gado Nelore. 

O padrão de escurecimento na pelagem em regiões específicas no corpo 

do gado Nelore não é exclusivo da raça e muitas outras raças zebuínas exibem 

padrão de coloração da pelagem semelhante. As raças indo-paquistanesas 

Bhagnari, Dajal, Guzerat, Hariana, Tharparkar e Ongole são exemplos com o padrão 

de pelagem similar, assim como outras raças bovinas presentes nas Américas e na 

Oceania que são derivadas da raça Ongole como o Tabapuã Brasileiro, o Peranakan 

Ongole Indonésio, e o Brahman Australiano e Americano. 

Além dessas, outras raças taurinas oriundas da Europa Central e da 

Europa Oriental também apresentam o mesmo padrão de pelagem. O interessante é 

que algumas dessas raças já foram descritas como portadoras de haplótipos 

ancestrais de B. indicus (DECKER et al., 2014; BARBATO et al., 2020), como é o 

caso das raças Chianina, Corsa, Croatian Podolian, Garfagnina, Gascon, Guelmoise, 

Grey Húngaro, Podolian Italiano, Marchigiana, Maremmana, Piedmontese, 

Romagnola, Grey Turco, Grey Tirolês e raças Grey Ucranianas, entre outras.  

Sabendo que a variação na pigmentação da pelagem é um potencial fator 

na adaptação dos bovinos em climas tropicais e subtropicais, considerando a 

complexidade do fenótipo de coloração de pelagem e uma possível existência de 

diversas vias moleculares capazes de determinar o escurecimento relacionado à 

idade em machos e o observado no dimorfismo sexual, supõe-se que as diferentes 

características seriam melhores avaliadas caso analisadas de forma individualizada.  

Diante de todas as informações, é provável que esse padrão de coloração 

da pelagem seja explicado por variantes genéticas comuns nas raças as quais 

tiveram sua ancestralidade compartilhada. 

1.4 Objetivo 

Mapear variantes genéticas posicionais e funcionais associadas ao 

escurecimento da pelagem do gado zebuíno.  
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2.1 Resumo 

O gado Nelore (Bos indicus) é conhecido pela sua adaptação em ambientes quentes 

e úmidos. O tamanho da pelo e a coloração da pelagem podem contribuir para a 

tolerância ao calor. A raça Nelore foi fortemente selecionada para a pelagem branca, 

mas os touros geralmente apresentam uma pelagem com uma coloração escura em 

escala que vai de cinza claro a preto nas regiões da cabeça, pescoço, traseiro e 

joelhos. Dado a potencial contribuição da variação na coloração de pelagem na 

adaptação dos gados em regiões tropicais e sub-tropicais, nosso objetivo foi mapear 

variantes genéticas candidatas posicionais e funcionais associadas ao 

escurecimento da pelagem em touros Nelore. Realizamos um estudo de associação 

genômica ampla (do inglês, GWAS) para o escurecimento de pelagem utilizando 

dados de 432 touros Nelore que foram genotipados para mais de 777 mil 

marcadores de polimorfismos de nucleotídeos únicos (SNP). Um único sinal principal 

foi detectado próximo do gene proteína de sinalização aguti (ASIP). A análise de 

dados do sequenciamento genômico completo de 21 touros revelou variantes 

funcionais associadas ao escurecimento de pelagem, incluindo um rearranjo 

estrutural envolvendo o ASIP (ASIP-SV1). Caracterizamos a variante estrutural 

utilizando dados de sequenciamento Oxford Nanopore de 13 novilhas Brahman 

australianas, as quais compartilham ancestralidade com o gado Nelore. 

Encontramos que essa variante originou uma deleção de 1155-pb seguida de uma 

inserção de elemento transponível de mais de 150 pb que podem impactar no 

recrutamento de exons não codantes do gene ASIP. Nossos resultados indicaram 

que a variante na sequência do ASIP causa escurecimento na pigmentação da 

pelagem e regiões específicas do corpo, provavelmente através da diminuição na 

expressão do ASIP e consequente aumento na produção da eumelanina. 

Palavras-Chave: Bos indicus. GWAS. CNV. Deleção. Isoformas. 
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2.2 Abstract 

Nellore cattle (Bos indicus) are well-known for their adaptation to warm and humid 

environments. Hair length and coat color may impact heat tolerance. The Nellore 

breed has been strongly selected for a white coat, but bulls generally exhibit darker 

hair ranging from light grey to black on the head, neck, hump, and knees. Given the 

potential contribution of coat color variation to the adaptation of cattle populations to 

tropical and sub-tropical environments, our aim was to map positional and functional 

candidate genetic variants associated with the darkness of hair coat (DHC) in Nellore 

bulls. We performed a genome-wide association study (GWAS) for DHC using data 

from 432 Nellore bulls that were genotyped for more than 777k single nucleotide 

polymorphism (SNP) markers. A single major association signal was detected in the 

vicinity of the agouti signaling protein gene (ASIP). The analysis of whole-genome 

sequence (WGS) data from 21 bulls revealed functional variants that are associated 

with DHC, including a structural rearrangement involving ASIP (ASIP-SV1). We 

further characterized this structural variant using Oxford Nanopore sequencing data 

from 13 Australian Brahman heifers, which share ancestry with Nellore cattle. We 

found that this variant originates from a 1155-bp deletion followed by an insertion of a 

transposable element of more than 150 bp that may impact the recruitment of ASIP 

non-coding exons. Our results indicate that the variant ASIP sequence causes darker 

coat pigmentation on specific parts of the body, most likely through a decreased 

expression of ASIP and consequently an increased production of eumelanin. 

Keywords: Bos indicus. GWAS. CNV. Deletion. Isoforms. 

 

2.3 Background 1 

Brazil is the largest exporter, second-largest producer, and third largest 

consumer of beef in the world [1]. Approximately 80% of the beef cattle in Brazil are 

Nellore. This Bos indicus cattle breed is native to the Nellore-Ongole region in the 

east coast of India and has been imported by many tropical countries since the late 

 
1 Artigo publicado na Revista Genomics, Selection and Evolution, DOI: 10.1186/s12711-021-00633-2. Normas 

de publicação da revista (ANEXO A)  
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19th century [2]. These imports were motivated by the adaptation of Nellore cattle to 

the challenging conditions of tropical and sub-tropical climates, since the breed is 

resistant to several diseases, survives on low-quality forage, and tolerates heat [3]. 

Length of the hair coat, skin pigmentation and coat color are traits that are 

often hypothesized to contribute to heat tolerance in mammals [4, 5]. In fact, the 

mixture of white/grey and dark hair that is short (5 to 8 mm average length), thick (> 

50 mm), dense (> 1400 hair/cm–2) and placed against a black skin, provides higher 

reflectance at shorter light wavelengths (of particular interest in tropical regions) in 

Nellore than in European Bos taurus cattle breeds [6]. However, Nellore cattle exhibit 

variation in coat color patterns that are associated with sex, age, and genetic 

background. 

Nellore cattle have black skin with cows presenting a near-white hair coat 

and bulls generally exhibiting darker hair ranging from light grey to black, especially 

on the head, neck, hump, and knees. This observation points to sex as a first source 

of phenotypic variation. Curiously, some bulls also have a near-white coat that 

resembles that of females, which is further evidence that variation in the darkness of 

hair coat (DHC) in males is genetically determined. The parts of the body of the adult 

animal that present darker hair are generally reddish from birth to yearling, which 

suggests a melanocyte maturation process linked to puberty. Hair coat color seems 

to continue to darken throughout the adult life, an aging-related phenomenon that is 

speculated to be regulated by steroid hormones and the prolactin receptor in hair 

follicles [7]. However, the molecular mechanisms and genetic/epigenetic factors that 

underlie the observed sexual dimorphism, the variation in DHC between bulls, and 

the age-related darkening of hair coat in males remain uncharacterized in the Nellore 

breed. Given the potential complexity of coat color patterns in Nellore cattle and the 

putative existence of different molecular pathways governing each one of the three 

mentioned sources of variation, we hypothesize that they are better understood as 

separate, intermediate traits. 

Several B. indicus breeds exhibit coat color patterns that are similar to 

those observed in Nellore cattle. Examples include the Indian-Pakistani breeds 

Tharparkar, Bhagnari, Dajal, Hariana, Guzerat and Ongole (from which Nellore are 

derived). Similar patterns are also seen in other cattle populations derived from 

Ongole that are reared in the Americas and Oceania, such as the Brazilian Tabapuã, 
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the Indonesian Peranakan Ongole, and the Australian and American Brahman. In 

addition, several Central and Eastern European B. taurus breeds also display 

white/grey hair-coat, some of which have been reported to carry haplotypes of B. 

indicus ancestry [8, 9]. This is the case of the Chianina, Corsa, Croatian Podolian, 

Garfagnina, Gascon, Guelmoise, Hungarian Grey, Italian Podolian, Marchigiana, 

Maremmana, Piedmontese, Romagnola, Turkish Grey, Tyrolean Grey and Ukrainian 

Grey breeds, among others. Therefore, it is likely that common genetic variants 

explain this coat color pattern across breeds with shared ancestry. 

Senczuk and colleagues [10] performed a genetic divergence analysis in 

which the above-mentioned B. taurus breeds were contrasted with four non-grey 

northwestern cattle populations (Angus, Charolais, Limousin, and Holstein), and 

suggested that three loci may be linked to white/grey hair-coat: CHR2:6,510,630-

7,010,630, CHR14:22,531,305-25,722,332 and CHR26:22,789,524-23,289,524 

based on the ARS-UCD1.2 bovine genome assembly [11]. Holland [12] also mapped 

white/grey coat color in a Nellore-Angus crossbred population to chromosome 6, 

within a segment that harbors genes known to impact coat color such as v-kit Hardy-

Zuckerman 4 feline sarcoma viral oncogene homolog (KIT). 

Since coat color variation may contribute to the adaptation of cattle 

populations to tropical and sub-tropical environments, and given the interesting 

complexity of the coat color phenotype in the Nellore breed, our aim was to map 

positional and functional candidate genetic variants associated with DHC in Nellore 

bulls. As argued above, the age-related darkening of hair coat in males and the 

sexual dimorphism component should be considered as separate traits for the sake 

of simplicity, and thus are the focus of separate ongoing studies. 

2.4 Methods 

2.4.1 Phenotypes 

In total, 432 bulls were included in our genome-wide association study 

(GWAS). Photographs of the adult bulls, which were taken while they were on 

artificial insemination stations for semen sample collection, were inspected by six 

evaluators. Each animal was assigned a visual score based on a subjective scale 

ranging from 0 to 3. The lowest score (0) corresponded to completely white animals 

and the highest score (3) to animals with extremely dark hair on the head, neck, 
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hump, and knees. The scores of the six evaluators were averaged to achieve a final 

score that was adopted as the response variable in our GWAS screening. The 

distribution of the resulting phenotypes is in Figure S1 [see Additional file 1 Figure 

S1]. 

 

2.4.2 Genotypes 

Illumina® BovineHD BeadChip (777k chip) genotypes from previous 

studies [13, 14] were available for all the bulls. The pre-commercial single nucleotide 

polymorphism (SNP) panel included 786,799 markers. Prior to the association 

analysis, the PLINK v1.9b4.6 [15, 16] software was used to exclude SNPs with a call 

rate lower than 90% or a minor allele frequency lower than 2%. All bulls had a 

minimum genotype call rate of 90%. 

 

2.4.3 Genome-wide association study 

Phenotypes were regressed onto genotypes using the mixed linear model 

analysis with the leave-one-chromosome-out (MLMA-LOCO) procedure in the GCTA 

v.1.90.2 beta software [17, 18]. This procedure accounts for population structure 

using the genomic relationship matrix between individuals. The inflation factor of the 

squared test statistics was measured as the slope of a linear regression between 

observed and theoretical quantiles in R version v3.6.2 [19]. The GWAS was 

performed a second time including the fixed effect of the top scoring SNP to test for 

allelic and gametic phase heterogeneity, i.e., for association signals that are driven 

by multiple underlying causal variants that are either independent or only partially 

correlated with each other. 

2.4.4 Test for the presence of a dominance effect 

The top scoring SNP in the GWAS screening was tested for the presence 

of a dominance effect. Following Falconer and Mackay [20], the model below was 

fitted to the data using ordinary least squares regression: 

, 

where  is the allele substitution effect,  is the dominance effect, and  

and  are vectors relating  to  and , respectively. For vector , genotypes 0, 1 

and 2 were re-coded as ,  and , respectively, where  is the 
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frequency of the counted allele. Conversely, vector  assumed values , 2pq and 

 for genotypes 0, 1 and 2, respectively, where . In this setting,  

represented the average effect of extra copies of the counted allele, which is a 

function of both additive and dominance genetic effects, i.e. . This 

model is convenient because , thus avoiding co-linearity in the 

simultaneous estimation of additive and dominance effects [21]. The coefficient of 

determination ( ) of this regression model was adopted as a proxy for the proportion 

of phenotypic variance explained by the tested SNP. This model was fitted to the 

data in R version v3.6.2 [19]. 

 

2.4.5 Analysis of haplotype diversity 

To assess haplotype diversity at candidate loci, chromosomes that 

presented evidence of association with DHC were subjected to phase inference with 

the software Eagle v2.4.1 [22]. Then, we used the GHap v2.0.0 R package [23] to 

extract haplotype alleles within the chromosomal segments that presented peak 

associations. The distribution of phenotypes conditional on haplotypes was then 

inspected using boxplots in R version v3.6.2 [19]. 

 

2.4.6 Whole-genome sequences of Nellore bulls 

Whole-genome sequencing (WGS) data were available for 17 Nellore bulls 

from a previous study [14]. These animals had been sequenced on an Illumina HiSeq 

2000 instrument at an average coverage of ~9x using paired-end reads of 100 bp. 

Since none of these sequenced bulls had an average phenotype score of zero, the 

data was complemented with additional sequences from four white bulls that were 

not included in the GWAS. DNA samples from these animals were processed with 

the TruSeq Nano library preparation kit (Illumina) and then sequenced at ~10x 

coverage on the Illumina Novaseq6000 platform using paired-end reads of 150 bp. 

All 21 bulls had their paired-end reads aligned against the ARS-UCD1.2 bovine 

genome assembly [11] with the Burrows-Wheeler Alignment (BWA) mem algorithm 

[24]. Optical and PCR duplicates were marked with the PicardTools v1.119 software 

(available at: http://broadinstitute.github.io/picard/). Single nucleotide variants (SNVs) 

and small insertions-deletions (INDEL) were extracted from aligned reads using the 
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mpileup algorithm from SAMtools v1.9 and BCFtools v1.10.2 [25]. Variant effects 

were predicted and annotated with the Ensembl Variant Effect Predictor tool (VEP) 

[26]. Structural variants (SV) were inferred with the Gaussian Mixture Model 

implemented in the CNVcaller toolkit [27]. 

 

2.4.7 Identification of putative causal variants 

Sequence variants within each candidate region were further tested for 

associations with phenotypes using ordinary least squares regression in R version 

v3.6.2 [19]. Because of the limited sample size (21 animals), the resulting p-values 

were used only as auxiliary indicators for the location of putative causal variants. The 

Integrative Genomics Viewer (IGV) software [28] was used to visually confirm the 

existence of candidate variants and manually curate genotype calls made by 

CNVcaller, and to reveal additional structural variants that might have remained 

undetected by the described bioinformatics pipeline. 

 

2.4.8 Simulation of candidate structural variants 

We performed a series of trial-and-error simulations of short-read data and 

of mutant genomes based on the ARS-UCD1.2 bovine assembly. For the simulation 

of short reads, the suspected structural arrangements were created in FASTA files by 

manually editing the ARS-UCD1.2 sequence. The resulting files were used to 

generate simulated paired-end reads with the wgsim v0.3.1-r13 program from 

SAMtools [25]. In the second set of simulations, the modified FASTA files were used 

as the reference genome, and real sequence reads were aligned against the 

simulated mutant genome. Different structural arrangements were tested until the 

pattern of read alignments in the simulations became indistinguishable from that of 

the empirical data. All alignments were performed with the BWA mem algorithm [24]. 

 

2.4.9 Nanopore sequences of Brahman heifers 

To evaluate independently candidate structural variants identified in the 

Nellore sequence data, we produced Oxford Nanopore Technologies (ONT) 

sequences from DNA extracted from the tail hair of 13 Australian Brahman heifers. 

Since the Brahman breed shares ancestry with Nellore cattle, the ONT Brahman 

sequence set not only served as a validation set but also helped improve the 
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resolution of structural variants via the use of long-read data. The ligation sequencing 

library preparation kit (SQK-LSK109) was used with a single R9.4.1 flow cell per 

animal on a MinION sequencer. Each flow cell was run for 96 hours with two to three 

nuclease flushes to increase the flow cell yield. An average coverage of ~ 8.73  was 

obtained across all samples with a maximum of 13.6  and minimum of 6.21 , and 

the average read length was 5.7 kb. Bases were called from fast5 signals using the 

Guppy software (v4.0.11, released August 2020, Oxford Nanopore Technologies). 

Long reads were aligned against the ARS-UCD1.2 bovine assembly using the 

Minimap2 software v2.14 [29] with the default ONT sequencing settings and the 

alignments were visualized with IGV [28]. 

 

2.4.10 Annotation of transcripts 

We used cDNA and annotation data from previous reports [30-33] to 

improve the annotation of functional candidate genes in the ARS-UCD1.2 bovine 

assembly. When coordinates for transcript elements (e.g., exons, introns, and UTR) 

were not available, cDNA sequences were aligned to the ARS-UCD1.2 bovine 

genome assembly to obtain approximate coordinates using BLASTN in Ensembl 

(available at: https://www.ensembl.org/Bos_taurus/Tools/Blast) and BLAST in NCBI 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

2.4.11 Estimation of coalescence time 

We used the Genealogical Estimation of Variant Age (GEVA) method [34] 

to estimate the time of coalescence (in generation units) between carrier and non-

carrier haplotypes of putative causal variants. This analysis was based on the 21 

Nellore whole-genome sequences. Prior to the analysis, targeted chromosomes were 

filtered for bi-allelic variants presenting a minimum quality score of 60, a genotype 

quality score of 20, a call rate of 95% and a minimum allele count of 3, and then 

phased with the Eagle v2.4.1 software [22]. The effective population size, a 

parameter required by the GEVA method, was obtained from previously reported 

chromosome-specific estimates [35]. 

 

https://www.ensembl.org/Bos_taurus/Tools/Blast
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.5 Results 

2.5.1 GWAS maps DHC to chromosome 13 in Nellore cattle 

After filtering, 541,919 SNPs were screened for associations with DHC. 

The inflation factor was equal to 1.055, which indicates that the GWAS was properly 

corrected for relatedness and population substructure. A single GWAS hit was found 

on chromosome 13 (Fig. 1a). The most significant SNP, namely g.13:63,629,244A>G 

(rs109334889 or BovineHD1300018322, p = 1.27 x 10-35), had an alternative allele 

frequency of 48.1% in our sample, and was located approximately 33.5 kb upstream 

of the ASIP gene (Fig. 1b). This GWAS hit disappeared when we repeated the 

analysis by including this SNP as a fixed effect, which indicated that the signal was 

most likely driven by a single underlying causal variant or haplotype [see Additional 

file 2 Figure S2]. Testing the marker for the presence of a dominance effect revealed 

estimates of  = 0.702±0.040 (  =1.42 10-52) and  = -0.467±0.057 (  = 1.84 10-

15). This result suggests that DHC is associated with the alternative G allele in an 

additive pattern in Nellore cattle, but also that the reference A allele is related to a 

dominance deviation towards lighter coats than what would be expected for 

heterozygous animals on average (Fig. 1c). Furthermore, the leading SNP alone 

explained 46.6% of the variance in DHC. 
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Figure 1 - Genome-wide association analysis for DHC in Nellore cattle. 

 

 (a) A single major locus mapping to chromosome 13 was detected (highest associated SNP, 

BovineHD1300018322;  = 1.27 10-35). (b) Peak associations were found in a region (dashed lines) 

spanning the ASIP (CHR13:63,662,796-63,668,123) and AHCY (CHR13:63,686,723-63,702,437) 

genes. (c) The alternative G allele was correlated with increased darkness of hair coat in an additive 

pattern (  = 1.42 10-52). Heterozygotes had their median phenotypic value skewed towards the 

median of the AA genotypic class, revealing a potential dominance effect associated with the 

reference A allele (  = 1.84 10-15). 

 

We analyzed the haplotypic diversity in the chromosome 13 region that 

presented peak associations (CHR13:63,574,389- 63,729,752) and included 24 

SNPs (delimited by dashed lines in Fig. 1b). Eighteen haplotype alleles were 

identified, among which only two had a frequency higher than 5%. As expected, 

these two haplotypes, referred to as H1 (frequency of 45.6%) and H2 (frequency of 

32.4%), had contrasting phenotypic distributions, with the H2 carriers tending to have 

a darker hair coat (Fig. 2). These results also support the hypothesis of a single 

underlying causal variant or haplotype driving the association signal at the candidate 

locus. 
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Figure 2 - Phenotypic distribution conditional on haplotypes at the DHC association 

signal. 

 

Haplotype alleles were called on a block of 24 SNPs mapping to the association region on 

chromosome 13. Only two alleles had a frequency of at least 5%, namely H1 = 

TTGTATGTAACAATTGAAGGCCAA (frequency of 45.6%) and H2 = 

GCACGCGCGGTGGCCAGGAAATGG (frequency of 32.4%). The remaining 16 alleles were grouped 

in a single cluster (HN) for clarity. Alleles H1 and H2 exhibited contrasting phenotypic distributions, 

with H2 being involved with darker hair coat. 

2.5.2 Analysis of WGS data of Nellore bulls indicate that the causative variant 

is likely to have a regulatory effect 

In total, 1,098 sequence variants that mapped to the region with a peak 

association (delimited by dashed lines in Fig. 1b) were extracted from WGS data of 

Nellore bulls. These included 932 intergenic, 65 intronic, 60 downstream, 32 

upstream, five 3’-UTR, three synonymous, and one in-frame deletion variants in the 

ASIP gene [see Additional file 3 Table S1]. In addition, two structural variants (SV) 

were found within the same chromosomal window. Using the phenotypes from the 21 

sequenced bulls, we found that the variants located upstream of the ASIP gene were 

more strongly associated with DHC (Fig. 3a) than the other variants, which indicates 

that the underlying causal variant is less likely to be located in the coding regions of 

the gene. However, we found that an in-frame deletion that deleted the CGGACC 

sequence from the last exon of ASIP (rs519457228, located at 13:63,667,797-

63,667,802) was a promising functional candidate. Unfortunately, it was poorly 

genotyped in our study, with a call rate of ~67%, suggesting alignment or sequencing 

issues. Further inspection of read alignments with IGV revealed that the coverage of 

the 17 WGS obtained from a previous study [14] was poor for that exon, which is GC-
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rich. This low coverage was most likely caused by PCR bias during library 

preparation, since these sequences were generated using legacy library preparation 

kits that are prone to amplification bias [36]. The sequence coverage drop was not 

observed in the four WGS generated with the TruSeq Nano kit for the current study, 

which supports our hypothesis of PCR bias. Thus, although rs519457228 was not 

included in the region with the strongest associations for DHC, we did not discard it 

as a candidate causal variant. 

 

2.5.3 Improved annotation of ASIP reveals alternative transcripts that recruit 

non-coding exons 

Because we found strong associations that mapped upstream of the ASIP 

gene, we explored the presence of putative regulatory elements and additional exons 

and introns that could be missing in the current gene annotation. By manually 

curating previously described bovine ASIP transcripts [30-33], we found that the 5’-

end of the ASIP gene is at least 71 kb longer than in the current annotation of the 

ARS-UCD1.2 bovine genome assembly (Ensembl release 102). Analysis of this 

additional sequence revealed that the top scoring upstream variants overlapped two 

bovine transcripts that recruit non-coding exons of ASIP, historically termed 1A and 

1B (Fig. 3b). Due to limitations in predicting the functional impact of the candidate 

variants on these transcripts, we could not prioritize any particular SNV or small 

INDEL for further analysis, but they were retained as plausible positional candidates 

[see Additional file 3 Table S1]. However, we did attempt to improve the resolution of 

the larger structural variants spanning the region, since they are more likely to impact 

gene expression and transcript diversity. 
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Figure 3 - Regional association plots for DHC in 21 whole genome-sequenced Nellore 

bulls.  

 

 (a) Peak associations were clustered upstream of the ASIP gene. The dashed line that extends 

upstream of the ASIP gene spans non-coding exons and introns that are not currently annotated in the 

ARS-UCD1.2 bovine genome assembly (Ensembl release 102). Linkage disequilibrium (LD) levels 

were calculated against the most significant variant in the region. (b) Details of the ASIP transcripts 

that differ in non-coding exons [33-35]. Single nucleotide variants (SNV) and small insertion/deletions 

(INDEL) are displayed as vertical bars, whereas structural variants (SV) are shown as rectangles. The 

long interspersed nuclear element (LINE) marked as L1-BT (ASIP-SV2) is responsible for a non-

coding exon that is recruited by transcripts 2C and 1C2C. The first rectangle in the SV track (ASIP-

SV1) is a 1,155 bp deletion significantly associated with dark hair in the 21 sequenced animals (  = 

9.12 10-5). 

 

2.5.4 A 1155-bp deletion that overlaps with alternative ASIP transcripts is 

associated with dark hair 

One of the detected structural variants (hereafter referred to as ASIP-SV1) 

overlapped with the transcripts 1A and 1B and comprised a 1155-bp deletion 

spanning the region CHR13:63,599,803-63,600,957. The deletion allele had an 

estimated effect of 0.900 ± 0.182 (  = 9.12 10-5) in the regression analysis, and thus 

correlated with darker hair. The second structural variant (hereafter referred to as 

ASIP-SV2) was also a deletion with respect to the reference genome, which spanned 

the L1-BT repeat (CHR13:63,639,817-63,648,206) known to recruit an additional 

non-coding exon in bovine transcripts 2C and 1C2C [31, 32]. However, the 21 Nellore 
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bulls analyzed here lacked the L1-BT insertion. Therefore, ASIP-SV2 was less likely 

to affect DHC in Nellore cattle and consequently not further analyzed. 

 

2.5.5 The 1155-bp deletion serves as an insertion site for a duplicated 

inversion 

Close inspection of ASIP-SV1 with IGV revealed the presence of read 

pairs that had an unexpected orientation (Fig. 4a). Whereas regular reads should be 

oriented inwards with respect to their inserts (RL orientation), for some bulls the read 

pairs had a single orientation, either pointing to the 3’ (RR orientation) or 5’ (LL 

orientation) end of the chromosome. In addition, the inserts for these single-

orientation reads were typically longer than 316 kb, with paired-end reads mapping 

towards position CHR13:63,283,374 (Fig. 4b). Chimeric reads, as well as soft- and 

hard-clipped reads, were observed near the position CHR13:63,283,374. A BLAST 

analysis of the chimeric reads against the reference genome further confirmed that 

the foreign sequences belonged to the ASIP-SV1 region. 

Taken together, our results suggest that the ASIP-SV1 region serves as 

an insertion site for an inverted duplication coming from CHR13:63,283,374. We 

performed several trial-and-error simulations of paired-end reads to find a structural 

rearrangement that could produce a good fit to the observed data. The best fitting 

simulation was a duplication of the CHR13:63,283,374-63,283,523 region, which had 

its reverse complement inserted at position CHR13:63,599,803 (Fig. 4c and d). We 

found that the inserted reverse complement had a match of 105 nucleotides with the 

Bov-tA SINE, which suggests that the inserted sequence was likely acquired through 

a retrotransposition event of an interspersed repeat (Fig. 5). 
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Figure 4 - IGV screenshots for Illumina short-read alignments spanning a structural 

variant (ASIP-SV1) associated with DHC in Nellore cattle. 

 

 (a) Presents an overview of the 1155 bp deletion at CHR13:63,599,803-63,600,957. Carriers 

presented read pairs with RR (cyan) and LL (blue) orientation flanking the deletion. (b) Shows a close 

inspection of RR and LL paired-end reads at the chromosome 13 position 13:63,283,374, revealing 

chimeric and soft- and hard-clipped reads. Simulations presented in panels (c) and (d) show that 

these alignments are consistent with the ~1-kb deletion being an anchoring point for the insertion of a 

reverse complement of the CHR13:63,283,374-63,283,523 sequence, which shares high similarity 

with the Bov-tA SINE. The wild type and mutant alleles were determined based on comparative 

genomics analyses presented in Additional file 5. 
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Figure 5 - Schematic representation of the hypothesized mutation event leading to the 

structural variant (ASIP-SV1) associated with DHC in Nellore cattle.  

 

An expressed Bov-tA SINE was likely retrotranscribed and inserted in replacement of the 1,155 bp 

sequence at CHR13:63,599,803-63,600,957. 

 

Using coalescent analysis, we estimated that the carrier and non-carrier 

haplotypes of this structural variant derived from a common ancestor that lived 

around 864 generations back, which translates into 3,420 years ago assuming a 

generation interval of five years in cattle. Taking this estimate as a lower boundary for 

the age of the mutation, ASIP-SV1 is most likely an ancient derived allele that 

segregated in the B. indicus lineage. Therefore, ASIP-SV1 is expected to be present 

in other B. indicus breeds or even B. taurus populations that were historically 

introgressed with B. indicus. 

2.5.6 Analysis of nanopore sequence data of Brahman heifers refines the 

ASIP-SV1 structural variant 

To confirm the ASIP-SV1 structural variant, we inspected the candidate 

region in ~8x ONT data of 13 Brahman heifers from Australia (Fig. 6). Alignment of 

these long reads against the bovine genome assembly ARS-UCD1.2 revealed at 

least four carriers of the mutant haplotype. Due to the low genome coverage, we 
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were unable to confidently determine the homozygous wild type, heterozygous and 

homozygous mutant genotypes across all the samples, but the list of the most likely 

genotypes are in Table S2 [Additional file 4 Table S2]. Nevertheless, these data 

allowed us to confirm the existence of the ASIP-SV1 structural variant in Australian 

Brahman, and to verify that it segregates independently from rs519457228 (  = 

0.04). By aligning the ONT reads against an augmented mutant genome in which the 

1155-bp deletion was incorporated but not the insertion, we were able to infer that 

the inserted sequence is unlikely to be longer than 180 bp, although its exact 

sequence length remains unknown because of the high error rate related to single-

molecule sequencing technologies. 

 

Figure 6 - Oxford Nanopore Technologies long read alignments spanning ASIP-SV1 in 

Brahman cattle. 

 

(a) To improve visualization the sequences were first aligned to a modified ARS-UCD1.2 assembly 

where the CHR13:63,599,803-63,600,957 segment was deleted. Wild type sequences are displayed 

as more than 1.1-kb insertions, whereas mutant sequences are displayed as insertions ranging from 

162 to 173 bp (variation likely due to ONT sequencing errors). The only ONT read that mapped to the 

deletion position in the wild type animal was verified to be an alignment artifact (data not shown). (b) 

The long reads were further mapped to a modified ARS-UCD1.2 sequence that contained both the 

deletion and insertion of the reverse complement of CHR13:63,283,374-63,283,523. 



42 

 

 

2.6 Discussion 

In this paper, we report the identification of positional candidate variants 

that affect color patterns in Nellore (Bos indicus) cattle. Our study revealed a single 

major signal on chromosome 13 in the vicinity of the ASIP gene that is associated 

with DHC particularly on the head, neck, hump, and knees of male animals. 

Refinement of the signal with whole-genome short-read sequence data showed that 

the causal variant is likely to have a regulatory effect and is located in the 5’-region of 

ASIP, rather than affecting coding regions. This fits with the expectation that 

regulatory effects rather than changes to the protein are the cause of the observed 

quantitative pattern since alterations in the protein sequence encoded by autosomal 

genes would likely affect the whole coat qualitatively and would less likely behave in 

a sex-specific manner. 

Among the possible causal variants, a complex structural rearrangement 

(ASIP-SV1) consisting of a 1155-bp deletion combined with an insertion of more than 

150 bp including a SINE element seemed to be the most plausible candidate due to 

its size and location. The ancestral sequence was associated with lighter hair-coat, 

whereas the derived sequence was strongly correlated with darker hair. Furthermore, 

we showed that the ASIP-SV1 mutant haplotype segregates also in Australian 

Brahman cattle, and we were able to refine this ASIP-SV1 structural arrangement 

using ONT data generated for 13 Brahman heifers. In our study, we also found 

another important candidate variant, i.e. an in-frame deletion located in the last exon 

of the ASIP gene. Although this variant was not included in the segment with strong 

associations for DHC, it was poorly genotyped in our study due to PCR bias during 

library preparation and it could represent a sequencing or alignment artifact rather 

than a real variant. Since we were unable to discard it as a causal variant, it was 

retained as a functional candidate mutation. Studies in other species have already 

observed frameshift deletions that lead to uniformly eumelanistic (black) phenotypes 

[37-40]. However, a regulatory variant such as the ASIP-SV1 structural variant 

represents a more plausible candidate than a coding variant to explain the 

quantitative differences between light and dark Nellore bulls, as well as the specificity 

of the variation to certain parts of the body as opposed to the whole body. 
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The agouti signaling protein (ASIP) plays a crucial role in decreasing 

eumelanin and increasing pheomelanin production by blocking the melanocortin 1 

receptor (MC1R) [41, 42]. ASIP controls the ratio of pheomelanin (yellow/red) to 

eumelanin (black) pigments and can act locally as an extracellular color modifier that 

influences the distribution of these pigments on the body [41, 42]. The primary ligand 

of MC1R is the α-melanocyte-stimulating hormone (α-MSH), which promotes 

eumelanin synthesis. ASIP acts as a competitive inhibitor of MC1R and promotes 

pheomelanin synthesis [40, 41], which means that decreased expression or loss of 

function of the ASIP gene would result in a black coat phenotype. 

The bovine ASIP gene is composed of three coding exons (2, 3 and 4) 

and six additional 5’-UTR exons (1A, 2A, 3A, 1B, 1C and 2C) that, through 

permutation, can result in six transcripts (1A, 1B, 1C, 2C and 1C2C) that use different 

start sites [30-32]. The location of the ASIP-SV1 structural variant suggests that it 

may affect the expression of some, but not all, of these transcripts. An example of 

ASIP structural variants that impact the expression and diversity of the transcripts is 

found in Chen et al. [43], who report a ~3.1-kb element duplicated in reverse 

orientation that is located ~15 kb upstream of ASIP and causes a light-bellied 

phenotype in mice. Large structural variations involving the entire ASIP gene have 

also been shown to cause the white coat color in Merino sheep and Saanen goats 

[44-46]. Structural variations that affect only the 5’-regulatory region of ASIP are also 

responsible for three characteristic mutant coat patterns in goats [46], namely Swiss 

markings (Asm), badgerface (Ab) and peacock (Apc), and for color dilution in quails 

[47]. 

Our findings indicate that the ASIP-SV1 structural variant was likely 

formed over 3,000 years ago through a retrotransposition event of a Bov-tA SINE, 

which replaced a ~1-kb region of one of the cryptic introns of ASIP. Such 

retrotranspositions that affect host gene expression and transcript diversity, 

associated with variation in hair phenotypes, have been reported in other animal 

species. For example, Demars et al. [48] found that fleece variation in sheep was 

explained by the insertion of a EIF2S2 antisense RNA into the 3′ UTR of IRF2BP2, 

leading to abnormal IRF2BP2 transcription. 

A recent study explored the genetics of white coat in buffaloes using 

whole-genome and RNA sequencing data [49]. The authors combined GWAS, 
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biological experiments and population genomics to show that a ~2-kb LINE-1 

insertion between exons 1C and 2 was responsible for an increased expression of 

ASIP and consequently for a white coat color. This insertion seems to act as a strong 

proximal promoter that increases the transcription of ASIP and affects melanocyte 

maturation. In contrast, our findings point to a ~1-kb deletion followed by a small 

SINE-1 insertion between the 1B and 1C non-coding exons of ASIP as the cause of 

dark hair on specific parts of the body in Nellore bulls. The two mutations are similar 

in the sense that they involve mobile DNA elements affecting alternative transcripts of 

ASIP that recruit non-coding exons. However, while the mutation reported here most 

likely increases eumelanin production, the mutation described in Liang et al. [49] 

seems to decrease it. In addition, the variant reported here shortens the regulatory 

sequence of the ASIP gene, whereas the variant in Liang et al. [49] lengthens it. 

These two mutations have reciprocal effects and provide further support that the 

candidate variant found here most likely affects one of the critical promoters of the 

ASIP gene. 

A recent genetic divergence analysis conducted by Senczuk et al [10] 

compared 15 white/grey Central and Eastern European B. taurus breeds with four 

non-grey northwestern cattle populations and identified three loci that displayed 

substantial divergence between the two groups, namely CHR2:6,510,630-7,010,630, 

CHR14:22,531,305-25,722,332 and CHR26:22,789,524-23,289,524. However, in our 

study, none of these loci were associated with DHC in Nellore cattle, which could be 

explained by one of the following alternative hypotheses: (a) the trait investigated 

differed between the studies, i.e. DHC on specific parts of the body analyzed in our 

work and white/grey hair as the predominant color of the animals’ body in the other 

study; (b) our study contained false negatives due to limitations in statistical power; 

(c) differences in the study design and data analysis could account for the different 

results, with one study performing GWAS on phenotypes measured in one breed and 

the other performing FST analysis without phenotypes in multiple breeds; (d) some of 

the loci reported by Senczuk et al. [10] are truly divergent between Central/Eastern 

and northwestern European breeds, but unrelated to coat color; or (e) different 

mutations affect the same phenotype in different breeds and sub-species. 

Although we could not test the above-mentioned hypotheses directly, 

there is evidence in the Nellore data alone to support hypothesis (d) for the 
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CHR14:22,531,305-25,722,332 region. Briefly, this chromosome 14 region has been 

shown to overlap with a large haplotype of northwestern B. taurus origin spanning the 

pleomorphic adenoma gene 1 (PLAG1), which is associated with body size [14]. This 

haplotype is rare in Central and Eastern cattle, but segregates at high frequency 

(~18%) in Nellore cattle as a result of historical B. taurus introgression. Therefore, if 

the chromosome 14 region was strongly associated with white/grey hair, in our study 

we should have been able to identify an association signal for DHC on chromosome 

14, or at least to detect non-grey hair-coat color in carrier bulls. Since neither of these 

possibilities was realized here, this chromosome 14 region is unlikely to contain 

variants that affect white/grey hair in the studied breeds. 

Holland [12] analyzed the segregation of white/grey coat color in a Nellore-

Angus crossbred population. Significant associations were found on chromosome 6 

within an interval containing the KIT gene, which was previously implicated in coat 

color. As for the results by Senczuk et al. [10], we did not observe associations on 

chromosome 6 and this is most likely related to the above hypothesis (a), given that 

the traits under investigation differed between the two studies. Another possible 

explanation is that a variant in the KIT gene causes white/grey coat in Nellore cattle 

and the ASIP haplotype identified here further promotes dark hair on the head, neck, 

hump, and knees in males. Separate epigenetic mechanisms may underlie the red-

to-black transition in pigmentation observed from birth to yearling and age-related 

darkening in males (e.g. methylation patterns, expression of miRNA and histone 

acetylation), and may also explain the sexual dimorphism in coat color (e.g. sex-

specific ASIP regulatory elements, such as promoters and enhancers). 

 

2.7 Conclusions 

We found a single statistically significant GWAS signal for darkness of hair 

coat in Nellore cattle, which mapped to the ASIP gene. A structural variant (ASIP-

SV1) located upstream of ASIP was strongly associated with darker hair on the head, 

neck, hump and knee regions of males, which suggests that this variant is involved 

with decreased expression of ASIP and consequently a higher production of 

eumelanin. Although other candidate variants, including a 6-bp in-frame deletion in 

the last exon of ASIP, were not found in the region with the strongest association, 
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they could not be excluded as causal variants. Overall, our study provides strong 

evidence that functional variants within or near the ASIP gene account for variation in 

regional darkness of hair coat in Nellore and Brahman cattle. 
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3 CAPÍTULO 2 – THE ASIP-SV1 VARIANT ASSOCIATED WITH 

HAIR COAT DARKNESS SEGREGATES IN MULTIPLE Bos 

indicus CATTLE BREEDS 
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3.1 Resumo 

As raças zebuínas (Bos indicus) estão bem adaptadas e permanecem bastante 

produtivas em ambientes que apresentam altas cargas de doenças, alimentação 

pouco nutritiva e altas temperaturas. Os padrões na coloração da pele e da pelagem 

têm sido associados à tolerância ao calor e hipotetizados por contribuírem para a 

adaptação dos zebuínos nas regiões tropicais e sub-tropicais. Uma variação 

estrutural no gene proteína de sinalização aguti (ASIP), nomeado ASIP-SV1, foi 

encontrada e fortemente correlacionada com o escurecimento da pelagem em 

regiões específicas do corpo dos gados Nelore e Brahman, sendo então predita por 

ser de origem B. indicus. Analisamos de maneira visual os sequenciamentos de 

genoma completo de zebuínos e não-zebuínos para elucidar a segregação da 

variante ASIP-SV1 em gados. Das sequências de 216 animais analisados, 62 

zebuínos e 5 não-zebuínos tinham a ASIP-SV1 em seu genoma. As raças de B. 

mailto:ytutsunomiya@gmail.com
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taurus portadoras da ASIP-SV1 em nossa análise eram previamente conhecidas por 

carrearem introgressão zebuína e também serem bem adaptadas em regiões 

tropicais e sub-tropicais. 

Palavras-chave: Coloração de pelagem. Zebuíno. Taurino. Agouti. Introgressão. 

Adaptação climática.  

3.2 Abstract 

Zebu breeds (Bos indicus) are well adapted to and remain fairly productive in 

environments presenting a high disease burden, lowly nutritious food and high 

temperatures. Skin and coat color patterns have been associated with heat tolerance 

and hypothesized to contribute to the adaptation of zebu animals to the tropical and 

subtropical regions of the world. A structural variation (SV) in the agouti signaling 

protein gene (ASIP), namely ASIP-SV1, has been found to strongly correlate with the 

darkness of coat in specific regions of the body of Nellore and Brahman bulls, and 

thus predicted to be of B. indicus origin. Here we visually analyzed WGS of indicine 

and non-indicine cattle to elucidate ASIP-SV1 segregation in cattle. Of 216 animals’ 

sequences analyzed, 62 zebu and 5 non-zebu animals had ASIP-SV1 in their 

genome. B. taurus breeds carrying the SV in our analysis were previously known to 

carry indicine introgression and to be also well adapted to tropical and subtropical 

regions.  

Keywords: Coat color. Zebu. Taurine. Agouti. Introgression. Climate adaptation. 

  

3.3 Main text 2 

A complex structural rearrangement was found in Nellore cattle and 

Australian Brahman cattle in the ASIP locus on Chromosome 13 and was named 

ASIP-SV1 (Trigo et al. 2021). This structural variation (SV) is a 1,155-bp deletion 

combined with more than 150-bp of a SINE element insertion. The derived sequence 

obtained by ASIP-SV1 was strongly correlated with darker hair coat, while the 

ancestral sequence was associated with lighter hair. Furthermore, coalescent 

analysis indicated that the ASIP-SV1 structural variant was formed over 3,400 years 

ago in a retrotransposition event with a Bov-tA SINE replacing one of the cryptic 

introns of ASIP in ~1kb region. The hypothesis around this variant is that ASIP-SV1 

 
2 Artigo de acordo com as normas da revista Animal Genetics (ANEXO B) 
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is an ancient derived allele currently segregating in B. indicus breeds and in B. taurus 

populations that carry B. indicus introgression (Trigo et al. 2021). Utsunomiya et al. 

(2022), searching for B. taurus haplotypes that segregate in Nellore cattle, confirmed 

that ASIP-SV1 is of B. indicus origin, reinforcing the hypothesis that other B. indicus 

breeds might also present the variant. Here, we aimed at elucidating the segregation 

of ASIP-SV1 in B. indicus and B. taurus breeds. 

In this study, we used whole-genome sequence (WGS) data of 216 

animals, from which 137 were B. indicus cattle from Brazil, Africa and Pakistan, 77 

were B. taurus and 2 were B. grunniens animals. Zebu sequences from Brazil was 

obtained from previous study (Trigo et al. 2021), other zebu sequences were 

obtained by a partnership (not available publicly) and non-zebu sequences were 

obtained from the public sequence database of NCBI - Sequence Read Archive 

(SRA) (https://www.ncbi.nlm.nih.gov/sra/). The ASIP-SV1 region 

(CHR13:63,599,803- 63,600,957) was extracted from zebu sequences using 

SAMtools v1.8 (Li et al. 2009) and the ASIP-SV1 region from the other animals was 

extracted in NCBI as BAM output. Sequences aligned to the UMDv3.1 assembly had 

their coordinates lifted-over to the ARS-UCDv1.2 assembly, and the ASIP-SV1 region 

sequence was visually analyzed using the Integrative Genomics Viewer (IGV) 

software (Thorvaldsdóttir et al. 2013) to look for the structural variant. Coat color 

phenotypes of animals used in this study were unknown. 

Using IGV software we visually analyzed ASIP-SV1 looking for an abrupt 

decrease in genome coverage indicating the deletion of ~1.1kb of bp, and in addition 

atypical reads and soft-clipped bases in the deletion region indicating the insertion. It 

is also possible to infer if the animal is heterozygous or homozygous for the ASIP-

SV1 looking if there are both variant and regular reads in sequence analyzed. 

Of 137 zebu sequences analyzed, it was possible to identify the ASIP-SV1 

variant in 62 animals (45.26%). From 79 non-zebu sequences analyzed, only 5 

(6.3%) presented the ASIP-SV1 variant. Considering both zebu and non-zebu 

sequences, 31% of the animals presented the ASIP-SV1 variant. Of all 68 animals 

with ASIP-SV1 deletion variation 98.52% have the ASIP-SV1 insertion variation 

observed in IGV software (Table 1). When we analyzed the number of SV copies, 52 

animals (78%) seemed to be heterozygous, while 15 (22%) were homozygous for 

ASIP-SV1 (Table S1). 

https://www.ncbi.nlm.nih.gov/sra/
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Table 1 - Species, breeds and the number of analyzed animals carrying ASIP-

SV1 deletion and insertion 

Species Breed 
# of animals 

analyzed 
# of animals 
with Deletion 

# of animals 
with Insertion 

Bos indicus Afar 14 5 5 

  Begait 9 2 2 

  Ethiopia-Boran 10 4 4 

  Kenya-Boran 16 6 6 

  Butana 10 5 5 

  Fogera 12 3 3 

  Kenana 10 2 2 

  Nellore 27 19 19 

  Ogaden 9 4 4 

  Achai 2 2 2 

  Bhagnari 3 0 0 

  Cholistani 2 2 2 

  Dajal 1 0 0 

 Dhanni 2 1 1 

  Gabrali 2 1 1 

  HisarH 2 1 1 

  Lohani 1 1 1 

  Red Sindhi 1 1 1 

  Sahiwal 2 2 2 

  Tharparkar 2 2 2 

Bos grunniens Yak 2 0 0 

Bos taurus Angus 10 0 0 

  Belgian Blue 5 0 0 

  Charolais 10 0 0 

  Hereford 10 0 0 

  Holstein 10 0 0 

  Jersey 7 0 0 

  Limousin 10 0 0 

  Romagnola 5 4 3 

  Simmental 10 1 1 

Total 216 68 67  

 



57 

 

 

Coordinates of ASIP-SV1 from all animals were similar and consistent with 

our previous study (Trigo et al. 2021), even with the adjusted coordinates between 

old and new assemblies. Furthermore, the deletion and the insertion appeared 

together in our analysis, reinforcing that the SINE insertion and the deletion occurred 

in a single mutation event. 

The indicine breeds analyzed (except for Bhagnari and Dajal) had at least 

one animal presenting ASIP-SV1, while from the ten (10) non-zebu breeds analyzed 

only two (2) showed the ASIP-SV1 in genome sequence. 

These Bhagnari and Dajal results can be explained by the fact that we had 

a limited number of genome sequences available in this analysis (3 and 1 

respectively) and coat color phenotype of them are unknown to expect ASIP-SV1. It 

is important to highlight that the quality of sequence coverage can also impact in IGV 

visualization of ASIP-SV1 deletion and insertion. 

B. taurus breeds presenting ASIP-SV1 in IGV visualization were 

Romagnola (4 animals from 5 analyzed) and Simmental (1 animal from 10 analyzed). 

Romagnola is known to have been introgressed with B. indicus haplotypes in the 

past (McTavish et al. 2013; Barbato et al. 2020). Barbato et al. (2020) described 

indicine introgression to Romagnola, and chromosome 13 had one of the highest 

levels of zebu component. Another study also described SVs shared between zebu 

and Italian cattle, including the Romagnola breed (Upadhyay et al. 2021). The ASIP 

locus was not emphasized in their study but our analysis showed that B. indicus 

ASIP-SV1 region was introgressed in the Romagnola genome. Of note, the coat color 

pattern in this breed showed darkness of hair coat around the head, neck, shoulders 

and knees, similar to the coat color pattern seen in Nellore and Brahman cattle.  

In previous research Trigo et al. (2021) used coalescent analysis and 

estimated that ASIP-SV1 was derived over 3,000 years ago (YA). In addition, studies 

suggested that some migration routes could cause indicine introgression in some 

European taurine breeds ~3,000 YA (Barbato et al. 2020; Pellecchia et al. 2007), the 

same period estimated for ASIP-SV1 mutation. This information can be useful to 

suggest that ASIP-SV1, maybe together with other genes, should play some role on 

cattle climate adaptation. In addition, as cited before the ASIP-SV1 causing a coat 

color pattern that in a black skin was described to contribute in heat tolerance and 

adaptation to tropical and subtropical regions (Da Silva et al. 2003).  
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Most animals analyzed here had only one copy of ASIP-SV1, and 

heterozygous cattle were associated with the middle-range darkness of coat shadow 

(Trigo et al. 2021). Some animals have their intensity of darkness changed 

depending on seasons. This change in the darkness intensity is not clearly solved but 

could be explained by one of the following hypotheses: (a) occasioned by the 

variation in sunlight intensity and duration across seasons, where the darkness 

intensity needs to be adapted to reflect or absorb light wavelengths; (b) controlled by 

hormones related to male cattle: (b.1) in mating season making this animal more 

attractive to females or (b.2) related to fertility. 

The sexual dimorphism and the range of darkness intensity should be 

tested in the future to understand how it works, but our findings provide strong 

evidence that ASIP-SV1 is an indicine SV that is prevalent in tropical cattle. We also 

found the ASIP-SV1 in a breed with B. indicus introgression suggesting that this 

variant was also introgressed and selected for in some B. taurus breeds. 
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APÊNDICE B – MATERIAL SUPLEMENTAR REFERENTE AO 

CAPÍTULO 1 
 

Figure S1 - Histogram and summary statistics of average visual scores for darkness of 

hair coat in 432 Nellore bulls 

 

 

 

Figure S2 - Genome-wide association analysis for DHC in Nellore cattle including the 

BovineHD1300018322 SNP as a fixed effect. 

 

 

Table S1 - List of positional candidate variants spanning the ASIP locus. 

Format: XLSX (112 kb). According to archive size and numbers of lines and columns it is only 

available at: https://gsejournal.biomedcentral.com/articles/10.1186/s12711-021-00633-2#Sec23.

https://gsejournal.biomedcentral.com/articles/10.1186/s12711-021-00633-2#Sec23
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Table S2 - Inferred genotypes for ASIP-SV1 and rs519457228 in 13 Australian Brahman heifers sequenced with Oxford Nanopore 

Technologies. 

Sample  
Likely ASIP-CNVR1 

genotypea 
Number of Reads 

Spanning ASIP-CNVR1 
Likely rs519457228 

genotypeb 
Number of Reads 

Spanning rs519457228 

BR001 heterozygous  9 heterozygous 4 

BR002 homozygous ref  12 homozygous ref  10 

BR003 homozygous alt  4 homozygous ref  5 

BR004 homozygous ref  5 homozygous ref  6 

BR005 homozygous ref  2 homozygous ref  2 

BR006 homozygous ref  5 homozygous ref  5 

BR007 homozygous ref  4 homozygous ref  1 

BR008 homozygous ref  4 homozygous ref  1 

BR009 homozygous alt  8 homozygous ref  4 

BR010 heterozygous  3 homozygous ref  1 

BR011 homozygous ref  1 homozygous ref  4 

BR012 unclear  4 heterozygous  5 

BR013 homozygous ref  4 homozygous ref  3 

     
aAlternative allele is the deletion of the 13:63,599,803-63,600,957 sequence 

 
bAlternative allele is the deletion of the 13:63,667,797-63,667,802 sequence 

 

Carriers are indicated in bold    
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Supplementary methods - Comparative genomics analysis to infer ancestral 

and derived ASIP alleles. 

In order to determine the ancestral and derived alleles at the ASIP-SV1 locus, 

we performed three separate analyses. In the first one, the bovine reference 

sequence (Bos taurus ARS-UCDv1.2) was aligned against the yak (Bos grunniens 

BosGru_v2.0), sheep (Ovis aries Oar_rambouillet_v1.0) and goat (Capra hircus 

ARS1) orthologous sequences using Clustal Omega v1.2.4 (available at 

https://www.ebi.ac.uk/Tools/msa/clustalo/). In the second one, FASTA files containing 

the whole bovine chromosome 13 sequence were aligned against the sheep and 

goat reference genome assemblies using blast2seq (available at 

https://blast.ncbi.nlm.nih.gov/Blast.cgi). One of the files had the bovine reference 

sequence unchanged, whereas the other one had the deletion at the ASIP-SV1 

locus. Finally, simulated and real Oxford Nanopore Technologies (ONT) long reads 

containing the reference and alternative bovine ASIP-SV1 alleles were aligned 

against the yak genome using the alignment pipeline described in the article. 

Results 

The Clustal Omega alignments are displayed at the end of this file. They show 

that the bovine reference sequence at the ASIP-SV1 is also found in yak, sheep and 

goat (excluding small breakpoints of few bp), indicating that the 1,155 bp deletion 

associated with darker hair in Nellore cattle is a derived allele, whereas the reference 

bovine sequence is the ancestral state. Figure SM1 shows the alignment of the 

whole bovine chromosome 13 – both in the reference and alternative forms – against 

the sheep and goat reference genomes, which further establishes the bovine 

reference as wild type and the deletion as mutant. Lastly, real and simulated ONT 

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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long reads were mapped against the yak genome (Figure SM2) to reinforce that the 

deletion associated with darker hair is the derived allele. 

Figure SM1 - Dot plots of bovine chromosome 13 alignments against the sheep 

 

 

(A) and goat (B) reference genomes. Both the reference (left side plots) and alternative (right side 

plots) bovine alleles were used. The reference allele is marked in blue. The plots show that the 

reference bovine allele is also found in sheep and goat, indicating that the deletion is the mutant 

sequence, and the reference allele is the wild type sequence. 
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Figure SM2 - Oxford Nanopore Technologies long reads mapped against the yak 

reference genome. 

 

Reads containing the bovine reference allele map through the yak sequence, whereas reads carrying 

the alternative allele display a ~1 kbp deletion at the ASIP-SV1 location. This indicates that the 

deletion is a derived sequence, whereas the bovine reference allele is ancestral. 
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APÊNDICE C – MATERIAL SUPLEMENTAR REFERENTE AO CAPÍTULO 2 

 
Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continua) 

Number Species Breed Register Origin 
Reference 
Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

1 Bos indicus Afar AFRETHF000000000002 Africa ARS-UCD1.2 Yes Heterozygous Yes 

2 Bos indicus Afar AFRETHF000000000003 Africa ARS-UCD1.2 No   No 

3 Bos indicus Afar AFRETHF000000000004 Africa ARS-UCD1.2 No   No 

4 Bos indicus Afar AFRETHF000000000005 Africa ARS-UCD1.2 No   No 

5 Bos indicus Afar AFRETHF000000000006 Africa ARS-UCD1.2 No  No 

6 Bos indicus Afar AFRETHF000000000007 Africa ARS-UCD1.2 Yes Heterozygous Yes 

7 Bos indicus Afar AFRETHF000000000008 Africa ARS-UCD1.2 Yes Heterozygous Yes 

8 Bos indicus Afar AFRETHM0000000000011 Africa ARS-UCD1.2 No   No 

9 Bos indicus Afar AFRETHM0000000000012 Africa ARS-UCD1.2 No   No 

10 Bos indicus Afar AFRETHX0000000000013 Africa ARS-UCD1.2 No  No 

11 Bos indicus Afar AFRETHX0000000000014 Africa ARS-UCD1.2 Yes Heterozygous Yes 

12 Bos indicus Afar AFRETHX0000000000015 Africa ARS-UCD1.2 No   No 

13 Bos indicus Afar AFRETHX0000000000016 Africa ARS-UCD1.2 Yes Homozygous Yes 

14 Bos indicus Afar AFRETHX0000000000017 Africa ARS-UCD1.2 No   No 

15 Bos indicus Begait BEGETHF000000000010 Africa ARS-UCD1.2 No   No 

16 Bos indicus Begait BEGETHF000000000011 Africa ARS-UCD1.2 No   No 

17 Bos indicus Begait BEGETHF000000000013 Africa ARS-UCD1.2 No   No 

18 Bos indicus Begait BEGETHF000000000014 Africa ARS-UCD1.2 No   No 

19 Bos indicus Begait BEGETHF000000000016 Africa ARS-UCD1.2 No   No 

20 Bos indicus Begait BEGETHF000000000018 Africa ARS-UCD1.2 No   No 

21 Bos indicus Begait BEGETHF000000000019 Africa ARS-UCD1.2 No   No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 
Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

22 Bos indicus Begait BEGETHF000000000025 Africa ARS-UCD1.2 Yes Homozygous Yes 

23 Bos indicus Begait BEGETHF000000000027 Africa ARS-UCD1.2 Yes Heterozygous Yes 

24 Bos indicus Ethiopia-Boran BORETHF000000000001 Africa ARS-UCD1.2 No  No 

25 Bos indicus Ethiopia-Boran BORETHF000000000002 Africa ARS-UCD1.2 Yes Heterozygous Yes 

26 Bos indicus Ethiopia-Boran BORETHF000000000003 Africa ARS-UCD1.2 No   No 

27 Bos indicus Ethiopia-Boran BORETHF000000000004 Africa ARS-UCD1.2 Yes Heterozygous Yes 

28 Bos indicus Ethiopia-Boran BORETHF000000000005 Africa ARS-UCD1.2 No   No 

29 Bos indicus Ethiopia-Boran BORETHF000000000007 Africa ARS-UCD1.2 No   No 

30 Bos indicus Ethiopia-Boran BORETHF000000000010 Africa ARS-UCD1.2 No   No 

31 Bos indicus Ethiopia-Boran BORETHM000000000012 Africa ARS-UCD1.2 Yes Heterozygous Yes 

32 Bos indicus Ethiopia-Boran BORETHM000000000013 Africa ARS-UCD1.2 Yes Heterozygous Yes 

33 Bos indicus Ethiopia-Boran BORETHM000000000015 Africa ARS-UCD1.2 No   No 

34 Bos indicus Kenya-Boran BORKENX000000000130 Africa ARS-UCD1.2 No   No 

35 Bos indicus Kenya-Boran BORKENX000000000168 Africa ARS-UCD1.2 No   No 

36 Bos indicus Kenya-Boran BORKENX000000000261 Africa ARS-UCD1.2 No   No 

37 Bos indicus Kenya-Boran BORKENX000000000375 Africa ARS-UCD1.2 No   No 

38 Bos indicus Kenya-Boran BORKENX000000000392 Africa ARS-UCD1.2 No   No 

39 Bos indicus Kenya-Boran BORKENX000000000439 Africa ARS-UCD1.2 No   No 

40 Bos indicus Kenya-Boran BORKENX000000000467 Africa ARS-UCD1.2 Yes Heterozygous Yes 

41 Bos indicus Kenya-Boran BORKENX000000000563 Africa ARS-UCD1.2 Yes Heterozygous Yes 

42 Bos indicus Kenya-Boran BORKENX000000000587 Africa ARS-UCD1.2 Yes Heterozygous Yes 

43 Bos indicus Kenya-Boran BORKENX000000000672 Africa ARS-UCD1.2 No  No 

44 Bos indicus Kenya-Boran BORKENX000000002684 Africa ARS-UCD1.2 Yes Heterozygous Yes 

45 Bos indicus Kenya-Boran BORKENX000000002754 Africa ARS-UCD1.2 No   No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 
Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

46 Bos indicus Kenya-Boran BORKENX000000002794 Africa ARS-UCD1.2 Yes Heterozygous Yes 

47 Bos indicus Kenya-Boran BORKENX000000003265 Africa ARS-UCD1.2 No   No 

48 Bos indicus Kenya-Boran BORKENX000000003321 Africa ARS-UCD1.2 Yes Heterozygous Yes 

49 Bos indicus Kenya-Boran BORKENX000000003324 Africa ARS-UCD1.2 No   No 

50 Bos indicus Butana BUTSUDX000000000011 Africa ARS-UCD1.2 Yes Heterozygous Yes 

51 Bos indicus Butana BUTSUDX000000000012 Africa ARS-UCD1.2 No   No 

52 Bos indicus Butana BUTSUDX000000000013 Africa ARS-UCD1.2 No   No 

53 Bos indicus Butana BUTSUDX000000000014 Africa ARS-UCD1.2 No   No 

54 Bos indicus Butana BUTSUDX000000000015 Africa ARS-UCD1.2 Yes Heterozygous Yes 

55 Bos indicus Butana BUTSUDX000000000016 Africa ARS-UCD1.2 Yes Heterozygous Yes 

56 Bos indicus Butana BUTSUDX000000000017 Africa ARS-UCD1.2 No   No 

57 Bos indicus Butana BUTSUDX000000000018 Africa ARS-UCD1.2 Yes Heterozygous Yes 

58 Bos indicus Butana BUTSUDX000000000019 Africa ARS-UCD1.2 Yes Heterozygous Yes 

59 Bos indicus Butana BUTSUDX000000000020 Africa ARS-UCD1.2 No   No 

60 Bos indicus Fogera FOGETHF000000000002 Africa ARS-UCD1.2 No   No 

61 Bos indicus Fogera FOGETHF000000000003 Africa ARS-UCD1.2 Yes Heterozygous Yes 

62 Bos indicus Fogera FOGETHF000000000005 Africa ARS-UCD1.2 No   No 

63 Bos indicus Fogera FOGETHF000000000006 Africa ARS-UCD1.2 No   No 

64 Bos indicus Fogera FOGETHF000000000007 Africa ARS-UCD1.2 No  No 

65 Bos indicus Fogera FOGETHF000000000008 Africa ARS-UCD1.2 Yes Heterozygous Yes 

66 Bos indicus Fogera FOGETHF000000000009 Africa ARS-UCD1.2 No   No 

67 Bos indicus Fogera FOGETHF000000000010 Africa ARS-UCD1.2 No  No 

68 Bos indicus Fogera FOGETHM000000000011 Africa ARS-UCD1.2 Yes Heterozygous Yes 

69 Bos indicus Fogera FOGETHX000000000052 Africa ARS-UCD1.2 No  No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 

Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

70 Bos indicus Fogera FOGETHX000000000054 Africa ARS-UCD1.2 No  No 

71 Bos indicus Fogera FOGETHX000000000058 Africa ARS-UCD1.2 No  No 

72 Bos indicus Kenana KENSUDX000000000003 Africa ARS-UCD1.2 No  No 

73 Bos indicus Kenana KENSUDX000000000007 Africa ARS-UCD1.2 Yes Heterozygous Yes 

74 Bos indicus Kenana KENSUDX000000000010 Africa ARS-UCD1.2 Yes Heterozygous Yes 

75 Bos indicus Kenana KENSUDX000000000011 Africa ARS-UCD1.2 No  No 

76 Bos indicus Kenana KENSUDX000000000012 Africa ARS-UCD1.2 No  No 

77 Bos indicus Kenana KENSUDX000000000013 Africa ARS-UCD1.2 No  No 

78 Bos indicus Kenana KENSUDX000000000014 Africa ARS-UCD1.2 No  No 

79 Bos indicus Kenana KENSUDX000000000016 Africa ARS-UCD1.2 No  No 

80 Bos indicus Kenana KENSUDX000000000018 Africa ARS-UCD1.2 No  No 

81 Bos indicus Kenana KENSUDX000000000020 Africa ARS-UCD1.2 No  No 

82 Bos indicus Nellore NEL1 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

83 Bos indicus Nellore NEL2 Brazil ARS-UCD1.2 Yes Homozygous Yes 

84 Bos indicus Nellore NEL3 Brazil ARS-UCD1.2 Yes Homozygous Yes 

85 Bos indicus Nellore NEL4 Brazil ARS-UCD1.2 Yes Homozygous Yes 

86 Bos indicus Nellore NEL5 Brazil ARS-UCD1.2 No  No 

87 Bos indicus Nellore NEL6 Brazil ARS-UCD1.2 No  No 

88 Bos indicus Nellore NEL7 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

89 Bos indicus Nellore NEL8 Brazil ARS-UCD1.2 Yes Homozygous Yes 

90 Bos indicus Nellore NEL9 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

91 Bos indicus Nellore NEL10 Brazil ARS-UCD1.2 Yes Homozygous Yes 

92 Bos indicus Nellore NEL11 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

93 Bos indicus Nellore NEL12 Brazil ARS-UCD1.2 No  Yes 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 

Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

94 Bos indicus Nellore NEL13 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

95 Bos indicus Nellore NEL14 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

96 Bos indicus Nellore NEL15 Brazil ARS-UCD1.2 Yes Homozygous Yes 

97 Bos indicus Nellore NEL16 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

98 Bos indicus Nellore NEL17 Brazil ARS-UCD1.2 No  No 

99 Bos indicus Nellore NEL18 Brazil ARS-UCD1.2 Yes Homozygous Yes 

100 Bos indicus Nellore NEL19 Brazil ARS-UCD1.2 No  No 

101 Bos indicus Nellore NEL20 Brazil ARS-UCD1.2 No  No 

102 Bos indicus Nellore NEL21 Brazil ARS-UCD1.2 No  No 

103 Bos indicus Nellore NEL22 Brazil ARS-UCD1.2 Yes Homozygous Yes 

104 Bos indicus Nellore NEL23 Brazil ARS-UCD1.2 Yes Homozygous Yes 

105 Bos indicus Nellore NEL24 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

106 Bos indicus Nellore NEL8131 Brazil ARS-UCD1.2 Yes Heterozygous Yes 

107 Bos indicus Nellore NEL8243 Brazil ARS-UCD1.2 No  No 

108 Bos indicus Nellore NEL8254 Brazil ARS-UCD1.2 No  No 

109 Bos indicus Ogaden OGDETHX000000000001 Pakistan ARS-UCD1.2 No  No 

110 Bos indicus Ogaden OGDETHX000000000002 Pakistan ARS-UCD1.2 No  No 

111 Bos indicus Ogaden OGDETHX000000000004 Pakistan ARS-UCD1.2 No  No 

112 Bos indicus Ogaden OGDETHX000000000005 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

113 Bos indicus Ogaden OGDETHX000000000006 Pakistan ARS-UCD1.2 No  No 

114 Bos indicus Ogaden OGDETHX000000000007 Pakistan ARS-UCD1.2 Yes Homozygous Yes 

115 Bos indicus Ogaden OGDETHX000000000008 Pakistan ARS-UCD1.2 No  No 

116 Bos indicus Ogaden OGDETHX000000000009 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

117 Bos indicus Ogaden OGDETHX000000000010 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 

Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

118 Bos indicus Achai PKTACH0007 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

119 Bos indicus Achai PKTACH0064 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

120 Bos indicus Bhagnari PKTBGN0018 Pakistan ARS-UCD1.2 No  No 

121 Bos indicus Bhagnari PKTBGN0020 Pakistan ARS-UCD1.2 No  No 

122 Bos indicus Bhagnari PKTBGN0023 Pakistan ARS-UCD1.2 No  No 

123 Bos indicus Cholistani PKTCHO3702 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

124 Bos indicus Cholistani PKTCHO6314 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

125 Bos indicus Dajal PKTDAJ0001 Pakistan ARS-UCD1.2 No  No 

126 Bos indicus Dhanni PKTDHA0287 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

127 Bos indicus Dhanni PKTDHA0363 Pakistan ARS-UCD1.2 No  No 

128 Bos indicus Gabrali PKTGBR0003 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

129 Bos indicus Gabrali PKTGBR0027 Pakistan ARS-UCD1.2 No  No 

130 Bos indicus HisarH PKTHSH0044 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

131 Bos indicus HisarH PKTHSH0046 Pakistan ARS-UCD1.2 No  No 

132 Bos indicus Lohani PKTLHN0018 Pakistan ARS-UCD1.2 Yes Homozygous Yes 

133 Bos indicus Red Sindhi PKTRSD0303 Pakistan ARS-UCD1.2 Yes Homozygous Yes 

134 Bos indicus Sahiwal PKTSHW0001 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

135 Bos indicus Sahiwal PKTSHW0002 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

136 Bos indicus Tharparkar PKTTHP0138 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

137 Bos indicus Tharparkar PKTTHP0158 Pakistan ARS-UCD1.2 Yes Heterozygous Yes 

138 Bos grunniens Yak SRR1948183 Public database UMD3.0 No  No 

139 Bos grunniens Yak SRR1948186 Public database UMD3.1 No  No 

140 Bos taurus Angus SRR7946664 Public database UMD3.1 No  No 

141 Bos taurus Angus SRR7946665 Public database UMD3.1 No  No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 

Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

142 Bos taurus Angus SRR7946705 Public database UMD3.1 No  No 

143 Bos taurus Angus SRR7946702 Public database UMD3.1 No  No 

144 Bos taurus Angus SRR7946663 Public database UMD3.1 No  No 

145 Bos taurus Angus SRR7946708 Public database UMD3.1 No  No 

146 Bos taurus Angus SRR7946658 Public database UMD3.1 No  No 

147 Bos taurus Angus SRR1262648 Public database UMD3.1 No  No 

148 Bos taurus Angus SRR1262624 Public database UMD3.1 No  No 

149 Bos taurus Angus SRR7946657 Public database UMD3.1 No  No 

150 Bos taurus Belgian Blue SRR7946640 Public database UMD3.1 No  No 

151 Bos taurus Belgian Blue SRR7946638 Public database UMD3.1 No  No 

152 Bos taurus Belgian Blue SRR7946641 Public database UMD3.1 No  No 

153 Bos taurus Belgian Blue SRR7946707 Public database UMD3.1 No  No 

154 Bos taurus Belgian Blue SRR7946706 Public database UMD3.1 No  No 

155 Bos taurus Charolais SRR7946743 Public database UMD3.1 No  No 

156 Bos taurus Charolais SRR7946749 Public database UMD3.1 No  No 

157 Bos taurus Charolais SRR7946746 Public database UMD3.1 No  No 

158 Bos taurus Charolais SRR7946725 Public database UMD3.1 No  No 

159 Bos taurus Charolais SRR7946728 Public database UMD3.1 No  No 

160 Bos taurus Charolais SRR7946745 Public database UMD3.1 No  No 

161 Bos taurus Charolais SRR7946729 Public database UMD3.1 No  No 

162 Bos taurus Charolais SRR7946667 Public database UMD3.1 No  No 

163 Bos taurus Charolais SRR7946760 Public database UMD3.1 No  No 

164 Bos taurus Charolais SRR7946643 Public database UMD3.1 No  No 

165 Bos taurus Hereford SRR7946722 Public database UMD3.1 No  No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 

Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

166 Bos taurus Hereford SRR7946732 Public database UMD3.1 No  No 

167 Bos taurus Hereford SRR7946723 Public database UMD3.1 No  No 

168 Bos taurus Hereford SRR7946773 Public database UMD3.1 No  No 

169 Bos taurus Hereford SRR7946737 Public database UMD3.1 No  No 

170 Bos taurus Hereford SRR7946740 Public database UMD3.1 No  No 

171 Bos taurus Hereford SRR7946734 Public database UMD3.1 No  No 

172 Bos taurus Hereford SRR7946733 Public database UMD3.1 No  No 

173 Bos taurus Hereford SRR1972977  Public database UMD3.1 No  No 

174 Bos taurus Hereford SRR7946741 Public database UMD3.1 No  No 

175 Bos taurus Holstein SRR7994021 Public database UMD3.1 No  No 

176 Bos taurus Holstein SRR7994017 Public database UMD3.1 No  No 

177 Bos taurus Holstein SRR7994018 Public database UMD3.1 No  No 

178 Bos taurus Holstein SRR7994027 Public database UMD3.1 No  No 

179 Bos taurus Holstein SRR7994003 Public database UMD3.1 No  No 

180 Bos taurus Holstein SRR7994016 Public database UMD3.1 No  No 

181 Bos taurus Holstein SRR7994015 Public database UMD3.1 No  No 

182 Bos taurus Holstein SRR7994014 Public database UMD3.1 No  No 

183 Bos taurus Holstein SRR7994013 Public database UMD3.1 No  No 

184 Bos taurus Holstein SRR7994024 Public database UMD3.1 No  No 

185 Bos taurus Jersey SRR1262797 Public database UMD3.1 No  No 

186 Bos taurus Jersey SRR1262802 Public database UMD3.1 No  No 

187 Bos taurus Jersey SRR1262799 Public database UMD3.1 No  No 

188 Bos taurus Jersey SRR1262803 Public database UMD3.1 No  No 

189 Bos taurus Jersey SRR1262793 Public database UMD3.1 No  No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Continuação) 

Number Species Breed Register Origin 
Reference 

Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

190 Bos taurus Jersey SRR1262801 Public database UMD3.1 No  No 

191 Bos taurus Jersey SRR1262798 Public database UMD3.1 No  No 

192 Bos taurus Limousin SRR7946696 Public database UMD3.1 No  No 

193 Bos taurus Limousin SRR7946721 Public database UMD3.1 No  No 

194 Bos taurus Limousin SRR7946694 Public database UMD3.1 No  No 

195 Bos taurus Limousin SRR7946690 Public database UMD3.1 No  No 

196 Bos taurus Limousin SRR7946752 Public database UMD3.1 No  No 

197 Bos taurus Limousin SRR7946700 Public database UMD3.1 No  No 

198 Bos taurus Limousin SRR7946715 Public database UMD3.1 No  No 

199 Bos taurus Limousin SRR7946701 Public database UMD3.1 No  No 

200 Bos taurus Limousin SRR7946698 Public database UMD3.1 No  No 

201 Bos taurus Limousin SRR7946693 Public database UMD3.1 No  No 

202 Bos taurus Romagnola ERR466547 Public database UMD3.1 Yes Heterozygous NA 

203 Bos taurus Romagnola ERR1747046 Public database UMD3.1 No  No 

204 Bos taurus Romagnola ERR1766318 Public database UMD3.1 Yes Homozygous Yes 

205 Bos taurus Romagnola ERR1766319 Public database UMD3.1 Yes Heterozygous Yes 

206 Bos taurus Romagnola ERR1766320 Public database UMD3.1 Yes Heterozygous Yes 

207 Bos taurus Simmental SRR7946648 Public database UMD3.1 No  No 

208 Bos taurus Simmental SRR7946770 Public database UMD3.1 No  No 

209 Bos taurus Simmental SRR7971552 Public database UMD3.1 No  No 

210 Bos taurus Simmental SRR7946676 Public database UMD3.1 No  No 

211 Bos taurus Simmental SRR7946651 Public database UMD3.1 Yes Heterozygous Yes 

212 Bos taurus Simmental SRR7976539 Public database UMD3.1 No  No 

213 Bos taurus Simmental SRR7946653 Public database UMD3.1 No  No 
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Table S1 - Information about species, breed, register, origin, reference assembly and ASIP-SV1 deletion and insertion analyzed. 

(Conclusão) 

Number Species Breed Register Origin 
Reference 
Assembly 

Deletion Isertion 

Presence 
Heterozygous/ 
Homozygous 

 

214 Bos taurus Simmental SRR7946647 Public database UMD3.1 No  No 

215 Bos taurus Simmental SRR7946650 Public database UMD3.1 No  No 

216 Bos taurus Simmental SRR1262805 Public database UMD3.1 No  No 
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ANEXO A – NORMAS DE PUBLICAÇÃO DA REVISTA GENOMICS, 
SELECTION AND EVOLUTION 
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ANEXO B – NORMAS DE PUBLICAÇÃO DA REVISTA ANIMAL 
GENETICS 
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