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Abstract

The South African Bonsmara, a Sanga-derived composite breed, originally developed to be
genetically composed of five-eighths Afrikaner (Sanga subspecies) and three-eighths
Hereford and Shorthorn, is well-adapted to the diverse South African climate. The breed has
an open herd book where females are added based on phenotypic inspection of functional
traits, having an unknown base composition of the modern-day Bonsmara. In this study, whole
genome sequence (WGS) data of 18 founder animals, and 105 modern-day animals were
analysed to assess the within-breed variation, inbreeding and admixture of the Bonsmara and
its base breeds. Four Afrikaner (AFR), four Bonsmara (BON), and two Hereford (HFD) animals
were sequenced as part of the Beef Genomics Project (BGP), whereas the other eight
Hereford founder animals were obtained from the European Nucleotide Archive (ENA) at
EMBL-EBI. Furthermore, the whole genome sequence data of the 105 modern-day animals
representative of current Bonsmara, Afrikaner and Shorthorn (SHH) herds were added.
Following standard quality control, using Plink v2.0, a total of 543 791 and 367 764 autosomal
single nucleotide polymorphisms were available for downstream analysis for the founder and
modern-day animals, respectively. The average heterozygosity values for the founder animals
were highest in the HER (0.580), followed by the BON (0.510) and AFR (0.431), with average
inbreeding coefficients (Fis) of -0.572, -0.357 and -0.122 for the HFD, BON and AFR,
respectively. The average heterozygosity values for the modern-day animals were highest in
the BON (0.379), followed by the AFR (0.329) and the SHH (0.305). Moreover, the inbreeding
coefficients for the modern-day animals were 0.154, 0.026 and 0.174 for the AFR, BON and
SHH, respectively. Genomic structure analysis indicated that the Bonsmara have the most
admixed genome, confirming the development of the breed. The genomic structure analysis
also unveiled the ancestry shared between the Bonsmara and certain Afrikaner cattle,
confirming infusion used by some breeders. Furthermore, it showed a clear separation
between the founder animals and the modern-day animals, despite being from the same
breed, with ancestry shared between all of the founders. A comprehensive genomic
characterization of the Bonsmara and its base breeds with the use of WGS data will aid in
detecting genome-level changes in the historic versus modern genetic composition of the
breed over time.
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Chapter 1

1.1. Introduction

The South African beef cattle industry contributes more than 12% to the Gross Value of
Production (GPV) of agriculture, with an average population size of 14 million cattle present
in the country (BFAP, 2021). There are 150 cattle breeds recognized in Africa, with more than
30 registered South African (SA) beef breeds that have contributed to approximately 9 800
000 tonnes of beef produced in South Africa in the past decade (Kim et al., 2017; van Marle-
Koster & Visser, 2018; DAFF, 2021). South Africa has a population of 60 million people, with
a 1.3% annual increase in growth (FAO, 2022), implying an increase in the demand for animal
protein.

A major challenge for the global agricultural sector is producing enough animal protein
considering the effects of climate change and global warming (Ramirez-Ayala et al., 2021). It
is therefore of interest to investigate the mechanisms that allow animals to adapt to increasing
temperatures on a molecular level (Ramirez-Ayala et al., 2021). Hundreds of years of natural
and artificial selection have allowed the indigenous cattle of South Africa to acquire adaptive
characteristics (van Marle-Késter et al., 2021). Sanga type cattle, a composite between African
taurine (Bos taurus taurus) and indicine (Bos taurus indicus), are known to be well adapted to
the harsh environmental conditions of the eastern and southern Africa and hold potential for
production in these areas (Mwai et al.,, 2015; Makina et al., 2016). Indigenous breeds
represent unique genetic resources in times of challenging production conditions; genomic
characterization of these breeds will allow for the development of more appropriate and
sustainable breeding and selection strategies (Makina et al., 2016; Bhati et al., 2020).

The South African Bonsmara is currently the most populous breed in the beef sector and has
been introduced into other countries such as Botswana, Zimbabwe, Namibia, Australia and
Brazil (Bonsmara SA, 2022). This Sanga derived composite breed was developed at the Mara
and Messina Research stations during the 1960’ s.
5/8 Afrikaner, 3/16 British Hereford and 3/16 Milk Shorthorn (Bonsmara SA, 2022). The
Shorthorn and Hereford cattle have significantly contributed to the development of various
global composite breeds, with the SA Bonsmara being one of these breeds (DAFF, 2019).
The Afrikaner breed is known for its hardiness and adaptability in South Africa (Scholtz et al.,
2016), while the Hereford is known for its good growth and milk production, and the Shorthorn
for its good mothering abilities (Heritage Shorthorn Society, 2023; The Hereford Cattle
Breeder s’ Soci et y ).orhe B8nsmatahhushésradaptiae,chatade?istics, in
addition to good growth and mothering ability, derived from its base breeds (van Marle-Kdster
et al., 2021). The SA Bonsmara breed has an open herd book, which allows for regular
upgrading, and contributes towards a large gene pool. This open upgrading system, however,
implies unknown base compaosition. Base animals are allowed based on strict visual inspection
by breed inspectors and performance testing (Bonsmara SA, 2022). It is still not clear if a
crossbred ani ma-lp issstaleconee time, @nd i tndreemight be a decrease in
performance due to genetic erosion (Van der Nest et al., 2021).



The advent of genomic technology provided new approaches to study genetic composition
and variation of breeds. The availability of a reference genome consequently allowed for the
discovery of genome-wide SNP markers that could be utilized in the design and development
of the first bovine SNP genotyping panel (Matukumalli et al., 2009). Further advancements in
next-generation sequencing (NGS) technologies facilitated improvements in the completeness
of the reference genome (i.e. a reduction in the gaps that existed in the first version), and this
subsequently allowed for the development of a multitude of commercially available and custom
genotyping panels, varying in both density (range: 2 900-777 000 SNPs) and composition,
made available through various service providers (e.g. Affymetrix®, GeneSeek® and
lllumina®).

The genetic and genomic characterization of indigenous and locally developed SA beef breeds
has, until now, been based only on diversity parameters calculated using microsatellites and
single nucleotide polymorphism (SNP) markers originating from commercially available
genotyping panels, and none of these studies have incorporated whole-genome sequencing
techniques (Zwane et al.,, 2019; Madilindi et al., 2020; Van der Nest et al., 2021). For
application in breeds that are less popular (and not well distributed) globally, the current
available commercial panels are limiting in terms of marker numbers and representation
(Lashmar et al., 2021). Considering that larger proportions of markers are not informative in
local breeds, due to the disadvantage of ascertainment bias, most of these panels are not
Sanga (Bos taurus africanus) cattle specific, and their utility, therefore, suboptimal.
Nevertheless, these panels proved sufficient to make initial (and broader) diversity-related
inferences. However, the recently completed Beef Genomics Project (BGP) has facilitated the
generation of high-density SNP genotypes as well as WGS data for numerous breeds (Walsh
& Spazzoli, 2018).

Whole-genome sequencing (WGS) technologies provide a means of bypassing the
ascertainment bias, considering that genome-wide SNPs (the number being reliant on
sequencing depth/ coverage) are captured and are
density and composition. This data type, therefore, allows for higher resolution insights into
the existing genome-level diversity of non-discovery or less populous (on the global scale)
breeds and may be especially beneficial in terms of rare genetic variants (Eusebi et al., 2020).
It furthermore provides improved power and accuracy in locating the causative mutations
underlying monogenic defects as well as rare variants and identifying genomic regions highly
affected by selection pressures (Georges et al., 2019; Eusebi et al., 2020). Whole-genome
sequencing data makes it possible to more accurately study genome composition and
identification of breed-specific SNPs in different breeds and species. Various studies have
made use of whole genome sequence data to assess genomic diversity in cattle. Sequencing
data has been shown to be useful for genomic diversity and population structure of Yunling
cattle, by Chen et al., (2020), in which estimations of LD decay, genome-wide distribution of
nucleotide diversity, the total number of SNPs in each breed and breed-specific SNPs were
identified.



WGS data of the indigenous cattle breeds of South Africa holds potential in the discovery of
new breed-specific SNPs, which might ultimately be included in existing SNP assays or be
incorporated into custom-made SNP assays for the South African populations (Zwane et al.,
2019). Genomic characterisation by means of whole-genome sequencing provides insight into
the genetic diversity between populations of animals, and also the development of these
populations. Additionally, it eliminates ascertainment bias usually associated with SNP
genotyping assays and this will ultimately allow the highest resolution genomic
characterization of locally important cattle genetic resources. It allows for in-depth studies of
their potential unique adaptation traits.

1.2. Aim and objectives

The aim of this study was to utilize whole-genome sequencing data to provide a
genomic characterization of the South African Bonsmara and its base breeds (the Afrikaner,
Hereford, and Milk Shorthorn).

The aim was achieved by the following objectives:

1. To estimate genomic diversity parameters, including inbreeding coefficients, the
average observed and expected heterozygosity, nucleotide diversity and linkage
disequilibrium based on the whole-genome sequencing data of the founder animals
(AFR, BON, HFD).

2. To study the population structure of the founder animals (AFR, BON, HFD) by using
model-based clustering/ADMIXTURE, principle component analysis, and neighbour-
joining trees.

3. To estimate genomic diversity parameters, including inbreeding coefficients, the
average observed and expected heterozygosity, nucleotide diversity and linkage
disequilibrium based on the whole-genome sequencing data of the modern-day
animals (AFR, BON, SHH).

4. To study the population structure of the modern-day animals (AFR, BON, SHH) by
using ADMIXTURE, principle component analysis, and neighbour- joining trees.

5. To study the population structure of the combined datasets (i.e. founder animals and
modern-day animals) by using ADMIXTURE, principle component analysis, and
neighbour- joining trees.



Chapter 2
Literature Review

2.1. Introduction

South Africa (SA) hosts various cattle breeds farmed under diverse climatic conditions (van
Marle-Koéster et al., 2013). The sub-tropical regions of SA are characterized by high average
summer temperatures, erratic rainfall and seasonal variations in veld quality and quantity,
making it important that breeds are selected suited to the specific climate (Deacon & Black,
2021; The World Bank Group, 2021). There are several indigenous and local composite
breeds in SA, well suited to the harsh climatic conditions of SA, with the oldest of these
composites the SA Bonsmara (Bonsma, 1980). The SA Bonsmara was also the first breed to
establish training populations following the Beef Genomics Project (BGP), and subsequently
genomic estimated breeding values (GEBVS) (van Marle-Kdster & Visser, 2018).

Whole-genome sequencing (WGS) technologies allow for the typing (or identification) of
breed-specific SNPs, and therefore, present a higher resolution source of information for DNA-
level diversity inferences to be made. The aim of this section is to provide an overview of the
development of the SA Bonsmara as a composite breed and to review relevant literature with
regards to whole genome sequencing technologies as well as the benefits thereof and
application in genomic characterization studies.

2.2. The South African Bonsmara as a composite breed

A composite breed can be described as a crossbreed animal managed as a straightbreed, so
that all the sires, dams and progeny have the same composition, and produce their own
replacement males and females (Herring, 2014). It combines the genetic characteristics of two
or more pure breeds, and in the case of beef cattle, are often produced by means of continuous
crossbreeding, with the aim of finally achieving a stabilized genomic composition (Li et al.,
2020). The reasons for developing a composite breed include the use of heterosis (hybrid
vigour) and breed complementarity to attain a more ideal additive genetic composition
(Gregory et al., 1999). In addition, by using composite breeds, herd management can be
simplified without repetitive crossbreeding and maintenance of purebred herds (Hay et al.,
2022).

However, after several generations, it is unclear whether the progenitor/ancestral breed
composition remain stable and whether direct or natural selection plays a role in the
modification of the ancestral breed proportions (Paim et al., 2020; Hay et al., 2022). Mendelian
sampling may be one of the reasons that the progenitor genomic compositions can deviate
from the expected, pedigree-based values (Li et al., 2020). Determining the genomic
compositions of these composite breeds, and whether the composition remains stable over
time may be useful in tracing ancestries, validating breed status and for the planning of optimal
breeding programs (Li et al., 2020; Paim et al., 2020).



The Bonsmara composite breed was developed between 1937 to 1963, at the Mara and
Messina Research stations with the aim to produce a beef breed that would thrive under harsh
climatic conditions, such as the indigenous Sanga breeds of South Africa, and have good
carcass qualities, typically characteristic of the Bos taurus beef breeds (Bonsma, 1980;
Bonsma, 1985; Bonsmara SA, 2022).

At the time of development of the SA Bonsmara, the Santa Gertrudis breed had been
developed in America with a composition of five-eighths Shorthorn and three-eighths Brahman

(Sant a

Gertrudi s

Breeder s’

Society

of South

taurine breed percentage exceeded 50%, the cattle showed signs of distress, increased
respiration rates, and ultimately hyperthermia in tropical climates (Bonsma, 1985). The
primary challenge faced when British and European beef breeds were brought to South Africa,
was tropical degeneration (the effect of climatic stress), which led to very high mortality rates
(Bonsma, 1985). The program for the Bonsmara was initiated to include local Sanga
(Afrikaner) and British breeds, which resulted in a final composition of five-eighths Afrikaner
and three-eighths British beef breeds, namely the Hereford and Shorthorn (Figure 2.1;

Bonsma, 1980).
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Figure 2.1 The Bonsmara breed development, adapted from Bonsma (1980)
AFR = Afrikaner, BON = Bonsmara, SHO = Shorthorn, HER = Hereford, M = Male, F = Female




The Bonsmara is classified as a Sanga composite breed of cattle, and has a medium to large
fame, a smooth coat, and a lower susceptibility to heat and ticks compared to the exotic breeds
farmed in SA (Figure 2.2; Theron & Scholtz, 1994). The breed also has an open herd book,
which allows for regular upgrading, contributing to expansion of population numbers
(Bonsmara SA, 2022). As of 2021, the Bonsmara has approximately 109157 registered
animals, making it one of the largest commercial beef breeds in South Africa (SA Stud Book,
2021; Makina et al., 2014). Furthermore, the Bonsmara breed participates in compulsory
animal recording for fertility, growth, and efficiency (van Marle-Kdster & Visser, 2018).
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The breed is widely distributed within South Africa, with the higher number of breeders in the
Free State, North-West and Limpopo provinces (Figure 2.3; Bonsmara SA, 2022; FAO DAD-
IS, 2023). More recently, the breed has been introduced globally in countries, such as
Australia, Botswana, Brazil, Namibia, and Zimbabwe (Bignardi et al., 2014; FAO DAD-IS,
2023).
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Figure 2.3 Number of Bonsmara breeders according to provinces
*Provinces with the highest number of Bonsmara breeders (Bonsmara, 2022)



The Hereford and Shorthorn breeds are both of British taurine descent, with the Hereford
originating from Herefordshire and the Shorthorn from Holderness and Teeswater (DAFF,
2019). The Hereford was imported into South Africa between 1892 and 1901, and as of 2021
has approximately 5751 registered animals in the country (Figure 2.4; SA Stud Book, 2021).

The Hereford can be found in most provinces in South Africa but is not recommended for
heartwater areas. The breed is well known for its good growth, efficiency, and fertility and has
a medium frame, smooth coat, and good pigmentation, allowing better adaptation, and was
specifically included in the development of the Bonsmara for its superior grazing abilities,
fertility, and constitution (FAO DAD-IS, 2023; The Hereford Cattl e Breeder s
Africa, 2023; van Marle-Késter, 2017).

i:igufe 24" S ;f- er p a‘h
South Africa, 2023)

The Shorthorn is one of the most well documented breeds in history due to documentation on
the breed dating back to 1822 (Heritage Shorthorn Society, 2023). Shorthorns were imported
into South Africa in 1861 (DAFF, 2019; FAO DAD-IS, 2023). The Shorthorn is a medium
framed dual-purpose cattle breed, with a variety of red, white, and roan colors, and is known
for its good fertility, maternal abilities, and growth (Figure 2.5; Heritage Shorthorn Society,
2023; FAO DAD-IS, 2023). As of 2022, the total recorded number of registered animals in
South Africa is less than 1000 animals, which are concentrated in the KwaZulu-Natal, Eastern
Cape, and the North-West provinces, with a relatively low contribution of only 0.4% to the SA
seed stock industry (DAFF, 2019; FAO DAD-IS, 2023).
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Figure 2.5 Shorthorn bull "Son of Hazard" (Shorthorn South Africa, 2023)

The Afrikaner, a local Sanga, is believed to be one of the oldest indigenous breeds in South
Africa and originated from the Koi people, during the 17" and 18" centuries (Scholtz et al.,
2016). The Afrikaner is known for its adaptability, good mothering abilities, and good meat
guality and can be found in the Northern Cape, Free State and Mpumalanga provinces
(Strydom et al., 2000; FAO DAD-IS, 2023). It is a medium framed animal and is yellow to red
in color and is known to be resistant to various diseases, parasites and temperatures (Figure
2.6; Makina et al., 2014). As of 2022, the Afrikaner has approximately 3889 registered females
in herdbooks, and the breed is part of the National Beef Recording and Improvement Scheme
and consists of four phases (Afrikaner. Cattl e Br

Figure26 Af ri kaner bul |l "Sanra Ri @0 @frikanemClatilec h
Breeders’ Society )of South Africa, 2021

Despite being a base breed in a few composite breeds, i.e. the Afrigus, Afrisim, Bonsmara,

Hugenoot, SA Braford and Sanganer, there has been a sharp decline in the popularity of the

breed since the 1960° s, mainly dudgrawthratee@d dl| ot s
approximately 2kg per day over a 100 day post weaning growth period (Pienaar et al., 2018;

Coleman, 2016).



In an attempt to improve the production potential and retain the favourable traits of the

Afrikaner, genetic infusion of the Bonsmara breed was pursued. The infusion project was

initiated in 1991, when a Bonsmar a bull ' s semen was wused i n an
repeated over the course of nine years, with the progeny back-crossed to the Afrikaner

(Vermaak et al., 2016). The infusion of Bonsmara genetics was preferred not only due to the
breeds’ adaptability, muscl i ng, rosetferdlitydetalsof r a me,
the return to the Afrikaner breed after infusion would be faster due to the Bonsmara being a

base breed (Coleman, 2016).

Bos taurus taurus breeds, such as the Hereford and Shorthorn, are well known for their good
growth and mothering abilities, whereas the Sanga breeds and their composites, such as the
Afrikaner and Bonsmara, respectively, are well known for their adaptability and efficiency
(Mwai et al., 2015). Table 2.1 provides a list of traits that are recorded for the Bonsmara,
Hereford and Afrikaner.

Table 2.1 List of traits recorded for the Bonsmara, Afrikaner, and Hereford breeds

Afrikaner Bonsmara Hereford
Birth weight X X X

X

Maternal birth weight

Milk X

X X X X

X
X
12-month weight X
18-month weight X
Post weaning weight
Mature weight
ADG
Kleiber ratio

FCR

X X X X X
X X X X X

Scrotal circumference
AFC
ICP
Height X

Length X

Adapted from van Marle-Koster et al. (2013)
ADG = Average daily gain, FCR = Feed conversion rate, AFC = Age at first calving, ICP = Inter-calving period

X X X X X X X X X X

X

Various studies estimating genetic parameters, production performance and adaptability,
growth, and other economically relevant traits, have been done on the Bonsmara and its
foundation breeds. Table 2.2 summarizes a selection of these studies, with emphasis on the



Bonsmara, Hereford and Afrikaner breeds, relating to genetic improvement of the breeds,
while relatively few studies have been done on the Shorthorn.

Table 2.2 A summary of South African research studies done in the past two decades on the

Bonsmara and its base breeds

Research Focus

Performance of cattle breeds in
developing areas of Southern Africa

Effect of Charolais and Hereford sires
and straightbred and crossbred dams on
pre-weaning growth of calves

Genetic parameter estimates for tick
resistance
Impact of Line 1 germplasm on South
African Hereford cattle

Cytoplasmic genetic effects for
production and reproduction traits
Genetic diversity in stud and commercial
herds
Residual feed intake as selection tool in
South Africa
Insight into the genetic composition of
South African Sanga cattle
Morphological and physiological
characteristics of claw quality
Influence of bioregion and environment
on growth and reproduction
Genetic diversity of Afrikaner cattle in
Southern Africa
Oocyte quality and viability in Nguni and
Hereford cows exposed to different
dietary protein levels
Investigating novelty traits to improve
cow-calf efficiency for climate-smart
production
Genetic effects from a three-breed diallel
and top-crosses of Angus and Simmental
sires
Differential gene expression in the
Longissimus dorsi of bulls finished on low
and high energy diets

Breeds Included Reference
Afrikaner, Bonsmara, (Collins-Lusweti, 2000)
Nguni
Angus, Bonsmara, (Dadi et al., 2002)

Charolais, Hereford

Bonsmara (Budeli et al., 2009)
Hereford (Leesburg et al., 2013)
Afrikaner (Neser et al., 2014)
Afrikaner (Pienaar et al., 2014)
Bonsmara (Steyn et al., 2014)

Afrikaner, Bonsmara, (Makina et al., 2016)
Drakensberger, Nguni

Bonsmara (van Marle-Kdoster et
al., 2019)
Bonsmara (Webb et al., 2017)
Afrikaner (Pienaar et al., 2018)
Hereford, Nguni (Hamman et al., 2019)
Angus, Afrikaner, (Mokolobate et al.,
Charolais 2019)
Afrikaner, Angus, (Pyoos et al., 2020)
Bonsmara, Nguni,
Simmental
Bonsmara, Nguni (Linde et al., 2023)
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Local and indigenous breeds represent unigue genetic resources, which makes it essential to
genetically and genomically characterize the diversity of these breeds, as well as the ancestry
and inbreeding levels (van Marle-Kdster et al., 2021).

2.3. Overview of genomic technologies for cattle

2.3.1. Development and applications

Great advancements in breeding programs for livestock have been made with the emergence

of mol ecul ar geneti cs iamumbdr ef geh@micQectmologigsdhdi t i on a l
methodologies have been developed as a consequence of molecular genetics (Fleming et al.,

2018). Development and application of deoxyribonucleic acid (DNA) markers started in the

ear | y 4n@ 8ab besdefined as DNA sequence fragments usually associated with a

particular location on the genome, and are used to identify DNA sequences (Liu et al., 2012;

Amiteye, 2021) . It wasn’'t until the 1990's that ani mal
guantitative genetics to molecular genetics (Singh et al., 2014).

Several DNA markers have been developed and applied in the last decades to assess genetic
diversity in livestock research and in the field of animal breeding (Beuzen et al., 2000; Singh
et al., 2014). Polymerase chain reactions (PCR) increased target DNA and contributed to the
acceleration of research and uptake of markers in genetic studies (Mullis et al., 1986). It was
a fast and reliable way to amplify small amounts of DNA, and could be used with various DNA
markers (Erlich, 1991; van Marle-Kdster & Nel, 2003). Table 2.3 presents the advantages and
disadvantages of various DNA markers that have been used before the discovery of single
nucleotide polymorphisms (SNPs).

Table 2.3 Various DNA markers and their methods, advantages, and disadvantages

Marker Method Advantages Disadvantages
RFLP Regions of the target genome  Simplest PCR Time consuming and not
is amplified, and DNA technique enough genotypic
fragments electrophoresed information
RAPD Short primers used in Reasonable cost Primers very sensitive to
detecting amplified length and wide range of  PCR conditions, thus poor
polymorphisms and visualized DNA fragments reproducibility
with gel electrophoresis amplified
AFLP DNA fingerprinting techniqgue  Reasonable cost, More technical and quality
where DNA fragments are higher DNA prepping essential
detected and amplified by reproducibility and
selective PCR used widely in
mapping plant
genomes
Microsatellites  Amplification of tandem Highly polymorphic  High initial cost and
repeats. A type of co- and have been complex discovery
dominant, multi-allelic marker mapped in various  process
species
Adapted from Mullis et al. (1986); van Marle-Koster & Nel (2003) 11

RFLP = Restricted Fragment Length Polymorphism, RAPD = Random Amplified Polymorphic DNA,
AFLP = Amplified Fragment Length Polymorphism, PCR = Principal component analysis, DNA =
deoxyribonucleic acid



The Human Genome Project (HGP) ultimately led to a decrease in costs of high throughput
sequencing efforts, providing opportunity for other projects, such as the sequencing of
mammalian genomes (Ghosh et al., 2018; Bickhart et al., 2020). A paper published by Gibbs
et al., (2002) suggested that the cattle genome be published next, with the focus being on the
importance of the evolution of ungulated animals but failed to gain traction due to the
complexity of the underlying sequence of the bovine genome (Bickhart et al., 2020).
Nevertheless, it was the chicken genome to be released first in 2004, followed by the bovine,
equine, swine, ovine and caprine genomes. Table 2.4 provides an overview of the different
livestock reference genomes, their respective sizes and their release dates.

Table 2.4 Overview of the livestock reference genomes

Species Sequencing Chr# Sequencing Size/length Release
project/center method (Gb) year
Chicken (Gallus gallus) Washington 33 BAC and WGS 1.2 2004
University (fosmids and
Genome plasmids)
Sequencing
Center
Bovine (Bos taurus) Baylor College of 30/31 Clones BAC 2.7 2009
Medicine and and WGS
Bovine Genome
Sequencing
Project
Equine (Equus caballus) Broad Institute 32 WGS 2.5 2009
and Horse
Genome Project
Swine (Sus scrofa) Swine Genome 20 Clones 2.8 2010
Sequencing
Consortium
Ovine (Ovis aries) International 27 WGS 2.6 2010
Sheep Genome
Consortium
Caprine (Capra hircus) International Goat 30 Fosmid, WGS 2.6 2012
Genome
Consortium

Adapted from Pereira et al. (2013), available at NCBI (1988)
BAC = bacterial artificial chromosome, Gb = Giga base, WGS = whole genome sequencing, Chr = chromosome

Single nucleotide polymorphisms (SNPs) are a type of biallelic marker and replaced the use
of other markers such as microsatellite markers due to the abundance of markers across the
genome, the fact that they are stably inherited, and have lower mutation rates (Beuzen et al.,
2000; Fleming et al., 2018; Bickhart et al., 2020). It is currently the popular marker of choice
in genetic diversity studies to genetically characterize the diversity of different cattle breeds
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(Decker et al., 2014; Dorji & Duagjinda, 2014). As a consequence of the release of the first
draft cattle reference genome, Btau2.0, a large number of SNPs were discovered, and the
opportunity arose to develop more substantial SNP resources, such as the Illumina® Bovine
SNP50 chip, in 2008 (Goddard & Hayes, 2009; Matukumalli et al., 2009; Herring et al., 2013).
This was made possible through a method that selected evenly spaced polymorphic sites on
the genome.

2.3.2. Single nucleotide polymorphism arrays

A major driving force for the development of genotyping arrays, was the emergence of
oligonucleotide arrays in the 1990 s, that al |
samples (Pease et al., 1994; Bickhart et al., 2020). Before the lllumina® Bovine SNP50 chip
was released, an initial panel, called Affymetrix 10K chip, was released, at the same time as
the Btau2.0 reference assembly, and consisted of approximately 10 000 marker sites to
perform parent verification (Daetwyler et al., 2008; Bickhart et al., 2020). Despite being rapidly
adopted by the cattle community and industry, the density of these marker panels was
guestioned, and soon after, the Illlumina® BovineHD genotyping array would be released
(Matukumalli et al., 2011). Table 2.5 provides a list of the available genotyping panels/arrays,
as of 2021.

SNPs have been widely applied in the field of animal breeding and genetics. Perhaps one of
the most important contributions of SNP markers in cattle has been parentage testing (Hayes,
2011; Heaton et al., 2014; van Marle-Kdster & Visser, 2018). It has also been found useful in
investigating complex quantitative trait loci (QTL) in cattle due to its close proximity toward
QTL and quantity (Falconer & Mackay, 1996; Dadi et al., 2012). Genomic selection was
proposed in a landmark paper by Meuwissen et al. (2001) with the use of dense markers such
as SNPs to effectively predict breeding values. Genomic selection can be defined as improving
animals genetically by means of selection on genomic estimated breeding values (GEBVS),
and is a form of marker assisted selection that gives information on the genetic diversity of the
genome (de Roos et al., 2011; Yudin & Voevoda, 2015). It entails the association of genetic
markers with phenotypic performance and allow for SNP information, even with small effects,
to be combined and exploited (van Marle-Kdster et al., 2013; Dekkers, 2012).

Despite SNP arrays having successfully been used for genomic selection and genome wide
association studies (GWAS) for more than a decade, they were assembled from the available
dbSNP database, with more than 96% of SNPs that were published for the taurine breeds
(Igbal et al., 2019). This ascertainment bias causes diversity to be overestimated in taurine
breeds and underestimated in indicine breeds and a distortion of population genetic estimates
(Kim et al., 2017; Bhati et al., 2020). Several SNP-based genomic diversity studies performed
on Sanga breeds have reported lower mean minor allele frequencies (MAF) in comparison to
taurine breeds (Zwane et al., 2016; van Marle-Koster et al., 2021). Due to this observed
ascertainment bias, it is unlikely that the true extent of genetic diversity of the African taurine,
indicine and Sanga breeds can be captured through the current genotyping panels (van Marle-
Koster et al., 2021).
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Table 2.5 List of available bovine genotyping arrays

Platform Chip name SNP number SNP ascertainment
Affymetrix®  Affymetrix Bovine Mapping 9919 N/A
10K
Axiom Bovine 54 560 Angus, Brahman, Fleckview, Gir, Hereford,
Holstein, Jersey, Limousin, Nelore, Romagnola
Axiom BovMDv3 Array 63 648 Afrikander, Angus, Ayrshire, Boran, Blonde
d’" Aquitaine, Brown Swi
Hanwoo, Hereford, Holstein, Japanese Black,
Jersey, Limousin, Norwegian Red, Rouge des
Pres, Romagnola, Tuli, Brahman, Nelore, Gir
Axiom Genome-wide BOS1 648 875 Afrikander, Angus, Ayrshire, Boran, Blonde
d’" Aquitaine, Brown Swi
Hanwoo, Hereford, Holstein, Japanese Black,
Jersey, Limousin, Norwegian Red, Rouge des
Pres, Romagnola, Tuli, Brahman, Nelore, Gir
GeneSeek® GeneSeek Dairy UltraLDv2 7 049
GGP-LD
GGP Bovine LD 26 000
GGP Indicus 35090 Brahman, Guzera, Gyr, Nelore,
Droughtmaster, Santa Gertrudis, Tropical
composite
GGP Bos Indicus HD 74 000
GGP Angus-GS-Beadchip 75 000 Angus
GGP Bovine 100K 100 000 Derived from Bovine HD and Bovine SNP50
beadchips
GGP Bovine 150K 139 480
llumina® Bovine LD 7 931 N/A
Bovine SNP50v3 53 218 Angus, Beefmaster, Brahman, Charolais, Gir,
Hereford, Holstein, Jersey, Limousin, Nelore,
N’ dama, Piedmontese, F
Romagnola, Santa Gertrudis, Sheko
Bovine HD 777 962 Angus, Bl onde d’' Aquit a

Charolais, Guernsey, Hereford, Holstein,
Jersey, Lagunaire, Limousin, Montbeliad,

N’ dama, Norwegion Red,
Angus, Romagnola, Senepol, Simmental,
Wagyu, Brahman, Gir, Nelore, Beefmaster,
Brangus, Santa Gertrudis, Sheko

Adapted from Lashmar et al. (2019) and FAO (2021)
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The movement from SNP array data to WGS data will allow a deeper understanding of the

genome, and provides an opportunity to gain knowledge on within and across-breed

evaluations (Fleming et al., 2018). One of the main advantages of using whole genome

sequencing is the ability to generate a large amount of sequence data at a reasonable price

(Metzker, 2010). It is also a means to identify regions on the genome that are associated with

economically r el evant traits (ERT’'s), detect popul atio
and to make cost-efficient, fast and accurate ancestry inferences (Georges et al., 2019; Chen

et al., 2020).

2.4. Whole-genome sequencing

2.4.1.Sanger vs. Next- Generation Sequencing

Historicallythe sequencing of protein and ribonucleic a
respectively, paved the way for the development of DNA sequencing (Shendure et al., 2017).

After the composition of DNA was discovered, a method for sequencing DNA, known as the
Sanger-sequencing method, was published (Sanger et al.,, 1977), which is a capillary
electrophoresis method (originally gel based electrophoresis) of sequencing and otherwise

known as a first-generation sequencing technology (Park & Kim, 2016; Hu et al., 2021).

The process of Sanger sequencing involves the sequencing of a DNA strand complimentary
to the template strand under interrogation, by means of chain-terminating and radioactively-
or fluorescently- labelled dideoxynucleotides (Hu et al., 2021). Sanger sequencing were used
in the Human Genome Project (HGP), which was declared complete in 2003 and published in
2004 (Ghosh et al., 2018). Despite its usefulness in the completion of the human genome
sequence (International Human Genome Sequencing Consortium, 2001), the automated
Sanger sequencing method had many limitations, prompting the development of new and
improved sequencing technologies (Metzker, 2010; Bickhart et al., 2020). The primary
disadvantage of the Sanger-sequencing method was analysis on only one sequencing
reaction at a time (Hu et al., 2021). Furthermore, discerning haploid sequences was also
challenging, when sequencing diploid DNA, and ultimately required subcloning, plating and
preparation of DNA before starting with the sequencing process (Hu et al., 2021). After the
completion of the HGP, next-generation sequencing (NGS), also known as massively parallel
DNA sequencing, almost completely supplanted the use of Sanger sequencing, with a method
known as whole genome sequencing (WGS) (Shendure et al., 2017; Giani et al., 2020). WGS
can be defined as the complete sequence of the genome containing all polymorphism present,
and contains information of rare variants and their causal mutations (Eusebi et al., 2020).

Compared to Sanger sequencing, NGS technologies allow for the sequencing of nucleotides
faster and cheaper than which was previously possible (Park & Kim, 2016). Costs per sample
are reduced by means of gene and sample multiplexing, and phasing problems (typically found
with Sanger sequencing) can be better resolved (Hu et al., 2021). Despite the detection of
SNPs, NGS technologies also allow for the identification of other forms of intricate genetic
variations, such as copy number variations (CNVs), short insertions and deletions (InDels),
and precise genome-wide linkage disequilibrium (LD) patterns (Wang et al., 2017; Fleming et
al., 2018; Igbal et al., 2019).
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NGS can broadly be divided into two categories, namely short-read sequencing (second
generation sequencing) and long-read sequencing (third generation sequencing). While short-
read sequencing typically produce short sequences of 150 to 600 base pairs, long-read
sequencing can produce longer sequences, generally between 300 kilobase pairs and 4 mega
base pairs, but has suffered from lower accuracies in the past, which is now being improved
(Hu et al., 2021). Nonetheless, library preparation with the use of native or amplified DNA, is
part of all NGS approaches (Giani et al., 2020). Table 2.6 provides a summary of the main
differences and characteristics of short- vs long-read sequencing technologies.

Table 2.6 Differences and characteristics of short- vs long read sequencing

Short-read sequencing Long-read sequencing

Companies

Sequencing principles

Applications

Maximum read
(bases)

Advantages

Disadvantages

length

Illumina, ThermoFisher
Sequence by Synthesis

TS, small WGS, exome and
transcriptome sequencing

150 bp — 600 bp

High accuracies and good
coverage depths. Many
computational tools. Used to be
more accurate than long-read
sequencing.

Phasing difficulties leading to
long running times. Difficulties

with de novo assembly,
haplotype phasing, and
transcript isoforms and
structural variants
identification.

Pacific Biosciences, Oxford Nanopore
Single molecule Sequencing

Whole genome de novo assembly,
variant detection, structural variation

detection, full length transcript
sequencing, amplicon sequencing,
metagenomics sequencing, direct RNA
sequencing

300 kb — 4 Mb

Fast sequencing. Minimal library
preparation and directly targets

unfragmented DNA molecules real-
time. Possibility to sequence large
DNA molecules, thus, diagnosing
genetic diseases.

Production of high molecular weight
DNA. Early limitation was accuracy of
the reads. Sequencing equipment is
expensive. Higher error rate in early
versions.

TS = targeted sequencing, WGS = whole-genome sequencing, bp = base pairs, kb = kilobase, Mb = megabase,
adapted from Hu et al. (2021)

Major improvements were made with NGS when compared to Sanger sequencing, firstly, with
libraries prepared in a cell-free system, and bacterial cloning was no longer required.
Secondly, massive sets of sequencing reactions can be processed in parallel, at once. Lastly,
bases are detected in a cyclic, parallel manner (Park & Kim, 2016). It is evident that through
these improvements, whole genome sequencing is a major contributor towards the generation
of genomic data and can improve the accuracy of inferences made in population genetic
studies (Pool et al., 2010; Zwane et al., 2019).
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The process of translating raw reads into real variants requires alignment, variant
identification, and quality checks, and is a computationally challenging task (Fleming et al.,
2018). Some of the applications of next-generation sequencing technology include (1) building
new genomes from unknown organisms by means of de novo sequencing, (2) DNA, RNA or
epigenome sequencing to detect variants on organisms already sequenced, (3) examining
transcriptome data with sequencing, and thereby synthesizing complementary DNA from
RNA, (4) DNA methylation sequencing for use in epigenetic studies, and finally (5) allowing
scientists to use DNA which was extracted from environmental samples without the use of
cloning (Park & Kim, 2016).

2.4.2. The bovine reference genome

The HGP ultimately led to a decrease in costs of high throughput sequencing efforts, providing
opportunity for other projects, such as the sequencing of mammalian genomes (Ghosh et al.,
2018; Bickhart et al., 2020). Finally, the University of Maryland would release the UMD2
assembly, which consisted out of Sanger sequencing data from the BAC library, more
specifically the RPCI-42 BAC library obtained from a Holstein bull (Bickhart et al., 2020).
UMD3.1 was the updated version of the reference genome and replaced UMD2 in 2010, by
having closed several gaps.

Thereafter the Baylor College of Medicine would release Btau4.6.1 in 2012, which is an
extensively polished version of the bovine reference genome (Bickhart et al., 2020).
Challenges with the early versions of the cattle reference genomes arose with fragmentation
caused by a repetitive element being larger than the original DNA sequence (Bickhart et al.,
2020). Another problem was that when parental alleles were not identical, it created confusion
between tandem repeats and allele differences, which ultimately led to the use of highly inbred
animals to be sequenced for the bovine reference genome to avoid such confusion (Bickhart
et al., 2020).

The L1 Hereford animal, which was used to assemble the reference genome, was a highly

inbred animal that resulted from 70 years of line breeding, named L1 Dominette 01449 (Elsik

et al., 2009). Dominette and her sire, L1 Domino 99375, had inbreeding coefficients of 30%

and 31%, respectively, which ultimately aided in minimizing the number of heterozygous

alleles which would otherwise cause fragmentation (Bickhart et al., 2020). A whole genome

sequence library was created with the DNA from Dominette, and bacterial artificial
chromosome | ibrary was <created with Domino’s DN
contigs in the early versions of the bovine reference assemblies, microsatellites and

hybridization maps were used to make parentage verification more accurate (Prasad et al.,

2007).

Although Baylor Dominette reference assemblies Btaul.0 and Btau2.0 were released in 2004
and 2005, respectively, the updated version of the Baylor Cattle reference assembly, named
Btau4.0, would only be released in 2009, with the bacterial artificial chromosome (BAC)
assembly from Domino added with the whole genome sequencing data from Dominette,
making this the more accurate version (Elsik et al., 2009). The Btau4.0 reference genome has
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made major contributions to the field of animal breeding (Bickhart et al., 2020). There was a
need to sequence the lung tissue of L1 Dominette 01449 by means of long-read sequencing,
which would result in a more accurate assembly with minimal updating necessary, namely
ARS-UCDL1.2 released in 2018 (Rosen et al., 2020). Table 2.7 provides a summary of the
genome assemblies released up to date and their respective attributes.

Table 2.7 List of available reference genomes

Assembly Release year Attributes

Btaul.0 2004 3x coverage of WGS, Sanger sequencing
Btau2.0 2005 6x coverage of WGS, Sanger sequencing
Btau3.1 2006 WGS reads together with BAC data
Btau4.0 2007 Btau3.1 contigs placed on scaffolds
UMD3.1 2010 Graph-based algorithm used

Btau4.6.1 2012 Gaps filled

ARS-UCD1.2 2018 Long-read/third generation sequencing

It is worth noting that several resequencing studies have been done on cattle. Resequencing
of the Holstein breed have been performed to compare differences between the Hereford and
Holstein genomes (Gutierrez-Reinoso et al., 2021). The bovine genome sequence has led to
an increase in the number of available markers and currently the bovine QTL database
consists of 4682 QTLs for 376 traits, the majority being economically relevant traits (ERTS)
(Ghosh et al., 2018).

Other attempts have been made at resequencing the bovine genome, such as the 1000 Bull
Genomes Project, in which a database of 31 million variant genotypes of elite ancestor bulls
have been made available (Daetwyler et al., 2014). Every six to twelve months, a run takes
place as part of the 1000 Bull Genomes Project and in the first run Holstein-Friesian ancestor
bulls and Fleckvieh bulls were included (Hayes & Daetwyler, 2019). Altogether, 121 breeds
have been sequenced as part of the 1000 Bull Genomes Project, including breeds such as
Afrikaner, Brahman, Hereford, Santa Gertrudis, and Shorthorn, b u t no Bofkigumar a’' s (
2.7). The number of animals sequenced, however, have increased substantially since 2019.
As can be seen with the 1000 Bull Genomes Project, sequencing provides opportunities for
researchers to collaborate and ultimately gives them access to a large database of genetic
variants in the researched breeds (Fleming et al., 2018). Additionally, the international bovine
genome sequencing and HapMap projects have resulted in an adequate number of
catalogued SNPs and InDels in the publicly available dbSNP database (Igbal et al., 2019).
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Figure 2.7 Number of animals sequenced as part of the 1000 Bulls Genome Project, adapted from Hayes &
Daetwyler, (2019)

In the case of South Africa, researchers also collaborated to generate genomic databases for
some of the cattle breeds. When the Beef Genomics Programme (BGP), funded by the
Technology Innovation Agency (TIA), was initiated in April 2015, the establishment of a
reference population for the SA Bonsmara was accelerated and the first genomic breeding
values (GEBVs) were produced for this breed (SA Stud Book, 2017; Walsh & Spazzoli, 2018).
The main aim of the BGP was the establishment of reference populations for 13 breeds
(including the Bonsmara, Afrikaner and Hereford) that participated.

Apart from the approximately 3 500 SNP genotyping profiles generated across the
participating breeds (van Marle-Kdster & Visser, 2018), four individuals of each breed were
additionally genotyped with the llluminaN Bovine HD chip, and whole-genome sequenced at
10x coverage. Up to this point, no reference genome has been published for African cattle and
little is known about the genomes of these cattle breeds (Zwane et al.,, 2019). African
indigenous cattle represent unique genetic resources, especially in terms of adaptive
mechanisms, and the availability of whole genome sequencing data for these breeds will allow
for deeper genetic characterization, and ultimately, the development of high density SNP chips
for African cattle (Mwai et al., 2015; Kim et al., 2017). Sequencing these cattle breeds will give
additional insight into the genetic architecture of ERTs, and will provide knowledge on how
these breeds developed and where they originated from (Zwane et al., 2019).

Numerous diversity related studies have been done on breeds worldwide, using whole
genome sequencing data (Table 2.8). There is, however, a need to perform these types of
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studies on the Sanga cattle of Southern Africa, due to the high levels of genetic diversity (van
Marle-Koéster et al., 2021). Up to date, relatively few studies have genetically characterized
the indigenous breeds of South Africa, especially using whole genome sequencing, therefore,
by sequencing these breeds, it can provide the opportunity to discover new SNPs, or identify
breed-specific SNPs, and identify genes underlying traits such as disease resistance and
adaptation (Makina et al., 2014; Zwane et al., 2019).

Table 2.8 A selected summary of whole-genome sequencing studies done on cattle

Reference focus

Breeds sequenced

Reference

Genomic diversity and signatures of
selection

Diversity and ancestry proportions
Breed formation and genomic diversity
patterns

Identification of genomic variants of
Pakistani indicine cattle breeds

Genomic diversity and selection
signatures
Genome landscape

Genomic diversity and selection
signatures

Genomic diversity and selection
signatures

Genomic diversity and selective
pressures

Insight into adaptation

Genetic characterization of three native
cattle breeds from Northern
Fennoscandia and Sakha Republic
Genomic diversity and signatures of
selection

SNPs and InDels characteristics of
Chinese cattle breeds

Genomic diversity and productivity
signatures

Genomic diversity and selection
signatures

SNP discovery in indigenous cattle
breeds of South Africa

Swiss OB

Yunling and Brahman
Iberian native breeds

Sahiwal, Red Sindhi, Tharparkar,

Cholistani, Achai, Bhagnari, Dajal,

Lohani, Dhanni, Hisar Haryana,
Gabrali

Dengchuan

Boran, Ogaden, Kenana, Ankole,
N’ Da ma

Weining

Xiangxi

Bohai Black

Chacuba

Eastern Finncattle, Western
Finncattle, Yakutian

Jiaxian Red

Leigiong, Wannan, Wenshan

Dianzhong

Pinan

Afrikaner, Drakensberger, Nguni

(Bhati et al., 2020)

(Chen et al., 2020)
(da Fonseca et al., 2019)

(Igbal et al., 2019)

(Jin et al., 2022)

(Kim et al., 2017)

(Liu et al., 2022)

(Luo et al., 2022)

(Maetal., 2022)
(Ramirez-Ayala et al., 2021)
(Weldenegodguad et al.,
2019)

(Xia et al., 2021)

(Zhang et al., 2019)

(Zhang et al., 2021)

(zhang et al., 2022)

(Zwane et al., 2019)
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As WGS is becoming cheaper and more accessible, new opportunities arise in terms of
genetic diversity conservation, because common and rare variants can be captured, in
addition to genomic regions affected by selection pressures (Eusebi et al., 2020). Furthermore,
it provides an unbiased estimation of population structure, leading to more accurate inferences
(Ramirez-Ayala et al., 2017).

2.5. Genomic diversity parameters

As whole-genome sequencing contains information on the complete genome sequence, with
a genome length of approximately 2,715,853,792 base pairs (bp) with all polymorphism
present, new possibilities arise for effectively characterizing genomic diversity (Eusebi et al.,
2020). With the availability of whole genome sequence information, more accurate diversity
parameters can be inferred. For effectively managing breeds, the assessment of the within-
and between-breed genomic variation is essential (FAO, 2021). The assessment of genomic
variation within- breeds can be done by means of observed and expected heterozygosity, Ho
and He, respectively, and nucleotide diversity (Makina et al., 2014; FAO, 2021). Various
software programs are used to analyze sequencing data from raw format to variant call format
(VCF) and to ultimately acquire the necessary diversity parameters as described below. Table
2.9 provides an overview of the software used for preprocessing and further downstream
analyses of whole genome sequencing data.

Table 2.9 Overview of software and tools used for the data analysis

Software and tools  Function References
BWA-MEM Alignment to reference genome (Li & Durbin, 2009)
Picard SortSAM Sorting and manipulating the BAM/SAM files, (Picard toolkit, 2019)

produces alignment metrics summary, identification
of duplicate sequences

GATK Variant calling (Van der Auwera et al., 2013)
VCFtools Utility program for working with VCF files, nucleotide (Danecek et al., 2011)
diversity
MultiQC Sequencing report (Ewels et al., 2016)
SnpEff, SnpSift Variant identification and annotation (Cingolani et al., 2012)
BCFtools File manipulation (Danecek et al., 2021)
Tabix VCF file manipulation (Li, 2011)
PLINK Whole genome data analysis (Purcell et al., 2007)
GCTA Estimate complex trait variation (Yang et al., 2011)
ADMIXTURE Ancestry estimation (Alexander & Lange, 2011)
R Data analysis and visualization (R Core Team, 2023)
TASSEL Diversity analysis, NJ tree (Bradbury, 2007)
iTOL Phylogenetic tree visualization (Letunic & Bork, 2021)
PopLDdecay LD estimation and visualization (Zhang et al., 2019)
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2.5.1.Within-breed genetic diversity

The assessment of genomic variation within-breeds can be done by means of observed and
expected heterozygosity, Ho and He, respectively, and nucleotide diversity (Makina et al.,
2014; FAO, 2021). The observed heterozygosity (Ho) known as the frequency in which
heterozygotes can be observed in a population is based on actual genotypes in a population
and is used in conjunction with the expected heterozygosity (Eusebi et al., 2020; FAO, 2021).
The expected heterozygosity (Heg) can be defined as the probability that two alleles chosen
from a random population, are dissimilar, and is based on allelic frequencies (Nei, 1973;
Eusebi et al., 2020). If the population is not in Hardy-Weinberg equilibrium (HWE), He and Ho
will differ (Falconer & Mackay, 1996). Inbreeding or a population bottleneck can cause the Ho
to be lower than the He, whereas crossbreeding or admixture can cause Ho to be higher than
He (Bourdon, 2014).

Nucleotide diversity (p) is a parameter used to quantify within-breed genetic diversity, and can
be defined as the average number of nucleotide differences per site between two randomly
selected DNA sequences in a given population. The nucleotide diversity is equal to the
observed heterozygosity if all nucleotides are considered loci (Nei & Li, 1979; FAO, 2021).
High nucleotide diversity indicates approximately equal amounts of nucleotides (A, C, G, T)
present throughout the sequencing run, whereas low nucleotide diversity indicates a higher
proportion of certain nucleotides, while having a lower proportion of the other nucleotides
(lMumina Knowledge, 2023). Table 2.10 provides within-breed genetic diversity results of
studies that used whole-genome sequencing data.

Table 2.10 Results and relevance of within-breed genetic diversity parameters

Parameter Breeds Range Reference

Heterozygosity Afrikaner, Angus, Bonsmara, 0.24-0.31 Makina et al., 2014
Drakensberger, Holstein, Nguni

Afrikaner, Angus, 0.20-0.26 Zwane et al., 2016
Drakensberger, Hereford, Nguni
Spanish Saler founders 0.34-0.77 Gamarra et al., 2017

Brahman, Simbra, Simmental 0.295-0.427 Van der Nestet al., 2021

Nucleotide African indigenous cattle > 0.002-0.004 Bhatietal., 2020
diversity (p) Yakutian, Danish Red > Original

Braunvieh > Holstein > Jersey >

Fleckvieh

Wannan > Wenshan > 0.001-0.004 da Fonseca et al., 2019
Dianzhong > Brahman > Yunling

> Angus

Chinese indicine > South Asian 0.001-0.005 Maetal., 2022

indicine > Bohai Black >

Simmental > Angus
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2.5.2.Between-breed genetic diversity

Assessing the structure between populations of animals and how genetically similar or
dissimilar they are to each other, provides useful information on how to manage these
populations and how to improve breeding strategies (FAO, 2021). Assessment of genomic
variation between- breeds includes the use of principle component analysis (PCA), model-
based clustering (ADMIXTURE; Pritchard et al., 2000), and phylogenetic trees (Saitou & Nei,
1987).

Principal component analysis is a statistical method in which the variability associated with
variables, such as marker genotypes, can be captured into a smaller number of variables
containing most of the original variation. The variables, termed the principal components (PC),
are ordered from highest variation to lowest variation, such that PC1 will explain most variation
(FAO, 2021). Additionally, PCA provides a means to transform the original variables into new,
orthogonal axes, so that the data on the respective axes will be uncorrelated. In diversity
studies, the first two principal components are plotted against each other, which can reveal
patterns of population origin that needs further interpretation from the researcher (FAO, 2021).

Model-based clustering is a statistical method in which the genetic structure in a set of
individuals can be summarized (Pritchard et al., 2000) and assumes K genetic clusters/groups.
Furthermore, it assumes that all polymorphic sites are in HWE and linkage equilibrium within
the groups (FAO, 2021). Admixture, a later developed software to implement model-based
clustering, allows large datasets and large K values to be analyzed and allows differentiation
between local and global cattle populations (Alexander & Lange, 2011). The assumption is
that the observed data have been generated from a limited mixture of component models,
which are probability distributions (Banerjee & Shan, 2011). The cluster to which the
observation belongs to, is determined by the component responsible for the generation of the
specific observation.

The goal with model-based clustering is to determine which component is responsible for an
observation, giving the clustering of the data (Banerjee & Shan, 2011). Model-based clustering
graphically groups individuals that are related from one or more breeds. Additionally, it also
graphically shows the ancestral proportions and subdivision of breeds not seen with PCA or
genetic distances (FAO, 2021). Figure 2.8 shows the clustering observed in a SA composite
breed and its ancestral breeds through PCA and Admixture.
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Phylogenetic trees are reconstructed through the neighbor-joining (NJ) algorithm, based on a
n 3 n pairwise genetic distances matrix between n breeds, and can be used complimentarily
to PCA and model- based clustering (Saitou & Nei, 1987). The NJ algorithm chooses a pair of
breeds, that when combined gives the largest decline of total branch length of the tree.
Thereafter, the distance matrix is recalculated and reduced to (n-1) 3 (n-1) breeds, continuing
until all the breeds in study have been paired (FAO, 2021).

Whole genome sequencing provides new opportunities in the conservation of genetic diversity
as it captures common and rare variants (Eusebi et al., 2020). The success of applying WGS
in diversity studies, however, depend on the sequencing depth, the coverage, the type of
sequencing, and the analysis methods (FAO, 2021). In addition, detecting variation accurately
with the use of WGS, is also dependent on how accurately the sequencing reads are mapped
against the reference genome. It is essential to estimate and monitor the within- and between-
breed genetic variation, as it can aid in the implementation of better and more sustainable
breeding and conservation strategies/programs (Oner et al., 2019; Xia et al., 2021). Due to
intense selection and smaller population sizes, concern about the genetic diversity and
conservation in livestock have increased (Eusebi et al., 2020).

2.6. Cattle graph genomes and future applications

Despite the numerous whole-genome sequence studies previously done on cattle (Table 2.6),
it is biased towards European breeds, as it is based on the currently available Hereford
reference genome (Crysnanto & Pausch, 2020). This has an adverse effect on the cattle
research in other global breeds, such as the African cattle breeds which display high levels of
genetic diversity and in which the genomes of African breeds have a great quantity of
sequence variation (Ameur, 2019; Talenti et al., 2022). Despite serving as the foundation for
mapping and assembling DNA sequencing reads into contigs, this biased reference genome
is the main determinant of the quality of all downstream analyses, and therefore the
conclusions drawn from it (Rakocevic et al., 2019). A variety of factors, such as geographical
distribution and sample accessibility causes projects such as the 1000 Bulls Genome Project
to be considerably skewed towards Bos taurus (European) breeds, resulting in a poor
reflection of the genetic diversity in indigenous or Bos indicus breeds (Talenti et al., 2022).

The currently available bovine reference genome is a linear alignment, and the aligner does
not allow mismatches of three or more single nucleotide variants (SNVs), which in turn can
cause incorrect mapping of sequencing reads or even failure to map (Ameur et al., 2019;
Rakocevic et al., 2019). The threshold, however, can be set to more than three mismatches if
needed. Mapping reads incorrectly, can result in false negatives and false positives
(Rakocevic et al., 2019). In addition, it lacks allelic variation and nucleotides segregating at
high frequency (Crysnanto & Pausch, 2020). Furthermore, a substantial portion of the cattle
pangenome is missing from the reference sequence, due to the reference genome only
representing one consensus haplotype from a single Hereford cow. Additionally, downstream
analyses are all biased towards the refeetence s:¢
al., 2022).
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The emerging field of pan-genome graphs might be one way to mitigate this observed
reference bias, and stand to become an omnipresent genomic tool in the future, as it can
combine various sequence and coordinate systems, rendering them useful regardless of the
pangenome models used (Eizenga et al., 2020). Pan-genomes represent all the genes found
within a population or species and constitutes the core genome together with the accessory
genome (Deng et al., 2010). Furthermore, graph genomes can be defined as a graph- or
network-based depiction of an assembly of sequences or pan-genome (Kaye & Wasserman,
2021). These graph genomes include genetic variation and haplotypes along with the
reference genome (Figure 2.9), and could ultimately allow researchers to investigate
sequence diversity presentin individuals, rather than relying on alignment to a single reference
genome, and can render the use of reference genomes suboptimal in the future (Ameur et al.,
2019; Eizenga et al., 2020).
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Figure 2.9 Depiction of a graph genome

The production of a graph structure is the first step in graph sequence analysis. Subsequently,
variants from multiple databases are integrated with the reference genome, forming different
paths in the graph, and after the graph has been built, an algorithm is used to index the graph
(Ameur et al., 2019). Finally, the sequencing reads can then be aligned to the graph genome.
Figure 2.10 illustrates the difference in alignment to a graph genome vs. a linear reference.
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Figure 2.10 Alignment in graph genomes vs linear reference genomes
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A recent study has generated N’ Dama and
insufficient reference genomes for African cattle (Talenti et al., 2022). The findings of this study
emphasized the shortcomings of the currently available reference genome, by illustrating how
this new graph genome (consisting of t wo
combined with genomic data of 294 diverse cattle) have an extra 116.1 Mb, equivalent to
4.2%, of sequence missing from the Hereford reference sequence. Additionally, bovine breed-
specific consensus sequences and variation-aware reference graphs have been assembled
by using the Hereford reference sequence as the foundation, as a means of assessing the
accuracy of read mapping and variant genotyping from different reference structures
(Crysnanto & Pausch, 2020). Here, it was confirmed that linear mapping is improved by breed-
specific consensus sequences, and that the amount of incorrectly mapped reads were
reduced by more than thirty percent when using variation-aware reference graphs, making
variant prioritization essential.

Despite attaining more acceptable read alignment, variant calling and genotyping,
constructing high quality graph genomes rely on representative reference sequences, which
in the case of indigenous and Bos indicus breeds, have been lacking (Talenti et al., 2022). It
is essential to find an optimal balance between graph density and computational complexity,
as the addition of variation sites increases computational costs (Crysnanto & Pausch, 2020).
Furthermore, graph genomes is more computationally demanding, as it requires more
computer memory, disc space and analytical time (Talenti et al., 2022). Nevertheless, there is
potential for graph genomes to replace linear references, due to increased read mapping,
variant calling, and the determination of haplotypes, ultimately reducing reference bias (Paten
etal., 2017).

2.7. Conclusion

To conclude, the SA Bonsmara, originally composed of three breeds namely the Hereford,
Shorthorn and Afrikaner, is widely used in the beef industry. The assessment of genomic
diversity of South African beef breeds has until now, been limited to diversity parameters
calculated across SNPs included on commercially available genotyping panels. Not only are
these panels limiting in terms of density but also composition, considering that larger
proportions of markers are not informative in local breeds due to ascertainment bias (which
ultimately results in fewer usable SNPs). Nevertheless, these panels proved sufficient to make
diversity-related inferences. Whole genome sequencing will allow higher resolution and more
accurate inferences to be made. It especially looks promising in the estimation of genetic
diversity parameters and population structure in the field of animal breeding, but still has the
disadvantage of reference bias. Therefore, graph genomes might become more popular to
overcome observed reference biases based on the linear reference genome currently
available.
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Chapter 3
Materials and methods

3.1. Introduction

This project aimed to genetically characterize the South African (SA) Bonsmara composite
breed and its base/foundation breeds (i.e. the Afrikaner, Hereford, and Shorthorn) with the use
of whole-genome sequence (WGS) data. This was achieved by means of a comparative
assessment of genomic diversity parameters, including genome-wide heterozygosity, as well
as the inference of population structure and shared ancestry between the SA Bonsmara and
its base/foundation breeds. Permission to access the data was granted by the respective
breeder s’ rsl oethicad appreval was granted by the University of Pretoria
(UP)(NAS264/2021).

3.2. Materials

Three datasets were analysed: (1) the founder animals (South African BGP animals and eight
European Herefords from the European Nucleotide Archive (ENA)); (2) animals from the
ongoing UP sequencing project (NAS264/2021); (3) a combined dataset with all the founder
and modern-day animals.

3.2.1. Beef Genomics Project (BGP) - founder dataset

The whole-genome sequencing data that was used in this study was obtained from the Beef

Genomics Project (BGP), funded by the Technology Innovation Agency (TIA) and generated

by the Agricultural Research Council’™s Biotechno
provider’'s routine pr ot osequensingwdrdfeundemanimadslie., sel ect
the oldest representative, high impact male animals for the breeds with biological samples of

DNA available.

The pedigrees of the founder animals used in this study is attached as an addendum (Al).
Per breed, four whole-genome sequences, sequenced at 10X coverage, were available,
except for the Hereford breed, which only had two sequences available. Additionally, eight
more founder Hereford sequences were obtained from the European Nucleotide Archive
(ENA) at EMBL-EBI under accession number PRJINA474946
(https:/lwww.ebi.ac.uk/ena/browser/view/PRINA474946). It is worth noting, that there were no
founder sequences available for the Shorthorn breed. Table 3.1 provides a list of the individual
founder animal numbers and identifications (IDs).
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Table 3.1 Founder animal identifications and birth dates

Breed Computer/sample  Country Identification number Date of Birth
number

AFR 11360864 South Africa AFR M CD 860166 1986-05-02
37997046 South Africa AFR M GZ 970321 1997-02-25
39163803 South Africa AFR M DH 970266 1997-10-29
39445192 South Africa AFR M MC 970079 1997-11-09

BON 3451739 South Africa BON M DOAR T 0049 1976-10-30
6385462 South Africa BON M GB B 0245 1981-11-25
25572165 South Africa BON M TBR 91 0704 1991-10-29
37501087 South Africa BON M BG 96 0125 1996-11-05

HFD 20623153 South Africa HFD M KRM A 0012 1989-09-04
45368198 South Africa HFD M KJA 010103 2001-09-04
SAMNOQ09379697 Ireland HERIRLM_IMAG_000047 1996-01-16
SAMNO09379714 Ireland HERIRLM_IMAG_000086 1996-04-08
SAMNO09379721 Ireland HERIRLM_IMAG_000024 1994-11-02
SAMNO09379743 United Kingdom HERGBRMOOOHPBP38128 1996-09-07
SAMNO09379751 Ireland HERIRLM_IMAG_000055 1994-03-14
SAMNO09379763 Ireland HERIRLM_IMAG_000123 1993-10-06
SAMNO09379808 Ireland HERIRLMOOOOOLAB6239 1985-01-01
SAMNO09379810 Ireland HERIRLM121584820196 1999-04-29

AFR = Afrikaner, BON = Bonsmara, HFD = Hereford,

3.2.2. UP sequencing project
Additional sequences were obtained from an ongoing project at UP for whole genome
sequencing of indigenous cattle breeds. The sequences used here included 42 Afrikaners, 43
Bonsmaras born from 2009 onwards, and 20 Shorthorns, in a single variant call format (VCF)
file. The Afrikaner and Bonsmara animals that were sequenced originate from different
provinces and stud breeders in South Africa to get as accurate a representation of the diversity
in South Africa as possible, and the Shorthorn animals originate from Europe (Table 3.2). Itis
worth noting that the animals from the UP sequencing project are not founders and represent
the modern day cattle. There were also no modern-day Hereford sequences available.

Table 3.2 Number of modern-day animals sequenced as part of the ongoing UP project

Breed Number of animals Country

AFR 42 South Africa
BON 43 South Africa
SHH 20 United Kingdom

AFR = Afrikaner, BON = Bonsmara, SHH = Shorthorn
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3.3. Methods

Various software programs were used for the analysis of the data. Whole-genome sequence

data of the founder animals were received in fastq format. The founder and modern-day

sequences were analyzed using the Bcbio-nextgen and GATK’' s best practices
respectively, to perform the appropriate quality control procedures and to estimate the genetic

diversity parameters (Guimera, 2012; Poplin et al., 2017). Furthermore, it was used to make

inferences on genetic distances and population structure. All founder sequences were

individually called, and produced vcf files per individual, in contrast to the UP WGS project

data that were received in one vcf file containing all variants. The pipeline used for the analysis

of the whole-genome sequence data of the founder animals is attached as an addendum (A2).

3.3.1. Mapping and sorting

Quality control checks were performed, and basic statistics done on the raw reads in FastQC

v0.11.7. The quality control measures include percentage duplicated reads, the number of

mapped and unmapped reads, the number of SNPs versus InDels and the average read
coverage, to mention a few. Burrows-Wheel Alignment tool (BWA) (Li & Durbin, 2009) was

used to create an index to allow the tool to search the genome more efficiently during
alignment. Thereafter, BWA mem was used to map the clean pair-end reads to the Bos taurus
reference genome (ARS-UCDL1.2) using default parameters (Rosen et al., 2020). Mapping to

the reference genome produced Sequence Alignment Map (SAM) files, which had to be
converted to BAM fil es, the binary equi vieel ent of
utility of the Picard version 2.17.11 toolkit (Picard Tools- By Broad Institute,
https://broadinstitue.github.10/picard/). Metrics were calculated on the aligned sequences with
Picard’s “Coll ectAlignment SummaryMetrics” tool

Furthermore, the PiMakDuglicate®e r ¢ o m sirge ftdityl (Picard Tools-
By Broad Institute, https://broadinstitue.github.10/picard/) was used to remove sequence
duplicates for BAM files, which might have emerged from sample preparation during the
Polymerase Chain Reaction (PCR) technigue or incorrect cluster identification during
sequencing (Schultz, 2018). After performing the mapping and sorting, validation of BAM files
was done using the Picard “ValidateSamFile” tool

3.3.2. Variant calling and annotation

Prior to var iBagseRecatbaato!’ i mad@rihtR€adsé ‘¢ o mHirsertodls of the

Genome analysis toolkit v4.2.6.1 (GATK) (Van der Auwera et al., 2013) were used to

recali brate the base quality score. The “BaseRec
Base Quality Score Recalibration (BQSR) procedure, in which errors are calculated

empirically and discovering error variation patterns (https://gatk.broadinstitute.org/hc/en-
us/articles/360037055712-ApplyBQSR). The second stepinthe BQSR i s t h®@SR"Appl yB
tool of GATK, in which base qualities based on the recalibration table is recalibrated.

T h eHaplotypeCaller” c o mire nutility of the GATK v4.2.6.1 toolkit was used for
concurrently calling SNPs and insertions and deletions (InDels) through de novo haplotype
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assembly, and outputs the files into individually called variant call format (VCF). Subsequently,

t he GGantypéGVCFs” ¢ o mlirremwds used for joint genotyping of the pre-called

sampl es. Ther e &élecwariantst hreo GATWKas used to separate
into two different Nariandgdtratbre ) oracthawvarfiialntetiympe, (
reduce false positive variants. Finally, SnpEff (Cingolani et al., 2012(a)) and SnpSift (Cingolani

et al., 2012 (b)) were used for variant annotation and functional effect prediction. The final

output files were in variant call format (VCF), subject to further analysis. Figure 3.1 provides a

visual depiction of the workflow followed up to and including the variant annotation step.

3.3.3. VCF file preparation

In order to retain as many variants as possible when merging separately-called VCF files,

additional tools had to be implemented. Firstly, all InDels were removed with the --remove-

indels command of VCFtools v0.1.16 (Danecek et al., 2011), and the files bgzipped and tabix
indexed (Li, 2011). Thereafter ,m2M2-v ssampd’e ddtliecst
of the BCFtools file manipulation software, to only retain bi-allelic SNPs (Danecek et al., 2021).

3.3.4. Quality control

Within the founder populations, after merging the individual animal vcf files, importing the
dataset to PLINKv2.0, removing any multi-allelic variants with the --max-allele 2 command,
and removing sex chromosomes, the total number of variants was highest for the Hereford
(14 357 702) compared to the Afrikaner (11 153 617) and Bonsmara (12 843 989). Thereatfter,
common SNPs between the breeds were identified and the files merged. The merged file of
the 18 founder animals contained 3 834 577 variants. Quality control was performed with
various --indep-pairwise thresholds, to retain as many SNPs as possible, but to also remove
the uninformative SNPs that are in high levels of pairwise LD.

As the sequences of the modern-day animals (UP project) were all jointly called, there was
only one output vcf file, with combined information on all the breeds. After retaining only bi-
allelic and autosomal SNPs, more than 60 million variants remained. Following removal of any
InDels and multiallelic variants and performing LD pruning, with the same --indep-pairwise
thresholds (i.e., 50 10 0.8) as for the founder breeds, only 367 764 variants remained. Finally,
a final merged output file was produced that contained the founder animals and the modern-
day animals (n = 123). The reason for using only the common SNPs between the different
datasets was to reduce biases in downstream analyses (high heterozygosity values), to
compare across the breeds. Additionally, common SNPs are non-randomly distributed across
the genome (Choudhury et al., 2014). Table 3.3 provides a summary of the total bi-allelic
SNPs remaining in the datasets after quality control and LD filtering.

Table 3.3 Summary of marker based quality control on each dataset

Population/Dataset Total SNPs before QC Total SNPs after QC
Founders 3834577 543 791
Modern-day 60 385 437 367 764

SNPs = single nucleotide polymorphisms, QC = quality control
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Figure 3.1 Depiction of whole genome data analysis, adapted from Schultz.(2018)
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3.3.5. Genetic diversity analysis

VCFtools version 0.1.16 (Danecek et al., 2011) was used to estimate nucleotide diversity per
breed, with window size and step size, 50 and 50kbp, respectively. Thereafter, the results
were plotted with the boxplot function in R (R Core Team, 2023). Linkage disequilibrium (LD)
decay for all the breeds were estimated and visualized with the multi-population commands in
the PopLDdecay software (Zhang et al., 2019). The datasets were converted into PLINK file
format by means of PLINK v.2.0 (Chang et al., 2015). Furthermore, the missing variant IDs
were updated, and any multiallelic variants were removed with the --set-missing-var-ids and -
-max-alleles 2 commands, respectively.

Sites with high linkage disequilibrium were removed with the --indep-pairwise 50 10 0.8
parameter in PLINK v.2.0 and the remaining SNPs were then used for further analysis (Chang
et al., 2015). The Observed (Ho) and Expected Heterozygosity (He), were calculated with the
--het function in PLINK v.2.0.

3.3.6. Genetic relatedness and population structure

The matrix of Hamming distance between pair-wise individuals were calculated for
phylogenetic reconstruction, using the --distance and --square functions in PLINK v.1.09
(Purcell et al., 2007). Subsequently, the matrices were converted into text (.txt) files and
uploaded onto R (R Core Team, 2023) for the construction of a NJ tree, using
package (Paradis & Schliep, 2019). Thereafter, it was converted into newick format and
uploaded onto iTOL (Letunic & Bork, 2021) for the graphical representation of the NJ tree.

The genetic relatedness and population structure was inferred by means of Principal
Component Analysis (PCA) and model-based clustering/admixture. A genomic relationship
matrix was constructed and principal components were estimated with the --make-grm-list and
--pca commands, respectively, using PLINK v2.0 (Chang et al.,, 2015), which produced
.eigenvec and .eigenval files. The .eigenvec file was imported to excel and a scatterplot of the
first two principal components was produced. Ancestral population components were
determined by means of ADMIXTURE with genetic clusters K=2 to K=5 (Alexander & Lange,
2011), which produced two output files, a Q file containing individual cluster assignments, and
a P file containing SNP frequency information. The best K value was determined with the
lowest cross-validation error. Subsequently, the admixture plots were visualized with the
Genesis v. 0.2.6 software (Buchmann & Hazelhurst, 2014).

32

t

he



Chapter 4
Results

4.1. Introduction

This chapter presents the results obtained from analysis of the WGS data as described in
Chapter 3. Whole genome sequence data from 123 founder and modern-day animals were
analysed, most of them originating from South Africa, in order to evaluate their within- and
between-breed genetic diversity and population structure, respectively.

4.4. Within-breed genetic diversity

4.4.1. Heterozygosity and F-statistics

The average observed (Ho) and expected (He) het e r o z ywere scaldulgtedsfor the
founder populations and the modern-day populations. The average Ho was larger than the He
in the founder populations, whereas in the modern-day populations, the He was larger than
the Ho. The population with the highest Ho was the Hereford founders (0.58), followed by the
Bonsmara founders (0.51), whereas the population with the lowest Ho, was the modern-day
Shorthorn (0.30), as depicted in Figure 4.1.

Observed Heterozygosity Estimates

0,7

0.580
0,6

0.515
0,5 0.432
0.379
04 0.329
0.305
0,
0,
0,
0
AFR BON HFD

SHH

w

(¥}

[

mFounders mCurrent

Figure 4.1 Observed heterozygosity (Ho) estimates between the founder and modern-day
populations

AFR = Afrikaner, BON = Bonsmara, HFD = Hereford, SHH = Shorthorn

The inbreeding coefficients (Fis) coincided with the Ho estimates with the Hereford founders
(-0.572) having the lowest average inbreeding levels, followed by the Bonsmara(-0.357) and
Afrikaner founders (-0.122), whereas the modern-day Shorthorn population had the highest
average inbreeding levels (0.174) (Table 4.1).
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Table 4.1 Average inbreeding coefficients for the various populations, including the lowest
and highest inbreeding coefficients per individual in the respective populations

Breed n Average Fis Lowest Fis Highest Fis
AFR founders 4 -0.122 -0.049 -0.325
AFR modern 42 0.154 -0.040 0.332
BON founders 4 -0.357 -0.306 -0.445
BON modern 43 0.026 -0.063 0.198
HFD founders 10 -0.572 -0.870 -0.408
SHH modern 20 0.174 0.056 0.316

4.4.2. Nucleotide diversity and linkage disequilibrium

The average nucleotide diversity (p) was estimated per population, with a 50kb window size

and a 50kb step size. In Figure4.2a, t he | owest average nucleotide
group was for the Hereford breed, and the highest in the Bonsmara. A similar trend was

observed for the average genome-wide linkage disequilibrium (LD), which was also lowest for

the Hereford founder population, but highest for the Afrikaner founder population (Figure 4.2b).
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Figure 4.2 Patterns of genomic variation in the founder population. a. Genome- wide nucleotide diversity (p) with a
50kb window size and a 50kb step size for each breed in the founder population. b. Genome- wide average
linkage disequilibrium decay for each founder breed.



The average nucleotide diversity for the modern-day populations is markedly lower than the
founder populations. Where the highest nucleotide diversity for the modern-day populations,
can be seen in the Bonsmara breed, the lowest was in the Shorthorn breed (Figure 4.3a). This
is in contrast to the genome- wide average linkage disequilibrium which has a reverse trend

(Figure 4.3b).
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Figure 4.3 Patterns of genomic variation in the modern-day population. a. Genome-wide nucleotide diversity (p)
with a 50kb window size and a 50kb step size for each breed in the modern-day population. b. Genome- wide
average linkage disequilibrium decay for each breed in the modern-day population.
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4.5. Between- breed genetic diversity
Genetic relationships and population structure of the founder populations

45.1.

A genetic tree is shown in Figure 4.4, where the founder breeds form their own clusters. The
Afrikaner, Bonsmara and Hereford do not lie within close distance to each other.
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Figure 4.4 Neighbor-joining (NJ) tree of the genetic relationships between the founder breeds,
separating the various breeds into distinct clusters by means of pairwise genetic distances

The NJ tree corresponds to the PCA (Figure 4.5) in which the Bonsmara composite breed is
at an intermediate position between the Afrikaner and Hereford. Furthermore, tight clustering
was seen within the Afrikaner and Bonsmara populations, whereas the Herefords are all

dispersed.
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Figure 4.5 Principal component analysis (PCA) of the three founder populations with PC1
explaining 19.41% of variation and PC2 10.09%. Afrikaner = orange, SA Bonsmara = red,
Hereford = yellow

Additionally, ADMIXTURE plots were constructed to further understand the genetic
relationships between the founder populations. The proportions of ancestry shared between
the three founder breeds, can be seen in Table 4.2.

Table 4.2 Ancestry proportions shared between the founder breeds

Breed Ancestor 1 (green) Ancestor 2 (red)
AFR founders 0.999 0.001
BON founders 0.554 0.446
HFD founders 0.070 0.930

The relationships observed when K = 2 (lowest cross-validation error, i.e., 0.710), coincides
with the NJ tree and PCA. The admixture plot for K = 3 can be found as an addendum (A3). It
is clear that the Bonsmara has genetic composition consisting of Afrikaner and Bos taurus
taurus ancestry (Figure 4.6).

AFR BON | HFD

Figure 4.6 ADMIXTURE bar plot of the South African founders., i.e. Afrikaner, Bonsmara
and Hereford (K = 2). The breeds are divided into K colours and breed names indicated at
the bottom of the plot.

37



4.5.2. Genetic relationships and population structure of the modern-day populations
Separate clusters were observed for the modern-day population on the PCA (Figure 4.7). One
of the female Afrikaner animals (AFR_FR11059) was seen in between the Bonsmara’s,
suggesting it might be part of an infusion program. It is also clear that the Bonsmara animals
were in closer proximity toward the Afrikaners than toward the Shorthorns, which is expected

from how the breed was developed.
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Figure 4.7 Principal component analysis of the three modern-day populations in clear
clusters, with PC1 explaining 36.76% of the variation and PC2 12.21%. Afrikaner = light blue,

Bonsmara = dark blue, Shorthorn = turquoise

On the NJ tree (Figure 4.8), it could be seen that the breeds formed their own clusters
accordingly, and the one Afrikaner animal found within the Bonsmara cluster. It is clear that
this same Afrikaner animal, as observed in the PCA, is infused and genetically closer to the
Bonsmara. Furthermore, the Shorthorns and Afrikaners seem to be far more genetically

distant from each other, than the Bonsmara.
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Figure 4.8 Neigbor-joining tree separating the modern-day population into clear clusters, by meansof Ne i ’
pairwise genetic distances. AFR_FR11059 lies between the Bonsmara animals.
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ADMIXTURE was conducted with K = 2 to K = 4 on the modern-day populations, with K =3
having the lowest cross-validation error (0.356). The proportion of ancestry shared between
the different modern-day breeds is found in Table 4.3.

Table 4.3 Ancestry proportions shared between the modern-day breeds

Breed Ancestor 1 (green) Ancestor 2 (red)
AFR modern 0.979 0.021
BON modern 0.545 0.455
SHH modern 0.001 0.999

Figure 4.9 shows the ancestry of the modern-day populations with various K values. From the
ADMIXTURE bar plots, it can be observed that the Bonsmara has developed into its own
distinct breed, but still contains ancestry from its base breeds. The highest admixture is
observed in the Bonsmara. The admixed Afrikaner animals were observed on the plots. The
shorthorns, however, showed no signs of admixture.

‘ AFR ‘ BON SHH ‘

Figure 4.9 ADMIXTURE bar plots of the modern-day populations with K = 2 to K = 4, lowest CV errorat K = 3, in
agreement with the PCA and NJ tree. The Bonsmara has the highest levels of admixture, and the Shorthorn the
lowest.
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4.5.3. Genetic relationships and population structure of the combined datasets

From the PCA plot of the combined datasets (i.e., founder dataset and the modern-day

dataset), it can be observed that the founder animals cluster separately from the modern-day

animals in the respective breeds (Figure 4.10). However, the Bonsmara can still be seen at

an intermediate position bet we enodern-dag orfbbpandee br eed
datasets. Furthermore, the Hereford founders lie closer toward the other South African

founders than toward the Shorthorn animals. PC1 explains 41.01% of variation, whereas PC2

explains 13.77% of variation.
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Figure 4.10 PCA of the combined dataset, with founder and modern-day animals. Light blue = modern-
day Afrikaners, orange = founder Afrikaners, dark blue = modern-day Bonsmara's, dark red = founder
Bonsmara's, yellow = founder Herefords, turquoise = modern-day Shorthorns. The blocks denote the
same breeds.

Analogous to the PCA, the circular NJ tree also separates the founders from the modern-day
animals (Figure 4.11). Clear distinction can be seen between the breeds, although the
founders are all found on the same branch, despite being from different breeds. The same
infused Afrikaner animal as mentioned previously, can once again be observed in the PCA
and genetic tree.
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Figure 4.11 Neighbor- joining tree of the combined dataset constructed with Nei's pairwise genetic distances. The
female Afrikaner, AFR_FR11059, can once again be observed between the Bonsmara animals. The founder
animals showed a closer relationship with one another than with the modern-day animals.
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The ADMIXTURE analysis of the combined dataset (123 animals) revealed ancestry
proportions shared amongst the breeds (Table 4.4).

Table 4.4 Ancestry proportions shared between the breeds (modern and founder datasets)

Breed Ancestor 1 (green) Ancestor 2 (red)
AFR 0.967 0.033
BON 0.572 0.428
SHH and HFD 0.187 0.813

Clear differentiation between the founder population and the modern day populations were
seen. All the founders were more closely related to each other than to their respective present-
day breeds, which is in agreement with the PCA plot and NJ tree. Moreover, ADMIXTURE bar
plots were constructed for K = 2 to K = 5, with the lowest cross-validation error being at K = 4
(0.548). It could also be observed that some of the moder-day animals from the Afrikaner
breed (red) has some infusion from Bonsmara (blue), whereas the Hereford has some
ancestry shared with the Shorthorn (green), which coincides with the background and origin
of these breeds (Mwai et al., 2015). It is also clear that the Bonsmara has the most admixture
of all the breeds, which is in agreement to its development (Bonsma, 1980). Figure 4.12
depicts the various K values for the combined dataset, with K = 3 being the most optimal.

AFR BON HFD SHH

Figure 4.12 ADMIXTURE bar plots of the combined datasets separating the breeds in K colours. Founders can
be observed in yellow at K = 4. Bonsmara is still the most admixed breed, and the Shorthorn the least.
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Chapter 5
Discussion

5.1. Introduction

This study focused on the genetic characterization of the South African (SA) Bonsmara
composite and its foundation breeds (i.e., Afrikaner, Hereford and Shorthorn) with the use of
whole-genome sequence (WGS) data to make inference
diversity, ancestry and population structure. Three datasets were analysed, the dataset with
the founder animals, the dataset with the modern-day animals, and lastly, the merged dataset.
The inclusion of founder animals versus modern-day animals gave insights into how the
different breeds changed genetically throughout the years, and how comparing sequences
from different platforms and pipelines might be less than optimal for a comprehensive analysis
and comparison of animals. Despite numerous studies being done on the Bonsmara as an
indigenous SA breed, none have used WGS data for genomic analyses.

South African indigenous cattle present an important source of genetic variation as they are
adapted to their local environments and food conditions, and parasites (Makina et al., 2016;
Bhati et al., 2020). Furthermore, by making uninformed crossbreeding decisions with the
indigenous cattle breeds of South Africa, there is a risk of losing important genetic attributes
(Mwai et al., 2015). Composite breeds, such as the Bonsmara, usually have higher meat
guality and are better adapted to heat and parasites, compared to their pure indicine or taurine
counterparts, respectively (Ramirez-Ayala et al., 2021). The Bonsmara is numerically the
largest beef breed in South Africa and has the highest number of registered beef cattle in
South Africa. The breed has an important role in stud breeding, cross breeding and feedlot
systems, making it important to maintain the genetic composition of the Bonsmara. This is the
first study to investigate the genetic diversity of the Bonsmara breed with the use of whole
genome sequence data.

5.2. Genomic diversity of the founder cattle

The Beef Genomics Project (BGP), initiated in 2015 and completed in 2018, was the first

project to sequence high impact/founder cattle of various beef breeds found in South Africa.

In this study, the average observed heterozygosity was higher than the average expected
heterozygosity for all the founder breeds/animals, indicating an excess of diversity. Of the

founders, the Hereford (HFD) had the highest heterozygosity (0.580), followed by the

Bonsmara (BON) (0.515) and the Afrikaner (AFR) (0.432). Thehighh et er ozygosi ty’' s f
the founder populations are similar to that found in a genetic characterization study of founder

Salers cattle, who reported an average He heterozygosity of 0.621 and an average Ho 0f 0.618

(Gamarra et al., 2017). However, it is worth noting that the heterozygosity estimates reported

by Gamarra et al. (2017) were based on microsatellite data. Nevertheless, it supports the
findings in this study that the founder animal s
an important diversity parameter, as it can give insight on whether a population is facing

inbreeding depression or what the consequences of crossbreeding might be. Inbreeding or a
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population bottleneck can cause the Ho to be lower than the Hg, whereas crossbreeding or
admixture can cause Ho to be higher than He (Bourdon, 2014).

The average inbreeding coefficients (Fis) for each population was computed and was in
agreement with the heterozygosity values, with the HFD having the lowest inbreeding,
followed by the BON and AFR, with estimates of -0.572, -0.357, and -0.122, respectively.
These inbreeding estimates were indicative of a significant excess of heterozygotes for most
of the populations. However, the inbreeding coefficients observed here are significantly
different from that observed in Gamarra et al. (2017), suggesting it might not be the best
measure of diversity when having very small population sizes. Nevertheless, these estimates
revealed high levels of diversity within the Sanga breeds of South Africa, supporting findings
from a previous study performed with SNP array data (Makina et al., 2016).

The average nucleotide diversity observed within the founder populations was highest for the
Bonsmara, followed by the Afrikaner and Hereford. These findings suggest that the indigenous
cattle of South Africa present genetic resources with increased diversity. This is in agreement
with the results from Bhati et al. (2020), who reported that the indigenous African cattle breeds
display highest diversity compared to other cattle populations. A more accurate diversity
parameter in the case of WGS data, is the nucleotide diversity (p), used to quantify within-
breed genetic variation. A high nucleotide diversity indicates approximately equal amounts of
nucleotides present throughout the sequencing run, whereas a low nucleotide diversity
indicates a higher proportion of certain nucleotides compared to others (lllumina Knowledge,
2023). The reason the BON breed displays the highest nucleotide diversity could be attributed
to the fact that BON animals are have an upgrading system, therefore an open herd book
(Bonsmara SA, 2022). Moreover, these animals are have many different sires, due to natural
mating (Signer-Hasler et al., 2017; Bhati et al., 2020).

In contrast to the nucleotide diversity, the genome- wide average linkage disequilibrium was
highest for the AFR in the founder populations, and lowest for the HFD. Unexpectedly, the LD
values observed from the LD plot were much higher compared to the other genetic metrics for
the founders, which could be attributed to the small sample size or potential sampling bias.
The diversity levels of the Afrikaner might be the lowest in comparison to that of the Bonsmara
and Hereford, because there hasbeenadecline i n t he breed’s numb
to negligence of performance and overemphasis on show standards (Steenkamp & Tissier,
2016; Pienaar et al., 2018). Similarly, Makina et al. (2014) found the Afrikaner breed to have
the lowest genetic diversity compared to the Angus, Bonsmara, Drakensberger, Holstein, and
Nguni.

The founder cattle populations formed their own clusters differentiating the breeds, in both the
neighbor-joining (NJ) tree and the PCA. It could also be observed that the SA Bonsmara
composite is found at an intermediate position between that of the Sanga (Afrikaner) and
British taurine (Hereford). As observed by the ADMIXTURE analysis of the founder breeds,
when K = 2, the Bonsmara has genetic composition consisting of Afrikaner and Bos taurus
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ancestry, as expected, due to the Bonsmara breed being developed as a composite between
these two. Similarly, Makina et al. (2016) observed the Bonsmara to cluster between the
European taurine, African taurine and indicine breeds, suggesting the Bonsmara breed is an
admixture of all three, whereas the Afrikaner was observed between African taurine and
indicine. Furthermore, it has previously been observed that the Hereford breed has a bit of
shared ancestry between other cattle populations (Makina et al., 2016; Gamarra et al., 2017).
The admixture analyses of the founders also confirmed the composition of the Bonsmara
breed, sharing 44% of its ancestry with HFD, and 55% with AFR cattle.

5.3. Genomic diversity of the modern-day cattle

The sequences of the modern-day animals are all part of the ongoing UP project, in which the
DNA from stud animals across South Africa were extracted and sequenced. In the modern-
day breeds, the average expected heterozygosity was higher than the average observed
heterozygosity, indicating a loss of genetic diversity. The heterozygosity of the BON was
highest, followed by the AFR and SHH, with estimates of 0.379, 0.329 and 0.305, respectively.
The heterozygosity estimates of the modern-day Bonsmara animals are similar to the
heterozygosity estimates found in a study by Kooverjee et al. (2022), who reported an average
Ho 0f 0.359 and He of 0.361 for the Bonsmara. The average Fis was lowest in the BON (0.026),
followed by the AFR (0.154) and the SHH (0.174), also indicative of an excess of
heterozygotes.

Within the modern-day populations, the nucleotide diversity was also highest for the BON,
followed by the AFR and SHH. Similar to the founder dataset, the indigenous South African
cattle displayed higher diversity compared to the Shorthorn cattle. The genome-wide average
linkage disequilibrium was highest in the Shorthorn, and lowest in the Bonsmara, and is
therefore in agreement to the results of the nucleotide diversity, especially in the case of the
Bonsmara, having high nucleotide diversity and low LD. In comparison, the study by Zhang et
al. (2022) and Xia et al. (2021) observed the lowest nucleotide diversity in the European cattle
breeds, compared to several breeds around the world. The lower levels of diversity observed
in European taurine breeds might be attributed to intensive artificial selection (Chen et al.,
2020). Zhang et al. (2022) also found that Nanyang cattle, a taurine and indicine hybrid, had
high levels of genomic diversity, comparable to the Bonsmara composite/hybrid in this study.
A study done on the SA Simbra breed, confirmed the composite breed to have higher levels
of diversity compared to its Bos taurus and Bos indicus ancestor breeds, comparable to the
higher levels of genomic diversity observed in the SA Bonsmara composite in this study (Van
der Nest et al., 2021).

Clear clusters could be observed for the different breeds in the modern-day dataset. Similarly,
Van der Nest et al. (2021) observed three distinct clusters in the Simbra composite and its
foundation breeds. Interestingly, one of the Afrikaner animals, AFR_FR11059, was more
genetically similar to the Bonsmara than towards the rest of the Afrikaners, with no evidence
of infusion in its pedigree (addendum Al). This might be a result of unintended crossbreeding
with the Bonsmara, or infusion somewhere in the lineage. Moreover, the BON animals are in
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closer proximity toward the AFR than toward the British taurine breeds which is expected from
how the breed was developed (Bonsma, 1980). As observed on the ADMIXTURE bar plots,
K=3 had the lowest cross-validation (CV) error, and showed the BON having a proportion of
its genome not shared with the other breeds. The admixed AFR female animal were also
observed on the plots. Additionally, other Afrikaner animals also exhibited signs of admixture,
which is similar to what Makina et al. (2016) observed, with the Afrikaner being composed of
70% African taurine and 28% indicine. Similar to the ancestry proportions observed in the
founder animals, the BON shared 45% of its ancestry with the SHH, and 54% with the AFR.

5.4. Population structure of the combined datasets

When the datasets were combined, it was observed that all the founder animals clustered
separately from the modern-day animals. The BON could still be seen at an intermediate
position between its base breeds. Furthermore, the HFD founders is in closer proximity toward
the other South African founders than toward the other European taurine breed. Clear
differentiation between the founder populations and modern-day populations could also be
observed on the ADMIXTURE bar plots (K = 4). The HFD has some ancestry shared with the
SHH (green), coinciding with the background and origin of these breeds (Mwai et al., 2015).
When combining the datasets, the Bonsmara shares 60% of its ancestry with the Afrikaner,
and 40% with the Hereford and Shorthorn
composition is similar to what it was when the breed was developed, with five-eighths Afrikaner
(62%) and three-eighths (38%) British breeds (Bonsma, 1980; Bonsmara SA, 2022).

There are a couple of reasons, however, why the combined dataset differentiated between
the founders and modern-day animals. Firstly, it might be that the founder animals share more
segments of DNA than the modern-day animals, due to a common ancestor, and that the latter
are more inbred currently than they were previously, resulting in loss of shared ancestry. The
more realistic alternative, however, is that when individually called vcf files are compared to
jointly called vcf’
might not have been followed strictly for the various files (De-Kayne et al., 2020; Breton et al.,
2021). Additionally, different sequencing platforms can also contribute toward biased results
(Breton et al., 2021; Betschart et al., 2022).

Breeding strategies can be improved and better management decisions made when
assessing the genetic similarity or dissimilarity between populations of animals, making such
assessment by means of principal component analysis, admixture and phylogenetic
reconstruction essential (FAO, 2021). In diversity studies, principal component involves
plotting the first two principal components against each other, which can reveal patterns of
population origin that needs further interpretation from the researcher (FAO, 2021). Model-
based clustering is a statistical method in which the genetic structure in a set of individuals
can be summarized (Pritchard et al., 2000) and assumes K genetic clusters/groups. It is a
means to determine which component is responsible for an observation, giving the clustering
of the data (Banerjee & Shan, 2011). Phylogenetic trees are reconstructed through the
neighbor-joining (NJ) algorithm, based on a n 3 n pairwise genetic distances matrix between
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n breeds and can be used complimentarily to PCA and model-based clustering, (Saitou &
Nei, 1987).

5.5. Challenges and limitations

GATK' s best practices pipeline for germline

1000 Bull Genomes Project, was used to map and sort the raw reads of the founder
populations (Poplin et al., 2017; Hayes & Daetwyler, 2019), whereas the bchio-nextgen
pipeline was used on the raw reads of the modern day animals (Guimera, 2012). After
mapping and annotation of the reads to the ARS-UCD1.2 reference genome, the average
percentage of mapped reads were more than 98%, which is in agreement with other cattle
resequencing studies (da Fonseca et al., 2019; Chen et al., 2020; Zhang et al., 2021). Despite
being the most frequently used pipeline for SNP and InDel discovery (as it is open source),

other pipelines have outperformed the GATK’
the probability of detecting true variants (Betschartetal., 2022) . Further mor e,

often followed strictly, and data processing varies widely, making it difficult to compare across
sequencing platforms and pipelines (Breton et al., 2021). The founder animals were
individually called whereas the modern-day animals were jointly called, resulting in challenges
and biases when comparing the datasets to one another, as mentioned by De-Kanye et al.
(2020). A major limitation in this study was that the SNPs were not concurrently called with all
the samples, followed by small sample sizes of the founder populations, impacting the number
of useable SNPs available for further analysis.

Quality differs largely with DNA samples which in turn can have significant effects on genotype
call rate and accuracy, meaning that samples with low concentration or quality will result in
low genotype call rates and accuracy (Anderson et al., 2010). Quality control must therefore
be performed on genotypic data to avoid bias and false signals in association studies (Pavan
et al., 2020). After performing quality control on the three datasets i.e., founders, modern-day,
and combined, the number of variants remaining were 543 791 for the founders (AFR, BON,
and HFD), 367 764 for the modern-day animals (AFR, BON, and SHH), and 141 375 for the
combined dataset. Despite most sequencing studies performing LD filtering as a quality control
step, little information is available regarding the number of SNPs remaining after this quality
control step.

Higher number of variants were detected in the European taurine breeds in this study (HFD
and SHH), which could be attributed to the fact that the reference genome was assembled on
the highly inbred L1 Dominette Hereford cow (Elsik et al., 2009). Up to date, no reference
genome for African cattle has been published, meaning regions of their genome might be
limited for genetic diversity and association studies, leading to false positives/negatives and
biased inferences (Mwai et al., 2015; Zwane et al., 2019). Although it has been stipulated that
WGS provides unbiased estimates of population structure (Ramirez-Ayala et al., 2021),
reference bias should still be taken into consideration when performing diversity analyses on
breeds other than European taurine breeds, especially when sequencing coverage is low
(Bhati et al., 2020). Furthermore, the low amount of SNPs in the combined dataset could be
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attributed to the fact that the founder DNA samples were sequenced on different platforms
than the modern-day DNA samples, and also to the fact that they were individually called
versus jointly called.

The number of variants detected in this study ranged from 11 153 617 to 14 357 702 SNPs

for the individually called vcf files (founders), versus over 60 million SNPs for the jointly called

vcf file (modern-day). Similarly, the study by Bhati et al. (2020) found 15 722 811 SNPs in

Original Braunvieh cattle. Xia et al. (2021) found between 20 million to 30 million SNPs for

various cattle populations, which is still significantly lower than the 60 million variants found in

the modern-day population. In future, the results could be improved by plotting the distribution

of the SNPs from the various populations across the reference genome and then performing
introgression analysis. The 60 million variants, however, was before any type of filtering, such

as filtering for only biallelic SNPs. As expected, functional annotation classified majority of

variants (SNPs and InDels) into either intergenic or intronic regions. Less than 1% of variants

were nonsynonymous (i.e., missense and in-frame insertions/deletions) and synonymous

variants. Knowing the proportion of synonymous and nonsynonymous variants are important,

as synonymous variants changes a gene’s DNA wit
changed, and nonsynonymous variants changes the
(Dhindsa et al., 2022).

The sample sizes of the founder animals were small, which may not be an accurate
representation on whether a founder effect did occur. By using larger cohorts, more accurate
inferences can be made in terms of the genetic composition and ancestry of breeds. It should
be stressed that combining datasets from different platforms and calling techniques present
challenges for comparison of the datasets. Therefore, when combining founder versus new
populations, the raw reads should be sequenced in the exact same manner, reducing chances
to obtain false positives or negatives.

5.6. Conclusion

The genetic composition of the Bonsmara and its base breeds were assessed in this study
with the use of next-generation sequencing (NGS) technologies, providing insight into how the
breed have changed over time. When assessing genetic diversity and population structure
within and between South African breeds, it is important to note that the results may be biased
towards breeds that the reference panels were based on, especially when sample sizes are
small such as in the current study. Despite facing multiple difficulties in combining the
datasets, the analyses could still be performed on the data, which led to interesting findings.
The Bonsmara and Afrikaner animals that were sequenced as part of the African Genomics
Project are representative animals of the modern-day populations spread out over various
climatic conditions in South Africa, and presents an essential source of genetic variation in
terms of their underlying adaptive mechanisms, such as disease and heat tolerance. These
two Sanga breeds still display high levels of heterozygosity and nucleotide diversity.
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Furthermore, assessing the variation of the Bonsmara animal gave clarity on whether the
upgrading systems used in industry is det
which it is not, as the diversity of the breed is still high and inbreeding and linkage
disequilibrium levels low. Moreover, it was established that the Bonsmara has genome
segments which are unique to the breed and not shared with other breeds, except possibly
infused Afrikaners. Shared ancestry among founders should be interpreted with caution due
to small sample size.

Interestingly, of all the founders, the Herefords displayed the highest levels of heterozygosity,
which can possibly be attributed toward the fact that the reference genome against which it
was mapped, was from that of a Hereford cow. It will be essential in the future to develop a
reference genome for indigenous breeds, which can ultimately be used to develop a graph-
based pangenome. In South Africa, as sequencing costs decrease, it would be beneficial to
start implementing more projects such as the BGP, in order to sequence more animals for the
various breeds. The sequences obtained from the ongoing UP sequencing project holds
potential for more insight into the Sanga breeds of South Africa.
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Addendum Al

DOORNSPRUIT TROLLOPE
LAPPIES 470 65
AFRM317 AFRF99724
Inbr.:0.00 % Inbr.:0.00 %
EBV:-0.41 (128} EBV:-0.26 (126)
Acc: 38% Acc: 15%
TROLLOPE LAARKOP LAARKOP
752 68 110 65 JAN BRANDT 355 68
AFRF752 AFRM110 AFRM3553
Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:-0.13 (124]) EBV:0.27 (117) EBV:-0.41 (128)
Acc: 34% Acc: 36% Acc: 61%
TROLLOPE LAARKOP LAARKOP LAARKOP
LIGMAN 0408 TO 74 SAFARI 207 73 599 71 117 SAM 73
AFRMTO 040008 AFRF137311 AFRF128613 AFRM37476
Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:0.66 (111) EBV:-0.20 (126) :-0.81 (134) EBV:-0.53 (130)
Acc: 52% Acc: 45% Acc: 35% Acc: 45%
LAARKOP LAARKOP
SAFARI WESLEY CD240 81 CD358 79
AFRMCD 810240 AFRFCD 790358
Inbr.:0.00 % Inbr.:0.00 %
EBV:-0.01 (122} EBV:-0.61 (131)
Acc: B3% Acc: 48%
LAARKOP
LARRY HOLMES CD166 86
AFRMCD 860166
Inbr.:0.00 %
EBV:-0.20 (125)
Acc: 84%
SASOL
15 67
AFRM55542
Inbr.:0.00 %
EBV:-1.01 (83)
Acc: 89%
DUTMAR ANGELINA-STOETERY MIKE DYKEMA DYKEMA
B 40 284 72 KLEINVLEK 156 71 PJ. 69 72 TANYA HD 188 75
AFRMPP 640240 AFRM284 AFRF128725 AFRM56716 AFRFHD 180008
Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:4.02 (100) EBV:1.65 (92) EBV:-2.25 (79) EBV:3.01 (96) EBV:5.20 (104)
Acc: 40% Acc: 94% Acc: 69% Acc: 79% Acc: 70%
DYKEMA. DYKEMA. DYKEMA
RENE 52 71 KLEINSUS HD58 81 TRADISIE HD110 80
AFRF128719 AFRFHD 810058 AFRMHD 800110
Inbr.:0.00 % Inbr.:0.00 % Inbr.:12.50 %
EBV:8.48 (115) EBV:0.49 (88) EBV:2.42 (94)
Acc: 80% Acc: 62% Acc: 60%

N\

DYKEMA
DELAREY HD50 81
AFRMHD 810050
Inbr.:0.00 %
EBV:3.33 (97)
Acc: 95%

e

DYKEMA
KLEINDING HDS7 85
AFRFHD 850057
Inbr.:0.00 %

DYKEMA

KLEINSU!
AFRFHD

S5 HD2%
900029

Inbr.:6.25 %
EBV:4.08 (100)

Acc:

/

PEN
266
AFRMDH 970266
Inbr.:28.13 %
EBV:-4.82 (70)
Acc: 92%

83%

Pedigree Drawing for 266
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DOAML 305 DOAMN 406 DOARD 122
BONFDOAML 0305 BONMDOAMN 0406 BONMDOARD 0122
:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:1.05 (90) EBV:0.11 (87)
Acc: 35% Acc: 35% Acc: 87%
DOAMT 342 DOARH 392 DOARP 235 DOAAH 335 DOAAP 55
BONMDOAMT 0342 BONFDOARH 0392 BONMDOARP 0235 BONMDOAAH 0335 BONFDOAAP 0055
Inbr.:0. Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBW: 85 (96] BV:-4.02 (73) BV:-0.33 (85) EBV:-1.47 (82)
Acc: 71% Acc: 48% Acc: 87% Acc: 73%
FRANDEOLET D.O.AA.
DOARD 311 DOARF 524 DOARDD36 DOAAU 90
BONFDOARD 0311 BONMDOARF 0524 BONMDOARDDO036 BONFDOAAU 0090
Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:-0.44 (85) EBV:-5.62 (67) EBV:-7.30 (61) EBV:-0.43 (85)
Acc: 72% Acc: B3% Acc: 96% Acc: 77%
D.Q.A. D.0.AA.
DOARA 88 DOAAL 25
BONFDOARA 0088 BONMDOAAL 0025
Inbr.:0.00 % Inbr.:0.00 %
EBV:-10.31 (51) EBV:-0.18 (86)
Acc: 82% Acc: 87%
[} OA
BDNM[}OART DDALQ
Inbr.;:0.00 %
EBV:-7.34 (61)
Acc: 99%
Pedigree Drawing for DOART 49
DOAML 305 DOAMN 406
BONFDOAML 0305 BONMDOAMN 0406
Inbr.:0.00 % Inbr.:0.00 %
EBV:1.05 (90) EBV:1.05 (90)
Acc: 35% Acc: 35%
DOAMT 342 DOAME 301 GB A 16 GB D15 GB H3 DOAAH 335
BONMDOAMT 0342 BONFDOAME 0301 BONFGB A 0016 BONF4780 BONMGE H 0003 EONMDOAAH 0335
Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:2.85 (96) EBV:-6.72 (63) EBV:4.31 (102) EBV:0.14 (87) EBV:-4.88 (70)
Acc: 71% Acc: 75% Acc: 77% Acc: 55% Acc: 62%
EUPHDRBIA BGB D.o.A.A. BGB
GB HH17 GB H 169 DO,
BDNMDDARKKDDDS BONFGB HH0017 BONMGB H 0169 BONFGB c 0053 BONMDOAAU 0077 BDNFGB cooas
Inbr.:0.00 % Inbr. Inbr.:0.00 % Inbr.:0.00 %
EBV:-0.38 (85) EBV b s (391 BV:4.07 (101) EBV:-1.03 (83)
Acc: 95% Acc: 65% Acc: 97% Acc: 95%
BGB BGB BGB
GB LL21 GB KK132 GB K 175
BONFGB LL0021 BONFGB KKO0132 BONMGB K 0175
Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:5.34 (105) EBV:0.72 (89) EBV:-3.65 (74)
Acc: 91% Acc: 91% Acc: 95%
\ Y
BGB BGB
GB 541 GB W 156
BONFGB s 0041 BONMGB w 0156
Inbr.:0.0 Inbr.:0.0¢
EBV:6.31 (108] EBV:-3.89 (73]
Acc: 91% Acc: 99%
BGB
GB B 245
BONMGE B 0245
Inbr.:6.25 %
EBV:5.34 (105)
Acc: 99%

Pedigree Drawing for GB B 245
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Pedigree Drawing for TBR 91704




HL 1 MISS K DOM 6608
X14165979
Inbr.:0.00 %
EBV:0.20 (84)
Acc: 24%

l

BEARTOOTH PERFORMER
X20889458

JB CHARLENE
HFDF20506523

RW] VICTOR |3 192
20534013

Inbr.:0.00 % Inbr.:0.00 % Inbr.:0.00 %
EBV:-5.88 (63) EBV:-5.88 (63) EBV:-0.13 (83)
Acc: 25% Acc: 25% Acc: 47%

Ny l

MSU VICTORIA 192 350
05081

BT CL DOMINO 15G
2091 X21219

Inbr.:0.00 % Inbr.:0.00 %
EBV:-11.41 (44) EBV:1.39 (89)
Acc: 50% Acc: 95%

Ny

TOP BT 15G AWESOME 028
X21830858

BT BRACER ROUNDUP
X20367530
Inbr.:0.00 %
EBV:0.20 (84)
Acc: 24%

v

BT L9 DOMINETTE 31E
X20874881
Inbr.:0.00 %
EBV:0.74 (86)
Acc: 47%

/

BT SPIDEL SUE 86C
X20585946
Inbr.:0.00 %
EBV:2.22 (92)
Acc: 53%

S

BT BUTLER 452M
452M

.

Inbr.:0.00 % Inbr.:0.00 %
EBV:-16.07 (30) EBV:4.37 (99)
Acc: 91% Acc: 95%
KENRUSSMARK
MUSIC T46 85
HFDFKRM T 0046
Inbr.:0.00 %
EBV:3.75 (97)
Acc: 93%
KENRUSSMARK
PEX A12
HFDMKRM A 0012
Inbr.:6.25 %
EBV:-7.64 (57)
Acc: 97%

L9 DOMINETT 71469
HFDFX20637903

CRICKLEY BARROW DESTINY ADL W2 HHB 64
FDMADL W 0002

Inbr.:0.00 % Inbr.:0.00 %
EBV:0.20 (84) EBV:4.93 (101)
Acc: 24% Acc: 95%

PENDERRY
NAOMI A29 69
HFDFJAM A 0029
Inbr.:0.00 %
EBV:-2.31 (76)
Acc: 65%
KENRUSSMARK PENDERRY
JACQUIE 76 HARCOURT 75
HFDFKRM ]J0017 HFDMJAM HHO009
Inbr.:0.00 % Inbr.:0.00 %
EBV:-2.12 (76) EBV:-7.77 (57)
Acc: 73% Acc: 83%
KENRUSSMARK
MUSIC 79
HFDFKRM M 0028
Inbr.:0.00 %
EBV:-1.44 (79)
Acc: 75%

Pedigree Drawing for APEX Al12

Name: BELTRING EZZARD CHARLES 09

,| Number: OBHE2119, Breed: HE (100%)

Sire

. Name: BB DOMINO 1087 IMP CAN
Number: B1087114, Breed: HE (100%)

Name: PRESTONE DOWAGER P14

Name: BELTRING FOUGHT I

Number: MCVP14110, Breed: HE (100%)

. Name: STANDARD LAD 93J IMP CAN

Number: OBHG1121, Breed: HE (100%)

1| Name: SMITHSTON LADY LYNDA U41
Number: HRMU41114, Breed: HE (100%)

Number: SAD, Breed: HE (100%)

Name: SMITHSTON LADY LYNDA P17
Number: HRMP17110, Breed: HE (100%)

Name: EXL 32G

Name: ET LAD 17L

.,/ Number: ELL, Breed: HE (100%)

Number: 1603254, Breed: HE (100%)

Name: ET RP LASS 96H

Dam
Name: BORDER PRECIOUS PANSY G3 [

‘| Number: 1693889, Breed: HE (100%)

. Name: QUANTOCK AMBASSADOR ET CAN

Number: HPBG3121, Breed: HE (100%)

1| Name: BORDER PRECIOUS PANSY E31

Number: HPBE31119, Breed: HE (100%)

é = Animal has a genomic evaluation

Number: PMY6372T116, Breed: HE (100%)

Name: BORDER PANSY B39
Number: HPBB39116, Breed: HE (100%)
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Sire g
Name: BISHOPHILL GENERAL

Number: BHG, Breed: HE (100%)

Name: STANDARD LAD 93J IMP CAN
Number: SAD, Breed: HE (100%)

Name: BISHOPHILL TEMPTRESS
Number: RWES7112, Breed: HE (100%)

Dam
Name: MEILTRON PRIMROSE
Number: JQVD1118, Breed: HE (100%)

Name: BUNDARRA PRINCE
Number: DVUN2109, Breed: HE (100%)

é = Animal has a genomic evaluation

Name: KYE ROSIE 2ND
Number: WOUJ5105, Breed: HE (100%)

Sire
Name: TREETOP JOKER
Number: TJD, Breed: HE (100%)

Dam
Name: DROMODMORE ROSE
Number: DDL542694, Breed: HE (100%)

é = Animal has a genomic evaluation

Name: STANDARD LAD 93J IMP CAN
Number: SAD, Breed: HE (100%)

Name: TREETOP RUBY
Number: KSJF2120, Breed: HE (100%)

Name: GRIANAN TRIUMPH
Number: QUUT4113, Breed: HE (100%)

Name: HILLSGROVE WOOD
Number: EQDR2111, Breed: HE (100%)

Name: STANDARD LAD 011F
Number: 1558884, Breed: HE (100%)

Name: DOMINO LADY 11F
Number: 1553212, Breed: HE (100%)

Name: GROUSEHALL ADVOCATE
Number: J2J1105, Breed: HE (100%)

Name: BISHOPHILL MARGO
Number: RWEK15106, Breed: HE (100%)

Name: MOYVOUGHLEY PRINCE
Number: HHNK1106, Breed: HE (100%)

Name: BUNDARRA BESS
Number: DVUC499, Breed: HE (100%)

Name: KYE PLAY BOY
Number: WOUCB899, Breed: HE (100%)

Name: KYE ROSIE
Number: WOUG10103, Breed: HE (100%)

-
B

Name: STANDARD LAD 011F
Number: 1558884, Breed: HE (100%)

Name: DOMINO LADY 11F
Number: 1553212, Breed: HE (100%)

Name: KYRWOOD KIRK LAD 28N
Number: KKL, Breed: HE (100%)

Name: TREETOP FANCY
Number: KSJR1111, Breed: HE (100%)

Name: STANDARD LAD 93J IMP CAN
Number: SAD, Breed: HE (100%)

Name: BALLYNULTY MABEL
Number: DORM8108, Breed: HE (100%)

Name: BELL L STAN DOM 39E
Number: BLO, Breed: HE (100%)

&

Name: SONAGH NELL

' Number: FRN2109, Breed: HE (100%)
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Sire g T

Name: DUNROBIN SUPERSTAR ET 2A
Number: DRS, Breed: HE (100%)

Name: AB L1 STAR PACER 13X
Number: 2351281, Breed: HE (100%)

Name: DUNROBIN MISS SUPRA ET 85Y
Number: 2403561, Breed: HE (100%)

Dam
Name: GOLDENFIELD 1 STELLA (P)
Number: XG1GJ224, Breed: HE (100%)

Name: BISHOPHILL GENERAL
Number: BHG, Breed: HE (100%)

&

g\ = Animal has a genomic evaluation

Name: SOLPOLL 1 STELLA D25 (P)
Number: GM1XD2519, Breed: HE (100%)

g T

Name: GAGEBORO SUAVE
Number: GSE, Breed: HE (100%)

Dam
Name: BALLINASCRAW GEM
Number: BYWJ4123, Breed: HE (100%)

-

! 1

—

—

Name: DUNLEVER DON
Number: DUN, Breed: HE (100%)

g

Name: GAGEBORO MINION
Number: 5HM1108, Breed: HE (100%)

Name: BISHOPHILL GENERAL
Number: BHG, Breed: HE (100%)

&

é = Animal has a genomic evaluation

Name: BALLINASCRAW GEM 9TH
Number: BYWF5121, Breed: HE (100%)

Name: L1 PACESETTER
Number: 18146545, Breed: HE (100%)

Name: AB STAR MARK STD DOM LASS 1T
Number: 2228243, Breed: HE (100%)

Name: LCI SUPER VOLTAGE 15W
Number: LCI15W128, Breed: HE (100%)

Name: 96 PRISCILLA 2U
Number: 2276738, Breed: HE (100%)

Name: STANDARD LAD 93J IMP CAN
Number: SAD, Breed: HE (100%)

Name: BISHOPHILL TEMPTRESS
Number: RWES7112, Breed: HE (100%)

Name: CHAPELTON 1 AMBASSADOR
Number: 1BXUA1116, Breed: HE (100%)

Name: SOLPOLL 1 STELLA U862
Number: GM1XU6215, Breed: HE (100%)

[ 1

-

— l—

[ 1

Name: BALLYDOWEL ADMINISTRATOR
Number: CEA297, Breed: HE (100%)

Name: BORRIS PRINCESS
Number: 95368, Breed: HE (100%)

Name: GM TAURUS BRITISH 3E
Number: PNP3E106, Breed: HE (100%)

Name: GAGEBORO DIVA
Number: 5HD2100, Breed: HE (100%)

Name: STANDARD LAD 93J IMP CAN
Number: SAD, Breed: HE (100%)

Name: BISHOPHILL TEMPTRESS
Number: RWES7112, Breed: HE (100%)

Name: BCD 42L STANDARD LAD 417S
Number: STL, Breed: HE (100%)

Name: BALLINASCRAW GEM 6TH
Number: BYWT7113, Breed: HE (100%)
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Sire
Name: WTK 26X REDFORD 72B
Number: RHZ72B25, Breed: HE (100%)

Name: TALECO 604M JETSER 26X
Number: P2357229, Breed: HE (100%)

Name: WTK JESSICA 4N DOMINO 76R
Number: P2129783, Breed: HE (100%)

Dam
Name: FLF FORCETTE M46 3144
Number: P2593948, Breed: HE (100%)

Name: QRR ENFORCER 107HM46
Number: P22206886, Breed: HE (100%)

g = Animal has a genomic evaluation

Name: FLF VICTORIA 81 18
Number: P20917976, Breed: HE (100%)

Sire
Name: WOODVIEW NIAL
Number: AQN04127, Breed: HE (100%)

Name: BOYANNA TRUMPETER
Number: EEPL13125, Breed: HE (100%)

Name: WOODVIEW LIL
Number: NHA009928, Breed: HE (100%)

Dam
Name: WOODVIEW NUALA
Number: BMA783757, Breed: HE (100%)

Name: BELL L STAN DOM 39E g

Number: BLO, Breed: HE (100%)

é = Animal has a genomic evaluation

Name: WOODVIEW BETTY 2ND
Number: AQE4119, Breed: HE (100%)

Name: BT JR QUESTER
Number: P2274080, Breed: HE (100%)

Number: C02183186, Breed: HE (100%)

Name: WTK IMPACT CL DOMINO 4N
Number: P2005734, Breed: HE (100%)

\L Name: WTK JASMINE 630H VIC

Name: NIMROD ADVANCE LASS 6J
| Number: P1748169, Breed: HE (100%)

Name: ENFORCER 107H
Number: X21605756, Breed: HE (100%)

Name: FLF VICTORIA 81 210
| Number: P21637497, Breed: HE (100%)

Name: VICTORIOUS K47 481
Number: P1335977, Breed: HE (100%)

Name: FLF DOMESTIC LASS 2
Number: P20413530, Breed: HE (100%)

Name: SJS DOM 74 LAD 10P
Number: SOA, Breed: HE (100%)

Name: BOYANNA ROSE
Number: EEPJ2123, Breed: HE (100%)

Name: BISHOPHILL GENERAL é
Number: BHG, Breed: HE (100%)

Name: WOODVIEW AUDREY
Number: AQA1115, Breed: HE (100%)

Name: SILVER STANDARD 6Y
Number: 1122136, Breed: HE (100%)

Name: BELL L DOUBLE RP DOMINO 927
Number: 1164945, Breed: HE (100%)

Name: GAGEBORO SUAVE é
Number: GSE, Breed: HE (100%)

Name: WOODVIEW TANYA
Number: AQT4113, Breed: HE (100%)
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Sire
Name: BEAGHMORE PIRATE
Number: 129332, Breed: HE (100%)

Name: KNOCKFIN PIRATE
Number: 115466, Breed: HE (100%)

Name: BEAGHMORE HAZEL
Number: HE91625, Breed: HE (100%)

Dam
Name: KILNAGRALTA QUEEN
Number: XAUU194, Breed: HE (100%)

Name: FIELD SAILOR
Number: 1253740, Breed: HE (100%)

é = Animal has a genomic evaluation

Figure 1A Pedigrees of the founder animals, a - d = Afrikaner, e - h = Bonsmara, i - j = South African Hereford,

k - r = European Hereford

Name: LACKEN QUEEN REGNANT
Number: NBM390, Breed: HE (100%)

Name: CHURCHTOWN MIRACLE
Number: 103993, Breed: HE (100%)

Name: KNOCKFIN KNOCKFIN 10TH
Number: HEB6621, Breed: HE (100%)

Name: LODGE PARK KNOCKOUT
Number: 98461, Breed: HE (100%)

Name: GOLDEN PAMELA
Number: HE85448, Breed: HE (100%)

Name: BARON KILINPINI
Number: 96821, Breed: HE (100%)

Name: LACKEN IDA
Number: HEB2480, Breed: HE (100%)
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Addendum A2
| #!/usr/bin/bash

#PBS -N bov_11360864

#PBS -q long

#PBS -1 nodes=1:ppn=28
#PBS -1 walltime=900:00:00
#PBS -k oe

module load gatk-4,2.6,1
module load fastqc-0.11,7
module load picard-2.17.11

module load bwa-0,7.17
module load jdk-8ul81
module load multiqgc
module load samtools-1.7
module load gualimap=2.2.1
module load R-4.1.3
#African Cattle Project

# Move to the reference directory
# The reference indexing only needs to be done once

#cd /nlustre/users/slashmar/REFS

#bwa index ARS-UCD1,2_Btaus.0.1Y.fa

#java -jar $PICARD CreateSequenceDictionary R=ARS-UCD1.2 Btaus.0.1Y.fa 0=ARS-UCD1.2 Btau5.@,1Y.fa._genomic.dict
# Move to job directory - change sample number /path here as needed

cd /nlustre/users/slashmar/Afric icsData/NGS_seq e_data_Afrikaner/11360864

fastac
fastgc -t 28 *.fastq.gz

multige .

#Mapping
REF=/nlustre/users/slashmar/REFS/ARS-UCD1,2_Btau5.0.1Y.fa
KNOWN=/nlustre/users/slashmar/REFS/ARSL, 2P1usY_BOSR.vcf

#n=${f%%_1,fastq.9z}
#id=$(gunzip -c ${n}_1,fastq.9z | head -n 1 | cut ~f 3-4 ~d ":* | sed 's/:/_/*)

fulldir="printeny PWD"
n="${fulldirsex/}"

bwa mem ${REF} -t 28 -M -R "@RG\tID:$n\tLB:${n}\tPL:ILLUMINA\tPM:HISEQ\tSM:${n}" Forward.fastg.gz Reverse.fastq.gz |samtools view -@16
-Shb - > ${n}_unsorted.bam

##Use SORT_ORDER=queryname if you plan to use gatkMarkDuplicatesparks.
#java -Xmx16g -jar $PICARD SortSam I=${n}_unsorted.bam 0=${n}_sorted.bam SORT_ORDER=coordinate CREATE_INDEX=true TMP_DIR=/nlustre/tmp

#OR
java -Xmx28g —-jar $PICARD SortSam I=${n}_unsorted.bam 0=${n}_sorted.bam SORT_ORDER=queryname CREATE_INDEX=true TMP_DIR= ${TMP}
##Alignment Metrics{Optional}

java -jar $PICARD CollectAlignmentSummaryMetrics I=${n}_sorted.bam R=${REF} METRIC_ACCUMULATION_LEVEL=SAMPLE
METRIC_ACCUMULATION_LEVEL=READ_GROUP 0=$(basename ${n}.bam).alignment_metrics.txt

#MarkDuplicates. OPTICAL_DUPLICATE_PIXEL_DISTANCE is 100 for data generated in non-arrayed flowcells (ie from GAIIx, HiSeql500/2000/2500)

java -Xmx16g -jar -Djava.io.tmpdir=/nlustre/tmp $PICARD MarkDuplicates I=${n}_sorted.bam 0="${n}_sorted.dedup.bam" METRICS_FILE= "${n}
_sorted.dedup.metrics.txt" VALIDATION_STRINGENCY=LENIENT OPTICAL_DUPLICATE_PIXEL_DISTANCE=100 CREATE_INDEX=true
#0R 0

#gatk --java-options "-Xmx28G" MarkDuplicatesSpark —-spark-runner LOCAL —input ${n}_sorted.bam -——output ${n}_dedup,bam -VS LENIENT -0BI
true -M ${n}.metrics ——tmp-dir ${TMP} --conf 'spark.executor.cores=28"

###Validating BAM files{optional}

java -jar $PICARD ValidateSamFile I=${n}_sorted.dedup.bam 0=${n}_sorted.dedup.bam.validate,txt MODE=SUMMARY

##Bamqc{optional}

qualimap multi-bamac -d dedup.txt -outdir bamac

#GATK BaseRecalibrator

gatk ——java-options "-Xmx28G -XX:+UseParallelGC -XX:ParallelGCThreads=28" BaseRecalibrator -R ${REF} -I ${n}_sorted.dedup.bam --known-
sites ${KNOWN} —-bgsr-bag-gap-open-penalty 45 -0 ${n}.recal data.table —-tmp-dir /nlustre/tmp

#Apply BQSR

gatk ——java-options "-Xmx28G -XX:+UseParallelGC -XX:ParallelGCThreads=28" ApplyBQSR -I ${n}_sorted.dedup.bam -bgsr ${n}.recal_data.table
-0 s{n}.recal.bam —tmp-dir /nlustre/tmp

#GATK POST_BaseRecalibrator {optional}

gatk —java-options "-Xmx28G -XX:+UseParallelGC -XX:ParallelGCThreads=28" BaseRecalibrator -R ${REF} -I ${n}.recal.bam —known-sites $
{KNOWN} --bgsr-bag-gap-open-penalty 45 -0 ${n}.post,recal data.table ——tmp-dir /nlustre/tmp

#GATK AnalyzeCovariates: {optional}
#gatk AnalyzeCovariates -before ${n}.recal data.table -after ${n}.post,recal data,table -plots ${n}.recal_plots.pdf

#Variant calling :Create GVCF file

gatk —java-options "-Xmx28G -XX:+UseParallelGC -XX:ParallelGCThreads=28" HaplotypeCaller -R ${REF} -I ${n}.recal.bam -0 ${n}.raw.g.vcf —
native-pair-hmm-threads 28 -pairHMM AVX_LOGLESS_CACHING ——emit-ref-confidence GVCF --tmp-dir /nlustre/tmp

gatk —java-options "-Xmxd4g -Xms4g" GenomicsDBImport -V ${n}.raw.g.vcf --genomicsdb-workspace-path my_database ——tmp-dir /nlustre/tmp
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#Variant calling :Create GVCF file

native-pair-hmm-threads 28 -pairHMM AVX_LOGLESS_CACHING --emit-ref-confidence GVCF --tmp-dir /nlustre/tmp

gatk -—java-options "-Xmx4g -Xms4g" GenomicsDBImport -V ${n}.raw.g.vcf —-genomicsdb-workspace-path my_database ——tmp-dir /nlustre/tmp
# Genotype the g,vcf files

gatk --java-options "-Xmx4g" GenotypeGVCFs -R ${REF} -V ${n}.raw.g.vcf -0 ${n}.raw.vcf

# Separate SNPs and INDELS

# Filter SNPs - see https://gatk.broadinstitute.org/hc/en-us/articles/360035531112—-How-to-Filter-variants—-either-with-VQSR-or-by-hard-
filtering and also https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-variants

gatk VariantFiltration -V ${n}.raw,snps.vcf -filter "QD < 2.0" —-filter-name "QD2" -filter "QUAL < 30.0" --filter-name "QUAL30" -filter
"SOR > 3.0" -filter-name "SOR3" -filter "FS > 60.0" ——filter-name "FS60" -filter "MQ < 40.0" —-filter-name "MQ40" -filter "MQRankSum <
-12.5" ——filter-name "MQRankSum-12.5" -filter "ReadPosRankSum < -8.0" —-filter-name "ReadPosRankSum-8" -0 ${n}.filtered,.snps.vcf

# Filter INDELS
gatk VariantFiltration -V ${n}.raw,indels,vcf -filter "QD < 2.0" --filter-name "QD2" -filter "QUAL < 30.0" ——filter-name "QUAL30" -filter
"FS > 200.0" ——filter-name "FS200" -filter "ReadPosRankSum < -20.0" —-filter-name "ReadPosRankSum-20" -0 ${n}.filtered,indels,vcf

Figure 2A GATK best practices pipeline used on individually called vcf files

Addendum A3

AFR BON HFD

Figure 3A ADMIXTURE bar plot of the South African founders., i.e. Afrikaner, Bonsmara
and Hereford (K = 3)
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