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EXECUTIVE SUMMARY

South Africa (SA) has only recently engaged in programs to establish genomic data for the
cattle industry. Due to the important role of indigenous cattle breeds in SA, it is imperative that
these breeds be included in the generation of genotypic and sequence data. Genomic data
provide opportunity for various genetic investigations including identification of breed-
informative markers, selective sweeps and genome-wide association studies (GWAS). In this
study sequence data were generated and used in combination with genotypic data to conduct a
SNP discovery in the three indigenous SA breeds (Afrikaner, Drakensberger, and Nguni) and
study potential selective sweeps. Commercial bovine SNP assays, (BovineSNP50 and GGP-
80K) were applied for identifying the breed-informative markers, while an approach of breed
pooled samples were used for sequencing. The study was conducted in phases and results were
presented in different chapters prepared for submission to specific journals. The thesis is hereby
presented with an introduction and literature review followed by Chapter 3 that resulted in first
publication in SA Journal of Animal Science. Chapters 4 and 5 have been prepared for
submission to the international journals. The referencing style was consequently prepared in a
similar manner except for the published article. The thesis was concluded with a critical review

and discussion.
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ABSTRACT

Afrikaner, Drakensberger, and Nguni are the South African (SA) landraces that played major roles in
the social, cultural and economic history of SA. These breeds are valuable genetic resources for beef
production and limited information is available for these breeds at the genome level. The aim of this
study was to perform SNP discovery in these three breeds using whole genome sequencing. Ninety
cattle representing the three breeds were used to identify more about 17.6 M putative variants including
SNPs and Indels. DNA was extracted from blood and hair samples, quantified and prepared at 50ng/pl
concentration for sequencing at the Agricultural Research Council Biotechnology Platform using an
[lumina HiSeq 2000. The fastq files were used to call the variants using the Genome Analysis Tool
Kit. A total 0f 4,369,879 (16% of the total SNPs) were identified as novel. Annotation of these variants
classified them into functional categories. Within the coding regions, 43% of the SNPs were
nonsynonymous substitutions that encode for alternate amino acids. Functional enrichment analysis of
novel SNPs identified significant number of genes (p < 0.001) that were located within 5% of 1,481
100kb windows. Gene ontology terms identified genes such as MLANA and SYT10 that have been
associated with coat colour and sense of smell in mouse, respectively, and the ADAMS3 gene has been
associated with fertility in cattle. Furthermore, whole genome screening detected 688 candidate
selective sweeps (ZH, Z-scores < -4) across all three breeds, of which 223 regions were assigned as
being putative selective sweeps (ZH,, scores < -5). We also identified 96 regions with extremely low
ZH, Z-scores (< -6) in Afrikaner and Nguni. Several genes such as KIT and MITF that have been
associated with skin pigmentation in cattle, and CACNA I C, which has been associated biopolar disorder
in human were identified in these regions. Breed-specific SNPs (2,272,667) were identified across the
breeds and only 186 of these SNPs were identified as putative breed-specific SNPs. These SNPs were
further tested for their ability to assign individuals to a breed and need further validation. This study
provides the first analysis of sequence data to discover SNPs in indigenous SA cattle breeds. These
results provide insight into the genetic composition of the breeds and offer the potential for further

applications in their genetic improvement.
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CHAPTER ONE

Introduction

1.1. Motivation for the study

A rapid development of next generation sequencing (NGS) technologies has been witnessed
over the past three decades, providing new prospects for the development of genomic tools to
enhance genetic progress in livestock production (Anderson & Schrijver, 2010). Large volumes
of sequence data can be cost-effectively and accurately generated in a relative short period, to
accelerate scientific discoveries in livestock species (Ramos et al., 2011). These technologies
have allowed the discovery and high throughput genotyping of thousands of single nucleotide
polymorphisms (SNPs) in livestock species including cattle (Nishimura et al., 2013). These
tools and developments are believed to play a central role in current and future studies in

livestock genetics and improvement (Ramos et al., 2011; Sabir et al., 2014).

The global demand for livestock products, specifically the need for animal protein is escalating
due to a growing human population. Future projections suggest a world population of
approximately 8 billion by 2025, 11 billion by 2050 and 16 billion world inhabitants by 2100
(Ilea, 2009; FAO, 2011). The current needs already exceed the earth's bio-productive capacity
for the total inhabitants. Efforts must be made to increase the productivity of all livestock
production systems in order to satisfy the demand for animal products (Webb, 2013; van Marle-
Késter et al., 2015). This should be done through advancing production systems and by

employing new technologies.

South Africa (SA) is a diverse country with rich cultural diversity and different types of
vegetation, biodiversity, environments and soil types. This country has particular farming
regions and various farming practices (Goldblat, 2010). Agricultural activities varies from
thorough crop production in winter precepitation, higher summer precipitation zones, to cattle
farming in the bushveld and sheep farming in most dry areas (Goldblat, 2010; Shabalala &
Combrinck, 2012). Mixed farming systems are employed with livestock being the largest sector
(Rust & Rust, 2013; Goldblatt, 2010). The demand for meat and milk generally exceeds
production, though there are untapped reserves in the communal farming areas. Beef farming
produces about 85% of the consumed meat, while 15% is imported from other African

countries and Europe (Webb, 2013). Cattle are found throughout SA regions, but mainly in

1



Eastern Cape, KwaZulu-Natal, Free State and North West provinces. Herd sizes vary according
to production system. In terms of dairy cattle, herd size are estimated from < 50 to > 1 000
while beef cattle herds range from fairly small (< 20 head of cattle) to extensive farms and
feedlots (more than 1 000 head). Vryburg, in the North West Province, has some of the largest
cattle herds in SA. Weaner’s production is a cattle-farming system widely used in SA for
feedlot industry, and of all the beef produced, feedlots account for approximately 75%. In SA,
the number of cattle was projected at 13.7 million by the end of 2015, comprising of various
international beef and dairy cattle breeds including SA indigenous breeds such as the Afrikaner
(AFR), Drakensberger (DRA) and Nguni (NGI) (DAFF, 2016). Beef cattle contribute
approximately 80% of the total number of cattle in SA, while dairy cattle contribute the
remaining 20% (DAFF, 2013). In general, the main agricultural sector contributes about 3% to
the country’s gross domestic product (GDP), and it represents about 7% of formal employment.

The whole agricultural value chain contributes 12 % GDP (DAFF, 2014).

South African indigenous cattle such as AFR, DRA, NGI, Bonsmara and Tuli have played a
major role in traditional, social, and commercial history of the country (Scholtz, 2010). These
breeds provide valuable farm animal genetic resources for beef production in SA in
combination with exotic beef breeds that were introduced in SA many decades ago (Scholtz,
2010). Currently, relatively little information is available on these SA breeds at the genome
level, including sequence variation. With recent advances in NGS technologies, it is now
possible to sequence these local breeds to identify millions of SNPs, with the potential of
identifying genes and mutations that lead to variation in economically important traits
(Wiedmann et al., 2008; Buermans & Dunnen, 2014). The use of NGS for variant discovery in
these breeds offers opportunities for genome-wide association studies (GWAS) for the
discovery of variants underlying adaptive and production traits. The utilization of these variants
may provide opportunities for improving breeding objectives to overcome the limitations of
traditional breeding programs in SA (Hayes et al., 2015). Genetic improvement has also
resulted to the commercialization of number of livestock species in such a way that validation
of breeds, in global and domestic markets, has increasingly become essential for the safety and
validity of livestock products (Pant et al., 2012). Therefore, the identification and evaluation
of breed-specific SNPs is essential for discriminating between cattle breeds, including local
beef breeds. The availability of the genome-wide sequence data provides the opportunities to

develop the required tools.



In cattle, genetic variants have been intensively discovered and annotated since the completion
of the bovine sequencing project in 2009 (Stothard et al., 2011; Mei et al., 2016). SNPs have
been the most widely used variants in association studies to identify genes and genomic regions
responsible for genetic variation in cattle (Lu et al., 2013; Choi et al., 2015). Currently, SNP
assays such as BovineSNP50, High Density GeneSeek Genomic Profiler (GGP-HD) and
BovineHD BeadChips are available for genome-wide studies in cattle (Van Tassell et al., 2008;
Matukumalli et al., 2009). The design of these assays included mostly common SNPs within
European taurine breeds (Bos taurus) and the assays contain less informative SNPs for
indigenous SA breeds. These assays result in lower minor allele frequency (MAF) and lower
levels of linkage disequilibrium (LD) in local SA breeds such as Sanga and indicine compared
to the taurine breeds (Edea et al., 2012; Makina et al., 2014). This design bias can have a
significant impact on the deployment of these assays for GWAS and the detection of
quantitative trait loci (QTLs) and genes associated with economically important traits in local
breeds (Albrechtsen et al., 2010). Ascertainment bias in the detection of the origin of SNPs
could also generate misleading conclusions in determining the degree of differentiation and
similarities between the breeds (McKay et al., 2008). Therefore, it is essential to sequence the
whole genomes of indigenous SA cattle to discover new SNPs and search for variants within

genes related to traits of interest.

Whole-genome sequencing (WGS) is a powerful approach for mining millions of SNPs leading
to the identification of genetic variants present in the populations, and also genes of economic
importance in cattle. Studying the nature and extent of genetic variations between individuals
provides a basis for understanding the heritability of traits and phenotypes, and offers prospects
to study complex issues in molecular ecology, conservation, disease susceptibility, and other
related disciplines (Le Roex et al., 2012). The aim of this study was to use an NGS technology
to discover new SNPs in South African AFR, DRA and NGI breeds. The availability of full
genome sequence data for these breeds would enhance our understanding of breed composition,
genomic regions under selection and the selected traits, as well as the level of genetic diversity

within and between breeds.



1.2. Aim of the study

The aim of this study was to perform genome-wide marker discovery in three South African
indigenous cattle breeds, AFR, DRA and NGI using next generation sequencing technology on

pooled DNA samples.

1.3. Objectives

In order to realize the aim of this study, the following objectives were set:
e To identify breed-informative markers in AFR, DRA and NGI using BovineSNP50 and
GGP-80K BeadChip data.

e Sequence pooled DNA samples from AFR, DRA and NGI breeds using next generation

sequencing to search for new variants at a genome-wide level.

e To validate newly identified SNPs using Run 5 data from the 1000 Bull Genomes Project

and perform functional annotation and enrichment analysis.

e To identify selective sweeps and a panel of SNP markers to discriminate between the three

indigenous breeds
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CHAPTER TWO

Literature Review

2.1. Introduction

Livestock production is one of the largest agricultural sectors around the world (Thornton,
2010). This development is mostly influenced by increasing demand for livestock products due
to the significant growth of human population, urbanization and increasing incomes in
developing countries (Delgado, 2005; Ilea, 2009; Thornton, 2010). Livestock products
contribute about 33% to protein consumption and 17% to calorie consumption worldwide, with
great variances between developed, developing and under-developed countries (Thornton,
2010). Globally, the demand for meat and meat products, eggs and milk is likely to rise by 30%
in 2020 (Thornton, 2010; Webb, 2013). Global annual meat production is anticipated to
twofold from 229 million tons in 1999-2001 to 465 million tons in 2050, with milk yield
anticipated to almost twofold from 580 million tons to 1043 million tons. Most of this increase
is predicted to occur in low or middle income countries (FAQO, 2006). In developing countries,
the increasing demand for meat is forcing an extension of intensive agricultural activities into
the tropical rainforests, except in some of the African countries that are currently facing
droughts and dry periods. Therefore, there are growing concerns, especially in developing
countries, about the world's capability to provide meat in a fast growing human population

(Thornton, 2010).

Currently, livestock habit nearly a third of the world’s entire land surface, with the majority of
the land being permanent pasture, and the remaining arable land providing livestock feed
(McMichael et al., 2007). It is estimated that about 35% of greenhouse-gas emissions from
agriculture and land use globally emanates from livestock production. About 18% of
greenhouse-gas emissions emanates from the deforestation of forage land, soy-feed production,
accumulative feed-grains, soil carbon degradation, processing and transporting meat and
grains, use of nitrogenous composts, methane gas from animal fertilizer and enteric maturation;
and all contribute to global warming (McMichael et al., 2007; Stehfest et al., 2009). Therefore,
production systems are under preasure and must be improved and adapted due to their potential

contribution to climate change.



In SA, animal production is based on intensive and extensive production systems (Webb,
2013). Cattle production is the most important livestock sub-sector in SA and it contributes
about 25-30% to the total agricultural output per annum (Musemwa et al., 2008). In 2010, the
Department of Agriculture, Forestry and Fisheries (DAFF) reported that there were
approximately 14.1 million cattle in SA, 60% of which were owned by commercial farmers
and 40% by emerging and communal farmers (DAFF, 2010). Beef production raised from
512,000 tons in 2000 to over 750,000 tons in 2009, and this indicates a rise in production of
about 46.6%. In total, the number of cattle slaughtered yearly raised slightly by about 7% (from
2.7 million to 2.9 million) and beef consumption raised by just over 20% from 671,000 to
815,000 tons per annum during this period. Subsequently, it is evident that SA livestock
industry is unable to meet the demand for beef, due to a constant annual shortage of about 10%
(DAFF, 2010). Therefore, breeding objectives must be adjusted to accommodate the meat
demand of a growing SA population. The agricultural sector should source the scientific
knowledge, expertise and technology to respond to these challenges. The aim of this literature
review was to explore the challenges facing SA livestock production, with reference to beef

production and how this can be addressed given the availability of new next NGS technologies.

2.2. Indigenous cattle in Africa

Since the domestication of livestock approximately 10,000 years ago, cattle have played an
important role in human cultural and economic activities (Taberlet et al., 2011). Animals were
tamed to produce milk, meat and skins, leather and hides, for draft purposes on farms ploughing
and as transport for pulling wagons and carts, and also for other socio-economic functions
(Musemwa et al., 2008). The establishment of the indigenous cattle breeds of Africa was
closely associated with human development and migration (Strydom, 2008). About 180 cattle
breeds have been recognised in southern Africa, of which, 150 breeds are indigenous and others
are commercial composites or exotic (Rege, 1999; Mwai et al., 2015). However, the genetic
differentiation between these cattle breeds, and their ecotypes remain essentially

uncharacterized (Rege, 1999; Mwai et al, 2015).

Africa’s indigenous cattle incorporate various crosses between Hamitic longhorn cattle (Bos
taurus), zebu cattle (Bos indicus) and shorthorn cattle (Strydom, 2008). As the movement of
man proceeded southward through Africa, new cattle breeds (zebu and sanga-types) were

developed (Strydom, 2008). The zebu-type cattle include the Boran, Masai and Sokoto breeds,



while sanga-type (also known as Bos taurus africanus) includes the Afrikaner, Nguni, Pedi,
Mashona and Tuli (Hanotte et al., 2000; Strydom, 2008). Sanga cattle were introduced to SA
during the migration of the San and Sudanic Bantu tribes to southern Africa and the arrival of
Europeans during the 15" century (Bachmann, 1983). Bos taurus are humpless and include two
groups of humpless shorthorns and longhorns which are mainly found in Central and West
Africa. Bos indicus are humped and they are major cattle types in Africa. Bos indicus cattle
mostly originated from western and eastern parts of Africa, and the commercial taurine breeds,
with their crossbreds, are found everywhere across the world. Their substantial body mass and
greater production in tsetse-free areas have made these breeds more appealing to the local
farmers, which somewhat explains the abundance of these breeds and wide distribution
throughout Africa (Mwai et al., 2015). It has been noticed that there are no pure Bos indicus
on the African continent because all cattle carry taurine mitochondrial DNA (Mwai et al.,

2015).

During the migration of black tribes to southern African regions, Sanga cattle accompanied
them and adapted to these regions with diverse environments. For example, Nguni cattle
adapted in Kwazulu Natal, SA; Pedi cattle in Limpopo, SA; Nkone cattle in Zimbabwe and
Zambia; while Tswana and Tuli cattle were adapted in Botswana (Schoeman, 1989). The Nguni
breed is widely considered a beef breed with optimal production under harsh African conditions
and is regarded as a mainstay of traditional Zulu culture. The breed is variously patterned with

multi-coloured hides (Figure 1), is fertile, easy calving, has low maintenance requirements, and

Nguni Afrikaner

Figure 1: Nguni and Afrikaner cattle of South Africa. Pictures taken from zulucattle.com and
pinterest.com websites, respectively
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has a low susceptibility to parasites and tick-borne diseases (Scholtz, 1988; Mapholi et al.,
2014). These characteristics have made Nguni widely used as a dam line and it has been

promoted as a maternal breed (Rege, 2001).

Afrikaner cattle are usually deep red in colour with long spreading horns and can be found in
various geographical areas in and around southern Africa (Figure 1). The breed was widely
used for crossbreeding in extensive cattle production regions due to its adaptive characteristics
(Van Marle, 1974) and was used in the development of the Bonsmara breed (a SA composite).
The Afrikaner’s adaptive traits are complementary to the growth performance, fertility,
mothering ability and carcass quality of Hereford and Shorthorn that were used to develop the
Bonsmara breed (Bachmann, 1983; Rege, 1999; Strydom, 2008). Tuli is an indigenous breed
originated from Zimbabwe, and was derived from Tswana type cattle (Figure 2). Tuli was
introduced to SA in the early 1940s, and is adapted to local conditions with a unique ability to
utilise poor quality forages (Scholtz, 2010). The Drakensberger is also an indigenous SA breed
with a history that is not well documented (Figure 2). The breed is also known for its
adaptability, hardiness and resistance to tick-borne diseases and is often used in crossbreeding

programs as a dam line (Scholtz, 2010).

Drakensbherger Tuli

Figure 2: Drakensberger and Tuli cattle of South Africa showing different phenotypic characteristics.
Pictures taken from ultimatebeef.co.za.

Limited studies have been done to understand the genetic variation of indigenous SA breeds at
the level of the genome. Recent studies have focussed on the use of microsatellite markers and
available bovine SNP assays to determine the extent of genetic diversity among Nguni,

Bonsmara, Drakensberger, and Afrikaner cattle (Pienaar, 2014; Makina et al., 2014; Sanarana

11



et al.,, 2015). Other studies include the identification of genes for tick resistance and copy
number variation (CNV) in Nguni, as well as determining the extent of LD in SA cattle as
compared to the European taurine breeds (Wang et al., 2015; Makina et al., 2015; Mapholi et
al., 2015). These studies have provided a basis for understanding the genetic diversity and

variation among these cattle breeds.

2.3. Genetic variation in cattle

Genetic markers have been widely studied to assess the genetic variability among animals, as
they provide information from every region of the genome, regardless of the levels of gene
expression (Barcaccia et al., 2013). Before SNP data became accessible, pedigree information
was used to study the genetic variability and relatedness. However, the incomplete pedigree
data limited the extent of these studies and resulted in low prediction accuracies of Estimated
Breeding Values (EBVs) (Garcia-Ruiz et al., 2015). Microsatellite markers have been
extensively investigated for parentage testing (Koskinen, 2003; Kathiravan et al., 2012) and
some studies have explored their practical applications for tracing meat or dairy products at the
breed level (Negrini et al., 2008). It is now possible to study the genetic composition of a
population or breed using SNP data, without any previous knowledge of ancestry (Solkner et
al., 2010; Frkonja et al., 2012; Garcia-Ruiz et al., 2015).

Information about population structure can be used to study the histories of animals as well as
to remove outliers and correct for stratification in GWAS (Negrini et al., 2008; Garcia-Ruiz et
al., 2015). Population structure analysis explores whether there is any evidence that the samples
are from a homogeneous population or whether they represent a population containing
genetically distinct subgroups (Patterson et al., 2006). Breed composition on the other hand,
provides information on the extent of crossbreeding as well as the genetic effects of heterosis
and its diminution in advanced generations through recombination loss (Frkonja et al., 2012).
Therefore, a comprehensive understanding of breed characteristics and genetic composition is

required to facilitate their effective management (Sharma et al., 2015).

The extent of genetic diversity among populations has been studied using different analytical
methods based on marker information. Principal component analysis (PCA) is done to define
the breeds or populations’ similarity and can be superimposed with geographic information

(Lewis et al., 2011), while admixture analysis is used to define the genetic composition of
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individuals within populations (Yonesaka et al., 2016). ). PCA is frequently used to understand
the relationships among cattle breeds and it is also used to control for the effects of stratification
on false positive discovery in genome-wide association studies of admixed populations
(Bovine HapMap Consortium, 2009; Lewis et al., 2011). Admixture analysis is useful in
exploring the extent of genetic variation within and between population groups based on
genetic markers. It uses the DNA from multiple genetically distinct populations or breeds to
study groups at both individual and population levels (Frkonja et al., 2012). An admixed
individual’ genome with ancestry arising from several distinct progenitor populations, indicate
a mixture of chromosomal blocks, each following the statistics of variation in those populations
(Sundquist, 2008). By assessing polymorphisms in the admixed individual, the ancestral
origins of the individual’s haploblocks can be inferred under the assumption that there were K
ancestral populations (Sundquist, 2008). The size of these haploblocks will differ due to
random nature of recombination, but on average, they will be shorter as the number of

generations to the original crossbreeding event(s) increases (Garcia-Ruiz et al., 2015).

Persistence of chromosomal phase relationships allows the characterization of the extent of LD
at constant genomic distances between populations (De Roos et al., 2008; Garcia-Ruiz et al.,
2015). LD characterization is useful to determine if two or more populations can be analysed
jointly in genomic studies. This is because markers that are in LD in one population may not
be in LD in another population (De Roos et al., 2008). Therefore, in order to make significant
statistical population inferences, will rely on the persistence of allele phase relationships among

two populations (Lu et al., 2012).

Advances in identifying and genotyping variants now influence a more detailed understanding
of the global patterning of genetic variation (Kim et al., 2006). However, for populations that
were not represented in the SNP discovery that led to the design of the current assays, it is
unclear whether one or a couple of haplotype maps can provide useful information (Kim et al.,
2006). Studies proposed that LD characterised in a small subset of populations needs to be
expanded to include information about other populations (De Roos et al., 2008). This
information is needed to determine the LD patterns and the ancestral origins of genetic
variation present in indigenous SA cattle populations, and this will enable mapping of complex
traits, including adaptation and disease susceptibility (Campbell & Tishkoff, 2008). Therefore,
sequencing of local breeds is essential in order to discover more SNPs that can be included into

the existing SNP assays, to increase their density so that they can be compatible for use world-
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wide. Sequencing of local populations will not only help identify new SNPs, but will also assist
in understanding the composition of the local SA breeds, their genetic variability as well as

allow an increase in understanding of the extent of LD among markers assayed in these breeds.

2.4. Use of DNA technology in genomic selection

There is currently a potential to use genome-wide markers in animal breeding. Genomic
selection provides a more accurate estimation of breeding values earlier in the life of breeding
animals, giving more accurate selection and allows lower generation intervals (van der Werf,
2013). In domestic animals, for centuries, artificial selection has been based on phenotypic
characteristics of the animals, using selection index theory, and Best Linear Unbiased
Prediction (BLUP), which rely on mixed linear models. These methods allowed the use of
phenotypes of related individuals to estimate the breeding values for selection (Boichard er al.,
2016). The methods were successful in the selection of easy phenotypic traits such as coat
colour, body mass, milk yield and other important traits with moderate or high heritability, but
were not suitable for complex traits. The mapping of quantitative trait loci (QTLs) using genetic
markers have paved a way to marker-assisted selection (MAS), but also with limitatons in

identifying complex traits (Schuster, 2011).

South African ndigenous breeds such as Afrikaner, Drakensberger and Nguni have made major
contributions to livestock production because of their ability to adapt and produce in different
production systems (Abin et al., 2016). These breeds have been participating in animal
recording programmes and have an average complete pedigree recording in the first generation
varying from 88.5% for the Nguni to 92.5% for the Afrikaner (Abin et al., 2016). The
availability of the pedigree records have been essential for genetic evaluation using BLUP
model in determining the selection efficiency and actual genetic change (Mostert, 2007;
Groeneveld et al., 2009). However, crossbreeding and inbreeding within cattle breeds has been
reported to have negative effects on production and fitness traits in beef and dairy cattle
(Nazokkarmaher, 2016), and have contributed to loss of diversity in most cattle populations
(Pinaar et al., 2014). The use of a small number of selected genotypes increases the chance of
having undesirable recessive genes within a population, which may result in inbreeding
depression in the near future (Abin et al., 2016). Quantitative breeding methods such as
artificial insemination has resulted in more intense selection pressure on a number of traits of

economic importance, which could have contributed to an increase in production efficiency.
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Therefore, maintaining within-breed genetic diversity is essential for selection (Oltenacu &

Broom, 2010).

With the advert of molecular technology, genomic selection can now be accurately estimated
using DNA of an individual. Genomic selection has been used in dairy cattle, and has caused
a paradigm shift in dairy cattle breeding programs (Harris & Johnson, 2010; Boichard et al.,
2016). Genomic selection estimates a prediction equation in a reference population with
genotype and phenotype data. This prediction equation can then be used to predict the breeding
values in animals without phenotype data, and EBVs can be accurately calculated before sexual
maturity. This means that breeders can identify superior animals at earlier age (Schefers et al.
2012; Koopaee and Koshkoiyeh, 2014). The advancement in genotyping high-density SNP
chips and the associated reduction in the cost have resulted in large numbers of individuals
with genome-wide genotypic data. A large number of candidates can be screened, and selection
intensity can be increased. This large-scale screening allows a better use of the available genetic
resources (Bassi et al., 2016). The evaluation can be carried out for any trait of interest,
including complex traits, such as sex-limited, meat quality, and also disease resistance traits
(Boichard et al., 2016). Thus, genomic selection can be widely implemented in farm animals

once the accuracy of genomic selection is sufficient (Goddard 2012).

Genomic data also allow improved inbreeding estimates and characterize relationships based
on the specific regions of the genome, which can be used to effectively manage areas of low
genetic diversity or areas of reduced performance across economically important traits
(Biscarini et al., 2015; Howard et al., 2017). The use of these region-specific metrics should
allow breeders to efficiently manage the genetic value of the progeny and undesired side effects
associated with inbreeding. However, methods to identify regions affected by inbreeding and
reltated methods to manage the genome at the herd level, still need to be developed (Howard

etal., 2017).

2.5. Discovery of SNP markers

Whole genome sequencing has become one of the most important and effective methods for
exploring the genetic information present among species (Mei et al., 2016). The discovery of
genetic variants identifies markers with power to address various research questions (Imelfort

etal., 2009; Le Roex et al., 2012). Sequencing is the process of determining the precise identity
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of nucleotides within a deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) molecule
(Kumar et al., 2012). Since its inception in 1977, sequencing has enhanced the field of
genomics and has increased understanding of the structure and composition of animal genomes
(Su et al., 2011, Kumar et al., 2012). Advances in sequencing technologies have led to the
generation of large amounts of genomic data in a very short period, and these developments

have assembled large catalogs of genetic variation in livestock species (Kumar et al., 2012).

Since the accomplishment of the human genome and the HapMap projects, DNA sequencing
and resequencing of members of several livestock species has been accomplished. This
includes chicken (Groenen et al., 2000), cow (Bovine HapMap Consortium, 2009), pigs
(Ramos et al., 2009), horses (Wade et al., 2009), turkey (Archibald et al., 2010), sheep (Aslam
et al., 2012), goat (Tosser-Kloop et al., 2014), as well as other domestic animals such as dogs
and cats (Lindblad-Toh et al., 2005; Pontius et al., 2007). Whole genome sequencing strategies
for assembling the genomes for most of these animals were directly taken from the human
genome sequencing project and combine whole-genome shotgun and BAC-to-BAC
sequencing (Fan et al., 2010). However, due to the rapid development of the NGS technologies,
these strategies have been modified for the generation of reference genomes for different

species (Fan et al., 2010).

The first bovine genome was sequenced by the Baylor College of Medicine using a
combination of whole genome shotgun sequencing as well as BAC-to-BAC sequencing
(Bovine HapMap Consortium, 2009). Another genome assembly based on the same sequence
data was subsequently released by the University of Maryland and this assembly was annotated
(Zimin et al., 2009). The two assemblies vary based on the approaches used to assemble the
sequence reads, and the availability of these assemblies has provided a valuable resource for
genomic studies in beef cattle (Rolf et al., 2010). Through the development of sequencing
methods, several breeds have also been sequenced to discover millions of SNPs, e.g. Bos taurus
breeds such as Hereford, Angus, Hanwoo, Yanbian, and Japanese native cattle, Bos indicus
breeds such as Brahman, AFR, Gir, Tuli and Nellore, dairy cattle (Holstein, Fleckvieh), and a
number of other breeds (Van Tassell et al., 2008; Matukamalli et al., 2009; Stothard et al.,
2011; Barris et al., 2012; Canavez et al., 2012; Choi et al., 2013; Choi et al., 2015). These data
have provided basis for genetic analysis of complex traits in cattle (Le Roex et al., 2012), as
well as providing comprehensive data for relative genomics studies on the function and

evolution of important genomic regions and genes (Fan et al., 2010).
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Sequencing the genomes of individual animals using NGS methods led to the development of
SNP assays that have been widely used worldwide in cattle (Fan et al., 2010). The first high-
density and high-throughput genotyping assay (10K) was developed in 2005 (The Bovine
HapMap Consortium, 2009), and was commercialised by Affymetrix. However, the SNP’
density on this assay was considered inadequate for genomic studies such as genomic selection
(GS) and GWAS, and there was a need for a higher density assay. Later, a consortium of animal
scientists, using SNP discovery data from Holstein, Angus and other beef cattle breeds,
developed the BovineSNP50 assay (Van Tassell et al., 2008) and this SNP assay was
commercialised by Illumina early in 2008. The assay provided much higher density (~50,000
SNPs per animal) compared to previous assays (Matukumalli et al., 2009) and has been

globally recognised as the standard for population studies, GWAS and GS in cattle.

The Ilumina BovineSNP50 assay has proven to be more adequate for different genomic
studies, however, higher density assays were developed later to enable building models for GS
with utility across the breeds. These assays have played important roles in a broad range of
genetic studies, e.g., population studies in cattle (Wilkinson et al., 2011, Edea et al., 2013;
Makina et al., 2014, Decker at al., 2014), checking the number of markers needed to form a
genomic relationship matrix (Rolf et al., 2010), and resolving the evolutionary relationships
among horned ruminants (Decker et al., 2009; MacEachern et al., 2009). Other applications
include predictions for GS (Hayes et al., 2009), GWAS (Hayes et al., 2010; Bolormaa et al.,
2011), whole-genome LD patterns (Qanbari et al., 2010) and CNV detection (Hou et al., 2011).

2.6. DNA sequencing methods

Over the past few years, there has been a major shift from the application of automated Sanger
sequencing (first-generation sequencing) for genome analysis. Sanger sequencing is a DNA
sequencing method based on the chain terminating of di-deoxynucleotides selectively
incorporated by DNA polymerase during in vitro DNA replication (Sanger and Coulson, 1975,
Jain et al., 2013). This method was the most widely used sequencing method for approximately
two decades and has contributed to a number of large scale projects including the completion
of the human genome sequence (Chial, 2008; Barba et al., 2014). The limitations of Sanger
sequencing showed a need for improved technologies for sequencing large numbers of human
and animal genomes (Hert et al., 2008; Barba et al., 2014), and more recently, Sanger

sequencing has been replaced by NGS methods (Morozova & Marra, 2008). However, the
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Sanger method remains widely used for small-scale projects, validation of NGS results and for

locating long contiguous DNA sequence reads (> 500 nucleotides) (Metzker, 2010).

After Sanger sequencing was discovered, Applied Biosystems (ABI) introduced the first
automatic sequencing machine, the ABI 370A in 1986, adopting the capillary electrophoresis
that made sequencing faster and more precise (Collins et al., 2003; Liu et al., 2012). These
successes greatly influenced the development of powerful novel sequencing instruments to
increase speed and accuracy, while reducing cost and labour at the same time (Liu et al., 2012).
Due to the low throughput and high cost of the first-generation methods, the second-generation
sequencing (SGS) was introduced in 2005, i.e., [llumina second-generation sequencing (Schadt
et al., 2010; Indap et al., 2013). These tools were highly recognised due to sequencing a large
number of DNA molecules in parallel (sequencing hundreds of gigabases in a single run) at a
reasonable cost (Schadt et al., 2010; Indap et al., 2013). Subsequently, the single-molecule
sequencing (SMS) technologies emerged (third/next-generation sequencing) which offer

advantages over the first and SGS technologies (Schadt et al., 2010; Heather & Chain, 2016).

The NGS technologies were designed to achieve higher throughput capacity, faster turnaround
time and longer read lengths to enhance de novo assembly (Schadt et al., 2010; Pareek et al.,
2011; Lee et al., 2013). They also enabled the direct detection of haplotypes and rare variants
with small amounts of DNA and at low cost (Schadt et al., 2010). NGS can be used for
sequencing whole genomes or can be targeted to specific region of interest, e.g., all coding
genes (a whole exome) or individual genes (Behjati & Tarpey, 2013). The methods can capture
a broader spectrum of mutations and can interrogate the genome without bias. Different
platforms have been used to detect genetic variants using different sequencing technologies
(Imelfort et al., 2009; Behjati & Tarpey, 2013), this includes ABI SOLiD, Illumina Genome
Analyzer, Illumina HiSeq and Roche 454 platforms. These platforms provide fast and more
cost-effective approaches for generating sequence data and discovery of genetic markers
(Voelkerding, 2009; Le Roex et al., 2012). Each platform has its own specific chemistry for
template preparation, sequencing and data analysis, and therefore, has its own advantages and

disadvantages (Le Roex et al., 2012).
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2.7. Variant detection and the use of SNP assays

One of the objectives of livestock genomic research is to detect the genetic variations
responsible for difference in phenotypic traits, particularly economic important traits.
Characterization of these genetic variants is important for linking genomic regions or genes to
phenotypes (Stothard et al., 2011). A large number of genetic variants, especially SNPs, have
been discovered in livestock species and deposited in publicly accessible databases, of which,
most of the data came from the 1000 Bull Genomes Project. This facilitated mapping of
monogenic and complex traits in cattle (Daetwyler et al., 2014; Iso-Touru et al., 2016). Some
of the data comes from the bovine HapMap project (The Bovine HapMap Consortium, 2009),
the Bovine Genome Project (Elsik et al., 2009), and large-scale SNP discovery projects (Van
Tassell et al., 2008). Nonetheless, there is still much genetic variation that need to be discovered

(Stothard et al., 2011).

Comparative studies between the genomes of the domestic animals and human have shown a
high level of conservation and orthology for protein coding genes. However, more variations
have been observed in non-coding regions, especially the intergenic repetitive regions, known
to be one of the major forces driving evolution (Fan et al., 2010). The HapMap studies also
discovered abundant genetic variations within and between domestic breeds. Most of these
variations were discovered by large-scale genotyping of SNPs and insertions or deletions
(Indels) of DNA fragments with different sizes, such as CNVs, which is predicted to partly

contribute to the phenotypic variation of domestic animals (Fan et al., 2010).

A large number of genetic variants that were discovered within the genomes of livestock
animals were SNPs that required validation due to sequencing errors (Fan et al., 2010; Eynard
et al., 2016). Candidate SNPs for assay design were validated and SNPs with a high MAF in
the sequenced populations were selected (i.e., Euopean taurine breeds). Consequently, the
majority of developed SNP chips targeted SNPs that had approximately uniformly distributed
allele frequencies, and from a subset of economically important European taurine populations
(Eynard et al., 2016). This led to an ascertainment bias in the initial selection of markers since
there was an over-representation of polymorphisms with high MAF and under-representation
of polymorphisms with low MAF, which may affect inferences about populations (McTavish
& Hillis, 2015). Since the SNPs were selected from certain subpopulations and geographic

regions, these factors have influenced variability in ascertainment bias (Heslot et al., 2013).
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Thus, sample sizes and the populations in which SNPs were discovered (e.g., European taurine
cattle breeds) have affected the characteristics of sampled genetic variants. Therefore, the assay
causes the allele frequency distributions to be shifted towards lower frequency alleles, and the
LD to be reduced in breeds that are more distantly related to the breeds in which the SNPs were
discovered (Porto Neto et al., 2013; Matimba et al., 2009).

The current bovine SNP genotyping assays have successfully been used in a population study
in five South African cattle breeds (Makina et al., 2014). Limitations were, however, found for
the detection of selection signatures in indigenous SA cattle (Makina et al., 2015) due to SNP
ascertainment bias, and small sample sizes. These assays seem to be more appropriate for
studies of European taurine breeds, and contain SNPs that are less informative in the local SA
breeds. The analysis of the available genotypes for indigenous SA cattle tended to have
significantly lower MAF and LD levels as compared to European taurine breeds (Makina et
al., 2013) and generally failed to reveal common variation within indigenous SA breeds
(Matukumalli et al., 2009). This will also affect the utility of GS in local breeds, detection of
QTLs, and identification of genes associated with economically important traits in local breeds

(Pool et al., 2010).

2.8. Conclusion

The NGS technologies provide a platform for the discovery of substantial numbers of SNPs in
indigenous breeds. Sequencing of genomes has the potential to reveal millions of SNPs that
may contribute to explaining the genetic composition and relationships among breeds. With
the increased efficiency of sequencing using NGS technologies, genes and chromosomal
regions that create phenotypes in response to the environmental factors may be identified. The
question of how animals respond to different environmental models (e.g., nutrition) at the
molecular and cellular levels could also be addressed. It is clear that NGS technologies will
assist animal scientists to efficiently raise animals and to improve them for long-term

sustainable livestock production, including reducing the susceptibility to infectious diseases.
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Abstract

Access to genotyping assays enables the identification of informative markers that discriminate
between cattle breeds. Identification of these markers can assist in breed assignment, improvement
and conservation. The objective of this study was to identify breed informative markers to discriminate
between three South African indigenous cattle breeds. Data from BovineSNP50 and GeneSeek
Genomic Profiler (GGP-80K) assays were generated for Afrikaner, Drakensberger and Nguni, and were
analysed for their genetic differentiation. Hereford and Angus were included as outgroups. Breeds were
differentiated using principal component analysis (PCA). Single-nucleotide polymorphisms (SNPs)
within the breeds were determined when minor allele frequency (MAF) was = 0.05. Breed-specific SNPs
were identified using Reynolds Fs; and extended Lewontin and Krakauer's (FLK) statistics. These SNPs
were validated using three African breeds, namely N'Dama, Kuri and Zebu from Madagascar. PCA
discriminated among the breeds. A larger number of polymorphic SNPs was detected in Drakensberger
(73%) than in Afrikaner (56%) and Nguni (65%). No substantial numbers of informative SNPs (Fst = 0.6)
were identified among indigenous breeds. Eleven SNPs were validated as discriminating the indigenous
breeds from other African breeds. This is because the SNPs on BovineSNP50 and GGP-80K assays
were ascertained as being common in European taurine breeds. Lower MAF and SNP informativeness
observed in this study limits the application of these assays in breed assignment, and could have other
implications for genome-wide studies in South African indigenous breeds. Sequencing should therefore
be considered to discover new SNPs that are common among indigenous South African breeds and
also SNPs that discriminate among these indigenous breeds.

Keywords: Beef cattle, genetic differentiation, minor allele frequency, polymorphisms
#Corresponding author: zwanea@arc.agric.za

Introduction

In southern Africa, livestock has always played a vital role in the agricultural economies of
countries such as South Africa, Namibia and Botswana, where commercial livestock enterprises,
smallholder and communal farming contribute to food production, social needs and the general
wellbeing of rural households (Bettencourt et al., 2013). The demand for animal protein is increasing.
Meeting this demand will require more efficient production to ensure long-term sustainability of
production and environmental conservation (Otten & Van den Weghe, 2011). Developing countries are
often richly endowed with indigenous livestock resources that are well adapted to environmental
challenges, but lack productivity (Mwai et al., 2015) in milk and meat production compared with imported
commercial breeds (Renaudeau et al., 2012).

South African indigenous cattle have unique morphological features that distinguish them from
other cattle breeds (Makina et al., 2014). These breeds include Nguni, Afrikaner and Drakensberger,
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known as Sanga cattle, which belong to the subspecies Bos taurus africanus. Sanga cattle breeds
originated from eastern and northern Africa, the home of Sanga and Zenga cattle. Sanga are possibly
crossbreds between the indigenous humpless cattle (Bos taurus) and Zebu (Bos indicus), whereas
Zenga are crossbreds between Zebu and Sanga (Rege, 1999). These breeds inhabit eastern and
southern Africa and are known to be well adapted to harsh environmental conditions (Okello & Sabiiti,
2006). Nguni cattle are recognized for their ability to survive when exposed to high temperatures and
low-quality grass and for their resistance to parasites and tick-borne diseases (Scholtz, 1988; Mapholi
et al., 2014). The Afrikaner is a hardy beef cattle breed, known for its adaptation to harsh conditions. It
was used in the development of the Bonsmara, a South African composite breed (Van Marle, 1974;
Mason, 1996; Strydom, 2008). The Drakensberger is known for its adaptability, especially to Sourveld
regions and is regarded as one of the local indigenous breeds of South Africa. Its origin and history
have not been well documented (Scholtz, 2010). Other commercial breeds such as Angus and Hereford
have been continuously selected for production traits including beef yield (Scholtz, 2010; Kugonza et
al., 2011). Hereford and Angus are common European taurine breeds that were introduced to South
Africa in 1892 and 1895, respectively (Hanotte et al., 2002; Scholtz, 2010). These breeds are well
known internationally, and possess good mothering ability, good growth rate, early marketability,
grazing performance and good temperament (Vasconcellos et al., 2003). The Hereford has contributed
to the development of the South African beef industry through its role in the development of the
Bonsmara breed (Scholtz, 2010).

South African beef cattle are genetically diverse. However, certain populations have been
identified as critically endangered, namely Pedi and Shangaan cattle (both South African Sanga) (Rege,
1999; Mwai et al., 2015). Indigenous breeds are often subjected to indiscriminate crossbreeding with
exotic breeds to improve production, especially in rural areas. However, this practice leads to the loss
of genetic diversity. The future utilization of indigenous genetic resources depends on their
conservation, promotion and improvement (Frese et al., 2014). There is an urgent need to characterize
South African indigenous cattle populations using genomic information to enhance their productivity
and to inform on their utilization in breeding programmes (Hanotte et al., 2010; Mwai et al., 2015).
However, there is limited knowledge of their genetic composition (e.g., Makina et al., 2014).

Knowledge of breed composition may enable better understanding of the basis of adaptive traits
of cattle in their own production environments, which is critical for genome-wide association studies
(Kuehn et al., 2011) and for the assigning individuals to their population of origin (Sanz et al., 2014).
Furthermore, understanding the breed composition of these cattle populations could be useful in
predicting heterosis (Kuehn et al., 2011), and assisting with the proper management of genetic
resources for long-term sustainability (Gorbach et al., 2010).

Several studies have shown the utility of SNP markers for breed differentiation and individual
assignment (Yoon et al., 2008; Negrini et al., 2009; Pariset et al., 2010; Kuehn et al., 2011; Lewis et al.,
2011; Wilkinson et al., 2011; Dimauro et al., 2013; Hulsegge et al., 2013). Individual assignment uses
genetic information to allocate an individual to a population and to determine the origin of unknown
individuals (Negrini et al., 2008). Methods of selecting informative markers to discriminate among
breeds and assign individuals to their population of origin have been described (Negrini et al., 2009;
Ramos et al., 2011; Wilkinson et al., 2011; Opara et al., 2012). A relatively small number of SNPs can
be used to elucidate the genetic structure among breeds (Wilkinson et al., 2011), and only a small set
of informative SNPs, if chosen appropriately, may be needed for accurate breed assignment (Mackay
et al., 2008; Hulsegge et al., 2013; Martinez-Camblor et al., 2014). High-density SNP assays, such as
the BovineSNP50 and bovine high-density (BovineHD) are now available with large numbers of SNPs
from which the most informative SNPs can be selected for breed assignment (Matukumalli et al., 2009).
The objective of this study was to identify breed informative SNPs for differentiating among the three
South African cattle breeds using genotype data generated with the BovineSNP50 and GGP-80K
assays.

Materials and Methods

Genotype data generated from previous projects were available for this study (Makina et al.,
2014). Data from five breeds were studied, including three indigenous South African breeds (20
Afrikaner, 48 Drakensberger and 47 Nguni) and two exotic British breeds (31 Angus and 33 Hereford),
genotyped with the Illumina BovineSNP50 (lllumina, San Diego, Calif, USA) and GGP-80K assay
(Neogen, Lincoln, Nebr., USA). Angus and Hereford were considered outgroups in this study because
these breeds were included in the development of the BovineSNP50 chip. Afrikaner and Hereford,
genotyped with the GGP-80K assay, were provided by the Department of Animal & Wildlife Sciences

37



at the University of Pretoria, while Angus, Drakensberger and Nguni, genotyped with the BovineSNP50
assay, were provided by the Agricultural Research Council (ARC).

BovineSNP50 BeadChip genotypes for 54 609 SNPs and GGP-80K assay genotypes for 88 683
SNPs were available, respectively. These chips contain highly informative SNPs that are evenly
distributed throughout the autosomal genome of the major European cattle breeds (Michelizzi et al.,
2011). The GGP-80K assay consists of SNPs common to taurine cattle that were derived from the
BovineSNP50 and BovineHD assays, but includes variants derived from these assays that are common
in Bos indicus (Edea et al., 2015). Genotypes from the two genotyping platforms were merged and
SNPs that were common to both BeadChips (i.e., 28 261 SNPs) were used for the analysis. The
markers were next filtered within breeds to remove those with call rates of less than 98% and samples
with more than 10% missing genotypes. After applying these filters, 26 472 SNPs remained for further
analysis. To evaluate that the genotypes had been called with the same lllumina format for both assays,
sets of Afrikaner (‘afr’, n = 48), Hereford (‘hfd’, n = 20) and Angus (‘ang’, n = 20) animals genotyped
with the lllumina BovineSNP50 chip and called with the lllumina A/B format were included in the analysis
(Makina et al., 2014; Decker et al., 2014). Furthermore, three breeds originating from Africa (N'Dama
(Bos taurus taurus), Kuri (Bos taurus taurus) and Zebu from Madagascar (Bos taurus indicus) (Decker
et al., 2014), also genotyped using BovineSNP50 chip, were used to compare the indigenous South
African breeds with these other African breeds. These breeds were among the several African breeds
in the dataset, but were selected based on their demographic location since no breeds originate from
neighbouring countries to South Africa.

Allele frequency estimates for each SNP marker were used to determine its utility for breed
differentiation. To examine the basic indices of genetic variability between the breeds, allele frequency
distributions and the proportion of SNPs were estimated within a breed using PLINK version 1.09
(Purcell et al., 2007). SNP proportions by MAF = 0.05 were determined for each breed (Edea et al.,
2012; Grasso et al., 2014; Edea et al., 2015). Within-population genetic diversity was estimated by
calculating observed heterozygosity (Ho), expected heterozygosity (He) and mean inbreeding for each
population using GoldenHelix SNP & Variation Suite (SVS) software (GoldenHelix Inc., Bozeman, Mont,
USA) (Grasso et al., 2014).

For genetic structure analysis with PCA, 26 472 SNPs were further filtered across breeds to
remove SNPs with call rates < 98%, MAF < 0.01 or with P-value for a chi-square test for Hardy-Weinberg
equilibrium (HWE) <0.0001 (Lee et al., 2013). SNPs were filtered to avoid the effects of ascertainment
bias on diversity indexes and genetic distances (Edea et al., 2015). The average proportion of alleles
shared between animals was calculated using PLINK using the commands - - cluster and - - distance-
matrix and the resulting matrix was used to generate the PCA plots (Kijas et al., 2012). The genotypes
from ‘afr’, ‘hfd’ and ‘ang’ were used to check for the possibility of assay or genotyping call effects
between the two datasets (BovineSNP50 and GGP-80K), using PCA analysis (Gurdasani et al., 2015).

Breed-specific markers were determined by identifying markers with MAF = 0 (Grasso et al.,
2014). A SNP was declared to be breed specific when it possessed an allele that was present in only
one breed (Ramos et al., 2011). To find the SNPs that distinguished between the breeds, pairwise Fst
(Weir & Cockerham, 1984; Weir, 1996) and an FLK statistic (Lewontin & Krakauer, 1973) were
calculated between each pair of breeds (Wilkinson et al., 2011; Fariello et al., 2013). Pairwise Fs; was
calculated using SVS software and the FLK statistics were calculated with the haplotype-based method
in hapFLK (Bonhomme et al., 2010). The method uses the genetic distance of Reynolds et al. (1983),
and builds the population relationship tree using the neighbour-joining algorithm applied to the matrix
of Reynolds distances for a specified outgroup (e.g., Angus in this study). SNP pairs with high FLK
values (P <0.001) and Fs; values of 0.60 or greater were selected for each breed comparison (Nishimura
et al., 2012).

Results

The average MAF observed for Afrikaner, Drakensberger, Nguni, Hereford and Angus is shown
in Table 1. There were no differences between the indigenous and the exotic breeds for the proportion
of SNP with MAF = 0.01. A small difference was observed between the Afrikaner and Nguni populations
for the proportion of SNP with MAF = 0 and MAF = 0.01. However, for both MAF criteria, the
Drakensberger and Angus (a taurine breed) were similar. Less than 1% of the SNPs were fixed within
the South African indigenous cattle (data not shown).

As shown in Figure 1, approximately 80% of the markers had MAF = 0.01, while 65% of markers
were highly polymorphic with MAF = 0.05 across the South African indigenous breeds. In the
Drakensberger, 73% of the markers were highly polymorphic, which was greater than in Angus (68%).
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The Afrikaner had the lowest proportion of polymorphic SNPs compared with the other breeds. Angus
and Hereford generally had high levels of polymorphism. Table 2 presents the measure of Ho, He and
average inbreeding coefficients. There was low observed heterozygosity (Ho) in Hereford compared
with the other breeds (Table 2).

A principal component analysis was performed to evaluate the genetic structure and affinities
among the five populations included in this study. Figure 2 illustrates the clustering of the five breeds,
showing the separation of indigenous South African breeds and exotic breeds (Angus and Hereford).
The cluster also shows the relationship between the Drakensberger and exotic breeds. The cluster of
the five breeds with ‘afr’, ‘hfd’ and ‘ang’ showed that the observed pattern of clustering separated these
populations based on their relatedness rather than on their genotyping platforms (BovineSNP50 versus
GGP-80K) or sample batches, as shown in Figure 3. These PCA results, as expected, show that the
indigenous populations cluster closer to each other in comparison with the exotic breeds.

Table 1 Average minor allele frequency (MAF) and standard deviations (SD) in Afrikaner (AFR),
Drakensberger (DRA), Nguni (NGI), Angus (ANG) and Hereford (HFD) cattle breeds

Population Breed No. of animals Mean + SD Mean £ SD Mean + SD
) (MAF 2 0) (MAF 2 0.01) (MAF 2 0.05)
Indigenous breeds
Afrikaner AFR 20 0.20 + 0.159 0.24 + 0.146 0.25+0.138
Drakensberger DRA 48 0.26 + 0.145 0.26 + 0.142 0.28 £ 0.130
Nguni NGI 47 0.21+0.158 0.23 +0.151 0.27 £ 0.133
Outgroup taurine breeds
Hereford HFD 33 0.28 £+ 0.142 0.29+0.136 0.30 £ 0.126
Angus ANG 31 0.26 + 0.147 0.27 £ 0.139 0.29 £ 0.126
0,9
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Figure 1 Single-nucleotide polymorphism and monomorphism as determined by minor allele

frequency = 0, MAF = 0.01 and MAF = 0.05 thresholds for each breed (AFR: Afrikaner; DRA:
Drakensberger; NGI: Nguni; ANG: Angus; HFD: Hereford).
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Table 2 Indexes of genetic diversity in South African cattle breeds

Breed Breed Observgd Expectt_ad Mean i_nl_areedi_ng
group heterozygosity (Ho) heterozygosity (He) coefficient (fi)

AFR Sanga 0.22 0.22 0.00

ANG Taurine 0.25 0.24 0.03

DRA Sanga 0.26 0.25 0.01

HFD Taurine 0.20 0.20 -0.02

NGI Sanga 0.24 0.23 -0.01

AFR: Afrikaner; DRA: Drakensberger; NGI: Nguni; ANG: Angus; HFD: Hereford

To examine the influence of indicine introgression in the indigenous South African breeds, PCA
of allele sharing was performed between South African and the other African populations (N'Dama
(NDAM), Kuri (KUR) and Zebu from Madagascar (ZMA) breeds) (Figure 4). This analysis showed a
clear separation between the South African and other African breeds. The clustering still placed
Drakensberger on the diagonal axis between European and African taurine breeds. Regardless of the
analytical method or subset of breeds analysed, these three groups were consistently observed to be
highly differentiated. SNPs with highly differentiated allele frequencies were identified using pairwise
Reynolds Fst and hapFLK analyses. From this analysis, 325 informative loci, for example SNPs with
Fst = 0.6, were identified between South African breeds, but the hapFLK analysis provided little
evidence of the existence of highly breed informative SNPs in these data (P >0.001).
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Figure 2 Principal component analysis for population structure in South African cattle populations
showing first two principal components for all the breeds. (AFR: Afrikaner; DRA: Drakensberger; NGI:

Nguni; ANG: Angus; HFD: Hereford).
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Figure 3 First two principal components for the eight breeds (five breeds including second Afrikaner
(afr), Hereford (hfd) and Angus (ang) group genotyped with BovineSNP50K). (AFR: Afrikaner; DRA:
Drakensberger; NGI: Nguni; ANG: Angus; HFD: Hereford).
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Figure 4 Clustering of five South African cattle breeds and three African breeds showing separation
among the breeds. (AFR: Afrikaner; DRA: Drakensberger; NGI: Nguni; ANG: Angus; HFD: Hereford;
NDAM: N'Dama; KUR: Kuri; ZMA: Zebu from Madagascar).
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Analyses of South African breeds with African breeds (N’'Dama, Kuri and Zebu from
Madagascar) revealed a set of informative SNPs that differentiate the South African indigenous and
other African (taurine x indicine) breeds. Differentiated regions were identified on nine chromosomes
(Table 3), containing SNPs with high FLK values. Furthermore, these SNPs were checked against a
SNP allele frequency database at the University of Missouri to determine whether they were fixed only
in the African breeds. This revealed that both alleles at each SNP segregated in at least 30 other cattle
breeds for all SNPs (data not shown). Consequently, the SNPs producing high FLK values did not
possess alleles that were specific to the African breeds, but are sufficiently skewed in frequency to
differentiate South African cattle breeds from other African breeds.

Table 3 Informative single-nucleotide polymorphisms that discriminate between South African and
African breeds

SNP Chromosome Position MAF
No
BTB-00187975 4 57553315 0.13
BTB-00432889 10 62653672 0.11
BTB-01642403 24 6512738 0.48
BTB-00363099 8 84738093 0.11
ARS-BFGL-NGS-14285 1 30024945 0.40
BFGL-NGS-109801 17 55713369 0.37
ARS-BFGL-NGS-34121 21 32113699 0.18
BTA-70284-no-rs 4 41895490 0.46
ggg?:gap‘m”'BTA' 1 142370512 0.14
ARS-BFGL-BAC-27254 20 44861949 0.42
BTA-118486-no-rs 19 21716537 0.32

SNP: Single nucleotide polymorphism; MAF: Minor allele frequency

Discussion

The analyses performed in this study were conducted to identify breed informative markers for
use in discriminating among indigenous South African cattle breeds using the BovineSNP50 and GGP-
80K data. A number of studies have shown the usefulness of SNP data for identifying breed informative
SNPs for discrimination among breeds (Negrini et al., 2009; Wilkinson et al., 2011; Nishimura et al.,
2012; Edea et al., 2012). Although the BovineSNP50 and GGP-80K assays were designed to contain
variants that were common to taurine breeds, the authors decided to test their usefulness in identifying
informative SNPs to discriminate between South African indigenous cattle breeds. The differences
between cattle breeds for the mean MAFs ranged from 0.20 to 0.29 with an average of 0.24 (SD =
0.143) and were similar to those observed in previous studies (Chan et al., 2008; Edea et al., 2012).
Studies have shown that MAF limits the utility of markers in association studies owing to the effects of
rare alleles that are difficult to estimate (Gurgul et al., 2013). Although rare and fixed alleles could be
used to explain the distinct loci in a particular population, they may account for the reduced percentage
of informative markers within the breeds (Dadi ef al., 2011). SNPs with low MAF have a frequency
imbalance between the two allelic groups, which may reflect functional importance (Cargill et al., 1999).

The differences in allele frequencies among the breeds may be caused by genetic drift, selection
to adaptation to the local South African environment or ancient divergence among founder populations
(MacEachern et al., 2009, Dadi et al., 2012). The lowest average MAF was observed in Afrikaner (0.20).
Drakensberger had a higher average MAF compared with the Afrikaner and Nguni. This agrees with
the study by Makina et al. (2014), which revealed the closer relationship of Drakensberger to the
European taurine breeds. The overall MAF in South African indigenous breeds was lower compared
with the European taurine breeds, which may be due to ascertainment bias in the design of the
BovineSNP50 assay. McKay et al. (2008) also found a lower average minor allele frequency for Bos
indicus than for Bos taurus breeds. The lower MAF in Bos indicus could again reflect the lower
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representation of indicine populations in the design of these assays such that common loci identified in
taurines are generally not the most common in indicines (Chan et al., 2008; Edea et al., 2012; Espigolan
et al., 2013). Therefore, it is possible that the SNPs that have been identified as being useful in one
population may not necessarily be as useful in another (Allen et al., 2010). The differences in observed
allele frequencies among breeds show the genetic diversity that exists within and between the breeds
(Allen et al., 2010).

The proportion of SNP polymorphisms that was common to South African indigenous cattle
breeds was generally lower than for the two British breeds, except for Drakensberger. This result was
expected because these breeds were included in the design of the bovine SNP assays. The higher
level of polymorphisms in Drakensberger is likely related to the admixture that occurred in the
development of the breed, which was observed by Makina et al. (2014). The higher degree of SNP
polymorphisms than the observed monomorphic SNPs in indigenous breeds could have contributed to
the inability to find SNPs with alleles that are specific to South African indigenous breeds, and could
have other significant impacts on the design and application of marker association studies in South
African populations. Studies have indicated that the majority of the SNP markers on the BovineSNP50
BeadChip were discovered in Angus, Holstein and Hereford (Van Tassell et al., 2008) and could have
influenced the level of SNP informativeness in such a way that the breeds used in the discovery process
show higher MAFs and SNP variability, manifested in this study in Angus and Hereford compared with
the South African indigenous breeds.

The separation of indigenous South African breeds from Angus and Hereford populations was
consistent with the current understanding of ancestry and population structure in South African
populations (Makina et al., 2014). It was also in agreement with insights from previous studies that
included partially overlapping populations (Decker et al., 2014). Since subsets of animals from the same
breed that were genotyped on assays clustered closely (Figure 3), this indicates that there were no
assay or genotyping effects from differences in ascertainment bias, genotyping accuracy, allele calling
or other technical variables between the genotyping platforms (Gurdasani et al., 2015).

The Fst measure for genetic differentiation (Willing et al., 2015) and the FLK test, which accounts
for unequal population size and the hierarchical structure of relationships among the populations
(Bonhomme, 2010), provided little evidence of the existence of breed informative SNPs from these
genotyping platforms in indigenous South African breeds. This could be because of lower MAF and
high SNP polymorphisms observed between these breeds (Tabangin et al., 2009). It is generally
considered that uninformative markers (i.e., low MAF loci) add variability and noise to the results and
compromise the power of population genetic studies (Liu et al., 2005). However, effective exploration
of other SNP identification methods, such as genome resequencing, could help to identify the most
informative markers, and produce an optimal minimum set of markers that could accurately and
efficiently differentiate among populations (Ding et al., 2011).

The cluster of South African indigenous breeds and other African breeds sampled from Decker
et al. (2014) enabled the identification of the regions in the genome that discriminate between the
populations. Eleven identified SNPs with higher Fst values (>0.6) and higher FLK best described the
distinctiveness of the breeds. These SNPs were useful in segregating the South African breeds from
the other African breeds. The numbers of SNPs, however, were lower than the 18 informative SNPs
found between Japanese Black and Holstein by Nishimura et al. (2012) using BovineSNP50 data. This
is consistent with the development of the assay in which SNPs with a high MAF across taurine breeds
were preferentially selected in the assay design. Consequently, sets of randomly chosen SNP markers
in taurine breeds may have sufficient genetic information to produce moderate levels of power to assign
individuals to other taurine breeds (Wilkinson et al., 2011). Therefore, the allele frequency distribution
within other breeds reveals that the 11 identified SNPs do not possess breed-specific alleles. This
suggests that the sequencing of indigenous South African breeds should be considered to identify a
large number of informative SNPs specific to discriminating among South African breeds.

Conclusion

The levels of genetic variation for SNPs on the BovineSNP50 and GGP-80K assays identified in
this study indicate that these assays have utility for genetic studies in South African populations. The
lower average MAF in the indigenous South African breeds reduced the effectiveness of the assays for
the selection of breed-informative markers. This may affect their utility in downstream genomic
applications. The assays were not adequate for identifying breed informative markers allowing for a
small subset of markers to be used to differentiate between the South African indigenous breeds and
African breeds. Therefore, identification of SNPs with breed-specific fixation of alternate alleles appears
to require the whole genome sequencing of pools of DNA from individuals from the local cattle breeds
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to avoid the biases inherent to SNP assays. This would help to overcome the challenge of
ascertainment bias, and would improve the MAF distribution of variants available for genotyping South
African indigenous breeds.
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Abstract

Single nucleotide polymorphism arrays have created new possibilities for performing genome-
wide studies to detect genomic regions harbouring sequence variants that affect complex traits.
However, the majority of validated SNPs for which allele frequencies have been estimated are
limited to European breeds. The objective of this study was to search for new SNPs in three
indigenous SA breeds (Afrikaner, Drakensberger and Nguni) using next generation
sequencing. DNA samples from 30 individuals from each of the three breeds were equimolar
pooled and sequenced to identify putative SNPs. Approximately 1.8 billion sequence reads
were aligned to the UMD3.1 reference genome generating an average depth of 21-fold
sequence coverage for each breed. A total of 15.7 million SNPs were identified across the
breeds with the highest number of SNPs identified in Nguni. Verification of SNPs against Run
5 data from the 1000 Bull Genomes project suggested that 16% of the SNPs were novel
variants. Annotation of the detected variants indicated numerous variants classified within
functional genes that may be associated with complex traits in these cattle breeds. Functional
enrichment analysis of novel SNPs identified 1,481 genes enriched for novel variants across
the breeds. In total, 461, 478 and 542 genomic regions were enriched for novel variants in AFR,
DRA and NGI respectively (p < 0.001), identified from the top (5%) of genomic windows.
These discoveries provide a valuable genomic resource for studying the genetic composition

of these breeds.

Key words: indigenous breeds, sequencing, mapping, novel variants, annotation
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Introduction

The development of next generation sequencing (NGS) technologies has enabled the rapid and
cost-effective generation of sequence data for SNP discovery in cattle (Le Roex et al., 2012).
These developments have also enabled the simultaneous estimation of SNP allele frequencies
in a diverse range of reference populations (Van Tassell et al., 2008). Low and high-density
SNP genotyping assays are available for performing genome-wide analyses in cattle
(Matukumalli et al., 2009). However, while the available assays have been shown to be
adequate for studies in European taurine breeds, they are less informative when applied to
indicine or indigenous SA breeds (Gurgul et al., 2013; Zwane et al., 2016). Studies using the
BovineSNP50 assay on indigenous SA breeds have shown substantially lower levels of linkage
disequilibrium (LD) and lower minor allele frequencies (MAF) compared to those obtained in
European taurine breeds (Edea et al., 2013; Makina et al., 2014). Furthermore, a study by
Makina et al. (2015) using the BovineSNP50 assay for the detection of signatures of selection
in indigenous SA breeds, also indicated reduced numbers of informative markers. Again,
analysis of these markers showed little evidence for the existence of breed-specific markers in

indigenous SA cattle breeds (Zwane et al., 2016).

Consequently, there is a reduced utility for the implementation of these assays for genome-
wide association studies (GWAS), quantitative trait locus (QTL) detection or for the
identification of genes associated with economically important traits in indigenous SA breeds
as observed by Albrechtsen et al. (2010). Therefore, sequencing the genomes of indigenous
SA cattle could be beneficial in animal production, in understanding the traits of economic
importance, animal health and welfare, and in understanding the genetic basis of diseases.
Genome sequencing also presents opportunities for increased knowledge of the evolutionary

histories of these breeds (Pool & Waddell, 2002)

NGS technologies have identified a large number of SNPs and insertions-deletions (Indels),
with many variants remaining to be detected, especially in cattle breeds that are
phylogenetically distinct from the extensively studied European breeds (Choi et al., 2013).
More than 60,000 putative SNPs were identified from the sequencing of reduced representation
DNA libraries generated for 66 cattle from three populations (Van Tassell et al., 2008). More
than 2 million novel SNPs were discovered from resequencing of a Fleckvieh bull (Eck et al.

2009). Furthermore, Kawahara-Miki et al. (2011) re-sequenced the genome of a single
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Kuchinoshima-Ushi (Japanese native cattle) bull and identified 6.3 million SNPs, of which
more than 5.5 million (87%) were novel. Choi et al. (2014) reported a total of 10.4 million
SNPs identified in Korean Hanwoo, Jeju Heugu and Holstein cattle, and found 54.12% novel
SNPs as well as detected 1,063,267 Indels in these genomes. This indicates that NGS
technologies are effective for SNP discovery projects and can also be applied to variant

discovery in indigenous South African (SA) cattle.

The use of sequence data for variant discovery and genotyping has the advantage of less SNP
ascertainment bias compared to the use of commercially available SNP assays (Nielsen et al.,
2011). SNP ascertainment bias influences the extent to which polymorphisms are shared across
populations due to the distribution of allele frequencies within studied populations that may
result in biases in measures of genetic differentiation, e.g., Fs estimates between populations
and also affects the weighting of principal components, which in turn, can affect inferences
about admixture in populations (McTavish & Hillis, 2015). Consequently, the sequencing of
indigenous SA cattle genomes presents the potential to discover new SNPs for inclusion in
existing SNP assays or for developing custom-made SNP chips for local SA populations. This
information can also improve the accuracy of inferences made in population studies and the
genome-wide detection of genes associated with complex traits such as disease resistance (Pool
et al., 2010). It also holds potential for the identification of breed informative SNPs for breed

assignment in SA populations (Ramos et al., 2011).

To date, limited sequence data have been generated for indigenous SA cattle breeds. Breeds
such as Brahman, Afrikaner and Tuli (African indicine), representing Australian populations,
have been sequenced and analysed resulting in 3.56 million new SNPs being submitted to
dbSNP (Barris et al., 2012). The objective of this study was to search for novel SNPs in three
indigenous SA breeds (i.e., Afrikaner (AFR), Drakensberger (DRA) and Nguni (NGI)) by

sequencing pooled DNA samples using next generation sequencing.

Materials and Methods

Pedigree analyses and sample identification

The available pedigree data for each breed were obtained from the Agricultural Research
Council (ARC) Integrated Registration and Genetic Information System (INTERGIS)
database. Pedigree analysis of Afrikaner (n=251,964), Drakensberger (n=198,237) and Nguni
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(n=241,491) were performed within breed to identify the least related individuals in these
populations. Relationship coefficients between individuals were estimated using the method of
Meuwissen and Luo (1992) implemented in the PEDIG software (Boichard, 2002), where
males born between 2006 and 2012 were considered to be the reference population. In total, 90
least related animals across breeds (i.e., 30 animals per breed) with average relationship
coefficients of 0.006, 0.008 and 0.0008 for Afrikaner, Drakensberger and Nguni, were selected
across all nine SA provinces for sequencing to span the cattle’s genetic diversity, and breeder’s

consent was obtained from the animal owners.

Sample collection, library construction and DNA sequencing

Sampling of blood and hair was performed with the approval of the Animal Ethics Committee
of the University of Pretoria (EC: S4285-15), according to guidelines for the proper handling
of animals during sample collection. Genomic DNA was extracted from whole blood (200
ul/sample) using the Roche DNA extraction Kit (Roche, Germany) following the standard
protocol of the manufacturer. The procedure included a proteinase K digestion followed by
column purification for the extraction of high quality DNA. The extraction of DNA from hair
roots was performed using an optimized Phenol-Chloroform protocol (Sambrook & Russell,
2006), that included a Proteinase K and Dithiothreitol digestion followed by phenol-chloroform
extraction and centrifugal dialysis with Centricon concentrators (Slikas et al., 2000). The
quality of the extracted DNA samples was assessed using a Nanodrop UV/Vis
Spectrophotometer (Nanodrop ND-1000) and verified using a Qubit® 2.0 Fluorometer
(Thermo Scientific). All DNA samples were maintained at a concentration of 50 ng/pl in

preparation for NGS sequencing at the ARC Biotechnology Platform.

Equimolar DNA pools were prepared for each breed using 170 ng of DNA per animal, and
each DNA pool contained 30 animals per breed. Genomic libraries were prepared with the
Paired-end Sequencing Sample Preparation Kit (Illumina, San Diego, CA) using 5 pg of
genomic DNA according to the manufacturer’s instructions. DNA was fragmented using a
Covaris M220 sonicator, end-repaired and A-tailed followed by the ligation of adapters
(Nextera Transposase, Illumina) and 12 cycles of polymerase chain reaction (PCR) were
performed. The average fragment size for each library was 350 bp. Quantities and the quality
of usable material for each of the libraries were estimated by qPCR (KAPA Library
Quantification Kit—Illumina Genome Analyzer-SYBR Fast Universal). The automated cBot
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Cluster Generation System (Illumina, San Diego, Calif, USA) was used to generate clusters on
the flow cell. Each DNA pool was then sequenced (paired-end; read length 125 bp) in a single
lane of a flow cell using the Illumina HiSeq 2000 to a target of 30X coverage. The resulting
images were analyzed with the HiSeq Pipeline Software v2.0 (Illumina) to generate the raw

fastq files (Van Tassell et al., 2008; Ramos et al., 2009; Van et al., 2013; Boutet et al., 2016).

Sequence reads were filtered for base quality using Trimmomatic (Bolger et al., 2014). Reads
were trimmed if four consecutive bases had an average Phred-like quality score of less than 20.
PCR duplicates were removed using Picard (Li et al., 2009) since these should not be counted
as evidence for or against putative variants or for allele frequency estimation (Auwera, 2013).
Pairs of DNA sequences for which each read exceeded 35 bp were retained for analysis.
Sequence reads were aligned to the Bos taurus reference genome (UMD?3.1) using the
Burrows-Wheeler aligner (BWA), a software package for mapping lowly-divergent sequences
against a large reference genome (Li et al., 2009). The alignments were sorted and converted
to the BAM format using SAMtools v1.2 (Ramirez-Gonzalez et al., 2012). Data were then
formatted for variant calling using Picard tools, by marking duplicate reads (Li et al., 2009)

which were ignored by the Genome Analysis Tool Kit (GATK) during variant calling.

Variant discovery, annotation and functional enrichment analysis

Variant discovery was performed within breed according to GATK Best Practices using the
genomic variant call format (GVCF) workflow (Auwera, 2013). The workflow includes data
pre-processing steps and calling variants separately for each population using a command that
is specific for paired-end data. The pre-processing steps include realigner target creator to
generate intervals for each chromosome for Indel realignment, depth of coverage estimation
for each chromosome, base recalibration, analyzing covariates/variables and printing reads.
Genotype calling was performed separately for each chromosome to generate GVCEF files for
variant calling. The workflow included a joint analysis step that empowers variant discovery
by providing the ability to leverage population-wide information from a cohort of samples,
allowing the detection of variants with greater sensitivity and genotyping samples as accurately
as possible (GATK Best Practices; Bareke et al., 2013). Cohorts of variants were generated in
VCEF files, and the genotypes were called for each breed with a minimum genotype quality of
20, and a read depth of between 1 and 25 (Aslam et al., 2012). To reduce the false discovery

rate, hard filtering steps were conducted using the following criteria: Phred scaled
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polymorphism probability (QUAL) < 30.0, variant confidence normalized by depth (QD) <
2.0, mapping quality (MQ) < 40.0, strand bias (FS) > 60.0, HaplotypeScore > 13.0,
MQRankSum < —12.5, and ReadPosRank-Sum < —8.0 (GATK Best Practices; Choi et al.,
2015). All SNPs that passed these criteria were consequently categorized into fixed
(homozygous non-reference assembly nucleotide genotypes called in all individuals within the
breed) or segregating (variable/heterozygous genotypes identified in the breed) (Aslam et al.,
2012).

Minor allele frequencies were estimated for each SNP by directly counting the number of reads
representing each allele using PLINK (Purcell et al., 2007; Ramos et al., 2009). Ratios of fixed
to segregating SNPs were estimated within each of the populations using PLINK. The
transition-to-transversion (Ti/Tv) ratio for each SNP call was calculated for each population as
an indicator of potential sequencing errors (Choi et al., 2015) using VCFtools (Danecek et al.,
2011). This is the ratio of the number of transitions (interchanges of either purines, A<->G or
pyrimidines, C<->T) to the number of transversions (interchanges of purine for pyrimidine

bases), for a pair of DNA sequences (Mitchell, 2015).

SNP annotation and the functional consequences of sequence variants were predicted using the
Variant Effect Predictor (VEP) tool, Ensembl and dbSNP (Huang et al., 2009; McLaren et al.,
2010). For all input variants, VEP provides detailed annotations for transcripts, proteins, and
regulatory regions, and also provides phenotype information for known variants (McLaren et
al., 2016). The functional effects of each SNP were estimated, and all SNPs were assigned with
a diverse range of functional categories based on genomic coordinates, functional class, codon
change, gene name, transcript biotype, gene coding, transcript ID, exon rank and corresponding
genotype (Choi et al., 2015). Annotation results were downloaded for further downstream
analysis. The identified variants were verified by using data from European taurine or indicine
breeds that were available from RunS5 of the 1000 Bull Genomes Project (July 2015), consisting
of 1,682 sequenced animals and 60,223,042 million variants (Daetwyler et al., 2014).

Identification of novel SNPs
Identified novel SNPs were further examined to determine their distribution throughout the
genome, identify regions enriched for novel SNPs and identify the genes that were associated

with novel SNP enriched regions. The files containing novel SNPs identified in each breed
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were first compared to identify SNPs that were common between breeds. An in-house
developed script was used to parse SNPs that were predicted to be unique to each breed, and
these were used for further analysis. A file containing the union set of SNPs identified within
breeds (including common SNPs) was used to characterize the percentage of novel SNPs within
100 kb sliding windows throughout the autosomal genome. SNP distributions were then
computed using the package “qqman” in the R environment (Turner, 2014). All windows were
annotated with the Ensembl Cow database (www.ensembl.org/). If genes were found in the
window, the corresponding gene names were provided for each SNP. The comparison of the
observed and expected number of SNPs assuming a random SNP distribution throughout the
genome was made using the hypergeometric test to generate P-values (Rivals et al., 2007). To
correct for multiple testing, a Bonferroni correction was used and the P-value was multiplied

by the number of performed scans (Klein et al., 2009).

Results and Discussion

Sequencing and Mapping

Sequencing of AFR, DRA and NGI generated approximately 1.8 billion (184 Gb) of high
quality paired-end reads using an Illumina HiSeq 2000 sequencer, of which 99 % of the reads
were mapped to the bovine reference genome (UMD 3.1). PCR duplicates were removed and
reads were realigned around insertion and deletion events resulting in approximately 1.7 billion
sequence reads (90.2 %) across the three breeds, with an average coverage of 21.1-fold across
the reference genome (Table 1). The sequence depth observed in this study was similar to
studies by Eck et al. (2009) and Stothard et al. (2011) but higher than in the study by Choi et
al. (2015) with an average coverage of 10.71X for Hanwoo and Yanbian cattle, but lower than

the 27X mean coverage obtained by Das et al. (2015) for Danish Holstein dairy cattle.

The Ti/Tv ratio and heterozygous/homozygous variant ratios have commonly been computed
in genetic studies as a quality control measure for sequence data. These ratios are helpful for

understanding patterns of DNA sequence evolution (Wang et al., 2014). To evaluate the quality
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Table 1: Sequencing results for indigenous Afrikaner (AFR), Drakensberger (DRA) and Nguni (NGI) cattle breeds.

Animals Non-duplicated Properly Paired Mapped High Quality Average
Breed  pooled Raw Reads Reads Reads Reads Mapped Reads Coverage
AFR 30 537,681,018 518,717,587 500,986,036 536,215,468 424,043,570 21.2X
DRA 30 540,797,394 498,063,449 502,707,076 537,486,252 385,388,748 15.4X
NGI 30 682,407,201 646,078,421 640,580,750 680,935,451 528,151,411 26.6.X
Total 90 1,760,885,613  1,662,859,457 1,644,273,862 1,754,637,171  1,337,583,729 21.1X
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of the detected SNPs, the Ti/Tv ratio was computed and found to be similar for each breed
(AFR:2.20, DRA:2.23, NGI:2.22). These results are similar to the studies of Gayal, Red Angus
and Japanese Black cattle where the Ti/Tv values were 2.32, 2.17 and 2.18, respectively (Mei
et al.,, 2016). These results suggest that the majority of SNPs identified in this study were
accurately identified (Choi et al., 2015). Since the Ti/Tv ratio is a measure of the nature of
sequence changes within a population, it accounts for intra-species variation, and therefore,

differs from species to species, among populations and individuals of the same species.

Variant Detection

A total of 17.6 million variants were identified in the three studied breeds with the greatest
number of variants in NGI and AFR and lowest in DRA (Table 2). The detected variants
comprised 89 % SNPs and 11 % Indels. DNA sequence variation is primarily comprised of
SNPs and Indels. These variants are mostly intergenic, but include mutations in coding or
regulatory regions of transcribed sequences, potentially related to phenotypic traits, and include
polymorphisms that can be used as markers for genetic association studies and the fine mapping
of candidate regions based on linkage disequilibrium (Weckx et al., 2005). Sequencing of
individuals can identify millions of SNPs that differ between any two individual genomes
(Bischoff et al., 2008). These results also hold the potential for identifying new SNPs that are

unique to indigenous SA breeds.

Table 2: Summary of SNPs and Indels identified in Afrikaner (AFR), Drakensberger (DRA) and
Nguni (NGI).

SNPs Indels
Breed No. Variants No. SNPs Proportion No. Indels  Proportion
SNPs indels
AFR 11,165,172 9,950,392 0.89 1,212,231  0.11
DRA 7,049,802 6,327,523 0.90 721,628 0.10
NGI 12,514,597 11,164,422 0.89 1,347,215 0.11
Total 17,647,583 15,723, 684 0.89 1,908,137  0.11
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Variants can also be used to identify selective sweep regions that occur during strong selection
events and also to identify breed-specific SNPs to differentiate among the breeds. In addition,
these variants can be used to study disease susceptibilities, to determine structural effects on
protein sequences, and to design association studies aimed at clarifying complex, polygenic

phenotypes (Bischoff et al., 2008).

The ratio of homozygous to heterozygous SNPs within each breed was 1:4.3
(1,881,400:8,068,992), 1:4.7 (1,104,006:5,223,517), and 1:7.8 (1,265,926: 9,898,596 ) for the
DNA pools for AFR, DRA and NGI, respectively. The heterozygosity in NGI indicates a larger
genetic variation in NGI cattle, likely due to a larger effective population size, the presence of
different ecotypes, historic admixture and the genetic distance that exists between the three
breeds and that of the Hereford reference genome used in this study. The study by Sanarana et
al. (2016) reported levels of genetic differentiation between NGI ecotypes based on
microsatellite markers, but the levels were relatively low. Both the AFR and DRA populations
have been subjected to artificial selection for specific traits of economic importance for many
decades (Abin et al., 2016) which has contributed to shaping the patterns of variation in their

genomes.

AFR: 9,950,392

Fixed
1,770,630 |
18%
4,259,887 6,831,070
55% 5,255,055 65%
58%

DRA: 6,327,523 NGI: 11,164,422
~ Fixed ™~ Fixed
1,076,959 | 4,674,208 | 2,551,603

17% 58% e

Figure 1: The number of SNPs shared and fixed among the three indigenous South African breeds.
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From the total number of identified SNPs, on average, 58% of the SNPs were shared among
the three cattle populations (Figure 1) with the highest number of SNPs shared between AFR
and NGI. The numbers of shared SNPs reflect the potential common ancestries that exist
between these cattle population (Dadi et al., 2011; Wang et al., 2016). Due to the history of
human migration and trading, it is expected that indigenous breeds will often have multiple
genetic signatures of origin and admixture, and this has been confirmed by analyses using
available molecular data (Hanotte & Jianlin, 2006; Makina et al., 2014; Decker et al., 2014).
These analyses have suggested that several ancestral lineages have contributed to today’s

genetic pool of livestock (Hanotte et al., 2000; Xuebin, 2004).

Validation of SNPs using 1000 Bull Genomes Project data

Run 5 of the 1000 Bull Genomes Project (July 2015) was used to validate SNPs in the three
SA breeds that are in common with other cattle breeds worldwide (i.e., Bos taurus and African
indicine) (Daetwyler et al., 2014). On average, 85 % of all SNPs identified in the three SA
indigenous breeds were also shared among the breeds represented in the 1000 Bull Genomes
Project data (Table 3). The remaining 16 % of SNPs appear to be unique to SA indigenous
breeds, AFR (18 %), DRA (13 %) and NGI (16 %). This proportion was lower than that
reported by Choi et al. (2013) where 29.4 % of SNPs were found to be novel in Korean Black
Cattle when compared to the dbSNP version 137. This likely reflects the large number of SNPs

that have now been discovered in the 1000 Bull Genomes Project (60 million in Run 5).

In the study of Mei et al. (2016), 62.24 % novel SNPs were identified for Gayal cattle, which
is much higher than was found in this study reflecting different SNP filtering criteria and the
increased divergence of Gayal cattle from the reference genome, Hereford, relative to the SA
breeds. The detected SNPs were validated using dbSNP Build 140, which also represents a
smaller validation set than was used in this study. The greater number of novel SNPs found in
NGI and AFR cattle likely reflects the extent of genetic diversity that exist between these
breeds and also their phylogenetic distance from their reference genome. Novel variants
characterize the extent of genetic differentiation that exists between individuals and
populations (Choudhury et al., 2014). The lower number of novel SNPs found in DRA suggests
that the breed might be more closely related to European breeds than the AFR or NGI (Zwane
etal., 2016).
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Table 3: Novel variants identified in the three breeds through comparison to 1000 Bull Genomes Project data.

All Variants SNPs
Breed Known Novel Total Proportion Known Novel Total Proportion
Novel variants Novel SNPs
AFR 9,407,874 1,757,298 11,165,172 0.16 9,775,327 1,751,065 9,950,392 0.18
DRA 6,223,599 826,203 7,049,802 0.12 5,503,526 823,997 6,327,523 0.13
NGI 10,723,472 1,791,125 12,514,597 0.14 9,369,605 1,794,817 11,164,422 0.16
Total 26,354,945 4,374,626 30,729,571 0.14 (Av) 24,648,458 4,369,879 28,504,873 0.16 (Av)
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The complex origins of cattle are associated with both natural and artificial selection, and gave
rise to numerous different breeds displaying a broad spectrum of phenotypes. This happened
after the global partitioning of the world-wide cattle genetic diversity into three distinct events,
two of which involved domestication, and that resulted in European taurines, West African
taurines and Zebu from India spreading all over the world through the migration of different
tribes (Gautier et al., 2010; Decker et al., 2014). Figure 2 shows the distribution of variants per

chromosome and reveals the extent of variation that exists between the breeds.
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Figure 2: Variants shared with breeds represented in the 1000 Bull Genomes project (top three lines)
and variants unique to indigenous Afrikaner (AFR), Drakensberger (DRA) and Nguni (NGI) cattle of
SA (bottom three lines) by chromosome (X= 30).

SNP annotation and analysis of functional enrichment

SNP annotation using VEP Ensembl gene annotation and dbSNP indicated that 62% of the
SNPs were located in intergenic regions (AFR:62%, DRA:61%, NGI:62%), 29% were located
in genic regions including introns, splice sites, exons and untranslated regions. Fewer SNPs
(9%) were located in upstream or downstream regions (transcription start and termination sites)

as indicated in Figure 3.
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Figure 3: Functional classification of variants by breed in Afrikaner (AFR), Drakensberger (DRA)
and Nguni (NGI).

Genetic variation in most complex quantitative traits is the result of many mutations of small
effects that individually explain only a very small proportion of the genetic variance
(Koufariotis et al., 2014). The identification of functional variants such as missense variants,
and variants within upstream and downstream genic regions in indigenous SA cattle will enable
the testing of these variants for their effects on complex traits (Koufariotis et al., 2014). While
the roles of variation in overlapping genes is less clear, studies have suggested that this could
be a mechanism allowing the regulation of key genes in eukaryotes (Kim et al., 2009). Further
studies of overlapping genes will enable an understanding of the tissue- and developmental-
stage regulation of each strand and will provide insight into their mechanisms of evolution
(Nakayama et al., 2007). Genetic variants such as insertions, deletions and structural variants
can also be tested for association with traits or used in genomic prediction (Koufariotis et al.,

2014).
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Tables 4 and 5 indicate the distribution of SNPs and Indels detected within each functional
class within genic regions. Of the total number of Indels, 61% were located in intergenic
regions, 28% in genic regions including introns, exons and splice sites, and 1% were located
in up/downstream regions [i.e., 5’ and 3’untranslated regions), relative to Figure 3. In AFR
there were 433,495 (4.4 %) SNPs located within 5 kb upstream of a transcription start site and
437,355 (4.4%) SNPs within 5 kb downstream of a transcription stop site; 3,974 (0.04%) SNPs
were located in a 5' UTR and 18,999 (0.2%) in a 3' UTR. These totals were slightly different

in other two breeds, but were slightly lower in NGI.

Table 4: Counts of SNPs within each functional class for gene regions.

SNP Class Count Total
AFR % DRA % NGI %
Downstream 437,355 44 288,515 4.6 440,357 3.9 1,166,227
Stop_lost 318 0.003 200 0.003 350 0.003 868
Stop_gain 38 0.0004 22 0.0003 15 0.0001 75
Splice_site 7,650 0.08 5,305 0.008 7,553 0.07 20,508
Upstream 433,495 44 435,935 6.9 435,955 3.9 1,305,385
Intronic 2,726,502 27.4 1,800,155 284 2,731,530 24.5 7,258,187
miRNA 32,911 0.33 21,670 0.34 33,544 0.3 88,125
Synonymous_ 38,537 0.4 29,836 0.47 40,694 0.36 109,067
coding

Nonsynonymous_ 31,205 0.31 22,395 0.35 31,130 0.28 84,730

coding

3’ UTR 18,999 0.2 13,163 0.21 18,968 1.7 51,130
5°_UTR 3,974 0.04 3,055 0.05 3,805 0.034 10,834
Within_non_ 8,561 0.09 5,608 0.09 8,725 0.08 22,894
coding_gene

Essential_splice_ 182 0.002 124 0.002 192 0.002 498

site

Total 3,739,545 37.6 2,625,859 41.5 3,752,626 33.6 10,033,300
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Table 5: Counts of Indels by functional class for gene regions.

Indel Class Count Total
AFR % DRA % NGI %
Downstream 126,159 104 73,669 102 50,823 3.8 250,651
Stop_lost 43 0.004 49 0.007 26 0.002 118
Stop_gain 82 0.007 115 0.016 34 0.003 231
Splice_site 2481 0.2 1667 023 952 0.007 5,100
Upstream 123,341 10.2 71,747 104 48,080 3.6 243,168
Intronic 745,500 61.5 431,225 59.8 317,114 235 1,493,839
miRNA 10,296 0.85 5,644 0.8 3,816 0.28 19,756
Synonymous_coding 1,004 0.08 855 0.12 449 0.33 2,308
Nonsynonymous_coding 2,943 0.24 2,293 032 1,145 0.008 6,381
3> UTR 5,574 046 3,165 044 2,166 0.16 10,905
5 UTR 842 0.07 660 0.01 376 0.028 1,878
Within_non_coding_gene 2,141 0.18 1,311 0.18 545 0.04 3,997
Total 1,020,406 84.1 592,400 82.1 425,526 31.6 2,038,332

A total of 20,508 SNPs across the three breeds were located in splice sites, and 498 SNPs were
in splice/donor sites. A total of 109,067 nsSNPs substitutions were observed. These numbers
were higher than found by Stothard et al. (2011) in Holstein and Black Angus, and Choi et al.
(2013) in Heugu cattle. There were 868 SNPs predicted to cause premature stop codons and
75 to cause gains in coding sequence across the breeds. Variants characterized as nsSNP in
coding genes included 84,730 in coding exons and 88,125 in miRNAs across the three breeds.
The number of functional genes differs depending on the breeds and the method used for
functional annotation (Das et al., 2011). The number of functionally annotated Indels was
slightly higher than the number of detected Indel loci, because a SNP or Indel locus may have
multiple annotations (Choi et al., 2015). The numbers of SNPs and Indels identified in this
study were slightly greater in NGI and AFR than in DRA due to the higher indicine percentage

present in their genomes (Makina et al., 2016).

The numbers of nsSNPs segregating in these breeds were greater than for Danish Jutland Cattle
which had 34,257 non-synonymous substitutions (34,183 missense and 74 initiator codon

variants) were identified. (Das et al., 2011). Non-synonymous SNPs are ‘neutral’ if the
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function of the resulting point-mutated protein is not visible to the mutant, and are ‘non-neutral’
if the function of the resulting point-mutated protein is visible. Therefore, the ability to identify
non-neutral substitutions could help targeting diseases caused by detrimental mutations, and
SNPs that increase the fitness of particular phenotypes (Bromberg & Rost, 2007). In human,
among all types of variants, nsSNPs are believed to be the major contributors to heritable
diseases. They constitute more than half of the disease-causing genetic changes deposited in
the Human Gene Mutation Database (HGMD) (Stenson et al., 2009). Therefore, further
analysis of these SNPs will assist in determining the genetic changes that contribute to major

diseases and phenotypes in cattle.

Novel SNP enrichment and gene annotation

In Figure 4, the proportion of novel SNPs occurring in 100 kb windows throughout the genome
in each of the three breeds are shown. The figure shows regions that are enriched for novel
SNPs throughout the genome and that these regions are breed specific. AFR and NGI possess
greater numbers of novel SNP enriched regions, with the greatest differentiation on
chromosomes 3 and 22 in AFR and chromosomes 8 and 18 in NGI. The DRA had fewer regions

enriched for novel SNPs consistent with the lower overall diversity detected for this breed.

More than 8,237 genes were located within the 1,481 100 kb windows that were enriched for
novel SNPs across the breeds. In total, 461, 478 and 542 genomic regions were enriched for
novel variants in AFR, DRA and NGI respectively (p < 0.001), identified from the top (5%) of
windows. These genes were annotated using Ensembl gene annotator (www.ensembl.org) to
identify gene ontology terms associated with genes in regions enriched for novel variation in
indigenous SA breeds. Most of these genes were protein-coding and regulate biochemical
processes, phenotypic characteristics and disease-related phenotypes in human and other model
organisms including mouse and zebra fish (Cieslak et al., 2011). These are the genes that might
have been subject to natural or artificial selection due to their effects on phenotypic variation

(Cieslak et al., 2011).
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Figure 4: Distribution of novel SNP enriched regions across the genome for Afrikaner (AFR),
Drakensberger (DRA) and Nguni (NGI) cattle.

The melanin synthesis gene (MLANA) on chromosome 8§ is located in a region that is enriched
for novel SNPs in AFR, is associated with coat colour in mouse (Table 6) and pigmentation in
human (Sturm, 2009). In NGI, SY710 on chromosome 5 has been associated with sleep
disorders and the sense of smell in mouse (Bahbahani et al., 2015) and in cattle has been
associated with longevity in Fleckvieh bulls (Meszaros et al., 2014). Since fertility is one of the
most important fitness traits contributing to the culling of animals, the longevity of cattle is
highly influenced by their reproductive performance (Meszaros et al., 2014). Genes such as

SNTGI (identified in AFR and NGI) and ADAMS3 (identified in AFR and DRA) have also
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Table 6: List of genes within SNP enriched genomic regions in the top 100 kb window.

Afrikaner
Gene CHR Function Species References
MOV10 3 gene silencing by miRNA human Goodier et al.,
2012
MPV17 11 abnormal coat/hair pigmentation, thin mouse Weiher et al.,
skin, decreased body weight, kidney 1990; Viscomi
failure, anemia, hypertension, increased et al., 2009
heart rate
UCN 11 increased anxiety, feeding behavior, mouse, rat  Vetter et al.,
heart failure, decreased drinking 2002
behavior, parkinsonian disorders
TRIM54 11 premature death, abnormal heart mouse Hwang et al.,
morphology 2010
DNAJCS5G 11 cardiovascular system phenotype, mouse Rovelet-Lecrux
decreased anxiety-related response etal., 2012
WNT4 2 serkal syndrome, female sex mammals, Vainio et al.,
determination, kidney failure, male sex mouse 1999; Brisken et
differentiation al., 2000
CDC42 2 negative regulation of gene expression, mouse, rat Erschbamer et
hair follicle placode formation, spinal al., 2005; Park
cord injuries, bipolar disorder, epilepsy et al., 2009
arthritis
MLANA 8 diluted coat color, hair morphology mouse Steingrimsson et
al., 2006
KIAA1549 4 decreased total body fat amount, human, Hughes, 1998;
pilocytic astrocytoma (brain tumor) mouse Antonelli et al.,
2015
HECTD3 3 decreased lean body mass, length, mouse Zhang et al.,
increased total body fat amount 2009
Drakensberger
YTHDC2 10 prostatic neoplasms rat Arambula et al.,
2016
DCLREIB 3 decreased embryo size, neonatal mouse, Liu et al., 2009;
lethality, cell cycle checkpoint human Dronkert et al.,
2000
AP4B1 3 spastic paraplegia , autosomal recessive mouse, Tuysuz et al.,
human 2014
PTPN22 3 autoimmune diseases, enlarged spleen, human, Bottini et al.,
diabetes mellitus, insulin-dependent mouse, rat  2006; Michou et

al., 2007
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ZC3HAVI 4 suppression by virus of host molecular mouse Lee et al., 2009
function, endosome to lysosome
transport
PSMBI11 10 increased T-cell proliferation, abnormal ~ mouse Anderson &
self-tolerance Takahama.,
2012
AJUBA 10 gene silencing by miRNA, wound human, Bergantinos et
healing, spreading of epidermal cells, zebrafish, al., 2010;
heart contraction, decreased rate, mouse Wilkinson et al.,
abnormal cell migration 2014
SLC748 10 decreased susceptibility to mouse Dai et al., 2007
pharmacologically induced seizures
IFT74 8 abnormal lung lobe morphology, notch human, Bhogaraju et al.,
signaling involved in heart development, mouse 2006; Kwong et
cilium assembly al., 2007
SUPT7L 11 abnormal hair texture, decreased body mouse Bardot et al.,
weight, embryonic lethality 2016
Nguni
RAB33B 17 skeletal system morphogenesis human Bonafe et al.,
2015
SYT10 5 shortened circadian period (sleep mouse de Anda et al.,
disorder), sensory perception of smell 2016
STT3B 22 congenital disorder of glycosylation human Scott et al.,
2014
CEACAMI16 18 deafness, autosomal dominant 4b human, Zheng et al.,
mouse 2011,
Lukashkin et al.,
2012
SRGAP2 16 dendritic spine development mouse Charrier et al.,
2012
TMEM9S8 19 nanophthalmia, hemorrhage human, Liao et al.,
mouse 2016
CCL17 18 staphylococcal pneumonia, bronchiolitis ~ mouse Montgomery &
obliterans Daum 2009
TXN 8 fatty liver, myocarditis, diabetes mellitus  rat Chung et al.,
2011
coGs 4 congenital disorder human Wu et al., 2004
AIRE reduced fertility, thyroid & eye mouse Schaller et al.,
inflammation 2008

been associated with fertility in cattle (Meszaros et al., 2014). Shugoshin 2 (SGOZ2) and protein

phosphatase (SGPP2) on chromosome 2 have been associated with abnormal spermatid
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morphology, abnormal gametogenesis, small testes, male and female infertility in mouse

(SGO2), while SGPP2 has been associated with dwarfism in chicken (Taguchi et al., 2016).

In AFR, the region with the greatest enrichment of novel variants was found on chromosome 3
(Figure 5). There were also genes with unknown functions that were located in the novel SNP
enriched regions in all of the breeds. It has been suggested that rare or low-frequency variants
may explain a substantial proportion of the heritability of many complex diseases, most of
which have previously not been fully captured in GWAS studies (Bang et al., 2014). Therefore,
the identification of the functions of these uncharacterized genes may increase the utility of
these SNPs for selection for productivity, including product quality, increasing animal welfare,

disease resistance and reducing environmental impact (Thornton, 2010).

The power to identify variants associated with traits, particularly those of small effect, could
be increased if certain regions of the genome were known to be enriched for trait associations
(Koufariotis et al. 2014). However, given the typical genetic architecture of complex traits,
such regions are likely to be very few. Variants in regions of the genome for which the sequence
is strongly conserved across species have been proposed as an important annotation class for
prioritization since they are potentially regulatory. The majority of these variants are found in
non-coding regions, and it is believed that at least some of these are cis regulators for genes

(Knight et al., 2011).

Conclusion

Identification of novel SNPs including nsSNPs provides the potential for the detection of genes
and variants underlying variation in traits of economic importance in these breeds, in particular
environmental adaptation. Genes located in genomic regions that are enriched for variation
suggests their potential for selection due to effects on phenotypic characteristics. Of the SNPs
identified in Afrikaner, Drakensberger and Nguni, 16% were predicted to be unique to these
SA indigenous breeds. The results of this study provide a framework for further genetic
association and QTL fine-mapping studies in indigenous SA cattle. This work should enable
more genetic studies on these breeds, knowing the basis of their unique traits for breed

improvement.
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Abstract

The indigenous South African breeds including Afrikaner (AFR), Drakensberger (DRA), and
Nguni (NGI) are important genetic resources to world cattle production. The aim of this study
was to identify selective sweeps and also to identify breed-specific SNPs for breed distinction
among indigenous SA breeds. Whole genome sequencing of pools of DNA from AFR, DRA,
and NGI was performed using an I[llumina HiSeq 2000 and 17.6 million variants were
discovered in the three breeds. A total of 4.3 million novel SNPs, 1,751,065 (AFR), 823,997
(DRA) and 1,794,817 (NGI) were identified when compared to Run 5 of the 1000 Bull
Genomes Project. Whole-genome screening was performed to detect selective sweeps
throughout the genomes of AFR, DRA, and NGI breeds, and also putative breed-specific SNPs.
A total of 96 putative selective sweeps were identified (ZHp score < -5) across the breeds, as
well as 186 putative breed-specific SNPs (SNPs that are variable in one SA breed but that are
fixed in the two other SA breeds, and that were also found on the BovineSNP50 assay and thus
could be used for validation within SA breeds). When tested for breed differentiation, putative
breed-specific SNPs showed a 100% accuracy for breed allocation using PCA or GeneClass?2.
No SNPs were found that were fixed for one allele in one breed and for an alternate allele in
the remainder of the breeds. The results of this study indicate that selective sweeps have
contributed to the rapid recent phenotypic evolution of cattle in response to strong selection

and also provide a suite of SNPs with utility for breed differentiation in these SA breeds.

Key words: indigenous breeds, selective sweeps, breed-specific SNPs, breed differentiation
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Introduction

Identification of recent positive selection signatures in indigenous cattle can provide
information on genomic regions that have been subjected to both artificial and natural selection.
(Zhao et al., 2015). Artificial selection has resulted in the diversity of cattle breeds that have
been tamed for milk and meat production. These selection strategies are likely to have enforced
selection pressures on particular regions of the genome that control these production traits, as
well as other economic important traits such as disease resistance and adaptation traits (Rubin
et al., 2012). Thus, under positive selection pressure, the frequency of favorable alleles in the
genome increases, whereas if intensive selection pressure happens over a few generations, it is
unlikely that recombination had an impact on haplotype structure, which could result in
extended linkage disequilibrium (LD) patterns between the mutation and neighboring loci
Sabeti et al., 2002). Analysis of these selection sweeps/signatures can reveal genomic regions
of interest for selection and provide insights into the mechanisms of evolution in different cattle
breeds such as Afrikaner (AFR), Drakensberger (DRA), and Nguni (NGI), which have never

been studied at a sequence level.

The indigenous South African breeds are known for their adaptation to the local environmental
conditions with higher tolerance to tick borne diseases than imported exotic taurine breeds
(Scholtz et al., 2010; Mapholi et al., 2014). These characteristics have played important roles
in the genetic improvement of these breeds. In particular, these breeds have been crossed with
local and exotic breeds to produce composites for improved production (Mwai et al., 2015), in
order to meet the increasing local demand for meat and meat products. This has also resulted
in considerable changes in the morphology and behavior of modern animals, allowing for the
formation of more diverse cattle breeds (Flori et al., 2009). Recurrent selection for variants of
large effect leads to a loss of variation within the chromosomal regions flanking the selected
variants and eventually lead to the complete fixation of a haplotype harbouring the selected
variant (Smith & Haigh, 1974). This region of the genome is thererefore refered as the region
that subjected to a “selective sweep”. However, such regions may also occur due to random

drift (Rubin et al., 2012; Ramey et al., 2013).

Recent advances in genomics studies provide an excellent opportunity for identifying loci

subjected to selection and also allow for the validation of new methods to detect selection
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signatures (Hayes et al., 2008). Whole-genome sequencing now offers a suitable platform to
examine the entire genome for the identification of selective sweeps, copy number of variants
(CNVs) and also breed-specific SNPs with which to distinguish between members of different
cattle populations (Gorbach et al., 2010). Identification of selective sweeps and breed-
specific/informative markers in indigenous SA breeds has been limited using the currently
available bovine genotyping assays, which lack extensive numbers of genomic variants

discovered and common in these local breeds (Makina et al., 2015; Zwane et al., 2016).

The use of pooled DNA could also have a great value in breed characterisation, due the presence
of SNPs common to a particular breed or population; and also an effective method for detecting
selective sweeps because heterozygosity can be calculated in sliding windows from sequences
drawn from a pool of haplotypes (Rubin et al., 2012; Choi et al., 2015). Markers that are fixed
for different alleles in a particular breed are powerful for distinguishing among populations
(i.e., markers that are fixed for one allele within a breed and all members of the breed possess
the AA genotype, whereas members of the other breeds possess the BB genotype) (Blott et al.,
1999; Pant et al., 2012). The markers incorporated on the BovineSNP50 and GGP-80K assays
that have been scored in indigenous SA breeds (Afrikaner, Drakensberger and Nguni) have
failed to reveal markers with breed-specific alleles in these breeds (Zwane et al., 2016), and
were only useful for differentiating the breeds from other African breeds based upon skewed
allele frequency differences between the breeds. This reflects the assay design bias that
occurred in the development of the assays where common SNPs with high minor allele
frequencies (MAF) in European taurine breeds were preferentially selected for incorporation
onto the assay. However, the assays are capable of assigning individuals to taurine breeds based
upon the differences in allele frequency that occur between these breeds. In this study, next
generation sequence (NGS) data will be used to identify breed-specific SNPs for
differerentiating among the breeds, and also identify selective sweeps underlying economic

important traits among Afrikaner, Drakensberger and Nguni cattle.

Materials and Methods

Sampling, DNA isolation and sequencing
A total of 90 samples from three indigenous SA cattle breeds (AFR, DRA, and NGI) collected
from nine different provinces of SA were extracted and sequenced in pools of 30 animals

representing each breed, using an Illumina HiSeq 2000 (Illumina, San Diego, CA) instrument.
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Sampling of blood and hair was performed with the approval of the Animal Ethics Committee
of the University of Pretoria (EC: S4285-15). Roche DNA extraction Kit (Roche, Germany)
was used to extract genomic DNA from whole blood (200 pl/sample) using the Roche DNA
extraction Kit (Roche, Germany) and an optimized Phenol-Chloroform protocol (Sambrook &
Russell, 2006) was used to extract DNA from hair roots. Extracted DNA was quantified using
a Nanodrop UV/Vis Spectrophotometer (Nanodrop ND-1000) and verified using a Qubit® 2.0
Fluorometer (Thermo Scientific). DNA samples were maintained at 50 ng/pl concentration and
samples were sent to Agricultural Research Council (ARC) Biotechnology Platform for whole

genome sequencing.

Sequence data analysis

The raw Illumina DNA sequence data were trimmed using Trimmomatic (Bolger et al., 2014),
aligned to reference genome UMD3.1 using the Burrows-Wheeler aligner (BWA) (Li &
Durbin, 2009) and SNPs were called using Genome Analysis Tool Kit (GATK) after sorting
the alignments and formatted them for variant calling using Picard tools (Li et al., 2009). An
additional sequenced pool of Brahman (BRAH) cattle was used as a reference for testing the
breed’s relatedness to these SA breeds through principal component analysis (PCA), since
BRAH has historically been infused into the indicine beef breeds present in SA. The BRAH
sequence data were obtained from the University of Missouri, Animal Genomics Sequence
Database, and was sequenced at 10X coverage using the I[llumina Platform. BovineSNP50
assay data (AFR (n = 48), DRA (n = 48), and NGI (n = 56)) generated from previous studies
(Makina et al. 2014) were used to check for overlaps between the breed specific SNPs identified
from sequencing data and the genotypic data. Additional Afrikaner samples (n = 14),
Drakensberger (n = 23), genotyped from ARC Biotechnology Platform, and Nguni samples (n
= 50) from Mapholi (2015) were used for breed assignment.

Principal component analysis

To explore the relatedness among the breeds (AFR, DRA, and NGI), variant allele frequencies
called from sequence data were used to cluster the breeds using PCA, using BRAH as an
outgroup. The analysis was performed using 15,723,684 SNPs identified from a joint
genotyping calling (cohort) of AFR, DRA, NGI, and BRAH. In PCA, the first two principal
components account for high variation percentage that exist between populations and these

principal components can certainly be used to find clusters (Khodadadi et al., 2011). The PCA
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was performed using GENESIS v0.25, a program that is dependent on PLINK 1.9 (Purcell et
al., 2007; Purcell & Chang, 2014) and which uses plink2evec to generate an .evec file for the
PCA analysis (Buchmann & Hazelhurst, 2015). All non-autosomal SNPs were excluded for

this analysis.

Identification of selective sweeps
Identification of selective sweeps was performed using the approach of Rubin et al. (2012) that
makes provision for the identification of variants from pooled whole genome sequence data.
This method determines, for each pool and SNP, the numbers of reads corresponding to the
most (nvar) and least abundant alleles (nviv) and for each window in each breed pool, a pooled
heterozygosity score is calculated as:

Hp = 2Y nvary nu/ (Cnnar + Ynum)?,
where ) nvas and Y nviv are the sums of nvay and nvn for all SNPs in the window. Individual
H, values are then Z-transformed as follows:

ZH, = (H, - uH,) / oHp.
where uH, and oH, are the mean and standard deviation for the H;, scores. To detect putative
selective sweeps, a whole genome screen was performed to identify genomic regions with an
excess of homozygosity (heterozygote deficiency) from the autosomes. All of the SNPs
identified in the joint analysis of the three breeds were used to calculate Z-transformations of
the pooled heterozygosity (ZH,) in each of the three breeds separately, the numbers of sequence
reads containing major and minor alleles were counted. Subsequently, we utilized a 50%
overlapping sliding window approach with 150 kb windows, to compute ZH,, in each of the
windows, and plot the distribution of SNP counts within these windows. The 150 kb window
size was chosen based on studies indicating it to be the most appropriate to detect windows
with appropriate length to detect small sweeps (Rubin et al., 2012). Windows with ZH,, Z-
scores of < -4 were retained as candidate selective sweep regions and regions with ZH,, Z-scores
of <-5 as putative selective sweeps. In addition, animal QTLdb was used to retrieve quantitative
trait loci (QTL) information and visualize the QTL located within the putative selective sweep

regions (Hu et al., 2013).

Identification of breed-specific SNPs and breed allocation
Novel SNPs (SNPs not found in Run 5 of the 1000 Bull Genomes project) were used to seek

breed-specific SNPs. First, novel SNPs were examined to identify if any were fixed for alternate
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alleles between the breeds as described by Pant et al. (2012), as these SNPs provide high power
for breed allocation. To accomplish this, we required one breed to be fixed for an ‘A’ allele and
the other two breeds to be fixed for an alternate ‘B’ allele (or vice versa) (Blott et al., 1999). A
second class of breed-specific SNPs was also determined which included SNPs that were
detected as being variable in only one of the three populations (Ramos et al. 2011). These were
determined by first removing all of the SNPs that were common between the three breeds. The
remaining list of candidate breed-specific SNPs was next compared to the BovineSNP50
manifest to identify candidates included on this assay and for which additional assay data were
available for the 152 animals from AFR ( n = 48), DRA (n = 48), and NGI (n = 56) breeds.
These are the overlapping SNPs between the two datasets (the chip and the sequence data),
referred to as putative breed-specific SNPs by Ramos et al. (2011). Breed assignment was
conducted using putative breed-specific SNPs, using a second set of AFR samples (n = 14),
DRA (n=23 and NGI (n = 50), which were genotyped with the BovineSNP50 chip. The second
set of 14 AFR, 23 DRA, and 50 NGI BovineSNP50 genotypes were used as the reference

populations. Angus was used as an outgroup for PCA analysis.

The assignment test was performed using a PCA and the methods implemented in GeneClass2
(Piry et al., 2004), using 30 randomly selected NGI putative breed-specific SNPs (SNPs that
were variable in NGI, but fixed in the other breeds). The assignment method available in
GeneClass2 includes the allele frequency based method of Paetkau et al. (1995) and the
Bayesian-based methods of Rannala & Mountain (1997). The breed allocation efficiencies and
breed misclassification rates were estimated as the proportions of the total number of AFR,
DRA, and NGI animals that were correctly or incorrectly classified (Ramos et al., 2011; Pant
et al.,, 2012). Finally, the minor allele frequency (MAF) distribution for the putative breed-
specific SNPs was estimated in order to see which SNPs possessed the highest frequencies for
breed allocation (Ramos et al., 2011). All SNPs with MAF > 0.2 were regarded as SNPs with
higher breed specificity and were included in a FREQ SNP panel. The MAF were calculated
using PLINK v 1.9 software (Purcell, 2007).

Results

The PCA analysis using the whole genome sequence dataset revealed the genetic distances
between the four breeds (AFR, DRA, NGI, and BRAH; Figure 1). All of the breeds clustered

distinctly revealing significant genetic differences. The PCA1 clustered the breeds according

84



to their geographic distribution, suggesting that these breeds originated from different
geographic areas; and PCA2 clustered the breeds according to their subgroups, Bos
primigenious indicus (AFR, and NGI), African taurine (DRA), Bos indicus (BRAH). Genetic
difference between the three indigenous SA breeds and Brahman was observed; and also the
genetic difference between Drakensberger and Brahman. This PCA shows the potential of
whole genome sequence data to identify breed-specific SNPs that discriminate between the

breeds.
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Figure 1: PCAL1 against PCA2 plot for the three indigenous SA breeds with Brahman as a reference
population using whole genome sequence data.

Identification of selective sweeps

A total of 33,467 150 kb sliding windows were used to calculate the Z-transformed pooled
heterozygosity (ZH,) scores to identify putative selective sweep regions. The ZH, Z-scores
ranged from -10.26 to 2.18, from -5.27 to 1.37, and from -8.27 to 1.94 in AFR, DRA, and NGI,
respectively. Thus, there appeared to be regions of excess homozygosity but not excess
heterozygosity in the genomes of these animals. Figures 2A, B, and C show the distributions

of the ZH,, Z-scores genome-wide for the three indigenous SA breeds. The most noteworthy
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Figure 2: Distribution of ZH, Z-scores across all 29 autosomes for Afrikaner (AFR), Drakensberger (DRA), and Nguni (NGI). The horizontal lines indicate
ZH,, Z-score thresholds of -4 and -5 used to define candidate and putative selective sweep regions in this study.
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regions of homozygosity were observed in a region spanning < 50 Mb on chromosomes 8 and

19 in NGI, chromosomes 13 and 19 in AFR, and on chromosome 7 in DRA.

The genome-wide screening of the breeds revealed 113 distinct loci with ZHp Z-scores < —5,
and 157 loci with ZHp Z-scores < —4 in AFR, 2 and 152, respectively in DRA, and 108 and
156, respectively in NGI (Addendum A). In total, 465 candidate selective sweeps with ZH,, Z-
scores < —4 were identified across the genomes of AFR, DRA and NGI and 223 regions were
identified as putative selective sweeps (ZH, Z-scores <—5) (Addendum A). The lowest number
of putative selective sweeps was observed in DRA. The regions identified as candidate
selective sweeps (ZH, Z-scores < —4) in DRA were located on 26 different chromosomes. We
also identified 93 selective sweep regions with extremely low ZH,, Z-scores (ZH,-scores < —6)
as indicated in Table 1. These regions could potentially contribute to the phenotypic differences
between AFR, DRA, and NGI. A locus with extremely low ZH, Z-score of -10.26 was found
in AFR on chromosome 13, but no annotated genes were identified in this region. A protein
coding gene, family with sequence similarity 101, member B (FAM101B) was identified in a
sweep region with a ZH,, Z-score of -9.05 in AFR on chromosome 19, and was also found in
NGI with a ZH, Z-score of -8.2 (Table 1). This gene is involved in the regulation of the
perinuclear actin network and nuclear shape through interaction with filamins, and plays an
essential rtole in the fornation of cartilaginous skeletal elements in human

(http://www.uniprot.org/uniprot/QSN5W9).

We also detected other genes in selective sweep regions that were common between the three
breeds including, 4SIC5, a gene associated with stress response in chicken (Fallahsharoudi et
al., 2016), DPYS, a protein coding gene associated with Dihydropyrimidinuria and
Dihydropyrimidine Dehydrogenase deficiencies, DCTN3J, a protein coding gene involved in
pathways for transport to the golgi, subsequent modification, and immune system, PLK/,
essential for successful cell division (van Vugt & Medema, 2005), ERN2, which induces
translational repression through 28S ribosomal RNA cleavage in response to ER stress,
MCOLN?2 and MLCOLN3, which exhibit a common 6-membrane-spanning topology, and the
DTMRT3 gene, for which a role has not been well defined.

Among the 23 common genes found between AFR and NGI in selective sweep regions, GZMK
is associated with heat stress in rat (Zhao et al., 2014), ESM1 is an immune response gene in

cattle (Cai, 2006), and CNOT6 is associated with ovarian follicle development in cattle (Zielak-
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Table 1: Putative selective sweep regions with extremely low ZH,, Z-scores < -6 and their associated

genes in the two breeds. DRA was not represented in this table due to insufficiently low ZH, Z-scores.

CHR ZH, ZH,-Z Score | Associated Coordinates (bp) Breed
Genes
1 0.10 -7.75 HISTIH4G 1,675,216-1,675,527 AFR
1 0.14 -6.68 NDUFV3 144,690,277-144,701,618 | AFR
2 0.09 -8.15 - 2,026,957-2,027,063 AFR
2 0.16 -6.20 LIMS? 4,780,176-4,819,192 AFR
3 0.16 -6.35 SPRR3 17,796,522-17,798,340 AFR
4 0.15 -6.62 KIA40895 61,273,629-61,319,128 AFR
4 0.14 -6.05 FAM7I1F1 93,460,874-93,462,935 NGI
5 26,702,879-26,723,947 AFR
26,719,615-26,719,721
PCBP2, PRR13, 26,730,147-26,733,390
0.12 -7.20 AMHR?2, SP1 26,753,574-26,759,487
5 0.16 -6.24 NUAK1 69,816,616-69,892,512 AFR
6 0.13 -6.98 - 6,013,172-6,020,467 AFR
7 0.11,0.13 | -7.62,-6.37 CNOT6 493,450-574,753 AFR, NGI
7 0.14 -6.10 - 96,124,692-96,354,407 NGI
8 0.08 -7.49 DMRTI 43,916,605-43,972,570 NGI
8 0.11 -6.80 KANK] 4,4046,426-44,076,904 NGI
8 0.13 -6.38 DOCKS 44,310,613-44,545,537 NGI
10 0.12 -7.38 PYGOI 54,865,902-54,887,753 AFR
10 -7.24 KIAA1191, SIMC1 4,950,671-4,964,129 AFR
0.12 4,979,152-5,011,240
10 0.16 -6.18 PAPD4 10,549,964-10,609,975 AFR
11 0.14 -6.05 TTC27 15,207,843-15,381,634 NGI
16 1.0, 0.13 -7.86,-6.37 - 659,397-659,500 AFR, NGI
17 0.05,0.09 | -8.92, -7.42 ASICS 44,427,939-44,483,562 AFR, NGI
74,560,555-74,570,229 NGI
74,581,054-74,598,153
ZNF74, TSSK1B, 74,607,593-74,609,032
TSSK2, DGCR14, 74,612,301-74,613,377
17 0.14 -6.06 GSC2 74,613,480-74,620,081
18 0.15 -6.40 LSM144 44,800,804-44,854,327 AFR
19 2,824,635-22,824,710 AFR, NGI
0.05 -9.05, -8.2 FAMI101B 22,824,635-22,824,710
20 24,097,290-24,107,687 AFR, NGI
0.09,0.11 | -7.94 GZMK, ESM1 24,131,984-24,140,817
20 0.11 -7.57,-6.88 - 14,354,229-14,354,294 AFR
20 0.14 -6.03 NPR3 40,967,082-41,041,629 NGI
24 0.12 -7.32 ZNF407 3,841,029-4,197,665 AFR
27 0.09 -7.36 - 4,996,159-4,999,264 NGI

Steciwko et al., 2014). Only three regions were common between AFR and DRA, and four

regions were common between DRA and NGI. The rest of the predicted selective sweep
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regions were breed-specific. Other putative selective sweeps such as that containing DMRT]
gene on chromosome 8 in NGI, has been associated with human reproduction and the region
detected in AFR, a Histone H4-like protein type G (HIST1H4G) gene on chromosome 1, has
been associated with nucleosome structure of the chromosomal fibre in eukaryotes (Marzluff
et al., 2002), and has also been associated with mastitis resistance in Canadian Holstein cattle
(Grossi at al., 2014). These genes lie within regions of the genome that appear to have been
under strong selection in many breeds of cattle. The DRA did not have selective sweeps
detected with a ZH,, Z-score of < -6.0 Only two regions with a ZH, Z-score of -5.3 which
harboured PPP2CA, a protein phosphatase gene which has been associated with fertility in
cattle (Walker 2011), CDKL3, a cyclin dependent kinase like 3, and UBE2B, a protein coding
gene which has been associated with male infertility in human (Zhang et al., 2014) were
detected in AFR. Most of the genes identified within sweep regions in the three breeds have

unknown functions.

There were also a few overlapping common genes that were identified across all the three
breeds that could have been associated with breed formation in cattle. The KI7 and MITF genes
on chromosomes 6 and 12 respectively, have been associated with pigmentation in cattle, KDR
on chromosome 6 is a tyrosine kinase receptor, ERBB4 on chromosome 2 is associated with a
signalling pathway involved in the development and progression of melanocytes in human
(Choi et al 2010). Other genes include CACNAIC on BTAS, LAMC3 on BTA11, TAS2R16 on
BTA4, UNC934 on BTA9, TNFRSF9 on BTA16, CAV2 on BTA4 and DCSTI on BTA3. These
genes have previously been identified in selective sweep regions in cattle and have been
associated with: 1) major depression, 2) the development of brain cortex and formation of
axons, 3) dietary habits, 4) associated with Herpes simplex encephalitis type 1, 5) induced by
lymphocyte activation, 6) involved in Cystic Fibrosis, and 7) implicated in Down syndrome,
respectively (Qanbari et al., 2014). The keratin genes KR724, KRT25, KRT26, KRT27 and
KRT28; and the heat shock protein gene HSPBY9 found on chromosome 19, which have
previously been associated with adaptation to tropical environment in Zebu cattle, were
detected in selective sweep regions common to all three breeds. Other associated genes
including ATP2B, FMOD, WNT5B and PRELP on chromosome 16, have also previously been
identified as being under positive selection in cattle, and were located in sweep regions shared

across the three breeds.
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Identification of breed-specific SNPs

Breed-specific SNPs were identified from among the set of novel SNPs identified in this study.
From the novel SNPs, no SNPs for which alternate alleles were fixed between the three breeds
were identified. Table 2 shows the candidate and putative breed-specific SNPs identified from
each breed for which the SNP was variable in one breed and fixed for the same allele in both
other breeds and the putative breed-specific SNPs (overlaps) that were identified in the

comparison of the sequence and BovineSNP50 data.

Table 2: Identification of breed-specific SNPs in all three breeds based on novel SNPs.

Breed Novel SNPs Candidate Putative breed- Proportion
Breed-specific specific SNPs?

SNPs'
AFR 1,751,065 963,522 66 0.007
DRA 823,997 328,612 35 0.011
NGI 1,794,817 980,533 85 0.009
Total 4,369,879 2,272,667 186 0.027

'SNPs that are variable in the identified breed but are fixed for the same allele in the other two breeds.
’Breed-specific SNPs found in the sequence data that were also present on the BovineSNP50 assay.

A total of 186 putative breed-specific SNPs were identified as overlaps between the
BovineSNP50 data and the 2,272,667 candidate breed-specific SNPs identified in AFR, DRA,
and NGI and could be explored for their utility for breed identification using individual animal
genotype data. Higher numbers of overlapping SNPs were detected in NGI (85) than in AFR
(66) or DRA (35). However, the overall proportion of identified putative breed-specific SNPs
was low (0.27% of total novel SNPs). These SNPs segregate within only one of the three
indigenous SA breeds, but are likely to be common in European taurines (Ramey et al., 2015).
These results were expected because the three breeds were not included in the design of the

BovineSNP50 assay.
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Breed allocation
The PCA plot based on the 186 chip-based breed-specific SNPs (Figure 3) shows the clustering
of the three breeds based on PC1 and PC2. The PCA clearly separated the breeds including the

outgroup, and identified outliers.
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Figure 3: Principal component based clustering of genotyped Afrikaner (AFR), Drakensberger
(DRA), and Nguni (NGI) using a panel of 186 putative breed-specific SNPs, using Angus (ANG) as
an outgroup.
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Figure 4: The clustering of samples from two Nguni populations (NGI and NGU) using the Nguni
putative breed-specific SNPs.
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When the putative breed-specific SNPs were used to assign additional 14 AFR, 23 DRA and
50 NGI animals to their breeds, the animals were correctly clustered. Figure 4 indicates the
clusetering of additional NGI samples with the reference sample using NGI putative breed-
specific SNPs. The breed assignment of the Nguni genotypes (Addenda B & C ), and that of
Afrikaner and Drakensberger (data not shown), using GeneClass2 showed 100% breed
allocation with the overall probability score equal to 1. There were no animals that were
incorrectly assigned. A set of 104 breed-specific SNPs with MAF > 0.2 were identified as the
FREQ SNP set across the breeds, and were tested for breed assignment. There was no
difference in the allocation efficiencies between the 186 putative breed-specific SNPs and the
FREQ SNPs. However, these are the SNPs that were found to be highly discriminative among
the three indigenous SA breeds.

Table 3: Distribution of minor allele frequencies (MAF) for the putative breed-specific SNPs.

Genotyped Individuals n = 152

Breed No. putative Minimum Maximum Average MAF No. FREQ
breed-specific MAF MAF SNPs
SNPs

AFR 66 0.03 0.5 0.31 44

DRA 35 0.01 0.48 0.20 17

NGI 85 0.026 0.49 0.22 43

Total/Avg. 186 0.022 0.49 0.24 104

The MAF distribution for each putative breed-specific SNP is reported in Table 3. The average
MAF of the putative breed-specific SNPs across the breeds was 0.24, with the highest
frequency of 0.5. The overall maximum frequencies were similar for all of the breeds, with

AFR possessing a slightly higher maximum frequency than DRA or NGI.

Discussion & Conclussion

Improvements in next generation sequencing technologies now allow high volumes of data to
be generated at a reasonable price. This study illustrated the usefulness of next generation
sequencing data for the identification of selective sweeps and breed-specific SNPs in

indigenous SA cattle. The design of this experiment was such that each breed was sequenced
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as a pool of 30 animals to maximize the opportunity for the identification of low frequency
breed-specific SNPs to discriminate between the breeds, for breed assignment purposes, and
also to identify recent positive selection signatures. The results of this study indicated that the
sequencing method used in this study was able to identify putative selective sweeps in the
Afrikaner and Nguni breeds, represented by genomic regions harbouring SNPs with extremely
low ZH, Z-scores. The method also identified putative breed-specific SNPs in the Afrikaner,
Drakensberger, and Nguni breeds, rather than identifying SNPs that were fixed for alternate
alleles between breeds. This appears to be due to the evolutionary history of the breeds during
their migration into different geographic regions and also histories of crossbreeding and
selection. Thus, species may evolve collectively at major loci through the spread of favourable
alleles by crossbreeding, while simultaneously differentiating at other loci due to drift and local

selection (Morjan & Rieseberg, 2004).

Studies have indicated that regions with extremly lower ZH, Z-scores indicate putative
selective sweeps reflecting significant excesses of homozygosity (Choi et al., 2015). We
identified 93 putative selective sweep regions with extremely low ZH, Z-scores (< -6) which
represent regions harboring loci subjected to positive selection in the Afrikaner and Nguni
breeds as indicated in Table 1. These could have contributed to their adaptation to SA
environmental conditions and their distinctive phenotypic characteristics. Genes that were
targeted by natural selection during cattle domestication may have been differentially selected
between breeds and these sweeps likely occured ~10,000 years or ~2,000 generations ago,
allowing sufficient time for new mutations to accumulate in these regions which would likely
lead to their not being detected by this methodology. Artificial selection, on the other hand, is
the primary cause of the distinct phenotypic traits between cattle breeds and the scan for
selection sweeps in genetically distinct populations, is unlikely to be confounded by their

similar recent demographic histories (Chen et al., 2010).

Candidate selective sweep regions were also identified in the Drakensberger with higher ZH,
Z-scores. This could indicate the recent events that have occurred in the development of the
breed, but appears that few strong selective sweeps have occurred in this breed since regions
with extremely low ZH, Z-scores were not found. Selective sweeps occur due to strong
selection events for morphology, physiology and behaviour to human management, or due to
strong artificial selection imposed by humans to increase yield, fertility, conformation, and

colour patterning. As a result, more than 900 breeds, each with distinct characteristics, have
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emerged throughout the world, including the indigenous SA breeds (FAO, 2007). The
phenotypes associated with breed development include milk and meat production, fertility,
appearance including coat coloration, decreased fearfulness, social motivation, and mild
temper (Zeder, 2012). Selection for these phenotypes has left detectable signatures of selection
within the genome of modern cattle, some of which appear to have been identified in this study.
The common candidate selective sweeps identified between the three breeds, may reflect the
similar environmental and demographic forces to which these breeds have been exposed during

breed formation.

The modern bovine breeds are grouped into two major types, the taurine and indicine groups.
This has led to intra- and inter-group variability in production (milk yield and quality, meat
production), morphological (coat colour, presence/absence of horns) and adaptive (disease
resistance, heat tolerance) traits (Gouveia et al., 2014). For the identified selective sweep
regions, several genes that have previously been associated with phenotypes were identified.
These regions harbour genes associated with behavioural characteristics, immune function,
reproductive processes, and embryonic development (Ramey et al., 2013). Some of the
selective sweep regions identified in this study contain genes with unknown function, which
need to have roles established. However, the results of this study provide an insight in genomic

variants that underlie complex traits in indigenous SA cattle populations.

This study identified 465 candidate selective sweeps with ZH,, scores <—4 on 29 chromosomes
and 223 regions were identified as putative selective sweeps (ZH, Z-scores < —5) on 17
chromosomes. Using BovineSNP50 data, Ramey et al. (2013) identified 28 genomic regions
on 15 chromosomes as putatively harbouring selective sweeps in 14 breeds. They also
identified 85 putative selective sweep regions from 200 — 846 kb in size using the very high
density AFFXBIP assay. Only 11 regions were validated as putative selective sweeps using
both assays and no selective sweeps overlapped between the taurine and indicine breeds. For
several of the detected sweep regions, Ramey et al. (2013) were able to identify the phenotypes
and genes that were likely subjected to selection. However, for many of these regions, the
selected genes and phenotypes were unclear. But when using next generation sequencing,
Qanbari et al. (2014) identified 146 regions of positive selection in non-overlapping 40 kb
windows across the genome. They were able to localise regions/genes harbouring phenotypic
characteristics such as patterned pigmentation, brain development and neurobehavioral

functioning, sensory perception, immune system, genetic disorders, and blood coagulation.
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This shows that the amount of data used and the analytical method employed both impact the
identification of the number of regions of positive selection. In this study, the number of

identified selective sweeps was even higher.

Using PCA, genetic distance between Afrikaner, Brahman, Drakensberger, and Nguni was
obseved. There was a distinction between the three indigenous SA breeds and Brahman, and
also between the Drakensberger and Brahman. The genetic distance between Drakensberger
and Brahman could suggests that the Drakensberger is more closely related to B. taurus than
to B. indicus as indicated in previous studies (Makina et al., 2014; Zwane et al., 2016). The
study by Makina et al. (2016) also suggested that Drakensberger is an admixture of European
taurine, African Taurine and indicine with a greater percentage of European taurine than
African taurine or indicine. In the study by Makina et al. (2016), clustering of Afrikaner and
Nguni with world-wide breeds indicated that these breeds are more African taurine than
indicine, and this was also observed in this study. The PCA analysis also showed that the breeds
used in this study originated from different ancestry lineage and distributed in different
geographic locations. Sanga cattle were introduced to SA during migration of African tribes to
southern Africa and the arrival of Europeans during the 15th century (Bachmann, 1983). Bos
taurus cattle are distributed all over the world and in Africa, they were primarily found in West
and Central Africa. Bos indicus represent the majority of cattle types found in Africa. These

breeds are mostly found in the western and eastern parts of Africa (Mwai et al., 2015).

From the total number of candidate breed-specific SNPs identified in this study, only 0.03%
could be validated for their utility for breed classification via their presence on the
BovineSNP50 BeadChip (Ramos et al., 2011). The SNPs on the BovineSNP50 BeadChip were
selected and optimized based on their having intermediate allele frequencies across several
European taurine breeds with no regard to their allele frequencies in indigenous SA breeds
(Ramos et al., 2011). Clustering of the animals by PCA using the putative breed-specific SNPs
allowed the identification of outliers and indicated that the identified 186 overlapping SNPs
were not completely adequate to differentiate between all animals in these three breeds.
Identification of outliers among the samples could be due to admixture in some animals, or due
to mislabelling of some samples prior to genotyping. Crossbreeding of different breeds to
enhance production has led to Nguni-type and Afrikaner-type breeds that have never been
characterised genetically (Sanarana, 2015). The fact that we have different Nguni ecotypes
distributed in different geographical areas of SA could have led to the clustering of these
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animals into separate clusters. However, the putative breed-specific panel identified in this

study demonstrated potential for breed differentiation in these breeds.

The assignment test using a panel of 30 randomly selected putative breed-specific markers
assigned the animals to their respective breed with high assignment probabilities. There was
no difference between the clusters using the FREQ SNP panel and the putative breed-specific
set. This shows that these SNP sets can be used for breed allocation. Studies have indicated that
a set of only five SNPs could be sufficient for correctly assigning more than 95% of the pure
animals belonging to a particular breed with less than a 5% misclassification rate. Ultimately,
the number of SNPs required to allocate animals to a particular breed depends on the number
of breeds to be allocated and the extent of crossbreeding among the animals to be allocated. If
there are more breeds than the number of breed-specific SNPs used to allocate breeds, it is
possible that the other breeds will not be represented in the breed-specific SNP set used, and
those breeds could be misclassified into other breeds (Pant et al., 2012). In this study, the SNP
set were able to allocate individuals to their respective breeds. Validation steps are still
necessary, to determine real and false positive SNPs, and also to use validated SNPs to allocate

crossbreds and individuals of unknown breed origin.

This study provides a broader insight into the events that happened during recent selection
events and artificial selection processes that have shaped the livestock genome in SA
indigenous cattle breeds. The ability to detect selective sweep regions provide useful genomic
information for these breeds whereas functional analysis of these regions revealed the presence
of genes of biological and economic importance. Candidate and putative selective sweep
regions will be useful in identifying regions associated with important traits subjected to strong
selection, while the panel of breed-specific SNPs will be used for breed assignment in SA
indigenous breeds. However, further analysis to validate the breed specificity of these SNPs is

needed, especially in crossbreds.
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CHAPTER SIX

Critical Discussion

Next generation sequencing (NGS) methods in South Africa (SA) are still new as compared to
other countries, especially developed countries. Introduction of these technologies has
provided a platform for generating large amounts of genome sequence data, with broad
applications in cattle and other livestock species. Even though several studies have reported
reduced costs of sequencing in most countries (Caulfield et al., 2013; Muir et al., 2016),
running costs and maintenance of equipment are still high in SA due to importation, coupled
with the economic instability within the country. However, access to NGS technologies now
guarantees improvements in the quality of livestock research and will facilitate the generation

of genome-wide sequence data in a more efficient way.

In SA, studies of indigenous breeds including Afrikaner, Drakensberger and Nguni have been
limited to the use of microsatellites and random amplified polymorphic DNA markers for
determining the genetic diversity among these breeds (Pienaar, 2014; Sanarana, 2015). These
studies have formed the basis for the characterisation of cattle breeds to understand the genetic
diversity that exists within and between SA cattle. However, due to the reduced
informativeness of these markers, more information was needed to characterise these breeds

on a genome-wide level to increase the efficient of use of genomic data (Reyes-Valdes, 2013).

The development of SNP technology in livestock species has opened opportunities to use these
markers to identify QTLs and genes underlying traits of economic importance (de Oliveira et
al., 2014; Ogorevc et al., 2009; Zhang et al., 2013; Sajjanar et al., 2015). Several
commercialised SNP assays with different densities are currently available for studies in cattle,
including BovineSNP50, GGP-80K, GGP-150K and BovineHD. It is only recently that these
assays have been used to study SA cattle breeds, especially the BovineSNP50 assay. However,
these assays were designed using common SNPs primarily identified in European cattle breeds.
Lower Fy; and minor allele frequency (MAF) for these SNPs were observed within and between
the SA breeds relative to European breeds. With other limitations of the BovineSNP50 assays
observed by Makina et al. (2014; 2015) in similar breeds, it has been shown that these assays
were at most only adequate for genetic diversity studies among SA breeds but were limited in

utility for other downstream genomic applications.
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The main objectives of this study were to: 1) identify breed-informative markers in Afrikaner,
Drakensberger and Nguni using BovineSNP50 and GGP-80K BeadChip data, 2) sequence
pooled DNA samples from Afrikaner, Drakensberger and Nguni breeds using next generation
sequencing to search for new genetic variants at a genome-wide level., 3) validate newly
identified SNPs using Run 5 of 1000 Bull Genomes Project data and perform functional
annotation and enrichment anlysis, and 4) identify selective sweeps and a panel of SNP markers
to discriminate between the three indigenous breeds. The choice of the breeds for use in this
study was based on their being the only three breeds that are regarded as landraces in SA in
view of their historical significance (Scholtz et al., 2010). These breeds are widely used in SA
for commercial beef production. Even though these breeds are still secure in terms of their
numbers, their production performance is low compared to the European breeds used in SA,
including the Drakensberger which has been observed to be closely related to these European

breeds (Makina et al., 2014; Zwane et al., 2016).

The NGS platform established by the Biotechnology Platform of the Agricultural Research
Council was the core facility for NGS sequencing used in this study. A minimum of 30 samples
from each breed were collected across different regions of SA and sequenced as a pool. The
samples were chosen to capture the maximum possible genetic diversity present in these
breeds, covering all nine provinces of SA by including the most influential sires recorded in

the ARC-Intergis database for Nguni, Afrikaner and Drakensberger cattle.

The strategy of pooling DNA samples prior to sequencing was chosen due to the cost
implications associated with NGS sequencing, but nonetheless, also considering that this
method has been used in SNP discovery for most species, including cattle (Van Tassell et al.,
2008; Ingman & Gyllensten, 2009; Out et al., 2009; Mullen et al., 2012; Vandepitte et al., 2013;
Fracassetti et al., 2015). Pooling individual DNA samples has been regarded as effective both
for SNP discovery and for the estimation of allele frequencies (for population genomic
analyses), and as a result, can be more cost effective due to a reduced sequencing effort required
to obtain similar precisions of allele frequency estimates (Cutler & Jensen, 2010). Research
has indicated that the results obtained from this sequencing strategy may depend on the model
and the statistical analyses applied to examine the data (Futschik & Schlétterer, 2010). There
are however, limitations associated with the pooling strategy, the inability to detect variant
carriers, which is of high importance for disease-association studies of rare variants, or

individual variation, of which the novel SNPs or selective sweeps identified may not be
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polymorphic to all the individuals represented in the breed. Studies has also indicated that
pooling does not provide variant allele frequency (VAF) estimation, which is commonly used

in testing associations for case-control studies (Wang et al., 2013).

For the purpose of this study, pooling of DNA was shown to be an efficient strategy to discover
approximately 17.6 million variants across the breeds including Indels, with 16% of SNPs
validated as being novel SNPs in the indigenous SA breeds (Afrikaner, Drakensberger and
Nguni) using the Run 5 of 1000 Genomes Project data. The proportions of novel SNPs
identified in these breeds suggest that a large number of DNA variants remain to be identified
in cattle. The ratio of homozygous to heterozygous loci indicated low numbers of loci with
homozygous alleles which indicates that these breeds were not greatly affected by inbreeding.
Therefore, considerable variation still exists between the breeds. The high number of shared
SNPs between these breeds may reflect common ancestries prior to breed development. This
study marks the first discovery of SNPs in these breeds and demonstrated the potential of these
SNPs for determining breed composition and also for identifying trait-associated genes for
breed improvement. The strategy used for SNP discovery in these breeds was successful,
however, a higher genome coverage of 30X would have been preferred as only 21X coverage
were realised. The number of samples used in the DNA pool could also be increased to span a

greater range of breed diversity and influence the precision for allele frequency estimation.

Following genome sequencing, the next critical step was gene annotation which included
marking the genomic position and structure of the genes, naming genes (gene ontology) and
functional annotation, i.e., identifying their biological function (Beiki et al., 2016). In this
study, functional annotation was used to classify the variants according to their functional
classes and their gene ontology terms were also determined. Initial annotation of the bovine
genome identified more than 22,000 genes, with 14,345 orthologs shared among seven
mammalian species (Elsik et al., 2009). However, despite these efforts, the function of most
genes are only partly understood. Variants were found in coding regions, non-coding regions,
splice sites and in regulatory regions. The number of synonymous SNPs identified in this study
was almost similar to the number of non-synonymous SNPs. Nevertheless, some advantageous
quantative trait loci (QTL) alleles for economically important traits never reach complete
fixation in populations because they are pleiotropic and balancing selection allows them to
achieve only intermediate allele frequencies (Takasuga et al., 2015). However, these kinds of

events need to be further investigated. Moreover, the presence of non-synonymous SNPs,
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together with SNPs in regulatory regions, is believed to have the highest impact on phenotypes
(Ramensky et al., 2002).

Most of the genes identified in this study were protein-coding that regulate biochemical
processes, phenotypic characteristics and disease-related phenotypes. Candidate genes with
known and unknown functions were identified in the regions enriched for novel SNPs and were
distributed across the genomes of Afrikaner, Drakensberger, and Nguni based on a 100 kb
sliding window. More than 400 genomic regions that were found to be enriched for novel
variants were identified in Nguni. These genes may be involved in adaptation to diverse
geographic environments and selection may have contributed to the shared and population-
specific phenotypes in cattle populations (Scholtz et al., 2005; Abin, 2014). This information,
provides a rich resource for researchers to engage in defining the real biological functions and

phenotypes governed by these genes.

Selection changes the frequency of variants and their neighbouring polymorphic sites,
sweeping the genome and leaving patterns that become identifiable in a population as selection
signatures (Utsunomiya et al., 2013). Identification of these patterns of selection in beef cattle
can assist in detecting chromosomal regions that underwent not only natural but also
anthropogenic selection that may be associated with traits of economic or biological interest.
Phenotypic selection has created a wide diversity of breeds that appear differently, that have
adapted to different climatic conditions and are used for different purposes. The history of
African cattle remains complex and is still under investigation (Decker at al., 2014; Mwai et
al., 2015; Makina et al., 2016). However, it is believed that African cattle populations evolved
to be adapted to various local environmental conditions including disease and parasite
resistance (Mwai et al., 2015). Today, there is a variety of genetically diverse cattle populations
across the country, from the purest Bos taurus to the nearly pure Bos indicus exhibiting
production potential (Landry, 2015). The data obtained in this study reveals genetic
characteristics that are unique to indigenous SA cattle, some of which may be used to define

their adaptability and disease resistance as compared to other breeds introduced to SA.

A number of patterns of strong selection in these breeds on a genome-wide level were
identified, and also regions that have been exposed to strong positive selection. These regions
had low ZH, Z-scores arising from a 150 kb window scan genome-wide. A total of 465
candidate selective sweeps and 223 putative selective sweeps were identified in the three

breeds. Only 93 putative selective sweeps with extremely low ZH,, Z-scores (ZH, Z-scores < -
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6.0) were identified across the genomes of Afrikaner and Nguni. This information will help in
the discovery of disease resistance alleles and for the inference of the events that moulded the
genetic structure of these population. These imprints of historic selection/adaptation episodes
left in cattle genomes allow one to interpret modern and ancestral gene origins and
modifications (Qanbari et al., 2014). Searching for genomic regions of reduced variability as
signatures of strong positive selection can also help in identifying causal mutations controlling
selected phenotypes (Voight et al., 2006). Selective sweeps and their associated genes provide
an insight into the genomic footprints left by natural and artificial selection in indigenous SA
breeds. While identifying a selective sweep in the same region in different breeds provides
support that a particular genomic region has undergone selection for a given trait, many

selection signatures appear to be breed-specific (Gutierrez-Gil et al., 2015).

Candidate and putative breed-specific SNPs were also identified where these forms a basis for
the identification of a breed-specific SNP panel for individual identification/traceability in SA
cattle populations and needs further validation. However, the small set of identified chip-based
SNPs can be used to identify pure indigenous animals, and will also help in the development
of a breed-specific SNP panel for individual animal identification and traceability in SA cattle.
The inability to identify breed-specific SNPs using BovineSNP50 and the GGP-80K Beadchip
earlier in this study could be related to the limited number of SNPs used, of which only common
SNPs between the two beadchips were used, and also that the design of the Beadchips didn’t
consider the inclusion of breed-specific SNPs, rather common SNPs between most European

cattle breeds.

One of the objectives was to identify novel SNPs that are unique to the three indigenous SA
breeds, Afrikaner, Drakensberger, and Nguni. Since SNPs occur at much higher density than
other markers, they are useful in distinguishing closely related individuals. Panels of SNPs are
often developed by comparing large quantities of DNA sequence data across multiple
individuals to identify polymorphic sites (Ramos et al., 2012). When these markers are studied
in different cattle populations, they properly characterise the robustness of associations of
polymorphisms in candidate genes with economically important traits (Kumar et al., 2012).
Results from this study provide an insight into the amount of genetic variation segregating
between breeds and creates a basis for genome-wide association studies (GWAS), to elucidate
the molecular mechanisms underlying disease resistance (Jiang et al., 2010). It is assumed that
beneficial genetic variants that might have been lost as a result of selection in modern breeds

are still segregating in the purebred populations of old breeds. Therefore, identification of
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genetic variants in these breeds could provide a resource for restoring favourable alleles
underlying economically important traits and correcting inherited genetic defects in cattle.
Therefore, it is also essential to sequence members of the ancestral populations of these breeds
to determine how the environmental or demographic factors have impacted the formation of

modern cattle breeds, and how genetic drift has shaped current cattle populations.

SNPs identified in this study provide a resource for SA local beef cattle populations and the
newly identified SNPs could be utilized for the development of a custom SNP chip for local
use, or could be incorporated into redesigns of the existing bovine SNP chips to avoid the bias
inherent in the content of current bovine SNP arrays. This will increase the efficiency of using
the current bovine SNP assays and also allow the customised SNP assays for use in genomic
selection and GWAS studies, for enhanced beef production in SA. Genomic regions harbouring
selective sweeps provide insight into the selection processes involved in the development of
the breeds that differentiates them from the other African and world breeds. Overlapping sweep
regions were identified in this study that require further investigation with regard to adaptation

to SA environments.

Conclusion

Next generation sequencing technologies have made SNP discovery affordable even in
complex genomes and the technologies have improved tremendously in efficiency and cost in
recent years. The SNPs and Indels identified in this study will serve as useful genetic tools, and
as candidates in searches for phenotype-altering DNA differences. Novel SNPs identified in
this study will provide an insight into the genomic regions that are unique to each breed. These
data will also contribute to the development of a customised SNP chip for indigenous SA
breeds. Candidate genes, selective sweeps and breed-specific SNPs identified in this study may
assist in defining the uniqueness of these breeds. Continued characterization of genetic
variation, particularly in breeds that have not been thoroughly examined, will be an important
step towards decoding the molecular mechanisms underlying trait variation. More work is

needed to characterise the selected genomic regions and genes identified in this study.
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Recommendations

Genetic variation in the cattle genome includes SNPs, tandem repeats, Indels, and CNVs, which
may occur within regions that manifest loss of heterozygosity resulting in excessive
homozygosity. The distance between these genetic variations ranges from single nucleotides
to kilobases. The baseline data generated in this study could be used for further disease related
studies and other genomic applications in these cattle breeds. The annotation of the novel SNPs
and selective sweeps provided descriptions of protein function, gene names and identifiers,
gene ontology information, and known phenotypes in cattle, humans and other model
organisms such as mice. This information, in conjunction with QTL mapping or genome-wide
association results (which were not part of this study), could be useful for future work aimed
at a better understanding of the genetic mechanisms underlying phenotypic differences in
cattle. On the other hand, further studies are needed to characterise the number of genes
identified that harbour novel SNPs and that occur in selective sweep regions. This will provide
insight into the traits of economic importance underlying the variations found in these studied
cattle breeds. Validation of the candidate and putative breed-specific SNPs identified from
Afrikaner, Drakensberger, and Nguni is necessary to develop a validated set of breed-specific
SNPs for breed assignment. Allocation of unknown individuals from a larger reference
population is needed, and if possible, also to identify more overlapping SNPs from the
BovineHD assay. Furthermore, efforts should be made to build a customised assay for local
use. It is recommended that similar studies be conducted in SA cattle breeds in order to provide
genomic reference data for genetic analysis and to study their genomic characteristics for

enhanced productivity.
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ADDENDA

Addendum A: Candidate selective sweep regions with ZH,, Z-scores < -4 and their associated genes

in all the breeds.

CHR | ZHp ZHp Z-Scores Loci Coordinates Breed
144,607,395-144,607,589
11022 -4.81 ,WDR4 144,656,767-144,676,874 AFR
143,368,303-143,368,674
1]0.23 -4.49 143,370,686-143,371,060 AFR
145,996,975-145,997,666
11023 -4.47 146,010,006-146,010,491 AFR
140,944,009-140,958,949
140,971,623-141,013,360 AFR
140,992,954-140,993,023
1]0.24 -4.35 WRB,LCASL,, 140,993,153-140,993,232
11]0.24 -4.25 GRK7 128,144,744-128,185,018 AFR
70,742,636-70,784,188
70,786,714-70,786,824
70,788,697-70,792,140
1024 -4.16 LMLN,,,I0CG 70,792,452-70,838,105 AFR
53,727,496-53,754,034
1]0.18 -5.21 KIAA1524,DZIP3 53,768,326-53,884,123 NGI
137,111,101-137,126,880
1]0.18 511 TMEMI108, 137,147,859-137,148,728 NGI
1]021 -4.51 137,030,485-137,107,221 NGI
11022 433 53,913,505-53,913,597 NGI
11023 4.11 NDUFV3 144,690,277-144,701,618 AFR, NGI
210.18 -5.89 PMS1 6,395,005-6,511,175 AFR
210.18 -5.66 B3GNT7 119,989,628-119,990,869 AFR
21020 -5.39 119,912,874-119,912,980 AFR
21020 -5.17 91,475,505-91,548,842 AFR
21022 -4.80 20,305,577-20,305,683 AFR
21024 -4.21 LYPD6 46,723,405-46,759,004 AFR
85,132,987-85,133,945
21024 -4.18 JHECW?2 85,136,811-85,285,250 AFR
21025 -4.12 TNFAIP6 44,850,892-44,867,293 AFR
21 0.05 -4.51 GCG 34,398,011-34,408,391 DRA
21 0.08 -4.16 23,443,013-23,608,298 DRA
210.16 -5.61 91,475,505-91,548,842 NGI
21 0.20 -4.68 RIF1 44.763,141-44,818,737 NGI
21022 421 24,807,357-24,860,776 NGI
21022 -4.19 94,382,387-94,382,773 NGI
21023 -4.13 NCKAPI1 13,575,102-13,664,827 NGI
118,596,201-118,598,002
21023 -4.00 ,TRIPI2 118,622,220-118,729,375 NGI
FAMG634,ANXAY, 19,808,483-19,817,752
310.18 -5.70 CERS2,SETDBI 19,818,789-19,828,310
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19,835017-19843638

19,844,271-19,875,888 AFR
23,643,772-23,667,741

0.19 -5.44 HMGCS2,PHGDH | 23,672,339-23,703,529 AFR
51,490,101-51,491,654

0.22 -4.77 ,EPHX4 51,494,275-51,531,276 AFR
51,546,136-51,565,701

0.22 -4.70 ,BRDT 51574126-51587278 AFR

0.22 -4.66 SCMHI 105,660,418-105,788,507 AFR

0.23 -4.61 59,252,316-59,280,289

0.08 -4.10 MCOLN3,MCOLN2 | 59,303,476-59,351,124 AFR, DRA
9,848,246-9,851,355
9,859,945-9,877,224

0.24 -4.40 SLAMF9,IGSF9 9,878,839-9,886,647

0.22 -4.33 ,TAGLN?2, 9,881,758-9,881,830 AFR, NGI
92,701,749-92,745,663
92,725,890-92,726,019

0.24 -4.23 TCEANC2,, TMEMS59 | 92,746,059-92,771,330 AFR

0.06 -4.38 LPAR3 59,403,909-59,459,794 DRA

0.08 -4.28 MTF2 50,490,450-50,560,463 DRA
42,465,567-42,559,234

0.17 -5.40 SLC30A47, 42,476,551-42,476,656 NGI
59,252,316-59,280,289

0.17 -5.36 MCOLN3,MCOLN2 | 59,303,476-59,351,124 NGI
50,229,830-50,229,964

0.20 -4.79 DRI 50,242,939-50,265,059 NGI
17,796,522-17,798,340

0.20 -4.67 SPRR3, 17,814,055-17,814,288 AFR, NGI
9,991,099-10,000,540

0.20 -4.66 FCRL6,DUSP23 10,029,474-10,030,882 NGI

0.22 -4.30 TMEDS 50,448,643-50,467,156 NGI
6,228,349-6,426,528

0.22 -4.17 RGS5,RGS4 6,287,012-6,292,402 NGI
68,926,598-69,034,386

0.21 -5.15 HIBADH, 68,943,157-68,943,227 AFR

0.23 -4.60 ZPBP 5,727,483-5,820,313 AFR

0.09 -4.06 26,718,560-26,718,680 DRA
93,379,463-93,382,232

0.17 -5.50 IMPDH] 93,382,312-93,399,661 NGI

0.17 -5.35 STRIP2 94,153,704-94,200,845 NGI
93,532,937-93,554,971

CALU,OPNISW,CC | 93,557,351-93,560,340

0.22 -4.24 DCI36 93,575,777-93,602,932 NGI
66,002,072-66,006,203

0.22 -4.18 ,CRHR?2 66,062,161-66,090,181 NGI

0.23 -4.14 TSPAN33 93,881,396-93,901,223 NGI
93,609,408-93,636,607
93,619,560-93,619,627
93,640,142-93,642,824

0.23 -4.13 FLNC,,,,KCP, 93,643,427-93,645,493
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93,655,277-93,685,724

93,662,296-93,662,746 NGI
44,351,615-44,357,569
44,366,491-44,366,579
510.19 -5.48 44,390,512-44,390,615 AFR
44,255,549-44,255,662
510.20 -5.17 JYEATS4 44,318,357-44,342,854 AFR
51021 -5.01 PUS7L 36,909,426-36,926,975 AFR
51022 -4.87 TCPI11L2 70,013,667-70,054,229 AFR
510.24 -4.38 99,192,315-99,193,247 AFR
99,230,573-99,231,472
51025 -4.089 99,242,115-99,243,044 AFR
26,702,879-26,723,947
26,719,615-26,719,721
26,730,147-26,733,390
PCBP2,,PRRI3,AMH | 26,753,574-26,759,487
510.17 -5.34 R2,SP1 26,769,555-26,804,655 AFR, NGI
51020 -4.82 NELL2 35,657,329-36,042,694 NGI
51021 -4.56 TRAK3 47,796,256-47,839,675 NGI
51021 -4.53 47,602,843-47,603,007 NGI
47,713,520-47,751,430
510.22 -4.37 HELB, 47,736,728-47,737,193 NGI
48,917,722-49,009,466
0.22 -4.25 WIF1, 48,952,298-48,952,372 NGI
0.18 -5.72 NIPALI 68,364,432-68,391,572 AFR
0.20 -5.34 5,474,607-5,499,008 AFR
68,405,247-68,449,203
6| 0.21 -4.91 ,TEC 68,468,930-68,530,673 AFR
73,986,000-73,997,338
6| 0.23 -4.53 ,NOAI 74,016,234-74,026,536 AFR
6 | 0.07 -4.32 GABRA?2 66,519,802-66,605,788 DRA
6 | 0.07 -4.24 UVSSA 109,351,917-109,372,113 DRA, NGI
0.20 -4.77
6 | 0.08 -4.20 85,709,660-85,709,770 DRA
61 0.16 -5.65 104,991,391-105,015,210 NGI
6 | 0.18 517 6,499,944-6,500,030 NGI
61 0.18 -5.15 AFF] 103,688,011-103,825,580 NGI
61022 424 BODILI 113,647,965-113,701,414 NGI
47,425,980-4,745,0747
710 -5.267 PPP2CA 47,450,517-47,450,612 DRA
CDKLS3, 47,493,409-47,524,776
710 -5.26 UBE2B 47,528,581-47,541,198 DRA
47,352,223-47,385,009
7 | 0.04 -4.67 TCF7, 47,389,357-47,401,412 DRA
47,852,147-47,903,296
7 1 0.08 -4.23 DDX46,C50rf24 47,910,525-47,917,813 DRA
LYLI, 13,585,511-13,587,648
0.22 -4.73 NFIX 13,596,367-13,658,112 AFR
0.24 -4.31 STK324 60,450,229-60,579,589 AFR
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40,670,261-40,670,368
40,675,390-40,700,658

71024 -4.22 ,COL23A41, 40,722,342-40,722,448 AFR
19,691,006-19,692,540
CAPS, 19,694,193-19,697,346
71024 -4.17 VMAC, 19,698,987-19,704,035 AFR
710.25 -4.08 136,889-136,976 AFR
7 1 0.05 -4.51 81,396,101-81,396,804 DRA
7 1 0.064 -4.39 49,059,242-49,095,515
, 49,108,507-49,108,599 DRA
710.07 -4.29 SMADS 49,155,483-49,217,780 DRA
7 10.07 -4.26 TIFAB 48,524,556-48,525,038 DRA
7 10.07 -4.23 CXXC5 52,505,097-52,513,059 DRA
7 1 0.09 -4.07 ,TXNDC15 47,929,942-47,930,060 DRA
47,943,546-47,959,145
7 1 0.09 -4.05 48,858,234-48,904,411 DRA
71022 -4.33 RIOK?2 99,013,511-99,035,256 NGI
8 10.22 -4.79 RNF20 92,911,255-92,935,750 AFR
81023 -4.61 33,178,579-33,178,676 AFR
0.23 -4.50 43,826,048-43,826,141 AFR, DRA
8 | 0.08 -4.10 ,DMRT3 43,855,333-43,867,721
8| 025 -4.09 HABP4 84,579,583-84,615,685 AFR
8 | 0.03 -4.91 KANKI 44,046,426-44,076,904 DRA, NGI
8 | 0.08 -4.14 66.517.407-6.6517.687 DRA
81 0.15 -5.93 66,517,407-66,517,687 NGI
43,826,048-43,826,141 NGI
81018 -5.27 ,DMRT3 43,855,333-43,867,721
810.19 -4.97 30,260,472-30,260,561 NGI
8| 0.21 -4.50 ERCCG6L2 83,978,960-84,133,609 NGI
91 0.19 -5.52 49,837,663-49,839,034 AFR
9022 -4.74 32,980,714-32,980,839 AFR
0.24 -4.28
91020 -4.70 TRAF3IP2 39,309,720-39,341,546 AFR, NGI
91 0.04 -4.75 98,016,582-98,064,203 DRA
9 | 0.06 -4.49 SLC2243 97,917,373-98,014,739 DRA
91 0.07 -4.24 SLC22A1 97,750,746-97,787,561 DRA
91 0.09 -4.06 ,RPF2, 39,797,081-39,797,187 DRA
39,804,099-39,840,649
39,819,593-39,820,552
27,991,134-27,991,829
91 0.16 -5.77 28,046,280-28,046,356 NGI
403,685-403,791
910.18 -5.24 409,005-409,418 NGI
91 0.19 -4.83 49,837,663-49,839,034 NGI
91022 -4.19 SOBP 42,904,974-43,070,235 NGI
21,975,580-21,976,545
10 | 0.22 -4.86 ,,ORG6J1,,,, ABHD4 21,994,853-21,995,149
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22,007,817-22,009,402
22,015,188-22,015,810
22,018,182-22,018,744
22,038,226-22,038,788

22,045,427-22,056,366 AFR
4,950,671-4,964,129
10 | 0.17 -5.51 KIAA1191,SIMCI 4,979,152-5,011,240 AFR, NGI
12,690,727-12,690,806
12,691,046-12,710,296
10 | 0.23 -4.02 ,RAB11A,MEGF11 12,721,325-12,807,326 NGI
29,626,087-29,636,759
29,645,318-29,645,452
11 | 0.08 -4.12 EPCAM,, MSH?2 29,648,305-29,730,536 DRA
SLC2A48, 98,161,639-98,170,664 AFR
11023 -4.51 ZNF79 98,174,566-98,189,943
11 | 0.06 -4.40 XDH 14,176,298-14,281,717 DRA
11 1 0.22 435 14,162,023-14,166,468 NGI
111022 -4.23 56,863,702-56,863,810 NGI
32,300,110-32,309,281
12 | 0.04 -4.69 URAD, 32,317,772-32,322,605 DRA
36,491,414-36,491,611
12 | 0.06 -4.43 36,493,992-36,520,152 DRA
36,608,008-36,653,042
36,656,631-36,727,198
12 | 0.07 -4.35 MPHOSPHS,PARP4, | 36,660,548-36,660,653 DRA
12| 0.22 -4.78 39,640,396-39,640,466 AFR
12 | 0.23 -4.55 74,816,045-74,978,179 AFR
36,491,414-36,491,611
12023 -4.46 , 36,493,992-36,520,152 AFR
12 | 0.03 -4.83 PSPC1 36,529,631-36,579,763 DRA
12 | 0.09 -4.08 RXFP2 29,234,959-29,280,832 DRA
12 | 0.21 -4.59 39,640,396-39,640,466 NGI
13 ] 0.17 -5.92 OTUDI 24,655,214-24,656,659 AFR
13 | 0.21 -5.12 12,039,484-12,039,612 AFR
13 ] 0.08 -4.15 MKX 37,127,926-37,198,158 DRA
13 | 0.09 -4.01 DDX27 78,054,502-78,071,705 DRA
13 | 0.22 415 SCP2D1 39,015,341-39,016,050 NGI
0.07 -4.33 62,328,132-62,418,497 AFR, DRA,
14 | 0.25 -4.13 DPYS, 62,374,866-62,374,961 NGI
2,327,870-2,331,019
2,332,751-2,337,785
NAPRT,MROHG,, 2,341,290-2,346,302
14 | 0.21 -5.09 ZC3H3 2,354,390-2,418,557 AFR
14 | 0.25 -4.08 OPRK] 23,373,836-23,395,443 AFR
14 | 0.07 -4.29 TAF2 83,552,370-83,639,183 DRA
62,328,132-62,418,497 NGI
14 | 0.21 -4.37 DPYS, 62,374,866-62,374,961
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14 | 0.22 424 PABPCI 65,816,006-65,833,756 NGI
14 | 0.23 -4.05 YWHAZ 65,584,487-65,617,329 NGI
15 0.17 -5.94 6,750,617-6,817,541 AFR
15| 0.18 -5.84 54,131,056-54,171,357 AFR
151 0.19 -5.63 65,457,710-65,497,385 AFR
151023 -4.61 KCNE3 54,587,990-54,588,289 AFR
50,562,717-50,563,915
50,576,452-50,577,620
151023 -4.42 50,601,202-50,602,143 AFR
15 | 0.25 -4.15 61,420,030-61,420,149 AFR
15 ] 0.25 -4.07 OR5IMI 48,900,173-48,901,135 AFR
15 | 0.07 -4.35 CREB3LI 177,157,186-77,193,643 DRA
16 | 0.25 -4.03 55,803,157-55,806,065 AFR
1,734,650-1,749,646
1,752,891-1,762,733
ETNK2,REN,KISS1, | 1,774,374-1,777,002
16 | 0.25 -4.00 GOLTIA 1,781,213-1,794,807 AFR
16 | 0.21 -4.43 19,247,162-19,247,268 NGI
16 | 0.21 -4.42 RASAL? 61,121,078-61,314,123 NGI
0.18 -5.68
17 | 0.22 -4.26 FBRSLI 45,613,860-45,696,523 AFR, NGI
68,354,300-68,362,110
ASPHD2,HPS4, 68,368,661-68,396,020
17 | 0.24 -4.40 SRRD 68,396,102-68,420,240 AFR
17 | 0.24 -4.22 HSPBS 58,405,437-58,418,688 AFR
74,633,475-74,635,952
74,663,544-74,697,337
17 | 0.25 -4.10 SLC25A41,HIRA, 74,676,730-74,677,594 AFR
17 | 0.25 -4.01 10,817,956-10,818,059 AFR
0.09 -4.03 65,950,166-65,979,498
17 | 0.18 -5.30 KCTDI0O,MYOIH 65,981,418-66,022,389 DRA, NGI
74,049,772-74,053,881
74,069,625-74,073,387
74,073,547-74,092,409
17 | 0.21 -4.40 ,YPELI,PPIL2, 74,095,456-74,098,680 NGI
17 | 0.08 -4.15 ASICS 44.427,939-44,483,562 AFR, DRA,
NGI
17 | 0.09 -4.07 61,342,997-61,343,081 DRA
19,157,447-19,166,134
18 | 0.21 -4.46 SNX20,NOD2 19,181,972-19,212,607 NGI
0.20 -5.25
18 | 0.22 -4.30 GPI 44,979,578-45,007,642 AFR, NGI
14,625,180-14,634,572
14,635,302-14,649,693
VPS9D1,ZNF276,FA | 14,649,534-14,686,976
18 | 0.09 -4.02 NCA,SPIRE?2 14,694,452-14,723,123 DRA
18 | 0.21 -5.14 CDH3 36,095,734-36,140,923 AFR
18 | 0.21 -5.05 ZDHHC7,KIAA0513 | 11,116,413-11,133,102
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11,172,008-11,188,928 AFR
18 | 0.21 -5.02 COTLI 10,781,076-10,825,733 AFR
14,578,306-14,584,239
14,592,688-14,599,518
DPEP1,CHMPI4, 14,610,728-14,617,868
18 | 0.22 -4.88 CDK10,SPATA2L 14,617,872-14,621,516 AFR
18 | 0.24 -4.35 CMIP 8,210,815-8,289,563 AFR
19 | 0.15 -5.84 36,032,858-36,035,427 NGI
19 | 0.19 -4.87 TBCD 50,388,667-50,536,976 NGI
19| 0.18 -5.83 RPAI 23,476,634-23,527,009 AFR
39,229,249-39,230,376
39,237,358-39,240,647
39,241,151-39,245,578
SP6,, LRRC46,MRPL | 39,245,741-39,251,565
19 | 0.21 -4.98 10,08BPL7 39,254,140-39,265,047 AFR
39,171,884-39,177,343
39,181,604-39,188,148
19 | 0.24 -4.16 PRRISL,PNPO,SP2 | 39,194,570-39,296,546 AFR
19 22,824,635-22,824,710
22,835,876-22,841,764
22,856,214-22,856,325
22,856,388-22,859,271 AFR,DRA,
0.03 -4.87 ,FAMI101B,,, 22,872,042-23,011,338 NGI
33,688,291-33,716,677
20 | 0.17 -5.54 PRKAAL,TTC33 33,722,080-33,747,493 NGI
33,638,644-33,653,345
33,667,205-33,669,805
20 | 0.19 -4.99 CARDG6,RPL37, 33,669,525-33,669,606 NGI
20 | 0.19 -4.93 OTULIN 58,563,065-58,596,022 NGI
20 | 0.20 _4.78 Cc7 33,549,495-33,606,517 NGI
20 | 0.20 -4.67 C6 33,328,558-33,405,555 NGI
20 | 0.22 421 FAMI1054 58,634,394-58,664,249 NGI
24,033,747-24,042,721
20 | 0.22 -4.17 24,048,537-24,059,238 NGI
20 | 0.06 -4.38 22,800,133-22,800,236 DRA
211 0.17 -5.51 SNRPAI 29,683,789-29,696,818 NGI
211 0.20 -4.70 26,874,338-26,962,870 NGI
70,113,045-70,118,400
0.19 -5.45 70,114,200-70,114,755
21 | 0.22 -4.21 Cl4orf2,, TDRDY 70,123,917-70,233,306 AFR, NGI
21 1 0.20 -5.34 HMG204 33,083,549-33,160,047 AFR
21 1 0.21 -5.14 17,516,746-17,516,849 AFR
21 | 0.04 -4.66 28,785,430-28,785,527 DRA
48,988,984-48,991,875
48,999,619-49,008,847
49,019,728-49,032,603
TNNC1,SEMA3G,PH | 49,032,830-49,039,996
22 | 0.16 -5.56 F7,DNAHI 49,042,073-49,118,359 NGI
22 10.18 -5.11 5,650-9,019
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23,848-26,284
33,124-34,397
63,640-65,183
85,296-127,878

NGI

22

0.23

-4.00

POCIA

49,282,960-49,359,377

NGI

22

0.23

-4.61

20,840,724-20,840,830
20,841,408-20,841,516

AFR

22

0.07

-4.31

5,838,522-5,838,627

DRA

23

0.22
0.23

-4.80
-4.11

ARMCI2,CLPS,
LHFPLS

9,683,947-9,694,015
9,723,791-9,726,250
9,733,331-9,739,310

AFR, NGI

24

0.23

-4.09

ZNF407

3,841,029-4,197,665

AFR, NGI

25

0.15

-5.84

AQP8,ZKSCAN?2

23,069,274-23,079,432
23,091,497-23,104,117

NGI

25

0.15

-5.82

DCTN5,PLK1,ERN?2

21,541,012-21,574,827
21,587,069-21,597,613
21,597,704-21,620,834

NGI

25

0.22

-4.19

,CIQTNFS,

857,167-858,273
865,752-867,111
871,131-877,122

NGI

25

0.23

-4.01

IL2IR

25,233,186-25,268,874

NGI

25

0.03

4.78

SLC943R2,NTHLI,
TSC2,PKDI,

1,575,649-1,589,619
1,590,252-1,595,934
1,596,730-1,626,967
1,627,978-1,666,088
1,628,447-1,628,539

DRA

25

0.06

-4.40

MLSTS,BRICDS,,,,
E4F1,DNASEIL?2,
ECII,,,ABCA3

1,738,258-1,742,107
1,742,073-1,743,503
1,744,661-1,744,720
1,744,908-1,744,984
17,46,200-1,747,344
1,753,636-1,762,994
1,763,777-1,766,831
1,767,070-1,779,723
1,780,540-1,789,539
1,792,865-1,792,957
1,796,660-1,828,217

DRA

25

0.07

-4.26

,,,,,,,, NOXOI,GFER,,

ZNF598, NPW

1,508,568-1,515,379
1,517,626-1,520,287
1,520,493-1,522,670
1,520,844-1,520,974
1,521,490-1,521,623
1,522,971-1,523,097
1,524,318-1,528,358
1,529,747-1,535,805
1,536,097-1,538,058
1,540,863-1,543,188
1,545,800-1,549,999
1,552,258-1,562,560
1,571,169-1,571,725

DRA

25

0.08

-4.16

DCTNS5,PLK1,ERN2

21,541,012-21,574,827

121




21,587,069-21,597,613

21,597,704-21,620,834 DRA
1,126,769-1,133,966
1,135,571-1,156,102
1,159,757-1,163,098
1,167,351-1,168,312
1,172,266-1,181,534
CCDC154,, PTX4,,TE | 1,182,105-1,237,269
25 | 0.09 -4.08 LO2,IFTI140, 1,194,760-1,207,350 DRA
21,541,012-21,574,827
21,587,069-21,597,613
251 0.21 -4.96 DCTNS5,PLK1,ERN2 | 21,597,704-21,620,834 AFR
25| 0.08 -4.23 1,838,866-1,945,919 DRA
25 1 0.09 -4.04 . TRAF7,CASKIN1 1,680,110-1,686,192
1,693,737-1,693,819
1,702,116-1,712,907 DRA
1,714,641-1,725,252
26 | 0.20 -5.31 BTAF1 13,503,454-13,576,250 AFR
15,306,993-15,323,391
15,326,026-15,346,759
27 | 0.09 -4.00 CYP4V2,KLKB1,F11 | 15,350,931-15,370,080 DRA
27 | 0.05 -4.59 SLC2544 14,546,020-14,550,037 DRA
28 | 0.15 -5.79 1,894,648-1,894,766 NGI
28 | 0.22 -4.89 1,894,648-1,894,766 AFR
28 | 0.05 -4.51 5,592,553-5,592,659 DRA
29 | 0.21 -4.41 HEPHLI 653,016-744,427 NGI
43,661,747-43,668,039
0.06 -4.46 MENI,CDC42 43,678,395-43,696,730
29 | 0.25 -4.15 BPG,EHD] 43,704,113-43,708,218 AFR, DRA
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Addendum B: Putative breed specific SNPs identified as overlaps between the sequence data and the BovineSNP50 array.

AFR
CHR SNP NCHROS POS Al A2 | CHR SNP NCHROS POS Al A2
1 ARS-BFGL-NGS-20624 473124 28675718 A T 8 Hapmap24202-BTA-150022 37.8302 21689093 cC A
1 Hapmap33671-BTA-153460  51.7581 31407370 A G 8 Hapmap33684-BTA-27870 54.3155 34795275 G A
1 Hapmap32123-BTA-156557  71.908 49618441 G A 8 Hapmap31847-BTA-162708 60.9688 41416460 A G
1 UA-IFASA-5504 85.3864 60889674 A C 8 ARS-BFGL-NGS-43453 61.1654 42696770 A G
1 Hapmap25955-BTA-89120 141.104 1,22E+08 G A 9 Hapmap27449-BTA-157147 35.1649 16685512 A G
2 BTA-112386-no-rs 8.90708 3924868 A T 9 ARS-BFGL-NGS-42246 61.298 40164227 G A
2 Hapmap40313-BTA-27938 21.4572 8430514 C A 9 Hapmap58666-rs29014693 76.1181 80015418 G A
2 ARS-BFGL-NGS-38727 63.7084 38670519 0 G 9 ARS-BFGL-NGS-34445 105.353 1,05E+08 G A
2 Hapmap33788-BTA-154116  106.45 81796035 G A 10 Hapmap31371-BTA-114833 11.7172 3389908 A G
2 ARS-BFGL-NGS-33177 109.442 85585849 A G 10 Hapmap24333-BTA-125429 62.8554 36786669 A C
2 Hapmap31464-BTA-150552  128.18 1,17E+08 A G 10 Hapmap32991-BTA-125837 105.704 85827327 A G
4 Hapmap33098-BTA-72619 38.2427 22783182 A G 10 Hapmap25613-BTA-158023 122.19 1,04E+08 G A
4 Hapmap45129-BTA-72713 41.8902 24932445 C G 11 Hapmap25893-BTA-157932 48.0872 33211386 A G
4 BTA-87380-no-rs 47.9628 28149800 A G 11 Hapmap29422-BTA-120570 76.5233 69918099 A T
4 Hapmap33364-BTA-142214  73.1916 57896067 A G 11 BTA-107321-no-rs 87.591 80107135 A G
5 Hapmap30820-BTA-142968  45.0547 25379378 G A 11 BTA-118661-no-rs 104.038 1,01E+08 0 G
5 Hapmap32902-BTA-74350 96.4119 80277740 A G 12 Hapmap24800-BTA-127498 55.5329 33150154 A G
5 Hapmap49859-BTA-109537  100.223 82738732 A G 12 BTB-00499378 72.3689 55389189 A G
5 Hapmap28443-BTA-164160  102.858 87187990 G C 12 Hapmap23461-BTA-147998 74.4374 59786584 A C
5 BTA-123417-no-rs 102.883 87225487 A G 12 BTA-120474-no-rs 83.1661 66690581 A G
5 Hapmap40294-BTA-89295 112.14 1,03E+08 C A 12 ARS-BFGL-NGS-8701 94.9504 79374370 A C
5 Hapmap30029-BTA-153521 118.125 1,12E+08 A G 13 Hapmap31075-BTA-128022 0 7538755 A G
7 BTB-00309317 68.9419 46453487 G A 13 Hapmap24199-BTA-147242 54.8835 51021874 A C
7 Hapmap31774-BTA-145190  78.5326 62431361 A G 14 Hapmap29971-BTA-128951 0 13638715 A G
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14 UA-IFASA-9658 42.2175 38248644 G A
14  Hapmap32017-BTA-123301 44.98 45517950 A G
15 BTA-91816-no-rs 0 11395733 A C
15 Hapmap24380-BTA-149592 0 13771288 C A
16 BTB-01292634 24.3049 9237728 A C
16 ARS-BFGL-NGS-81139 41.8661 19483245 A G
16 Hapmap25641-BTA-38951 57.8307 44958340 A G
16 Hapmap33660-BTA-131122 84.83 67027284 G A
16 ARS-BFGL-NGS-92942 93.1948 75690887 A G
17 Hapmap27883-BTA-154035 70.6794 37493844 G A
17 Hapmap31199-BTA-162028 80.4265 50083942 A G
17 Hapmap30597-BTA-161427 81.0887 50509617 A G
17 Hapmap30059-BTA-16379 89.6734 56100282 A G
22 BTA-102233-no-rs 107.508 57410486 G A
23 ARS-BFGL-NGS-21242 0 5896623 G A
23  ARS-BFGL-NGS-42315 0 50782334 C A
24 Hapmap33715-BTA-137579 0 4046179 G A
26 Hapmap24081-BTA-139000 0 40056717 C A
DRA
1  Hapmap48975-BTA-99363 74.8344 54032055 A G
1  BTB-01568926 130.294 1,LIE+t08 G A
3  ARS-BFGL-NGS-13586 35.0233 15380518 C A
3 BTA-28412-no-rs 121.005 1,LISE+08 A G
4 Hapmap27403-BTA-142195 68.8517 55005864 A G
4  Hapmap30302-BTA-155091 80.38 69994454 A G
5  BTA-73200-no-rs 14.0696 5477307 A G
6  ARS-BFGL-NGS-113703 50.5363 27744179 C A
6 Hapmap28178-BTA-144142 81.1368 64963475 G A

Hapmap25900-BTA-159071
BTB-00707501
Hapmap33901-BES9 Contig395 449
BTA-111112-no-rs
Hapmap24169-BTA-96647
Hapmap30773-BTA-126669
BTA-118786-no-rs
ARS-BFGL-NGS-53123
Hapmap24534-BTA-127131
ARS-BFGL-NGS-27078
Hapmap48292-BTA-32583
Hapmap40718-BTA-34856
Hapmap31804-BTA-153738
ARS-BFGL-NGS-27776
ARS-BFGL-NGS-109919
BTA-43023-no-rs
ARS-BFGL-NGS-112003
ARS-BFGL-NGS-86074
Hapmap26766-BTA-161730
Hapmap26766-BTA-161730
Hapmap51737-BTA-50812
BTA-07854-no-rs
Hapmap44958-BTA-52773
Hapmap23270-BTA-148536
Hapmap26395-BTA-136544
Hapmap33612-BTA-56564
ARS-BFGL-NGS-96359

83.1532
95.2734
36.6738
61.8475
122.169
73.679
52.6489
81.7478
103.49
43.24
44.683
45.812
0
72.9587
42.5404
59.6321
75.759
78.2733
76.9371
76.9371
88.99
26.1972
156.079
0
37.4101
0
0

68681708
90075383
21574886
47138456
1,04E+08
68484211
35782717
75662200
1E+08
40628125
42448271
47770268
1757737
55576782
17159355
34087311
50233023
53260898
48046246
48046246
53757088
26447779
61674924
7798009
31960252
38469772
27850482
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BTA-115317-no-rs
ARS-BFGL-NGS-59270
Hapmap27375-BTA-124441
BTB-00042676
BTA-102465-no-rs
ARS-BFGL-NGS-73961
BTB-01203471
BTB-01378315
Hapmap52967-rs29017027
Hapmap28755-BTA-148390
Hapmap33077-BTA-163333
Hapmap26433-BTA-151604
ARS-BFGL-NGS-10549
BTB-01790614
ARS-BFGL-NGS-117236
ARS-BFGL-NGS-10480
BTA-72600-no-rs
Hapmap26444-BTA-153939
BTB-01106344
Hapmap31776-BTA-145290
Hapmap27427-BTA-151849
ARS-BFGL-NGS-4612
Hapmap25284-BTA-145409
ARS-BFGL-NGS-114722
Hapmap25906-BTA-159707
Hapmap31155-BTA-153044
ARS-BFGL-NGS-43242
Hapmap30833-BTA-145860

60.2869
79.5396
119.849
120.644
130.9

147.642
92.1416
54.8305
32.0392
59.1752
64.7653
102.683
113.165
10.1865
83.8483
108.267
71.6298
77.8253
78.96

95.5631
98.6582
108.562
109.861
48.1898
55.41

60.9902
61.1422
70.6658

38098101
56901848
98033610
98779294
1,11E+08
1,34E+08
66734946
36066056
14044364
37473650
40445940
86918783
1,06E+08

3726761
70065213
1,06E+08
49811968
56655089
66107951
82131200
85337935
98173299
99989176
28464160
37471009
41555974
42545530
59778455
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10
10
10
11
11
11
11
11
11
11
12
12
12
12
13
13
13
13
13
14
14
14
14
15
15

Hapmap33502-BTA-153027
BTB-01209657
ARS-USMARC-307
BTA-60298-no-rs
Hapmap23230-BTA-63355
ARS-BFGL-NGS-43120
BTA-97179-no-rs
ARS-BFGL-NGS-23392
Hapmap32619-BTA-154095
Hapmap32846-BTA-152118
Hapmap22740-BTA-126683
Hapmap29741-BTA-158857
ARS-BFGL-NGS-108538
BTA-21643-no-rs
BTA-122625-no-rs
Hapmap48930-BTA-87766
ARS-BFGL-NGS-118242
Hapmap25801-BTA-128091
ARS-BFGL-NGS-79261
Hapmap30063-BTA-32922
ARS-BFGL-NGS-107717
BTA-120560-no-rs
UA-IFASA-5765
ARS-BFGL-NGS-37279
Hapmap26746-BTA-157258
Hapmap26378-BTA-129537
Hapmap30784-BTA-129668
BTA-18105-no-rs

101.609
53.9449
19.6479
21.027
60.4487
74.7729
63.97
63.97
64.4996
65.3401
77.5425
89.3432
107.471
56.0903
73.598
96.528
97.4541
0
34.0948
56.3715
64.6998
73.26

0
12.8659
45.5579
83.0661
21.9219
66.915

97132412
30576191
6703611

7271842

33530540
57065593
55651215
55985011
58730199
60061414
70487203
83072589
1,07E+08
36566658
58027379
81619169
82631955
15642728
34851781
55244135
71075689
76994266
4520969

21104637
47368746
83582981
28361551
64168198
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16
17
17
17
17
17
18
18
19
19
19
20
21
21
22
22
23
23
23
24
24

25
25
26
26
26
26

ARS-BFGL-NGS-114924
BTA-42150-no-rs
BTA-40649-no-1s
Hapmap27157-BTA-131368
ARS-BFGL-NGS-101808
BTA-102489-no-rs
ARS-BFGL-NGS-52078
ARS-BFGL-NGS-42678
Hapmap26455-BTA-156640
ARS-BFGL-NGS-116964
Hapmap39750-BTA-45775
Hapmap23357-BTA-134915
BTB-00810924
Hapmap30532-BTA-136054
Hapmap23073-BTA-136759
BTA-86052-no-rs
Hapmap51466-BTA-55807
ARS-BFGL-NGS-62736
BTB-00872950
Hapmap39983-BTA-20390
Hapmap22828-BTA-90188
Hapmap36124-
SCAFFOLD100400_31720
ARS-BFGL-NGS-38449
BTA-61940-no-rs
Hapmap26496-BTA-27708
Hapmap24386-BTA-163519
ARS-BFGL-NGS-10954

57.919
13.066

51.7905
68.6482
73.5092
111.326
60.5624
79.6561

0

63.2158

75.273

37.6511

24.9047

131.508

102.035

107.032

0

29.9423

0

0

0

S O O O o O

46093561
5191623
23367681
35413944
41089654
69535278
36040190
54112530
758595
41759425
52334083
13478245
25007400
56984645
56049440
57292276
3098756
16123681
43984482
26760851
36808804

10686085
32575148
918433
6594101
48971298
50082843
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Addendum C: Computation and the probability score of Nguni breed (NGU) allocation to the breed
of origin when NGI was ued as a reference population.

Breed allocation

Probability scores

Assigned Rank Score NGI No. of Missing | Assigned NGI No. Missing
samples 1 % -log(L) loci loci sample probability  of loci
loci
/NGU NGI  100.000 11.228 30 - /NGU 0.229 30 -
/NGU NGI  100.000  8.740 30 - /NGU 0.813 30 -
/NGU NGI  100.000 10.812 30 - /NGU 0.305 30 -
/NGU NGI  100.000 10.218 30 - /NGU 0.447 30 -
/NGU NGI  100.000 9.296 30 - /NGU 0.681 30 -
/NGU NGI  100.000 8.078 30 - /NGU 0.927 30 -
/NGU NGI  100.000 10.398 30 - /NGU 0.392 30 -
/NGU NGI  100.000  8.946 30 - /NGU 0.762 30 -
/NGU NGI  100.000 10.271 30 - /NGU 0.431 30 -
/NGU NGI  100.000 9.554 30 - /NGU 0.611 30 -
/NGU NGI  100.000  8.839 30 - /NGU 0.789 30 -
/NGU NGI  100.000 10.331 30 - /NGU 0.409 30 -
/NGU NGI  100.000  8.901 30 - /NGU 0.771 30 -
/NGU NGI  100.000 10.045 30 - /NGU 0.492 30 -
/NGU NGI  100.000  8.595 30 - /NGU 0.838 30 -
/NGU NGI  100.000 10.051 30 - /NGU 0.489 30 -
/NGU NGI  100.000  8.697 30 - /NGU 0.823 30 -
/NGU NGI  100.000 10.294 30 - /NGU 0.422 30 -
/NGU NGI  100.000  9.925 30 - /NGU 0.516 30 -
/NGU NGI  100.000 9.454 30 - /NGU 0.636 30 -
/NGU NGI  100.000 11.741 30 - /NGU 0.160 30 -
/NGU NGI  100.000 13.582 30 - /NGU 0.029 30 -
/NGU NGI  100.000  8.345 29 snp5 /NGU 0.805 29 snp5
/NGU NGI  100.000 8.422 30 - /NGU 0.879 30 -
/NGU NGI  100.000 9.986 30 - /NGU 0.502 30 -
/NGU NGI  100.000 9.441 30 - /NGU 0.639 30 -
/NGU NGI  100.000 10915 30 - /NGU 0.279 30 -
/NGU NGI  100.000 12.990 30 - /NGU 0.055 30 -
/NGU NGI  100.000 10.216 30 - /NGU 0.447 30 -
/NGU NGI  100.000 8.223 30 - /NGU 0.906 30 -
/NGU NGI  100.000 10.804 30 - /NGU 0.306 30 -
/NGU NGI  100.000 8.744 30 - /NGU 0.813 30 -
/NGU NGI  100.000 7.269 30 - /NGU 0.982 30 -
/NGU NGI  100.000  7.899 30 - /NGU 0.946 30 -
/NGU NGI  100.000 8.646 30 - /NGU 0.832 30 -
/NGU NGI  100.000 14.422 30 - /NGU 0.012 30 -
/NGU NGI  100.000 10.979 30 - /NGU 0.265 30 -
/NGU NGI  100.000 11.342 30 - /NGU 0.212 30 -
/NGU NGI  100.000 10.533 30 - /NGU 0.359 30 -
/NGU NGI  100.000 10.549 30 - /NGU 0.356 30 -
/NGU NGI  100.000 11.325 30 - /NGU 0.214 30 -
/NGU NGI  100.000  9.032 30 - /NGU 0.742 30 -
/NGU NGI  100.000 9.353 30 - /NGU 0.664 30 -
/NGU NGI  100.000  8.525 30 - /NGU 0.859 30 -
/NGU NGI  100.000 7.017 30 - /NGU 0.991 30 -
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/NGU
/NGU
/NGU
/NGU
/NGU

NGI
NGI
NGI
NGI
NGI

100.000
100.000
100.000
100.000
100.000

9.483
8.596
11.116
9.678
12.008

30
30
30
29
30

/NGU
/NGU
/NGU
/NGU
/NGU

0.626
0.837
0.248
0.472
0.121

30
30
30
29
30

snp3

The allocation of the test breed to the reference
population was 100% with only two SNPs that
didn’t allocate individuals

The probability score for all the individials

that

popolation

allocatedto

the

reference
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