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IDENTIFICAÇÃO DE CANDIDATOS A HAPLÓTIPOS LETAIS E EVENTOS DE 
RECOMBINAÇÃO EM BOVINOS NELORE 

 
Resumo - Com dados genômicos,alelos recessivos letais podem ser descobertos a 
partir de haplótipos comuns na população, mas que nunca são homozigotos em 
animais vivos; além disso, informações genômicas também permitem a 
caracterização de padrões e taxas de recombinação que são importantes para a 
compreensão da diversidade genética em todo o genoma. Os objetivos do presente 
estudo foram identificar haplótipos letais, com base nas frequências populacionais 
esperadas, e construir um mapa de recombinação para identificar as regiões de 
hotspots para o entendimento da diversidade genética dessa população de gado 
Nelore. As informações genealógicas compreenderam 2.688.124 animais e o 
software conflict.f90 foi usado para corrigir erros mendelianos e imputar SNP’s 
ausentes usando genótipos parentais. Um total de 4.447 animais Nelore foram 
genotipados com um painel de alta densidade (777.962 marcadores SNP) e 4.041 
com um painel contendo 74.677 marcadores. As coordenadas genômicas dos 
marcadores foram baseadas na montagem do genoma Bos taurus ARS-UCD1.2. Os 
haplótipos foram construídos usando o método de janelas deslizantes implementado 
no software findhap.f90 v3. O número esperado de indivíduos homozigotos foi 
calculado por meio de dois métodos: Simples - assumindo acasalamento aleatório e 
usando o número de indivíduos genotipados dividido por 4 e multiplicado pelo 
quadrado da frequência de portadores; e Acasalamento - utilizou o padrão de 
acasalamento real, considerando o número de acasalamentos do touro portador e do 
avô materno portador dividido por 4. As taxas de recombinação foram medidas por 
um método indireto, extraindo pares de progênie-pai do pedigree de bovinos Nelore. 
Ambos, pai e filhos, estavam genotipados e foram faseados para inferir eventos de 
recombinação para uma meiose paterna. As regiões de hotspots foram definidas 
como intervalos SNP com taxa de recombinação > 2,5 desvios padrão acima da 
média. Vinte e seis haplótipos apresentaram alta frequência esperada, mas nenhum 
homozigoto foi observado. Dois haplótipos no cromossomo 1:56408787-56947331 e 
em 21:22003502-22770526 se sobrepõem a defeitos previamente conhecidos, 
Deficiência de Uridina Monofosfato Sintetase e síndrome de Braquispina, 
respectivamente. Além disso, os candidatos haplótipos letais no cromossomo 
7:52418587-53136816 e no cromossomo 12:27930543-28993509 correspondem a 
possíveis assinaturas de seleção encontradas anteriormente em uma população 
semelhante de bovinos Nelore. Para as análises funcionais, usamos escores SIFT 
para classificar as mutações como deletérias ou tolerantes. Encontramos 55 genes 
candidatos responsáveis por abrigar as possíveis mutações deletérias e 11 genes 
com mutações tolerantes. Extraímos 21.391 eventos de recombinação e 659 
meioses paternas com um número médio de recombinações por meiose de 32,4 
para machos Nelore. Foram encontradas 520 regiões de hotspots, principalmente 
nos cromossomos 1, 6 e 11, com maiores taxas de recombinação. Encontramos 52 
genes candidatos subjacentes às regiões de hotspot e às vias relacionadas aos 
termos do GO associadas. Foram encontradas algumas vias como degradação da 
lisina, metabolismo do piruvato, miocardite viral, fatores de transcrição basal e 
termos de GO relacionados aos processos de transcrição e tradução. A detecção de 
haplótipos letais, bem como a caracterização de eventos de recombinação em uma 
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população, podem ajudar a fornecer um conhecimento importante sobre a 
diversidade genética em todo o genoma para uma melhoria adicional do ganho 
genético. 
 
Palavras-chave: bovinos de corte, faseamento de haplótipos, frequências 
esperadas, indivíduos homozigotos, meiose paterna 
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IDENTIFICATION OF CANDIDATE LETHAL HAPLOTYPES AND 
RECOMBINATION EVENTS IN NELLORE CATTLE 

 
Abstract - With genomic data, lethal recessives may be discovered from haplotypes 
that are common in the population but are never homozygous in live animals. In 
addition, it also allows the characterization of patterns and rates of recombination that 
are important for the understanding of genetic diversity throughout the genome. The 
objectives of the present study were to identify lethal haplotypes, based on expected 
population frequencies and to build a recombination map for identify the hotspots 
regions for the understanding of genetic diversity of this Nellore cattle population. 
Pedigree information comprised 2,688,124 animals and the conflict.f90 software was 
used to correct Mendelian errors and fill missing SNP using parental genotypes. A 
total of 4,447 Nellore animals were genotyped with a high-density panel (777,962 
SNP markers) and 4,041 with a panel containing 74,677 markers. Map locations are 
from the ARS-UCD1.2 Bos taurus genome assembly. The haplotypes were 
constructed using the sliding windows method implemented in findhap.f90 software 
v3. Expected numbers of homozygous individuals were calculated through two 
methods: Simple - assuming random mating and using the number of individuals 
genotyped divided by 4 and multiplied by the square of the carrier frequency; and 
Mating - using the actual mating pattern for calculating the number of carrier service 
sire × carrier maternal grandsire matings divided by 4. Recombination rates were 
measured by an indirect method, extracting progeny-sire pairs from pedigree of 
Nellore cattle. Both, sire and offspring were genotyped and phased in order to infer 
about recombination events for a paternal meiosis. Hotspot regions were defined as 
SNP intervals with recombination rate > 2.5 standard deviations above the mean. 
Twenty-six haplotypes had high expected frequency but no homozygotes observed. 
Two haplotypes on chromosome 1:56,408,787-56,947,331 and on 21:22,003,502-
22,770,526 overlaps with previously known defects: Deficiency of Uridine 
Monophosphate Synthase and Brachyspina syndrome, respectively. Furthermore, 
the candidate lethal haplotypes on chromosome 7:52,418,587-53,136,816 and on 
chromosome 12:27,930,543-28,993,509 match with potential signatures of selection 
found previously in a similar population of Nellore cattle. For the functional analyses, 
we used SIFT scores to classify mutations as deleterious or tolerant. We found 55 
candidate genes responsible for harboring the deleterious mutations and 11 genes 
with tolerant mutations. We extracted 21,391 crossover events and 659 paternal 
meiosis with an average number of crossovers per meiosis of 32.4 for Nellore males. 
There were found 520 hotspots regions, especially in chromosomes 1, 6 and 11, with 
the highest recombination rates. We have found 52 candidate genes underlying 
hotspot regions and associated GO terms related pathways. Some pathways as 
Lysine degradation, Pyruvate metabolism, Viral myocarditis, Basal transcription 
factors and GO terms related to transcription and translation processes, were found. 
The detection of lethal haplotypes, as well as the characterization of recombination 
events in a population, provide important information regarding genetic diversity 
throughout the genome for a further improvement of genetic gain. 
  
Keywords: beef cattle, expected frequencies, haplotype phasing, homozygous 
individuals, paternal meiosis 
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Chapter 1 – General Considerations 

1.1. INTRODUCTION 
The use of artificial insemination has allowed great diffusion of individuals of 

superior genetic material but also results in the using of a relatively small number of 

sires in Brazilian Nellore breeding programs (ZAVAREZ et al., 2015). The use of 

genetically superior and proven animals as parents of the next generation may also 

increase mating between relatives and reduce effective population size (Ne) 

(DAETWYLER et al., 2014). The effective size of the population is inversely 

proportional to the rate of inbreeding (WRIGHT, 1922; FARIA et al., 2009).   

Using Nellore data from 1994 to 1998, Faria et al. (2009), found an Ne size of 

68 unrelated animals. In addition, they reported that the number of contributing 

ancestors decreased with time and the most important ancestor accounted for 14% 

of the Nellore animals born in Brazil. Zavarez et al. (2015), also with Nellore, used 

high-density SNP chips to characterize autozigosity and concluded that the massive 

use of a few bulls and artificial insemination generated homozygous segments in the 

genomes of more than 70% of the studied animals. These homozygous segments 

indicate the occurrence of inbreeding, increase the probability of expression of 

deleterious recessive alleles, and also can reduce the animal adaptive value and the 

genetic diversity (WRIGHT, 1922). 

For understanding genetic diversity throughout the genome, Weng et al. 

(2019) reported that is important to characterizing patterns of recombination rates. 

Meiotic recombination, through crossing-over, plays an important role in the genetic 

diversity and the genome evolution of organisms with sexual reproduction 

(MOURESAN et al., 2019). During this process, new genetic variation are created by 

introducing new combinations of existing alleles of different loci in the same 
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chromosome and  deleterious mutations that might otherwise accumulate are 

removed (GONEN et al., 2017; MOURESAN et al., 2019; SHEN et al., 2018); in 

addition to introducing new combinations of genetic variants, resulting in offspring 

with traits that differ from those in their parents and contributing to genetic diversity 

(BARTON & CHARLESWORTH, 1998; COOP & MYERS, 2007; MA et al., 2015; 

WANG et al., 2016; SHEN et al., 2018). 

Initially, pedigree analysis (BLUNN & HUGHES, 1938) or/and strategies that 

required genotypes from affected embryos (CHARLIER et al., 2008) were used to 

provide evidence of recessive effects. After the availability of large-scale genotyping 

technologies, dense molecular markers offered the possibility of identifying lethal 

recessive variants (CHARLIER et al., 2008). However, most genetic variants are not 

expressed independently in the genomes, but are connected to each other, located 

closely along a single chromosome (BANSAL et al., 2008). The detection of 

haplotypes common in the population is a tool to locate lethal recessive alleles 

(VANRADEN et al., 2011) and, therefore, more efficient in capturing deleterious 

variation compared to individual SNPs. The detection and understanding of the 

genetic basis controlling the occurrence and accumulation of lethal haplotypes, as 

well as the characterization of recombination events into a population, will give 

important knowledge regarding genetic diversity throughout the genome for a further 

improvement of genetic gain. 
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1.2. LITERATURE REVIEW 

1.2.1. Lethal haplotypes 

Lethal recessive alleles were often discovered from reports of abnormal calves 

and subsequent breeding tests to confirm inheritance. Samples of affected tissues of  

animals affected were collected by various diseases that cause economic impacts on 

production, such as complex vertebral malformation (CVM), congenital muscular 

dystonia (CMD) and crooked tail syndrome (CTS) and the corresponding disease 

sites were mapped using programs for detect overlapping homozygous chromosomal 

segments among the affected cattle (CHARLIER et al., 2008; KHATIB et al., 2009). 

After detecting homozygous segments and using data from Belgian Blue and Italian 

Chianina cattle, Charlier et al. (2008) re-sequenced at least one affected animal for 

each disease. The animals were slaughtered, specific tissues related to each disease 

were collected, the pathogenic relevance of each mutation was established by 

aligning the protein sequence and, finally, all individuals were genotyped to identify 

the mutations of diseases in whole population. 

A methodology to find lethal haplotypes that only requires genotype data from 

phenotypically normal individuals and not from the affected embryos that die, was 

proposed by VanRaden et al. (2011), based on the construction and identification of 

haplotypes in low frequency in homozygous state, although high frequencies could 

be expected due to the excessive use of ancestors with these haplotypes (SAHANA 

et al., 2013). This approach, therefore, is different of the previous strategy (LANDER 

& BOTSTEIN, 1987; CHARLIER et al., 2008; KHATIB et al., 2009; HUQUN et al., 

2010).  With this method it is possible to discover lethal defects without using any 

phenotype. If the numbers of genotyped individuals are large, expected numbers of 



4 
 

homozygous haplotypes will also be sufficiently large so that their complete absence 

likely is not by chance. This methodology has been used, for example, by Pausch et 

al. (2015) and Hoff et al. (2017) in beef cattle and Häggman and Uimari (2016) in 

Yorkshire pigs.   

Some US dairy cattle breed associations (Holstein, Jersey, and Brown Swiss) 

are reporting carrier status since August 2011 for all animals with BovineSNP50 

genotypes. Currently, haplotype tests are used routinely in dairy cattle (Table 1) to 

identify animals with desirable traits of economic importance, discover new genetic 

disorders, and track carrier status of genotyped animals. Recessive haplotypes, 

affecting fertility and stillbirth in dairy cattle (haplotypes BH1–BH2, HH1–HH5, and 

JH1–JH2), were described in detail by VanRaden et al. (2011, 2013, 2014). A 

recessive mutation that causes embryo death (haplotype HH6) was also discovered 

by Fritz et al. (2018). Carrier status for Holstein haplotypes with mutations for 

Brachyspina (haplotype HH0), bovine leucocyte adhesion deficiency (BLAD; 

haplotype HHB), complex vertebral malformation (CVM; haplotype HHC), deficiency 

of uridine monophosphate synthase (DUMPS; haplotype HHD), mulefoot (syndactyly; 

haplotype HHM), polledness (haplotype HHP), red coat color (haplotypes HBR, HDR, 

and HHR), and cholesterol deficiency (HCD) were reported by the Council on Dairy 

Cattle Breeding (Bowie, MD - https://www.uscdcb.com/). Brown Swiss haplotype 

tests for spinal dismyelination (SDM; haplotype BHD), spinal muscular atrophy (SMA; 

haplotype BHM), and Weaver Syndrome (haplotype BHW) were also found. A 

haplotype that affects conception rate in Ayrshires (AH1) was reported by Cooper et 

al. (2014), and an Ayrshire haplotype that affects fertility (AH2) was discovered by 

Null et al. (2017).  

https://www.uscdcb.com/
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Within international Angus populations several defects that are effectively 

lethal such as, Neuropathic hydrocephalus, Arthrogryposis Multiplex and 

Osteoporosis have been propagated in recent decades (TESSELING & PARNELL, 

2013). These alleles can reach high frequencies due to their propagation by the 

extensive use of popular sire lines via artificial insemination, or due to linkage to 

beneficial alleles at strongly selected loci (KADRI et al., 2014). In a population such 

as the U.S. registered Angus breed, a high proportion of latent recessive lethal 

variants could still be segregating without having been early detected by breeders, 

particularly because most of the reproductive process is unmonitored and the extent 

of the impact that these alleles have on fertility and fitness in livestock is unknown 

(HOFF et al., 2017).  

Considering that Brazil is the world's largest exporter of beef and has the 

largest commercial cattle herd in the world (ABIEC, 2019) and around 80% of the 

Brazilian herd has Bos indicus contribution, with the Nellore breed corresponding to 

90% of these Zebu animals (ABCZ, http://www.abcz.com.br), it is important to obtain 

more information to assist in the management of the mating and selection in these 

herds. Based on reports from the other beef and dairy cattle breeds, we can assume 

that there may be lethal recessive alleles in the Nellore population as well. By 

identifying the animals that carry the lethal recessive alleles, breeders can anticipate 

problems caused by disadvantageous variants, through the implementation of 

selection actions, avoiding the mating of carriers and, potentially validation by gene 

editing. 

http://www.abcz.com.br/
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Table 1* - List of haplotypes currently tracked in the U.S. genomic evaluation system, the frequency of the minor (less common) 

haplotype, and the location in base pairs (bp) of the haplotype based on the ARS-UCD1.2 genome assembly (ROSEN et al., 2020). 

Locations are exact (single bp) when the causative mutation is known and approximate (range of bp) when it is unknown, a 

duplication, a deletion, or multiple mutations. The frequency of carriers in the population is generally twice the haplotype frequency 

because carriers have 1 defective and 1 normal haplotype 

Breed Haplotype Functional/ 
gene name 

Haplotype 
frequency (%) Chromosome ARS-UCD region (bp) Reference 

Ayrshire 
AH1 PIRM/ 

UBE3B 11.16 17 63,668,380 Cooper et al. (2014), Venhoranta 
et al. (2014) 

AH2 RPAP2 10.5 3 51,086,099 – 51,119,146 Null et al. (2017) 

Brown 
Swiss 

BH2 TUBD1 6.65 19 10,833,921 Schwarzenbacher et al. (2016) 

BHD SDM/SPAS
T 1.31 11 13,246,972 – 14,736,876 Hafner et al. (1993), Thomsen et 

al. (2010) 

BHM SMA/KDSR 
(FVT1) 3.24 24 61,620,374 El-Hamidi et al. (1989), Krebs et 

al., 2007 

BHP Polledness/ 
POLLED 1.22 1 2,578,598 Medugorac et al. 

(2012), Rothammer et al. (2014) 

BHW Weaver/ 
PNPLA8 0.58 4 49,339,002 – 49,461,342 McClure et al. (2013), Kunz et 

al., 2016 

Holstein 

HBR 

Black/red 
coat color/ 

MC1R 
(MSHR) 

0.75 18 14,705,501 Lawlor et al. (2014) 

HCD 
Cholesterol 
deficiency/ 

APOB 
2.28 11 77,872,709 

Kipp et al. (2015), Charlier 
(2016), Menzi et al. 

(2016), Schütz et al. (2016) 

HDR Dominant 
red coat 0.03 3 9,361,962 Capitan et al. (2014), Lawlor et 

al. (2014), Dorshorst et al., 2015 

https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Null17
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Schwarzenbacher16
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Lawlor14
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color 

HH0 
Brachyspin

a/ 
FANCI 

1.65 21 20,775,563 Agerholm et al. (2006), Charlier 
et al. (2012) 

HH1 APAF1 1.28 5 62,810,245 Adams et al. (2012) 

HH2 — 1.21 1 93,501,204 – 95,581,556 VanRaden et al. (2011), McClure 
et al. (2014) 

HH3 SMC2 2.64 8 93,753,358 Daetwyler et al. (2014), McClure 
et al. (2014) 

HH4 GART 0.23 1 1,997,582 Fritz et al. (2013) 

HH5 TFB1M 2.39 9 91,847,117 – 91,937,003 Cooper et al. (2013), Schütz et 
al. (2016) 

HH6 SDE2 0.44 16 29,015,336 – 29,059,673 Fritz et al. (2018) 

HHB BLAD/ 
ITGB2 0.21 1 144,770,078 Shuster et al. (1992) 

HHC CVM/ 
SLC35A3 1.1 3 43,261,946 Agerholm et al. (2001) 

HHD DUMPS/ 
UMPS 0.01 1 69,151,931 Shanks et al. (1984) 

HHM Mulefoot/ 
LRP4 0.05 15 76,807,960 Eldridge et al. (1951), Duchesne 

et al. (2006) 

HHP Polledness/ 
POLLED 0.88 1 2,578,598 Medugorac et al. 

(2012), Rothammer et al. (2014) 

HHR 

Red coat 
color/ 
MC1R 

(MSHR) 

3.29 18 14,705,965 Joerg et al. (1996) 

Jersey 
JH1 CWC15 9.21 15 15,449,431 Sonstegard et al. (2013) 

JHP Polledness/ 
POLLED 2.04 1 2,578,598 Medugorac et al. 

(2012), Rothammer et al. (2014) 
*Table constructed and provided by the following researchers J.B. Cole, P.M. VanRaden, D.J. Null, J.L. Hutchison, and S.M. Hubbard from Animal 
Genomics and Improvement Laboratory - United States Department of Agriculture (AGIL – USDA)

https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Adams12
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Fritz13
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Fritz18
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Shuster92
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Agerholm01
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Shanks84
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Joerg96
https://aipl.arsusda.gov/reference/haplotypes_ARR-G4.html#Sonstegard13
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1.2.2. Recombination events 
Characterizing pattern and rates of recombination is important for the 

understanding of genetic diversity throughout the genome (WENG et al., 2019). In 

eukaryotes, meiotic recombination is a fundamental biological process in which 

parental genetic materials are exchanged during meiosis for egg or sperm formation, 

introducing new combinations of genetic variants, resulting in offspring with traits that 

may differ from those in their parents and contributing to genetic diversity (BARTON 

& CHARLESWORTH, 1998; COOP & MYERS, 2007; MA et al., 2015; WANG et al., 

2016; SHEN et al., 2018). 

Recombination rates vary widely between and within chromosomes, species, 

sex and possibly age; that is, this variation is under both genetic and environmental 

controls (OLLIVIER, 1995; BROMAN et al., 1998; KOREN et al., 2002; MYERS et al., 

2005). In addition, some studies have suggested that maternal age has also a 

significant effect on crossover frequency (SHERMAN et al., 1994; KONG et al., 

2004). As recombination is under genetic and environmental control, it is possible to 

manipulate it by performing environmental modifications or via gene editing through 

the evidence of favorable alleles (JENKO et al., 2015). These manipulations may 

increase response to selection in traits of economic interest, if used in breeding 

programs, releasing greater genetic variability to each generation (BATTAGIN et al., 

2016). 

In diploid organisms, the recombination events at meiosis can be discovered 

by comparing the haplotypes of an individual and its parents (TAO et al., 2018) and 

can be measured both directly and indirectly. The direct methods measure the 

recombination frequency by examining proteins related to some specific stages of 
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meiosis, such as Single-Sperm Genome-Wide Genotyping (LU et al., 2012; WANG et 

al., 2012) or Molecular Assay (PAN et al., 2011). Indirect methods build 

recombination maps based on the identification of local patterns in Linkage 

Disequilibrium (MOURESAN et al., 2019) or using genomic information from pedigree 

data (MA et al., 2015; SHEN et al., 2018). Mouresan et al. (2019), used the 

persistency of linkage disequilibrium (LD) phase among closely related populations to 

estimate the recombination rate for seven populations of autochthonous beef cattle in 

Spain. This method brings similar results as previous methods; however, has several 

limitations since differences in the mutation rate and/or selection events can locally 

affect the persistency of LD phase and it requires populations to be close enough 

that the recombination rate is well conserved. 

Using a pedigree method, MA et al., (2015) extracted a total of 185,917 three-

generation families that included an offspring, both parents, and two grandsires per 

family genotyped by various SNP chips from the large US Holstein cattle pedigree 

with over half million genotyped cattle. In each family, these authors phased the 

genotypes of the two parents and the offspring, and inferred recombination events for 

a paternal meiosis from the sire/offspring pair and for a maternal meiosis from the 

dam/offspring pair. They reported, for the first time, that bulls have more 

recombination than cows, contrary to the common perception that females have 

more recombination than males in many species of mammals (MA et al., 2015). 

Similar results were reported by Shen et al. (2018) in Jersey, Ayrshire and Brown 

Swiss breeds, in which males recombination map was >10% longer than females 

recombination map. 



10 
 

Recombination events do not occur totally randomly throughout the genomic 

DNA, instead they are more likely to take place in some regions of the genome than 

in others (KAUPPI et al., 2004). So, the term “hotspot” has been used to indicate a 

locus or genomic region occurring a greater than average frequency of meiotic 

recombination (LICHTEN & GOLDMAN, 1995). In mammals, hotspots display a 

length of 1-2 kb, and are usually surrounded by larger regions that do not undergo 

recombination which largely define the inheritance patterns in each generation 

(PAIGEN & PETKOV, 2010). Although recombination events are known to be 

distributed nonrandomly across the genome, it has been difficult to detect the precise 

location at which they occur. In humans, the pedigree approach has allowed the 

identification of genomic regions of 1 to 10-kb in length in which recombination 

events seem to be grouped, i.e. there are recombination hotspots (PAIGEN & 

PETKOV, 2010). However, this approach displays limitation in detecting low-

frequency events (KAUPPI et al., 2004). 

The pedigree approach has also been used to detect hotspots location in 

different cattle breeds. Shen et al. (2018) defined a recombination hotspot region as 

SNP intervals with recombination rate > 2.5 standard deviations above the mean. 

The authors found variability in the number of hotspots regions among different 

breeds (Jersey, Ayrshire and Brown Swiss). Moreover, males displayed a total of 233 

hotspots shared by all those breeds while females showed only 44 hotspot regions. 

Although each breed showed specific features in the distribution of recombination 

rate and hotspot regions, they presented similar global recombination patterns across 

the genome. The authors also reported that hotspots regions, based on a GWAS, 

showed a significant association near the PRDM9 gene.  
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Studies in several mammals including mice, dogs, humans and swine 

performed by Dietrich et al. (1996), Neff et al., (1999), Kong et al., (2002) and 

Tortereau et al., (2012), respectively, showed higher recombination rates in females 

compared to males. In more inbred species or with asexual reproduction, the 

effective amount of recombination may be much lower, increasing the likelihood of 

deleterious alleles becoming fixed, manly if there is a mutation nearby that benefits 

the species. (HADANY & FELDMAN, 2005). Failures in recombination may lead to a 

potentially deleterious outcome, as aneuploidy (LIPKIN et al., 2002). When 

advantageous new alleles arise and spread within a population, deleterious alleles at 

neighboring loci also can spread and to fix in areas of low recombination 

(HARTFIELD & OTTO, 2011). In contrast, higher recombination rates increase the 

likelihood of beneficial alleles to establish and hinder the establishment fixation of 

deleterious alleles within a lineage (HARTFIELD & OTTO, 2011). Although most of 

the studies are done on humans and mice, studies on other mammalian species, 

such as cattle, can provide comparative information to better understand 

recombination events. 

 

1.3. OBJECTIVES 

1.3.1. General objective 
The objectives of the present study were to identify lethal haplotypes in a 

Nellore population, based on expected population frequencies and to identify 

deleterious and tolerant candidate mutations through functional analyzes; to build a 

recombination map and to identify the hotspots regions for the understanding of 

genetic diversity of this Nellore cattle population. 
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1.3.2. Specific objectives 
• To build haplotypes using sliding window method 

• To identify lethal haplotypes in Nellore cattle, based on expected 

population frequencies 

• to detect crossover haplotypes, in order to refine the map location and 

include more carriers of the lethal mutation  

• To identify, through functional analyses, deleterious and tolerant 

mutations in candidate genes 

• To detect recombination events using Pedigree Method  

• To build recombination map for Nellore males 

• To identify hotspots regions 

• To identify, through functional analyzes, candidate genes in hotspots 

regions  
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Chapter 2 – Identification of candidate lethal haplotypes in Nellore cattle 
 

ABSTRACT - With genomic data, lethal recessives may be discovered from 
haplotypes that are common in the population but are never homozygous in live 
animals. The objective of the present study was to identify lethal haplotypes in a 
Nellore population, based on expected population frequencies. The method requires 
genotypes only from apparently normal individuals and not from affected embryos. 
The conflict.f90 software was used to correct Mendelian errors and fill missing SNP 
using parental genotypes. A total of 4,447 animals were genotyped with a high-
density panel (777,962 SNP markers) and 4,041 with a panel containing 74,677 
markers, which were imputed to the HD panel using findhap.f90 software v3. The 
genomic position of the markers were based on the ARS-UCD1.2 Bos 
taurus genome assembly. By default, the program first examined haplotypes 
constructed using 2,000 markers, then 632 markers, and finally identified haplotypes 
with ≤200 markers for further analysis. Expected numbers of homozygous individuals 
were calculated through two methods: Simple - assuming random mating and using 
the number of individuals genotyped divided by 4 and multiplied by the square of the 
carrier frequency; and Mating - using the actual mating pattern for calculating the 
number of carrier service sire × carrier maternal grandsire matings divided by 4. The 
probabilities of observing 0 homozygotes when n are expected were obtained by 2 
analogous formulas that were used to obtain expectations. Crossover haplotypes 
were identified directly by findhap.f90 software v3 when any new haplotype of 
progeny had been formed from the original 2 haplotypes of a parent with just 1 
recombination. For the functional analyses, we used SIFT scores to classify 
mutations as deleterious or tolerant. Twenty-six haplotypes had high expected 
frequency but no homozygotes observed. Of these, the haplotypes with the largest 
number of expected homozygotes were on chromosomes 8, located at 59,384,409-
60,230,288 (simple method – 43; mating method – 9), and 23 located at 15,237,396-
16,040,973 (simple method – 29; mating method - 4). For the simple and mating 
methods the probabilities ranged from 6.190E-02 to 2.523E-19 and 0.1001 to 2.38E-
05, respectively. Two haplotypes on chromosome 1:56,408,787-56,947,331 and on 
21:22,003,502-22,770,526 overlaps with previously known defects, Deficiency of 
Uridine Monophosphate Synthase and Brachyspina syndrome, respectively. 
Furthermore, the candidate lethal haplotypes on chromosome 7:52,418,587-
53,136,816 and on chromosome 12:27,930,543-28,993,509 match with potential 
signatures of selection found previously in a similar population of Nellore cattle. We 
found 55 candidate genes responsible for harboring the deleterious mutations and 11 
genes with tolerant mutations. The phenotypes underlying these putative regions are 
unknown for this population and should be the subject of future investigation. Tests to 
find lethal haplotypes carriers could help breeders to implement selection actions in 
order to eliminate these haplotypes from the population or manage matings in order 
to avoid homozygous. 
 
Keywords: beef cattle, crossovers, expected haplotype frequency, homozygous 
individuals, sliding windows 
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2.1. INTRODUCTION 
Nellore is the most important beef breed raised in Brazil and the use of 

artificial insemination has allowed great diffusion of superior genetic material; 

however, it has also increased the excessive use of certain paternal lineages (FARIA 

et al., 2009). The widespread use of a few Nellore bulls and artificial insemination 

generated long homozygous segments in the genomes of more than 70% of the 

animals in a Nellore population studied by Zavarez et al. (2015). These homozygous 

segments indicate the occurrence of inbreeding and increase the probability of 

expression of harmful recessive genes and may also reduce the animal's adaptive 

value (PERIPOLLI et al., 2018; BOSSE et al., 2019; MARTIKAINEN et al., 2020). 

The extent of the impact these alleles have on fertility and fitness in beef cattle is 

unknown yet, mainly because in general, embryo losses are not monitored (HOFF et 

al., 2017). 

Pedigree analysis and strategies requiring genotypes from abnormal embryos 

were necessary to provide evidence about the effects of recessive alleles (Charlier et 

al,. 2008). These same authors stated that, the possibility of identifying lethal 

recessive variants through dense molecular markers, increased with the inclusion of 

large-scale genotyping technologies. However, the traditional approach is not able to 

identify deleterious genetic mutations in cases where the phenotype is not detectable 

in typical production systems, such as early embryonic deaths (WU et al., 2019). 

VanRaden et al. (2011a) proposed a method to find lethal haplotypes that are 

common in the population without using any phenotypes. Haplotypes are constructed 

from SNP genotypes and those that appear in the homozygous state far less 

frequently than expected are identified for further study. This methodology has been 

used, for example, by Sonstegard et al. (2013), Fritz et al. (2018) and Hozé et al. 
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(2020) in dairy cattle breeds, Hoff et al. (2017) and Jenko et al. (2019) in beef cattle, 

and Häggman and Uimari (2016) in Yorkshire pigs.  

The haplotypes found by this method are termed original haplotypes and often 

trace mainly to just one source ancestor; a descendant may receive the whole 

haplotype or just a part if a crossover occurs, these haplotypes are termed crossover 

haplotypes (VANRADEN et al., 2011b). Therefore, crossover haplotypes contain part 

of the original haplotype and part of some other haplotype. Further analyses can be 

done to detect crossover haplotypes, in order to refine the map location and include 

more carriers of the suspect region with the lethal mutation. 

Identifying and monitoring lethal recessive haplotypes in a population can help 

breeders to anticipate problems caused by disadvantageous variants, through the 

implementation of selection and mating strategies and, potentially, gene editing 

(COLE, 2015; COLE, 2019). Studies aiming to identify lethal recessive haplotypes in 

Nellore cattle, using this method, were not found in the literature. The objectives of 

the present study were: 1) to identify lethal recessive haplotypes based on expected 

population frequencies; 2) to detect crossovers haplotypes that had at least 50% 

overlap with the original haplotypes; and, 3) to identify, through functional analyses, 

tolerant and deleterious mutations in candidate genes underlying lethal haplotypes. 

 

2.2. MATERIAL AND METHODS 

2.2.1. Pedigree and genotypic data information  
Pedigree information recovered from historical records comprised 2,688,124 

animals. These records were incomplete due to the use of multiple-sire matings; 

57.4% and 22.4% of pedigrees included unknown sires and dams, respectively. 
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Unkown dams were part of the base population.  Genotype inconsistences between 

parents and progeny were adjusted using conflict.f90 software, which corrects for 

Mendelian errors and fills missing SNP using parental genotypes (VANRADEN, 

2015). 

A total of 8,488 Nellore animals obtained from the Alliance Nellore dataset 

(www.gensys.com.br) were genotyped, including 2,025 females, 1,473 young males, 

and 949 bulls using the Illumina Bovine HD Bead chip (Illumina, San Diego, CA, 

USA) that contains 777,962 SNPs; and 716 females, 3,146 young males, and 179 

bulls genotyped using the GeneSeek® (Genomic Profiler Indicus HD - GGP75Ki 

NEOGEN) which contains 74,677 SNPs (75K). Animals genotyped with lower density 

panel (75K) were imputed to the HD panel (42% missing genotypes) using 

findhap.f90 software v3 (VANRADEN, 2011). 

Genotype quality control was performed using R software version 3.6.1 (R 

Core Team, 2019) with the SNPStats package version 1.38.0.  (CLAYTON, 2020) 

and was implemented considering the SNPs markers with a GenCall score greater 

than 0.90 and located in autosomal chromosomes. In addition, only SNP with call 

rate greater than 0.90 and not in highly significant deviation from Hardy-Weinberg 

equilibrium (P>10-5) were considered. SNP at the same genomic position and 

monomorphic were removed. Samples with call rates below 0.90 were also removed. 

The SNP positions within a chromosome were based on the ARS-UCD1.2 Bos 

taurus genome assembly (ROSEN et al., 2020). After editing and merging the 2 

markers datasets, HD and 75K, 596,834 SNPs and 8,470 animals remained to carry 

out the further analyses. 

 

http://www.gensys.com.br/




https://www.ensembl.org/info/docs/tools/vep/index.html
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(Sorting Intolerant From Tolerant) scores were used to predict whether an amino acid 

substitution affects or not the protein function. The SIFT provides a score and a 

qualitative prediction, that is, the mutation can be classified as "deleterious" or 

"tolerant". If the score is less than 0.05 it is likely to be deleterious, otherwise it is 

"tolerant" (NG & HENIKOFF, 2003). 

The Cytoscape plug-in version 3.8.0 of ClueGO v2.5.7 software and 

CluePedia v1.5.7 software (SHANNON et al., 2003) were used to perform combined 

functional analysis for annotated genes that harbored tolerant and deleterious 

mutations with high impact, separately. GO terms with P_value less 0.05 were 

deemed as significant. Positional candidate genes related to significant GO groups 

and terms were considered as functional candidates. Developmental genes of all 

stages of life were described and marked as candidate genes. 

 

2.3. RESULTS AND DISCUSSION 

2.3.1. Candidate lethal haplotypes 
We have used haplotypes in sliding windows with variable number of SNPs (5 

to 186). This approach seems to provide a good balance between detection of 

recessive lethal alleles and haplotype diversity (VANRADEN et al., 2011a). The 

average length of each window was 0.836201 Mb, slightly smaller compared to Hoff 

et al. (2017) that found, on average, windows of 1.1428 (Mb) in length and used 20-

marker fixed sliding windows. A total of 3,002 segments were built and, on average, 

900 haplotypes on each one were found. 

Using the thousands of haplotypes found, two tests were applied to search for 

haplotypes carrying recessive lethal alleles. The tests were based on the number of 
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expected recessive homozygous individuals either in the whole population or from 

matings between carriers. Twenty-six haplotypes, distributed on thirteen 

chromosomes and ranked by mean carrier’s frequency, had a sufficiently high 

expected frequency of homozygotes in both methods, but none were observed 

(Table 1). The frequency of carrier animals with the original haplotype is usually 

about twice the lethal haplotype mean frequency, since a heterozygous animal 

counts only 0.50 to allele frequency due to one bad and one normal allele. 
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Table 1 – Potentially lethal haplotypes, sorted by carrier frequencies in genotyped Nellore animals  

Potentially 

lethal defect1 
Chr2 

Haplotype 
Number of 

carriers 

Expected Homozygotes 
numbers 

Start 
position3 

End 
position3 

Length 
(Mb) 

Carrier 

frequency, % 
Simple4 Mating5 

1133.2 8 59,384,409 60,230,288 0.845879 7.10 1,203 43 9 

2596.2 23 15,237,396 16,040,973 0.803577 5.84 989 29 4 

1582.4 12 2,546,283 3,201,799 0.655516 5.33 902 24 2 

158.1 1 137,838,183 138,582,556 0.744373 5.26 891 23 4 

2542.4 22 32,650,017 33,168,208 0.518191 5.19 880 23 2 

1583.4 12 3,212,875 4,146,558 0.933683 5.14 870 22 2 

943.7 7 19,010,499 19,846,412 0.835913 5.08 860 22 4 

63.1 1 56,408,787 56,947,331 0.538544 4.99 845 21 4 

1910.1 15 27,939,003 28,605,653 0.66665 4.90 830 20 5 

944.7 7 19,854,110 20,775,225 0.921115 4.45 753 17 4 

1958.12 15 66,815,440 67,511,873 0.696433 4.36 738 16 3 

1148.3 8 70,484,376 71,306,212 0.821836 4.14 702 15 3 

984.4 7 52,418,587 53,136,816 0.718229 3.26 552 9 3 
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2444.1 21 22,003,502 22,770,526 0.767024 3.21 544 9 2 

1773.4 13 79,152,234 80,162,937 1.010703 3.15 533 8 2 

336.58 2 124,279,927 125,250,396 0.970469 3.03 514 8 2 

338.55 2 126,166,386 127,051,942 0.885556 3.03 514 8 2 

339.63 2 127,053,602 127,875,933 0.822331 3.01 510 8 2 

214.60 2 22,551,147 23,432,529 0.881382 2.92 494 7 2 

215.58 2 23,439,757 24,004,909 0.565152 2.91 493 7 3 

217.74 2 24,769,013 25,749,934 0.980921 2.87 486 7 2 

496.112 3 118,774,674 119,885,137 1.110463 2.72 461 6 2 

1613.5 12 27,930,543 28,993,509 1.062966 1.98 335 3 2 

2788.34 26 14,680,252 15,760,181 1.079929 1.98 335 3 2 

2166.93 17 68,089,794 68,912,917 0.823123 1.97 334 3 3 

416.100 3 51,380,123 52,274,782 0.894659 1.81 307 3 2 

1Defects are identified by DNA segment number and haplotype within segment (e.g., 1133.2 indicates segment 1133, haplotype 2) 
2Chromosome 
3ARS-UCD1.2 Bos taurus genome assembly (ROSEN et al., 2020) 
4Number of individuals genotyped divided by 4 and multiplied by square of carrier frequency 
5Number of carrier service sire × carrier maternal grandsire matings divided by 4
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The carrier frequencies of the potentially lethal haplotypes ranged from 1.81 to 

7.10 %. Our results were similar to those reported by Sahana et al. (2013) in a Nordic 

Holstein cattle population. They found 17 haplotypes harboring possible recessive 

lethal alleles and carrier frequencies, ranging from 2.7 to 6.7%. On the other hand, 

we have found lethal haplotypes carrier frequencies lower than Jenko et al. (2019) in 

five beef cattle breeds, Aberdeen Angus, Charolais, Hereford, Limousin, and 

Simmental. The authors reported frequencies ranging from 1.2 to 33.5%. The high 

haplotype frequencies found by these authors suggest there is selection that 

maintains the high frequency on these populations. 

The number of expected homozygous obtained through the method that 

considers random mating (simple) was higher (ranged from 2 to 42) than that from 

the mating method (ranged from 2 to 9 - Table 1). This result could be expected due 

to incomplete pedigree and non-genotyped ancestors in our dataset. With a complete 

pedigree and almost all ancestral bulls genotyped, as in US dairy cattle, the expected 

number of homozygotes with both methods would be similar (VANRADEN et al., 

2011a).  

Thousands of haplotypes showed zero homozygous. However, only the 

haplotypes with the highest expected number of homozygous and small probabilities 

of zero homozygous occurrences were selected. For the simple and mating methods 

the probabilities of observing zero homozygous, ranged from 2.523E-19 to 6.190E-02  

and 2.38E-05 to 0.1001, respectively. Adjacent segments showing similar number of 

carriers might be a good sign indicating that several nearby segments may all be 

tracking the same lethal variant, such as on chromosome 2 (336.58; 338.55; 339.63 
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and 214.60; 215.58; 217.74 haplotypes), on chromosome 7 (943.7; 944.7 

haplotypes) and on chromosome 12 (1582.4; 1583.4 haplotypes). 

Most of the studies found in literature used the UMD v3.1 assembly, previous 

to the ARS-UCD1.2 (ROSEN et al., 2020) used in the present study. In order to find 

similarities between our sequences and those already reported by different authors, 

the suite-2sequences - BLAST tool (ZHANG et al. 2000, available at 

https://blast.ncbi.nlm.nih.gov/Blast.cgi), based on Percent Identity parameter, was 

used. 

The haplotype 63.1 on chromosome 1:56,408,787-56,947,331 (Table 1) is an 

overlap region previously reported as a known defect in Holstein cattle (VANRADEN 

et al., 2011a). Comparing this region to that reported by VanRaden et al. (2011), 

between 56-57Mbp on chromosome 1, we have found 99.98% similarity. This 

haplotype region harbors recessives alleles responsible for the Deficiency of Uridine 

Monophosphate Synthase (DUMPS), which is known to contribute to the embryonic 

and fetal mortality in cattle (SHANKS & ROBINSON, 1989; GHANEM et al., 2006). 

The autosomal recessive form of the gene DUMPS, if present in homozygous 

condition, may lead to embryonic mortality before day 40 of gestation (SHANKS et 

al., 1984). 

The region 22,003,502-22,770,526 on chromosome 21, which harbors the 

haplotype 2444.1 (Table 1), overlap with a region reported by Sahana et al. (2013) 

that showed significant effects on non-return rates and calving interval. The region 

we found showed 99.99% of similarity with that from Sahana et al. (2013). 

Furthermore, this haplotype is close to or overlaps with a known defect at the 

Brachyspina locus on BTA21. The observed carrier haplotype frequency in our 
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population (3.2%) was lower than those described by VanRaden et al. (2011a) and 

Charlier et al. (2012) of 6.0% and 7.4%, respectively, for this recessive defect in the 

US Holstein and Dutch Holstein-Friesian breeds, respectively. But, it was close to the 

observed carrier frequency (4%) in the Nordic Holstein population reported by 

Sahana et al. (2013). Brachyspina syndrome is a rare congenital defect affecting 

cattle which is characterized by severely reduced body weight, growth retardation, 

extensive vertebral malformations causing a significant shortening of the spine and 

long and slender limbs (CHARLIER et al., 2012). In addition, affected calves exhibit 

inferior brachygnatism (i.e. uneven alignment of the upper and lower teeth), as well 

as malformation of the inner organs, in particular, heart, kidneys and gonads 

(AGERHOLM et al., 2006). 

The locus of the candidate lethal haplotype, 984.4 found on chromosome 

7:52,418,587-53,136,816 and 1613.5 on chromosome 12:27,930,543-28,993,509 

(Table 1), match with the potential signatures of selection found by Zavarez et al. 

(2015) in a similar population of Nellore cattle. These two haplotypes, 984.4 and 

1613.5, showed 84.24% and 99.98%, respectively, of similarity with the regions 

reported by those authors. The region of the haplotype 984.4 is orthologous to the 

human chromosome segment 5q31-q33, contains the Th2 cytokine gene cluster, 

which is related to allergy control and resilience against infectious diseases such as 

malaria (GARCIA et al., 1998; RIHET et al., 1998; FLORI et al., 2003; HERNANDEZ-

VALLADARES et al., 2004) and leishmaniasis (JERONIMO et al., 2007). This region 

was also reported as being involved in the control of parasitemia in cattle infected by 

Trypanosoma congolense (HANOTTE et al., 2003).  
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Considering the crossover haplotypes, the number of markers per window 

ranged from 9 to 183 SNPs (Table 2). From the 26 potentially lethal original 

haplotypes 12 had from 1 (haplotype 1958.12) to 25 (haplotype 1910.1) crossovers, 

including up to 447 carrier animals (haplotype 1613.5 – Table 2) from the suspected 

area with the lethal segment. The haplotypes 63.1 and 2444.1 (Table 1) that were 

previously reported for harboring know defects as DUMP and Brachyspina 

syndrome, respectively, had at least 2 crossovers (Table 2) and included together ten 

carriers of the suspected area with the lethal segment. 

Crossover haplotypes were detected directly from genotyped animals within 

the pedigree and contain part of the original haplotype and part of some other 

haplotype. Depending on exact location, animals with crossovers haplotypes might or 

might not contain the lethal mutation, so the animal’s status could be labeled as 

inconclusive or semi-lethal (VANRADEN et al., 2011b). These animals could be 

mated to animals carrying the original haplotype, to further narrow the suspect areas 

with the lethal segment. 

Considering the increasing number of genotyped animals, a larger number of 

rare recessive alleles may be discovered in a near future. These lethal recessives 

might have a great impact on the population's fitness and genotyping large number of 

animals should allow their management. Testing animals for lethal haplotypes can 

help breeders to anticipate problems caused by disadvantageous variants through 

the implementation of selection actions, management of matings and, potentially, 

gene-editing, maintaining diversity within breed and avoiding inbreeding and with 

that, decreasing lethal alleles (COLE, 2015; COLE, 2019).  
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Table 1 - Crossovers haplotypes identified from the original lethal haplotypes 

Original 
haplotype1 Chr2 

Number of 
crossovers 
haplotypes 

Number of 
carriers3 

Suspect area with the lethal segment Frequency of 
crossovers 

haplotypes, % Start position4 End position4 Number of 
SNP’s 

1133.2 8 8 18 59,579,444 59,693,913 33 0.10625 

2596.2 23 3 12 15,289,678 15,863,128 121 0.07083 

158.1 1 5 11 137,838,183 138,148,961 59 0.06494 

2542.4 22 10 38 33,069,600 33,111,433 9 0.2243 

63.1 1 2 4 56,444,206 56,495,128 23 0.02361 

1910.1 15 25 98 28,249,372 28,292,541 26 0.57848 

1958.12 15 1 6 66,869,687 67,511,873 176 0.03542 

984.4 7 5 22 52,418,587 52,888,439 124 0.12986 

2444.1 21 3 6 22,003,502 22,391,774 114 0.03542 

339.63 2 4 9 127,053,602 127,408,785 102 0.05313 

1613.5 12 17 447 28,020,799 28,090,368 23 2.63902 

2166.93 17 4 31 68,135,597 68,912,917 183 0.18301 
1Defects are identified by DNA segment number and haplotype within segment 
(e.g., 1133.2 indicates segment 1133, haplotype 2) 
2Chromosome 
3Number of carriers of the crossover haplotypes 
4ARS-UCD1.2 Bos taurus genome assembly (ROSEN et al., 2020)
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2.3.2. Identification of mutations and enrichment analyses  
The deleterious and tolerant mutations with high impact found through the 

SIFT scores, are reported on Tables S1 and S2, respectively. The SIFT score 

predicts whether an amino acid substitution in a protein will have a phenotypic effect; 

some DNA repair mechanisms allow the cell to "tolerate" the presence of DNA 

damage, even if temporarily (KUNZ et al., 2000). The mutations were classified as 

high impact based in a functional impact score (FIS) that analyses evolutionary 

information of the amino acids, assuming which are highly important for the structure 

and function of the protein (REVA e al., 2011). 

We found 55 genes responsible for harboring deleterious mutations and 11 

genes related with tolerant mutations, which were submitted to enrichment analysis. 

GO terms related to immune system and pathways were found using Cytoscape 

plug-in of ClueGO software. For deleterious genes (Figure 1), terms as positive 

regulation of NK T cell differentiation (GO:0051137), T cell proliferation 

(GO:0042111), T cell activation (GO:0042110), T cell lineage commitment 

(GO:0002360), B cell activation (GO:0042113), B cell receptor signaling pathway 

(0050853), positive regulation of lymphocyte activation (GO:0050870), lymphocyte 

proliferation (GO:0046651), were found.  

Natural Killer (NK) Cells are similar to T and B cells, and also developed from 

common lymphoid progenitor cells (PAUL & LAL, 2017). However, as cells of the 

innate immune system, NK cells are classified as group I Innate Lymphocytes (ILCs) 

and respond quickly to a wide variety of pathological challenges (ABEL et al., 2018). 

The same authors reported that NK cells may play an important role in pregnancy, 
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being found in the placenta; furthermore, NK cells may help detecting and controlling 

early signs of cancer and is known for killing virally infected cells.  

The defective lymphocytes level is associated with a wide variety of immune 

responses, such as viral infections, blood cancers, autoimmune diseases, stem cell 

transplantation, and pregnancy which indicate their potential diversity and a 

relationship between the deleterious mutations found with body’s defense (SOJKA et 

al., 2014). The haplotypes where the deleterious genes are located could be related 

with the deficient defenses in bovines, but validation using phenotypes are necessary 

to confirm. 

The tolerant genes found (Figure 2) are related to taste transduction pathway 

(Kegg pathway database – map04742), which was reported in some previous cattle 

studies (ABDALLA et al., 2016; OLIVIERI et al., 2016; CHEN et al., 2018) and is 

responsible for five basic taste systems recognized by animals (bitter, sweet, sour, 

salty and umami). The palatability is a sensorial response to feed intake and is 

related to the animal alimentary choices (MARGOLSKEE, 1993). Genes and 

haplotypes found, related to palatability, could indicate an adaptation to adverse feed 

conditions tolerance.  

The serotonergic synapse pathway (Kegg pathway database map04726), 

responsible for Serotonin metabolism, plays important roles in physiological functions 

such as learning and memory, emotion, sleep, pain, motor function and endocrine 

secretion, as well as in pathological states including abnormal mood and cognition 

(ALBERT & TIBERI, 2001; MILAN et al., 2008). Serotonin was also related to 

gastrointestinal tract operation, bone metabolism, milk production, liver metabolism 

and cell division, important systems to organism survival (LEZOUALC'H & ROBERT, 

https://www.sciencedirect.com/science/article/abs/pii/S0531556502001572?via%3Dihub#!
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2003; HERNANDEZ et al., 2008; COLLIER et al., 2012) and related to tolerant genes 

in this study.  

Another important pathway related to tolerant genes is PPAR signaling 

pathway (Kegg pathway database - map03320). The PPAR metabolism plays an 

important role in the cellular lipid circulation and oxidation and was related with 

productive traits in bovines as lipid content in Longissimus thoracis muscle tissue 

(BERTON et al., 2016; SANTOS SILVA et al., 2019).  

The BRCA2 gene, found on functionally grouped terms network for tolerant 

mutations (Figure 2), was related with Fanconi anemia in humans (HOWLETT et al., 

2002) and pathways in cancer, such as pancreatic and breast cancer (WOOSTER et 

al., 1995; IQBAL et al., 2012). Homologous recombination also was related with this 

gene which, from the perspective of evolution, is important to generate genetic 

diversity. Moreover, this process is essential to maintaining genetic information, 

guaranteeing its accurate transmission from parent to offspring. (VON NICOLAI et al., 

2018). 

Although candidate genes and GO terms were associated with body’s 

defense, cancers and autoimmune diseases, the phenotypes underlying these 

supposed regions are unknown for this population. These defects and deficiencies 

should be subject of future investigation and could be confirmed by finding a few 

bulls and cows that are carriers of the lethal haplotypes and mating them. 
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Figure 1 - Functionally grouped terms network for deleterious genes with high 
impact: each color represents a significant functional group with associated GO 
terms (P_value < 0,05) in which candidate genes were distributed 

 
 
 

 
Figure 2 - Functionally grouped terms network for tolerant genes with high impact: 
each color represents a significant functional group with associated GO terms 
(P_value < 0,05) in which candidate genes were distributed 
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2.4. CONCLUSIONS 
A total of twenty-six potentially lethal haplotypes were identified and candidate 

regions will be study in confirmatory analyzes (molecular and statistical) later. Two of 

them are in overlap with previously known defects such as Deficiency of Uridine 

Monophosphate Synthase and Brachyspina syndrome. We have detected 1 to 25 

crossovers in 12 lethal original haplotypes, allowing the identification of up to 447 

carrier animals from the suspected area with the lethal segment. We found 55 

candidate genes that may harbor deleterious mutations and 11 genes related with 

tolerant mutations, both associated with body’s defense, cancers and autoimmune 

diseases.  Tests to find lethal haplotypes carriers could help breeders to implement 

selection actions in order to eliminate these haplotypes from the population or 

manage matings, in order to avoid lethal alleles dispersion.  
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2.6. SUPPLEMENTARY INFORMATION 
Table S1. Deleterious mutations with high impact predicted using SIFT that provides a score and a qualitative prediction. If the score is 

less than 0.05 it is likely to be deleterious 

Variation Location Allele Consequence Impact Symbol Biotype SIFT 

rs433337286 1:56,882,970 C start_lost HIGH C1H3orf52 protein_coding deleterious_low_confidence(0) 

rs440037384 1:138,550,395 A start_lost HIGH NUDT16 protein_coding deleterious_low_confidence(0.01) 

rs460147042 1:138,550,397 C start_lost HIGH NUDT16 protein_coding deleterious_low_confidence(0.01) 

rs462457881 12:3,474,092 C start_lost HIGH - protein_coding deleterious_low_confidence(0) 

rs471372165 13:79,384,616 G start_lost HIGH NFATC2 protein_coding deleterious_low_confidence(0) 

rs441853148 15:66,862,809 G start_lost HIGH PRR5L protein_coding deleterious_low_confidence(0) 

rs464412220 15:67,005,344 T start_lost HIGH RAG1 protein_coding deleterious_low_confidence(0) 

rs434862466 15:67,022,335 A start_lost HIGH RAG2 protein_coding deleterious_low_confidence(0) 

rs454549578 15:67,022,337 A start_lost HIGH RAG2 protein_coding deleterious_low_confidence(0) 

rs450202654 17:68,513,552 C start_lost HIGH EMID1 protein_coding deleterious_low_confidence(0.03) 

rs135776479 17:68,748,094 C start_lost HIGH NIPSNAP1 protein_coding deleterious_low_confidence(0) 

rs440383635 2:24,945,645 C start_lost HIGH CYBRD1 protein_coding deleterious_low_confidence(0) 

rs450160527 2:25,556,575 C start_lost HIGH GORASP2 protein_coding deleterious(0) 

rs451629699 2:25,641,619 T start_lost HIGH GAD1 protein_coding deleterious_low_confidence(0) 

rs459159210 2:25,731,208 G start_lost HIGH SP5 protein_coding deleterious_low_confidence(0) 

rs471178728 2:25,731,210 C start_lost HIGH SP5 protein_coding deleterious_low_confidence(0) 
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rs436813354 2:124,325,550 A start_lost HIGH PTPRU protein_coding deleterious_low_confidence(0) 

rs456957523 2:124,325,551 T start_lost HIGH PTPRU protein_coding deleterious_low_confidence(0) 

rs473889790 2:124,325,552 G start_lost HIGH PTPRU protein_coding deleterious_low_confidence(0) 

rs476822808 2:124,332,600 A start_lost HIGH MECR protein_coding deleterious_low_confidence(0) 

rs465468213 2:124,375,182 C start_lost HIGH SRSF4 protein_coding deleterious_low_confidence(0) 

rs444833644 2:124,739,515 C start_lost HIGH YTHDF2 protein_coding deleterious_low_confidence(0) 

rs464810604 2:125,015,868 T start_lost HIGH - protein_coding deleterious(0.03) 

rs436757659 2:125,015,869 G start_lost HIGH - protein_coding deleterious(0) 

rs440702315 2:125,147,679 G start_lost HIGH ATP5IF1 protein_coding deleterious(0.01) 

rs437652889 2:125,150,827 A start_lost HIGH DNAJC8 protein_coding deleterious_low_confidence(0) 

rs482934068 2:126,212,986 C start_lost HIGH TENT5B protein_coding deleterious_low_confidence(0) 

rs469825802 2:126,266,914 A start_lost HIGH KDF1 protein_coding deleterious_low_confidence(0) 

rs444512736 2:126,286,601 C start_lost HIGH NUDC protein_coding deleterious_low_confidence(0) 

rs468175013 2:126,321,911 C start_lost HIGH GPN2 protein_coding deleterious_low_confidence(0) 

rs433769150 2:126,321,912 G start_lost HIGH GPN2 protein_coding deleterious_low_confidence(0) 

rs449020982 2:126,930,420 G start_lost HIGH ZNF593 protein_coding deleterious(0) 

rs439539939 2:127,619,281 C start_lost HIGH - protein_coding deleterious(0) 

rs450423315 21:22,190,574 G start_lost HIGH IQGAP1 protein_coding deleterious(0.01) 

rs801293745 21:22,190,575 G start_lost HIGH IQGAP1 protein_coding deleterious(0) 

rs465233226 23:15,384,043 G start_lost HIGH FOXP4 protein_coding deleterious_low_confidence(0) 



57 
 

rs444874148 23:15,506,056 G start_lost HIGH TFEB protein_coding deleterious(0.01) 

rs440606560 23:15,911,773 T start_lost HIGH GUCA1B protein_coding deleterious(0) 

rs480270364 26:14,825,421 G start_lost HIGH CEP55 protein_coding deleterious(0) 

rs469713365 26:14,913,074 A start_lost HIGH PDE6C protein_coding deleterious_low_confidence(0) 

rs455672985 3:51,533,775 T start_lost HIGH TGFBR3 protein_coding deleterious_low_confidence(0) 

rs443018086 3:52,006,451 G start_lost HIGH - protein_coding deleterious_low_confidence(0) 

rs432685642 3:118,923,928 C start_lost HIGH NDUFA10 protein_coding deleterious_low_confidence(0) 

rs436229475 3:119,044,500 C start_lost HIGH - protein_coding deleterious(0) 

rs450032510 3:119,577,931 G start_lost HIGH AKAP17A protein_coding deleterious(0) 

rs478429685 7:19,175,928 C start_lost HIGH KDM4B protein_coding deleterious_low_confidence(0) 

rs481818602 7:19,470,141 G start_lost HIGH MYDGF protein_coding deleterious_low_confidence(0) 

rs449436638 7:19,486,477 G start_lost HIGH TNFAIP8L1 protein_coding deleterious(0) 

rs461514633 7:19,486,478 T start_lost HIGH TNFAIP8L1 protein_coding deleterious(0) 

rs447078341 7:19,596,357 A start_lost HIGH LRG1 protein_coding deleterious_low_confidence(0) 

rs448683482 7:19,615,384 T start_lost HIGH PLIN4 protein_coding deleterious(0) 

rs457689039 7:19,645,378 G start_lost HIGH HDGFL2 protein_coding deleterious(0.01) 

rs448890978 7:19,773,296 A start_lost HIGH FSD1 protein_coding deleterious(0.01) 

rs449131679 7:19,790,931 T start_lost HIGH SHD protein_coding deleterious_low_confidence(0) 

rs453881827 7:19,819,609 C start_lost HIGH EBI3 protein_coding deleterious_low_confidence(0) 

rs472199688 7:19,819,610 A start_lost HIGH EBI3 protein_coding deleterious_low_confidence(0) 
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rs475696745 7:19,966,093 C start_lost HIGH ZBTB7A protein_coding deleterious(0) 

rs479116586 7:20,027,845 G start_lost, 
splice_region_variant HIGH EEF2 protein_coding deleterious(0) 

rs440886483 7:20,069,101 G start_lost HIGH NMRK2 protein_coding deleterious_low_confidence(0) 

rs481011291 7:20,358,237 A start_lost HIGH HMG20B protein_coding deleterious_low_confidence(0) 

rs448146438 7:20,358,238 C start_lost HIGH HMG20B protein_coding deleterious_low_confidence(0) 

rs470001999 7:20,358,239 G start_lost HIGH HMG20B protein_coding deleterious_low_confidence(0) 

rs440244635 7:20,382,520 C start_lost HIGH C7H19orf71 protein_coding deleterious(0) 

rs479200726 7:20,433,112 A start_lost HIGH SMIM24 protein_coding deleterious(0) 

rs449348342 7:20,433,113 C start_lost HIGH SMIM24 protein_coding deleterious(0) 

rs443692192 7:52,501,562 C start_lost HIGH - protein_coding deleterious_low_confidence(0) 

rs468561788 7:52,714,253 A start_lost HIGH - protein_coding deleterious_low_confidence(0.04) 

rs433994295 7:52,714,254 T start_lost HIGH - protein_coding deleterious_low_confidence(0) 

rs440618000 7:52,730,046 T start_lost HIGH HDAC3 protein_coding deleterious_low_confidence(0) 

rs435923040 7:52,744,831 C start_lost HIGH FCHSD1 protein_coding deleterious(0) 

rs432901049 8:59,833,776 T start_lost HIGH CCDC107 protein_coding deleterious_low_confidence(0) 

rs450375337 8:59,895,109 A start_lost HIGH TLN1 protein_coding deleterious_low_confidence(0) 

rs383060400 8:60,031,706 T start_lost HIGH - protein_coding deleterious_low_confidence(0.03) 

rs482024336 8:60,072,941 T start_lost HIGH - protein_coding deleterious_low_confidence(0.03) 

rs472858978 8:60,152,259 C start_lost HIGH - protein_coding deleterious(0) 

rs210250623 8:60,181,901 G start_lost HIGH - protein_coding deleterious(0) 
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rs456832685 8:70,495,253 T start_lost HIGH LOXL2 protein_coding deleterious_low_confidence(0) 

rs457135410 8:70,576,903 C start_lost HIGH ENTPD4 protein_coding deleterious(0) 

rs451460801 8:70,670,618 A start_lost HIGH SLC25A37 protein_coding deleterious_low_confidence(0.03) 

rs456110553 8:70,791,518 C start_lost HIGH NKX3-1 protein_coding deleterious_low_confidence(0) 

rs441946501 8:70,791,519 C start_lost HIGH NKX3-1 protein_coding deleterious_low_confidence(0) 
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Table S2. Tolerant mutations with high impact predicted using SIFT that provides a score and a qualitative prediction. If the score is 
higher than 0.05 it is likely to be tolerant 

Variation Location Allele Consequence Impact Symbol Biotype SIFT 

rs453127518 1:138,091,994 C start_lost HIGH - protein_coding tolerated_low_confidence(0.66) 

rs443435063 12:28,655,955 G start_lost HIGH BRCA2 protein_coding tolerated(0.49) 

rs449573204 13:79,533,513 C start_lost, 
splice_region_variant HIGH ATP9A protein_coding tolerated_low_confidence(0.16) 

rs438305750 17:68,513,551 G start_lost HIGH EMID1 protein_coding tolerated_low_confidence(0.12) 

rs468758918 17:68,513,553 A start_lost HIGH EMID1 protein_coding tolerated_low_confidence(0.19) 

rs480831588 2:126,928,736 C start_lost HIGH - protein_coding tolerated_low_confidence(0.8) 

rs451973172 2:127,508,675 A start_lost HIGH LDLRAP1 protein_coding tolerated(0.07) 

rs209684412 21:22,241,342 C start_lost HIGH ZNF774 protein_coding tolerated_low_confidence(0.07) 

rs473138603 21:22,361,952 A start_lost HIGH SEC11A protein_coding tolerated_low_confidence(0.52) 

rs448683482 7:19,615,384 G start_lost HIGH PLIN4 protein_coding tolerated(0.07) 

rs460268702 7:20,313,628 G start_lost HIGH CACTIN protein_coding tolerated_low_confidence(0.05) 

rs432526231 7:20,346,464 C start_lost HIGH - protein_coding tolerated_low_confidence(0.07) 

rs516152548 7:20,346,465 C start_lost HIGH - protein_coding tolerated_low_confidence(1) 

rs459151927 7:20,408,373 A start_lost HIGH - protein_coding tolerated(0.05) 

rs449216624 7:20,645,303 G start_lost HIGH NCLN protein_coding tolerated(0.09) 

rs450405781 7:53,021,318 G start_lost HIGH PCDH12 protein_coding tolerated_low_confidence(0.33) 

rs434402545 8:59,387,357 C start_lost HIGH UNC13B protein_coding tolerated_low_confidence(0.11) 
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Chapter 3 – Identification of recombination events in Nellore males 
 

ABSTRACT - The meiotic exchange of DNA between homologous chromosomes is 
known as recombination. Failures in recombination may lead to potentially 
deleterious outcome, such as aneuploidy. The objectives of the present study were to 
calculate recombination rate, to identify hotspot regions, to construct a recombination 
map for Nellore males and to identify, through functional analyses, candidate genes 
underlying hotspot regions. Pedigree information comprised of 2,688,124 animals. A 
total of 4,447 animals were genotyped with a high-density panel (777,962 SNP 
markers) and 4,041 with a panel containing 74,677 markers. Recombination rates 
were measured by an indirect method using pedigree. We extracted progeny-sire 
pairs from the pedigree and both, were genotyped and phased in order to infer about 
paternal recombination events during meiosis. Hotspot regions were defined as SNP 
intervals with recombination rate > 2.5 standard deviations above the mean. To 
construct recombination maps, we estimated recombination rate between 
consecutive SNPs. We extracted 21,391 crossover events and 659 paternal meiosis 
with an average number of crossovers per meiosis of 32.4 for Nellore males. There 
was a total of 520 hotspot regions, especially in chromosomes 1, 6 and 11, with the 
highest recombination rates. We have found 52 candidate genes underlying hotspot 
regions and associated GO terms related pathways. Some pathways as Lysine 
degradation, Pyruvate metabolism, Viral myocarditis, Neuroactive ligand-receptor 
interaction, Peroxisome, Axon guidance, Basal transcription factors and GO terms 
related to transcription and translation processes, were found. These results provide 
useful insights into the genetic mechanism and evolution of recombination within an 
important livestock breed raised in Brazil. 
  
Keywords: beef cattle, crossover, hotspots, males, pedigree, phasing 
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3.1. INTRODUCTION 
Preserving genetic diversity is important to allow the long-term sustainability of 

breeding programs in Brazil. For understanding genetic diversity throughout the 

genome, Weng et al., (2019) reported that is important characterizing patterns of 

recombination rates. In eukaryotes, meiotic recombination is a fundamental biological 

process in which parental genetic materials are exchanged during egg or sperm 

formation (Ma et al., 2015). This process produces new combinations of genetic 

variants, resulting in offspring with traits that differ from those in their parents and 

contributing to genetic diversity (BARTON & CHARLESWORTH, 1998; COOP & 

MYERS, 2007; MA et al., 2015; WANG et al., 2016; SHEN et al., 2018). 

Recombination rates vary widely between and within chromosomes, species, 

sex and possibly age; that is, this variation is under both genetic and environmental 

controls (OLLIVIER, 1995; BROMAN et al., 1998; KOREN et al., 2002; MYERS et al., 

2005). In addition, some studies have suggested that maternal age had also a 

significant effect on crossover frequency (SHERMAN et al., 1994; KONG et al., 

2004). Studies in several mammals including mice, dogs, humans and swine 

performed by Dietrich et al. 1996, Neff et al., 1999, Kong et al., 2002 and Tortereau 

et al., 2012, respectively, showed higher recombination rates in females compared to 

males. Ma et al. (2015) evaluated a large sample of Holstein cattle from the USDA 

national database and reported for the first time that bulls have more recombination 

than cows. 

In most species, recombination events are not totally placed randomly 

throughout the chromosomal DNA, but tend to occur in concentrated areas with 

elevated recombination activity, called hotspots regions (KAUPPI et al., 2004). 

Usually, hotspots are small regions in which recombination rate is significantly higher 
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than in surrounding regions (PAIGEN & PETKOV, 2010; WENG et al., 2014). As 

recombination is under genetic and environmental control, it is possible to manipulate 

it by performing environmental modifications or via gene editing through the evidence 

of favorable alleles (JENKO et al., 2015). These manipulations may increase 

response to selection in traits of economic interest, if used in breeding programs, 

releasing greater genetic variability to each generation (BATTAGIN et al., 2016). A 

strategy to explore and quantify the potential effect of shifting recombination hotspots 

on genetic gain in livestock breeding programs was tested by Gonen et al. (2017). 

These authors showed, through the manipulation of the locations of these 

recombination hotspots, which was possible to increase the overall response to 

selection and decrease loss of genetic variation.  

Recombination events can be measured both directly and indirectly. The direct 

methods measure the recombination frequency by examining proteins related to 

some specific stages of meiosis, such as Single-Sperm Genome-Wide Genotyping 

(LU et al., 2012; WANG et al., 2012) or Molecular Assay (PAN et al., 2011). Indirect 

methods build recombination maps based on the identification of local patterns in 

Linkage Disequilibrium (MOURESAN et al., 2019) or, as in this study, using genomic 

information from pedigree data (MA et al., 2015; SHEN et al., 2018).  

Most studies about recombination events and their importance are done on 

humans and mice (JENSEN-SEAMAN et al., 2004; MCVEAN et al., 2004; 

SMAGULOVA et al., 2011).  Studies on other mammalian species, such as cattle 

(ZHOU et al., 2018; MOURESAN et al., 2019), can provide comparative information 

to better understand recombination events and the evolution of recombination in  

mammals. The objectives of the present study were to calculate recombination rate, 



64 
 

identify hotspots regions, to construct a recombination map for Nellore males and to 

identify, through functional analyses, candidate genes underlying hotspots regions. 

 

3.2. MATERIAL AND METHODS 

3.2.1. Pedigree and genotypic data information  
Pedigree information recovered from historical records comprised 2,688,124 

animals. These records were incomplete due to use of multiple-sire matings; 57.4% 

and 22.4% of pedigrees included unknown sires and dams, respectively. It is 

important to notice that unknown dams are those in the base population.  

A total of 8,488 Nellore animals obtained from the Alliance Nellore dataset 

(www.gensys.com.br) were genotyped, including 2,025 females, 1,473 young males, 

and 949 bulls using the Illumina Bovine HD Bead chip (Illumina, San Diego, CA, 

USA) that contains 777,962 SNPs (HD) and 716 females, 3,146 young males, and 

179 bulls genotyped using the GeneSeek® (Genomic Profiler Indicus HD - GGP75Ki 

NEOGEN) which contains 74,677 SNPs (75K). Genotype inconsistences between 

parents and progeny were corrected using conflict.f90 software, which corrects for 

Mendelian errors and fills missing SNP using parental genotypes (VANRADEN, 

2015). 

 

3.2.2. Quality control of genomic data 
Genotype quality control was performed using R software version 3.6.1 (R 

Core Team, 2019) with SNPStats package version 1.38.0.  (CLAYTON, 2020). Only 

SNPs markers with a GenCall score greater than 0.90 and located on the autosomal 

chromosomes were used. In addition, only SNP with call rate greater than 0.90 

located on the autosomal chromosomes and not in highly significant deviation from 

http://www.gensys.com.br/
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Hardy-Weinberg equilibrium (P>10-5) were considered. SNP at the same genomic 

position, with minor allele frequency (MAF) less than 0.05 and monomorphic were 

removed. Samples with call rates below 0.90 were also removed. The SNP positions 

within a chromosome were based on the ARS-UCD1.2 Bos taurus genome assembly 

(ROSEN et al., 2020). After editing the 2 markers datasets, 410,674 SNPs and 4,424 

animals remained on HD panel; and 61,603 SNPs and 4,038 animals remained on 

75K panel to carry out the further analyses. 

  

3.2.3. Analysis and identification of recombination events 
Pedigree method was used for detection of recombination events using a 

similar approach described in more details previously in dairy cattle breeds (MA et 

al., 2015; SHEN et al., 2018). We extracted progeny-sire pairs from the pedigree of 

Nellore cattle, both genotyped. An animal may appear in more than one pair based 

on the pedigree structure, since some bulls have hundreds of progeny. The genotype 

of an animal was phased based on the sire genotype, and crossovers locations were 

identified by comparing one haplotype of the offspring to the two haplotypes of the 

corresponding parent (sire). The whole process to find crossovers includes two steps: 

1) phasing and 2) finding crossovers.  

We only used sire for phasing. Phasing was focusing on heterozygote SNPs. 

For a heterozygote SNP (Aa) in the focal individual, the phasing was to know the 

parental origin of alleles "A" and "a", based on the sire genotype. For example, if sire 

was "AA", then we know "A" was from the sire, and "a" came from dam. If sire was 

"aa", we can also figure out the parental origin. However, if the sire was “Aa”, we 

were unable to phase this SNP. Once finished the phasing, we found crossovers by 

comparing the phased haplotype to the sire haplotypes. The number of meiosis is the 
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number of progeny-sire pairs and the number of crossovers is the total number of 

crossovers between two informative SNPs (MA et al., 2015). 

For constructing recombination maps, recombination rate between 

consecutive SNPs was estimated. Each crossover was evenly divided to all SNP 

intervals between the starting and ending informative SNPs (MA et al., 2015). We 

went through whole dataset in order to calculate the number of crossovers between 

two SNPs. For quality control purposes, similar to Shen et al. (2018), we removed 

pairs that had more than 60 crossover events genome-wide, and also removed all 

crossovers SNP adjacent to each other, remaining on output file only SNPs with 

more than ten distance positions.  

Following previous studies in cattle, the recombination rate was calculated as 

the number of crossover divided by the number of meiosis. (SANDOR et al., 2012; 

MA et al., 2015; SHEN et al., 2018), and SNP intervals with recombination rates of 

2.5 standard deviations above the average were considered hotspot regions. We 

herein used the term “hotspot region” instead of “hotspot” because our SNP intervals 

were much larger than typical human or mouse recombination hotspots (a few kb or 

smaller) (SHEN et al., 2018).  

 

3.2.4. Functional and enrichment analyses 
To identify the genes in the hotspots regions the BioMart tool, from ENSEMBL 

software (https://www.ensembl.org/info/docs/tools/vep/index.html), was used, 

considering the ARS-UCD1.2 Bos taurus genome assembly (ROSEN et al., 2020). 

The Cytoscape plug-in version 3.8.0 of ClueGO v2.5.7 software and CluePedia 

v1.5.7 software (SHANNON et al., 2003) were used to perform combined functional 

https://www.ensembl.org/info/docs/tools/vep/index.html
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analysis for annotated genes. GO terms with P_value less 0.05 were deemed as 

significant. Positional candidate genes related to significant GO groups and terms 

were considered as functional candidates. Genes during the development of all 

stages of life were described and marked as candidate genes.  

 

3.3. RESULTS AND DISCUSSION  

3.3.1. Analysis and identification of recombination events 
The principle of the method used here to detect recombination, is to track the 

transmission of alleles from one generation to the next. Initially, a total of 2,381 

progeny-sire pairs genotyped by 75k and HD panels were extracted and inferred over 

1 million crossover events and, after quality control, 21,391 crossover events and 

659 paternal meiosis remained. The average number of crossovers per meiosis was 

32.4 for Nellore males. This result is higher than previous studies in dairy cattle (MA 

et al., 2015; SHEN et al., 2018). These authors compared recombination rates 

between males and females, using a 50k panel and reported recombination rates for 

males ranging from 22.2 to 25.5 for Holstein, Jersey, Brown Swiss and Ayrshire 

breeds. Differences could be due to various factors such as the amount and structure 

of the data, breeds and also to the genotyping panels used.  

Although in this study it was not possible to compare male and female 

recombination maps, it was reported by Ma et al. (2015) for the first time in cattle, a 

male recombination map 10% longer than the female map, in contrast to what was 

observed in many mammalian species (Dietrich et al. 1996, Neff et al., 1999, Kong et 

al., 2002 and Tortereau et al., 2012), that females have more recombination than 

males. Some theories of recombination rate evolution showed that the more intense 
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artificial selection directed to the males could be a reason, if the selection has a 

positive effect direct or indirect on the recombination (BLIRT & BELL, 1987; BUTTIN, 

2005). 

From the identification of the number of crossovers between two informative 

SNPs, the recombination rate between SNPs was estimated and the recombination 

map was constructed (Figure 1). The average recombination rate was 8.32e-05 and 

the highest recombination rate found across the whole genome was 0.0015 Morgan 

for 1 Mb distance. For a HD panel, as in this study, the distance between SNPs is 

smaller than previous studies, which used a lower density panel (50K) and showed 

an average value of 0.01 Morgan for 1Mb distance (WENG et al., 2014; MA et al., 

2015; SHEN et al., 2018). 

 

Figure 1 – Recombination map for Nellore males 

 

The relative physical position for each SNP interval on a chromosome was 

calculated by standardizing the original physical position by the chromosome length: 

a value of zero corresponds to the beginning of a chromosome and a value of one 

corresponds to the end (MA et al 2015, Figure 2). Following these authors, a smooth-

spline model was fitted across all 29 autosomes. Cattle autosomes are acrocentric, 

centromeres are located at the beginning and telomeres at the end of chromosomes 
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(BAND et al., 2000). In this study, males had a higher recombination rate at the 

beginning (centromeres in cattle) and in the middle of chromosomes and 

considerably higher recombination rate near the end of chromosomes (telomere). In 

fact, as cattle centromeres are located almost at the chromosome extremity, we 

observed a mixed effect from both centromere and telomere as already described by 

MA et al (2015). A higher recombination rate for males in the end of chromosome is 

consistent with observations in previous studies in mice (LYNN et al., 2005), human 

(KONG et al., 2010) and cattle (MA et al., 2015; SHEN et al., 2018).  

 

Figure 2 - Distribution of male recombination rates along a chromosome in Nellore 
cattle 

 

Recombination events do not occur complete randomly throughout the 

genomic DNA, instead they are more likely to take place in some regions of the 

genome than in others (KAUPPI et al., 2004). So, the term hotspot has been used to 

indicate a locus or genomic region suffering a greater than average frequency of 
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meiotic recombination (LICHTEN & GOLDMAN, 1995). The pedigree approach has 

also been used to detect hotspots location in different cattle breeds (SHEN et al., 

2018). By defining hotspots as SNP intervals with recombination rate >2.5 standard 

deviations greater than the mean (MA et al., 2015; SHEN et al., 2018), we identified 520 

hotspots regions for males (Table S1) across all autosomal chromosomes distributed 

on 115 progeny-sire pair, and from those, each had from 2 to 6 hotspots regions. 

Some chromosomes had a greater number of hotspots (Figure 3), especially 

chromosomes 1, 6 and 11, possibly due to longer length. Shen et al. 2018 authors 

found variability in the number of hotspots regions among different breeds (Jersey, 

Ayrshire and Brown Swiss). Moreover, males displayed a total of 233 hotspots 

shared by all breeds. 

 

Figure 3 – Distribution of number of hotspot regions with recombination rate > 2.5 
standard deviations above the mean per chromosome 

 

3.3.2. Functional and enrichment analyses 
There were found 52 candidate genes underlying in 520 hotspots regions, 

which were submitted to enrichment analysis (Tables S1 and S2). Metabolic 

0

5

10

15

20

25

30

35

40

45

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

N
um

be
r o

f h
ot

sp
ot

s 
re

gi
on

s

Chromosome



71 
 

Pathways and Gene Ontology terms (GO) were found using Cytoscape plug-in of 

ClueGO software (Figures 4). Pathways as Lysine degradation (KEGG: 00310), 

Pyruvate metabolism (KEGG: 00620), Viral myocarditis (KEGG: 05416), Neuroactive 

ligand-receptor interaction (KEGG:04080), Peroxisome (KEGG: 04146), Axon 

guidance (KEGG: 04360), Hippo signaling pathway (KEGG: 04392), Glucagon 

signaling pathway (KEGG: 04922), Chemokine signaling pathway (KEGG: 04062), 

Basal transcription factors (KEGG: 03022), Thyroid hormone signaling pathway 

(KEGG: 04919), PPAR signaling pathway (KEGG: 03320), Rap1 signaling pathway 

(KEGG: 04015) and MAPK signaling pathway (KEGG: 04010), were found (Figure 4). 

An important pathway was PPAR signaling pathway (Kegg pathway database 

- map03320) (Figure 4). The PPAR metabolism plays an important role in the cellular 

lipid circulation and oxidation and was reported in previous studies of transcriptomic 

with productive traits in Nellore cattle, as fatty acid and lipid content in Longissimus 

thoracis muscle tissue (BERTON et al., 2016; SANTOS SILVA et al., 2019).  

Two candidate genes (CCN2 and FAT4) (Figure 4) act in Hippo signaling 

pathway, an evolutionarily conserved signaling pathway that controls organ size in 

many species, from fungi to arthropods and mammals (ZHAO et al., 2010). Mutations 

in some genes present in this pathway lead to tissue overgrowth, also called 

hippopotamus-like phenotype (SAUCEDO & EDGAR, 2007). Some authors also 

related this pathway with development of human cancers (DONG et al., 2007; 

STEINHARDT et al., 2008; XU et al., 2009; ZHOU et al., 2009). Hippo signaling 

pathway is strongly related to Wtn pathway, also found in the present study, acting in 

tissue development as well. Unrolled activation of Wtn pathway is associated mainly 

with digestive tract cancer in humans (BARKER & CLEVERS, 2006). 
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 The cellular senescence is an irreversible process to control the cell 

proliferation and can be initiated by telomere shortening, oncogene activation, 

irradiation, DNA damage and oxidative stress. This process is strictly related to 

aging. Senescence stops the proliferation of premalignant cells and thereby lowers 

the risk for cancer initiation (LECOT et al., 2016). According to Kuroda et al. (2015), 

fetal bovine colon epithelial cells immortalized in vitro i.e., with senescence 

inactivated, when infected with pathogenic bacteria, the expression of genes related 

to cessation of cell division is not detected, inactivating the cell's ability to convert into 

an immunological phenotype. These results indicate that recombination in regions 

determinants to cell senescence can affect their damage response ability. 

 The gene CACNA1D (Figure 4), participates in 32 metabolic pathways 

process (Figure 4). According results from Fonseca et al. (2020) with Nellore cattle 

muscle tissue transcriptome, some of them, as oxytocin signaling pathway, type II 

diabetes mellitus, insulin secretion, carbohydrate digestion and absorption, are 

strictly related to lipid metabolism. Additionally, the gene CCND2 (Figure 4) plays a 

role in JaK-STAT signaling pathway, also related to metabolic syndromes as obesity 

and insulin resistance. Mutations in these genes are associated to autism spectrum 

disorders and epilepsy, and megalencephaly-polymicrogyria-polydactyly-

hydrocephalus syndrome 3 (MPPH) a kind of megalencephaly (INABA et al., 1992; 

KAMIDE et al., 2009). 

The SLC16A10 and LCP2 (Figure 4) genes are involved in thyroid hormone 

signaling pathway and T cell receptor signaling pathway, respectively. The 

SLC16A10 encodes an integral membrane protein that functions as a transporter of 

thyroid hormone. In Nellore cattle muscle tissue, other solute carrier family members 
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were associated with high marbling score while Lymphocyte Cytosolic Protein family 

members were associated with low marbling score (FONSECA et al., 2020). In 

humans, mutations in SLC16A10 gene are related to Allan-Herndon-Dudley 

syndrome, a rare disorder of brain development that causes intellectual disability and 

movement problems, exclusively in males (SCHWARTZ et al., 2005; 

MARANDUBA et al., 2005). Also in humans, the LCP2 mutation is related with 

Wiskott-Aldrich syndrome with microtrombocitopenia, eczema and recurrent 

respiratory, gastrointestinal and skin infections due to severe combined 

immunodeficiency, also exclusively expressed in males (TRASHER et al., 2009). 

The mitogen-activated protein kinase (MAPK) (Figure 4) cascade is a highly 

conserved module that is involved in various cellular functions, including cell 

proliferation, differentiation, migration and can be active in response to pro-

inflammatory stimuli (CHEN et al., 2001). Rap1 is a small GTPase that controls 

diverse processes, such as cell adhesion, cell-cell junction formation, cell polarity and 

also regulates MAP kinase (MAPK) activity (Kooistra et al.; 2007). The GTPases 

gene expression were related to Myofibrillar fragmentation index (MFI) in Nellore 

cattle muscle (Muniz et al.; 2020). 

Another important recombinant gene found in many studies with Nellore cattle 

is PRDM9, which is responsible to encode a zinc finger protein, with histone 

methyltransferase activity, that catalyzes histone H3 lysine 4 trimethylation during 

meiotic prophase, determining the location of recombination hotspots and facilitating 

the hotspots association with the chromosome axis, giving rise to genetic exchange 

between chromosomes (PAIGEN & PETKOV, 2018). In this research, only a part of 

the PRDM9 gene sequence is overlapping a hotspot region. In cattle, according to 
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Zhou et al. (2014), a specific allele is the causal variant for the PRDM9 association 

with cattle recombination. In humans, low levels of PRDM9 mRNA are associated 

with high infertility risk. The PRDM9 expression can be stimulated with curative 

hormonal therapy becoming an alternative to Cryptorchidism-Dependent Male 

Infertility treatment (HADZISELIMOVIC et al., 2018).  

Information on recombination events contributes to the knowledge of the 

genetic mechanism, genetic diversity and how the maternal and paternal alleles 

provide new genetic variants important for the selection and evolution of a 

population. In addition, from them, it is possible to estimate the gametic variation in 

the population. 
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Figure 4 - Functionally grouped terms network for genes: each color represents a significant metabolic pathway group 
(P_value < 0.05) in which candidate genes were distributed
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3.4. CONCLUSIONS 
We characterized cattle meiotic recombination landscape in Nellore males that 

will be useful in genetic studies of different beef cattle breeds. We extracted 21,391 

crossover events and 659 paternal meiosis and, the average number of crossovers 

per meiosis was 32.4 for Nellore males. There were found 520 hotspots regions, 

especially in chromosomes 1, 6 and 11 possibly due to longer length. From hotspots 

regions, we found the cattle PRDM9 gene on chromosome 1 in our population, 

although only a part of the PRDM9 gene sequence is overlapping a hotspot region. A 

total of 52 candidate genes underlying hotspots regions and associated to GO terms 

related pathways, were found. Some pathways as Lysine degradation, Pyruvate 

metabolism, Viral myocarditis, Neuroactive ligand-receptor interaction, Peroxisome, 

Axon guidance,  Basal transcription factors and GO terms related to transcription and 

translation processes, were found. These results provide useful insights into the 

genetic mechanism and evolution of recombination within an important livestock 

breed raised in Brazil. 
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3.6. SUPPLEMENTARY INFORMATION 
 

Table S1 - Hotspot regions, candidate genes and recombination rate corresponding 
to all regions identified on each chromosome 

Chr Hotspots regions 
Gene 
name 

Recombination 
rate, Morgan 

1 

157585388:157586519, 157683452:157698749, 

34145088:34158319, 157797187:157802222, 

157797187:157801621, 158126167:158132513, 

157802222:157806548, 115346504:115352068, 

158468861:158472415, 157585388:157588023, 

157801621:157804612, 142405365:142410366, 

157683452:157698749, 157585388:157586519, 

157797187:157801621, 19466098:19474211, 

158119988:158132513, 157683452:157698749, 

158126167:158132513, 157683452:157698749, 

157797187:157801621, 157797187:157802222, 

157683452:157698749, 157585388:157586519, 

157683452:157698749, 158126167:158132513, 

158126167:158132513, 157830112:157836118, 

158119988: 158132513, 68665933:68669127, 

158119988:158132513, 157797187:157802222, 

158119988:158132513, 157797187:157801621, 

157683452:157698749, 25660987:25687581, 

158126167:158134933 

CXADR 

MBNL1 

PRDM9* 

0,0455 

2 

121754873:121771831, 52960199:52967645, 

15986560:15990269, 121453656:121457537, 

121754873:121759767, 121453656:121457537, 

11595323:11648427, 121453656:121457537, 

121381878:121387409, 121381878:121386429, 

TLE3 

ARMH4 

DNAH6 

0,0258 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000004869
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000004564
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000015580
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000020880
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000049566
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121450368:121457537, 6662451:6671897, 

121381878:121386429, 30463341:30479449, 

128883483:128897943, 73005102:73007928, 

121450368:121457537, 121381878:121386429, 

121450368:121457537, 121754873:121759767, 

121453656:121457537, 121453656:121461611 

3 

91145906:91169646, 164057:186018, 

119664785:119670899, 26966191:26969648, 

13568637:13569008, 164057:186018, 

164057:186018, 164057:186018, 

164057:186018, 86675644:86681231, 

164057:186018, 25093821:25146422, 

25906297:25909664, 7612629:7616547, 

14179595:14190553, 119664785:119670899, 

164057:186018, 164057:186018, 

4564463:4566759, 25299753:25301251, 

164057:186018, 164057:186018, 

164057:186018, 164057:186018, 

5866987:5871582, 25503219:25510917, 

78319914:78324851, 43343187:43344719, 

23549457:23551968 

DYSF 

NEK5 

KLF12 

ARGLU1 

TAF3 

0,0273 

4 

259459:312770, 38620896:38631379, 

76149388:76155958, 95886201:95886905, 

109674081:109688536, 74159961:74175801, 

74159961:74175801, 95886201:95886905, 

86187083:86196399, 33162534:33163202, 

74159961:74175801, 106161098:106166511, 

40353988:40378150, 33162534:33163202, 

114806483:114814577, 259459:312770, 

76149388:76155958, 104360705:104361555, 

76149388:76155958, 74159961:74175801, 

16647766:16653619, 259459:312770, 

PREX1 

SIRPA 
0,0334 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000013290
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000019134
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000044007
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000015124
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000002836
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000015609
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000007213
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16708640:16715416, 108532241:108536358, 

112558092:112560366, 98852463:98862387, 

39530043:39562903, 76149388:76155958, 

5 

76928770:76955820, 55934:70070, 

10584328:10588467, 94640187:94645353, 

105783913:105792437, 10789597:10790381, 

52297605:52306381, 83085284:83091036, 

107997689:108009993, 55934:70070, 

60539375:60551021, 112059920:112065881, 

50884368:50885416, 70872655:70875199, 

45811558:45835410, 12153175:12156021, 

55934:70070, 6516409:6535073, 

113698370:113705205, 21534623:21539198 

FAT4 

CDH11 

DRG2 

0,0220 

6 

19455356:19461213, 112276249:112290590, 

112372627:112380794, 85606270:85611091, 

62166581:62183567, 112366262:112375974, 

35323822:35324677, 112273871:112289712, 

19455356:19461213, 62146067:62166581, 

112372627:112380794, 15495537:15504808, 

112172440:112173077, 112372627:112380794, 

72695832:72713559, 35323822:35324677, 

2096690:2097147, 112273871:112289712, 

38093634:38107020: 19455356:19461213, 

49491476:49494665: 54524486:54528699, 

80573537:80620310, 35323822:35324677, 

73016696:73031707, 112169109:112173077, 

112276249:112289712, 113875552:113899944, 

59466469:59470927, 109203123:109206318, 

112372627:112380794, 35323822:35324677, 

29193954:29195775 

GID4 0,0379 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000003345
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000032092
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000006517
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000008802
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7 

23306087:23312839, 41337364:41355713, 

68559500:68571791, 41337364:41355713, 

41337364:41355713, 102350636:102356861, 

103840539:103856004, 92653838:92679332, 

80446362:80449409, 41337364:41349352, 

40427586:40439279, 40427586:40439279, 

29467673:29468663, 30885328:30888884, 

41337364:41349352, 88452518:88459418, 

41337364:41349352, 41337364:41349352 

DRC3 

ASNSD1 
0,0205 

8 

101765294:101779139, 113096592:113097086, 

51572977:51577763, 22254903:22262434, 

113096592:113097086, 113228120:113248793, 

28226040:28233824, 113096592:113097086, 

113096592:113097086, 7719044:7729470, 

102295909:102299719, 107497827:107503497, 

113222022:113248793, 90234863:90240175, 

46262708:46270870, 113096592:113097086, 

47870392:47876015, 113222022:113248793, 

15766677:15770929, 255535:286793, 

113096592:113097086 

ARHGAP15 0,0250 

9 

78704840:78711796, 104247340:104264220, 
78704840:78711796, 78704840:78708021, 

104573598:104584056, 78704840:78711796, 
41655841:41659327, 104247340:104273427, 

8997683:9019348, 81708299:81718669, 
78704840:78711796, 23295206:23299146, 
7593418:7601779, 78704840:78708021, 

78704840:78711796, 78704840:78711796, 
50497047:50517434, 78704840:78708021, 
39201239:39206672, 78704840:78711796, 
78704840:78708021, 78704840:78711796, 

102124709:102126215, 104573598:104584056, 
78704840:78708021, 104162871:104172188 

TFCP2L1 

LCP2 
0,0288 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000008798
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000000492
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000032289
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000007765
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000009381
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10 

15381084:15382216, 66988:101366, 

16964692:16989105, 61312:66988, 

14749251:14755257, 24787530:24795109, 

70954763:70984525, 16662791:16670545, 

15381084:15382216, 70421117:70424666, 

13960912:13965699 

PPP4R3A 

SERPINA6 
0,0137 

11 

70299253:70300762, 83043794:83045506, 

26415232:26423476, 70227491:70230562, 

92700381:92702088, 26415232:26423476, 

26415232:26423476, 26415232:26423476, 

12933413:12936553, 70143837:70146001, 

70218600:70219183, 70212253:70213891, 

70299253:70300762, 70299253:70300762, 

70143837:70146001, 50447269:50457912, 

85200355:85204252, 26592724:26600136, 

70143837:70146001, 70212253:70213891, 

70212253:70213891, 60772699:60832079, 

70227491:70230562, 82856965:82864317, 

70098903:70099572, 70212253:70213891, 

70053919:70057177, 83043794:83045997, 

70143837:70146001, 70138936:70146001, 

66802506:66804587, 70299253:70300762, 

83043794:83045997, 26415232:26423476, 

70218600:70219183, 70367825:70369782, 

70299253:70300762, 82856965:82864317, 

90307530:90316731, 26415232:26423476, 

22168408:22171523 

SYNE3 0,0546 

12 

27282553:27292887, 82296607:82302471, 

5340085:5352883, 64546377:64556327, 

48598258:48599688, 113099:167702, 

71020218:71041923, 21504853?21512267, 

21504853:21512267, 15739554:15742096, 

CACNA1D 

MRPS24 

TAMM41 

0,0144 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000005040
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000039808
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000003526
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000010026
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000007398
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000003328
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84327563:84339094, 46026076:46037738, 

15502303:15515789 

13 

5151232:5157560, 460596:480468, 

460596:480468, 61599112:61602070, 

53234735:53253023, 76932120:76935047, 

15739903:15770313, 82985637:82989996, 

19310717:19312814, 25299196:25300377, 

9497368:9505489, 15979372:15988961, 

53234735:53253023, 53234735:53253023 

FAM83B 0,0129 

14 

79635503:79651320, 82346440:82356992, 

168379:171657, 168379:171657, 

76480481:76499794, 82346440:82348667, 

59618866:59621332, 168379:171657, 

7784547:7793973, 25775165:25794361, 

82356992:82357727, 13901418:13905019, 

18964633:18974308 

CCBE1 0,0137 

15 

84968321:84978286, 10995940:11010786, 

173832:189216, 173832:189216, 

9690073:9722923, 10995940:11010786, 

42277063:42291092, 84968321:84978286, 

84968321:84971729, 84968321:84978286, 

69016162:69047614, 84968321:84978286, 

10995940:11010786 

 0,0129 

16 

47718710:47721000, 22173768:22178185, 

78158279:78160467, 74879871:74880754, 

62488851:62501389, 26666858:26670241, 

11126904:11128117, 31360463:31364117, 

11527818:11528798, 27997792:28008613 

 0,0121 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000016058
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000008723
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17 

68089794:68098247, 67686:77144, 

68089794:68098247, 68089794:68098247, 

44205761:44209502, 30310316:30324194, 

9921767:9925309, 68220932:68228521, 

67686:77144, 68220932:68228521, 

32527275:32536552, 68220932:68228521, 

68220932:68228521, 68220932:68228521, 

27320876:27322800, 53444697:53460483, 

68089794:68098247, 67686:77144 

 0,0190 

18 

6737514:6744277, 261398:321344, 

63178062:63182112, 32826230:32828541, 

16888217:16921890, 65312387:65315292, 

63036702:63039977, 63685080:63713399, 

1360037:1376774, 5623041:5624880, 

63178062:63182112, 63178062:63182112, 

55206784:55214914, 25142836:25145458, 

54702299:54706635 

MYOM1 0,0190 

19 

69645:78647, 69645:78647, 

14280647:14292397, 34489987:34538767, 

69645:78647 

BCAR4 

FRA10AC1 

SORBS1 

0,0068 

20 

209803:280086, 2145037:2169730, 

27113936:27115634, 263956:280086, 

3301288:3302789, 263956:280086, 

3291156:3302789, 24425516:24427310 

CSMD1 0,0099 

21 

58975521:58986906, 497917:523477, 

58982450:58986906, 51918826:51921606, 

12441354:12444186, 58975521:58986906, 

23586456:23662517, 497917:523477, 

49799924:49812870, 49799924:49812870, 

58975521:58986906, 58975521:58986906, 

GRID1 

BCAN 
0,0182 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000019585
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000048279
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000000447
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000002880
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000019623
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000015789
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22099281:22104557, 497917:523477, 

68819945:68826917, 58975521:58986906, 

58982450:58986906, 2425242:2448779, 

60283958:60289056, 56223597:56237279 

22 

220440:231768, 55839788:55843712, 

220440:231768, 8976409:8988872, 

220440:231768, 14498016:14508669, 

41026863:41036177, 35021875:35025130, 

26604210:26618658, 53982308:53983106, 

220440:231768, 220440:231768, 

47361554:47366781, 220440:231768 

COPS9 

ATF6 
0,0167 

23 

132041:153394, 25933580:26634448, 

25933580:26634448, 29060809:29065047, 

38639751:38644120, 25933580:26634448, 

132041:153394, 50518740:50520053, 

103505:148759, 5483877:5503102, 

103505:148759, 25931945:26634448, 

48788499:48795668, 45901742:45903775, 

45901742:45903775, 42490382:42499049, 

45901742:45903775, 103505:148759, 

45901742:45903775 

FGGY 

PLXNA4 

KMT2C 

0,0212 

24 

159114:163270, 37294413:37306947, 

23519904:23521719, 58525356:58529713, 

8085365:8088507, 11833368:11836987, 

47622688:47623979 

CCND2 

SLC25A17 
0,0083 

25 
35423349:35427557, 10519056:10534330, 

15674595:15679671, 7842311:7846650 
PACSIN2 0,0038 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000010910
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000005227
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000030669
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000014543
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000024199
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000016649
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000006200
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000019290
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26 

50551472:50559542, 25809196:25812988, 

202644:260240, 25809196:25812988, 

14944920:14986751, 14944920:14986751, 

25270536:25288590, 16994096:16994955, 

10576401:10584983, 202644:260240, 

25809196:25812988, 25509679:25549986, 

48455887:48475379 

RBM47 

SNX24 

5S_rRNA 

0,0144 

27 

4661291:4662153, 11742651:11766045, 

168177:172066, 2800634:2808855, 

10003070:10009199, 1569517:1574999, 

2706332:2710325, 43608430:43611981, 

38372239:38378986, 14602673:14638858 

ZFP37 0,0114 

28 

12552487:12557982, 558599:592200, 

45919071:45925555, 39555688:39560270, 

7863709:7867773, 40396484:40407364, 

5469703:5470800, 36690584:36706337, 

37776092:37780777, 45919071:45925555 

AFG1L 0,0137 

29 

51054077:51058936, 13709839:13719674 

51054077:51058936, 51054077:51058936, 

46609259:46615913, 426723:511905, 

51054077:51058936, 48209831:48220436, 

51054077:51058936, 51058936:51070239, 

426723:511905, 9104654:9113947, 

51030756:51032127, 6214562:6232619, 

9102521:9113947, 4045383:4058837, 

51054077:51058936, 426723:511905, 

40666106:40671249, 51054077:51058936 

ME1 

SLC16A10 
0,0175 

*Only a part of the PRDM9 gene sequence is overlapping a hotspot region 

 

 

 

http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000002356
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000031069
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000036856
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000045868
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000014592
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000005681
http://www.ensembl.org/bos_taurus/Gene/Summary?db=core;g=ENSBTAG00000009239
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Table S2. Official candidate gene symbol and respectively gene name 

Gene Symbol Gene Name 

5S_rRNA 5S ribosomal RNA 

AFG1L AFG1 Like ATPase 

ARGLU1 arginine and glutamate rich 1 

ARHGAP15 Rho GTPase activating protein 15  

ARMH4 Armadillo Like Helical Domain Containing 4 

ASNSD1 asparagine synthetase domain containing 1  

ASXL3 additional sex combs like 3, transcriptional regulator  

ATF6 activating transcription factor 6  

BCAN Brevican  

BCAR4 breast cancer anti-estrogen resistance 4 

CACNA1D calcium voltage-gated channel subunit alpha1 D 

CCBE1 collagen and calcium binding EGF domains 1 

CCND2 cyclin D2 

CDH11 cadherin 11 

COPS9 COP9 signalosome subunit 9 

CSMD1 CUB and Sushi multiple domains 1 

CXADR coxsackie virus and adenovirus receptor 

DNAH6 Dynein Axonemal Heavy Chain 6 

DRC3 dynein regulatory complex subunit 3 

DRG2 developmentally regulated GTP binding protein 2 

DYSF dysferlin, limb girdle muscular dystrophy 2B (autosomal recessive) 

FAM83B family with sequence similarity 83 member B 
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FAT4 FAT atypical cadherin 4 

FGGY FGGY carbohydrate kinase domain containing 

FRA10AC1 FRA10AC1 homolog (human) 

GID4 GID complex subunit 4 homolog 

GRID1 glutamate ionotropic receptor delta type subunit 1 

KLF12 Kruppel like factor 12 

KMT2C lysine methyltransferase 2C 

LCP2 lymphocyte cytosolic protein 2 

MBNL1 muscleblind like splicing regulator 1 

ME1 malic enzyme 1 

MRPS24 mitochondrial ribosomal protein S24 

MYOM1 myomesin 1, 185kDa 

NEK5 NIMA related kinase 5 

PACSIN2 protein kinase C and casein kinase substrate in neurons 2  

PLXNA4 plexin A4 

PPP4R3A protein phosphatase 4 regulatory subunit 3A 

PREX1 
phosphatidylinositol-3,4,5-

trisphosphate dependent Rac exchange factor 1 

PRDM9* PR-Domain Containing Protein 9  

RBM47 RNA binding motif protein 47  

SERPINA6 serpin family A member 6 

SIRPA signal regulatory protein alpha 

SLC16A10 solute carrier family 16 member 10 

SLC25A17 solute carrier family 25 member 17 
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SNX24 sorting nexin 24 

SORBS1 sorbin and SH3 domain containing 1 

SYNE3 spectrin repeat containing nuclear envelope family member 3 

TAF3 TATA-box binding protein associated factor 3 

TAMM41 
TAM41 mitochondrial translocator assembly and maintenance  

Homolog 

TFCP2L1 transcription factor CP2 like 1 

TLE3 transducin like enhancer of split 3 

ZFP37 ZFP37 zinc finger protein 

*Only a part of the PRDM9 gene sequence is overlapping a hotspot region 

 
 

 

 
 


