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IDENTIFICAGAO DE CANDIDATOS A HAPLOTIPOS LETAIS E EVENTOS DE
RECOMBINAGAO EM BOVINOS NELORE

Resumo - Com dados genémicos,alelos recessivos letais podem ser descobertos a
partir de haplétipos comuns na populagdo, mas que nunca sao homozigotos em
animais vivos; além disso, informagbes gendmicas também permitem a
caracterizacdo de padrées e taxas de recombinacdo que sao importantes para a
compreensao da diversidade genética em todo o genoma. Os objetivos do presente
estudo foram identificar haplotipos letais, com base nas frequéncias populacionais
esperadas, e construir um mapa de recombinagdo para identificar as regides de
hotspots para o entendimento da diversidade genética dessa populagdo de gado
Nelore. As informagbes genealdgicas compreenderam 2.688.124 animais e o
software conflict.f90 foi usado para corrigir erros mendelianos e imputar SNP’s
ausentes usando genotipos 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 gendmicas dos
marcadores foram baseadas na montagem do genoma Bos taurus ARS-UCD1.2. Os
haplétipos foram construidos usando o método de janelas deslizantes implementado
no software findhap.f90 v3. O numero esperado de individuos homozigotos foi
calculado por meio de dois métodos: Simples - assumindo acasalamento aleatério e
usando o numero de individuos genotipados dividido por 4 e multiplicado pelo
quadrado da frequéncia de portadores; e Acasalamento - utilizou o padrdo de
acasalamento real, considerando o numero de acasalamentos do touro portador e do
avé materno portador dividido por 4. As taxas de recombinag¢ao foram medidas por
um método indireto, extraindo pares de progénie-pai do pedigree de bovinos Nelore.
Ambos, pai e filhos, estavam genotipados e foram faseados para inferir eventos de
recombinacdo para uma meiose paterna. As regides de hotspots foram definidas
como intervalos SNP com taxa de recombinacdo > 2,5 desvios padrdo acima da
meédia. Vinte e seis hapldtipos apresentaram alta frequéncia esperada, mas nenhum
homozigoto foi observado. Dois haplétipos no cromossomo 1:56408787-56947331 e
em 21:22003502-22770526 se sobrepdéem a defeitos previamente conhecidos,
Deficiéncia de Uridina Monofosfato Sintetase e sindrome de Braquispina,
respectivamente. Além disso, os candidatos haplotipos letais no cromossomo
7:52418587-53136816 € no cromossomo 12:27930543-28993509 correspondem a
possiveis assinaturas de selecdo encontradas anteriormente em uma populagao
semelhante de bovinos Nelore. Para as analises funcionais, usamos escores SIFT
para classificar as mutagées como deletérias ou tolerantes. Encontramos 55 genes
candidatos responsaveis por abrigar as possiveis mutagdes deletérias e 11 genes
com mutacdes tolerantes. Extraimos 21.391 eventos de recombinacédo e 659
meioses paternas com um numero meédio de recombinagcbes por meiose de 32,4
para machos Nelore. Foram encontradas 520 regides de hotspots, principalmente
nos cromossomos 1, 6 e 11, com maiores taxas de recombinacédo. Encontramos 52
genes candidatos subjacentes as regides de hotspot e as vias relacionadas aos
termos do GO associadas. Foram encontradas algumas vias como degradacgao da
lisina, metabolismo do piruvato, miocardite viral, fatores de transcricdo basal e
termos de GO relacionados aos processos de transcri¢cao e traducdo. A deteccao de
haplétipos letais, bem como a caracterizagcdo de eventos de recombinagdo em uma



populagdo, 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 hapldtipos, frequéncias
esperadas, individuos homozigotos, meiose paterna



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.fo0 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 x 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



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



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.



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



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 Haggman 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 HHO), 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/

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/

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

Functional/ Haplotype i .
Breed Haplotype gene name  frequency (%) Chromosome  ARS-UCD region (bp) Reference
PIRM/ Cooper et al. (2014), Venhoranta
Ayrshire AH1 UBE3B 11.16 17 63,668,380 et al. (2014)
AH2 RPAP2 10.5 3 51,086,099 — 51,119,146 Null et al. (2017)
BH2 TUBD1 6.65 19 10,833,921 Schwarzenbacher et al. (2016)
BHD SDM/7§PAS 1.31 11 13,246,972 — 14.736,876 Hafner et al.a|(1(%%?%)(,))'l'homsen et
SMA/KDSR El-Hamidi et al. (1989), Krebs et
Broyvn BHM (FVT1) 3.24 24 61,620,374 al., 2007
Swiss BHP Polledness/ 1.22 1 2 578.598 Medugorac et al.
POLLED ' T (2012), Rothammer et al. (2014)
Weaver/ McClure et al. (2013), Kunz et
BHW PNPLAS 0.58 4 49,339,002 — 49,461,342 al.. 2016
Black/red
coat color/
HBR MCIR 0.75 18 14,705,501 Lawlor et al. (2014)
(MSHR)
Holstein Cholesterol Kipp et al. (2015), Charlier
HCD deficiency/ 2.28 11 77,872,709 (2016), Menzi et al.
APOB (2016), Schitz et al. (2016)
Dominant Capitan et al. (2014), Lawlor et
HDR red coat 0.03 3 9,361,962 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

color

Brachyspin .
HHO al 165 21 20.775,563 Agerholm;t:;l.((22001026)), Charlier
FANCI '
HH1 APAF1 1.28 5 62,810,245 Adams et al. (2012)
HH2 — 1.21 1 93,501,204 — 95,581,556 " anraden etal. (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  TFBIM 2.39 9 91,847,117 - 91,937,003  CO°Pereta. gglg; Schitz et
HH6 SDE? 0.44 16 29,015,336 — 29,059,673 Fritz et al. (2018)
BLAD/
HHB ITGB2 0.21 1 144,770,078 Shuster et al. (1992)
CVM/
HHC ¢ ha5a3 1.1 3 43,261,946 Agerholm et al. (2001)
DUMPS/
HHD UMPS 0.01 1 69,151,931 Shanks et al. (1984)
Mulefoot/ Eldridge et al. (1951), Duchesne
HHM | ooy 0.05 15 76,807,960 otal. (2006)
Polledness/ Medugorac et al.
HHP poLLED 0.88 1 2,578,598 (2012), Rothammer et al. (2014)
Red coat
HHR color/ 3.29 18 14,705,965 Joerg et al. (1996)
MC1R ' 199, '
(MSHR)
JH1 CWC15 9.21 15 15,449,431 Sonstegard et al. (2013)
Jersey Polledness/ Medugorac et al.
JHP - bor L ED 2.04 1 2,578,598 (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

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



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.
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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
o To build haplotypes using sliding window method

o To identify lethal haplotypes in Nellore cattle, based on expected
population frequencies

o to detect crossover haplotypes, in order to refine the map location and
include more carriers of the lethal mutation

o To identify, through functional analyses, deleterious and tolerant

mutations in candidate genes

o To detect recombination events using Pedigree Method

° To build recombination map for Nellore males

o To identify hotspots regions

o 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 x 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 Haggman 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.fO0 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.gen