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Abstract

Evaluation of genetic diversity in cattle populations is important to understand breed structure
and for maintaining diversity. The aim of this study was to assess SNP based genomic
diversity and population structure of eight South African beef cattle breeds. In this study 2110
beef cattle genotypes, generated within the BGP, representing eight South African beef cattle
breeds (Bonsmara, Beefmaster, Boran, Charolais, Hereford, Drakensberger, Nguni and Tuli)
were included for analyses. Genotypic data were generated using the GGP 150k SNP array
for all registered, genotyped animals participating in Logix Beef Recording. PLINK was used
to estimate genetic diversity parameters within populations and biological types. GCTA and
ADMIXTURE were used for population structure analysis. SNeP was used to estimate
effective population size for all populations. Results indicated limited loss of heterozygosity for
the Beefmaster, Boran, Drakensberg and Hereford breeds (H.>H,) and no loss of
heterozygosity for Bonsmara, Charolais and Nguni breeds. Results further indicated no loss
in genetic diversity for all eight populations. The eight populations were grouped into specific
biological types namely indigenous (Drakensberger, Nguni and Tuli), composite (Beefmaster
and Bonsmara) and exotic types (Boran, Charolais and Hereford) and population diversity
parameters were estimated. Analysis of the percentage of low-MAF SNP (MAF<0.05) was
done and revealed the indigenous breed group had the highest percentage of low-MAF SNP
across the genome. Inbreeding estimates based on F;s and Fgoy indicated limited inbreeding
across the populations (F;s:-0.009 to 0.016 and Frpy : 0.001-0.005). ROH analysis revealed
that any inbreeding was due to ancient inbreeding, based upon the high number of ROH
segments that had a length of between 0 and 3.9 MB. Effective population size (N,) analysis
showed a decline in the N, for all eight breeds. A principal component analysis (PCA) and
admixture plot identified eight distinctive breeds with some admixture present. The indigenous
populations clustered together due to common ancestry and time divergence. The study
concluded that they SA beef populations in this study exhibit moderate to high levels of genetic

diversity with low inbreeding.
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Chapter 1: Introduction and literature review

1.1 Introduction

The South African beef cattle industry comprises of more than thirty recognized breeds
which can be classed as indigenous, composite, or exotic breeds (Abin et al., 2016). These
breeds possess different traits and breed compositions which allow them to be suited to a
range of climatic regions and production environments (Makina et al., 2016). The indigenous
and local composite breeds represent approximately 40% of the beef cattle populations in
South Africa (Nyamsuhamba et al., 2017). The red meat industry contributed 17,4% to the
overall worth of agriculture production in 2016/2017 (DAFF 2017), which makes it an important
industry to provide much needed animal protein to a growing population, projected to reach
almost seventy million people by 2050 (Worldometers, 2020).

The beef industry in South Africa is unique due to its dualistic nature (DAFF, 2017),
with two major sectors in the beef industry, the commercial (developed) and non-commercial
(developing) sectors (van Marle-Kdster and Visser, 2018). The commercial sector is well
developed in South Africa and is responsible for a large proportion of meat production and
contributes to creating employment on various levels. The commercial sector generally has a
high level of managerial input regarding animal recording, nutrition, animal health and disease
control. The developing sector includes the smallholder and subsistence farmers. Unlike the
developed sector, these sectors often have an absence of records, and animals are regularly
kept and used for religious or social purposes and are a sign of wealth (Mapiye et al., 2019).
Although these two sectors of the beef industry are vastly different, both sectors are vital for
the success of the beef industry.

The various beef cattle breeds which constitute the beef industry of South Africa have
originated from various parts of the globe. The ancient ancestor of cattle is known to be the
extinct Eurasian aurochs (Bos primigenius) which was domesticated over ten millennia ago in
the upper region of the fertile crescent (Verdugo et al., 2019). Evidence suggests that SA
indigenous cattle originated from north Africa, now known as the Sahara Desert, over 7000
years ago (Verdugo et al., 2019). The increased temperatures and climatic changes of
Northern Africa forced the people in the area, along with their livestock to move south. The
well-known Nguni cattle, a Sanga type, is believed to have been farmed by the Nguni speaking
people in the 18" century along the eastern coastal regions of South Africa (van Marle-Kdster
etal., 2021). The other well-known Sanga type is the Drakensberger breed. Although the exact
history of the Drakensberger has not been well documented, it is believed that at the time of
the Great Trek, several families took their black oxen (known as Vaderlander cattle) to travel
north until settling in the Drakensberg range (Bisschoff et al., 2013). The famous Uys family

was among these families and started farming and developing the black cattle breed by



selecting the most productive and adapted animals in the herd, ultimately developing the
Drakensberger breed known today (Drakensberger Breeder’s Society of SA, 2016).

These Indigenous beef cattle breeds are known for their unique adaptive qualities to
harsh environments (Mwai et al., 2015) and their capability to produce and reproduce in low
input systems (Nyambushama et al., 2017). Traits of importance include drought tolerance,
where the individual has natural attributes of good feed utilization where food may be scarce
as well as good walking ability (Shabtay et al.,, 2015). Considering climate change, heat
tolerance (Scholtz et al., 2013) is also a critical trait. There is a need for understanding the
underlying genetic architecture which determine these adaptive traits to exploit the available
genetic variation (Engelsma et al., 2014; Rothschild and Plastow, 2014).

Local composite breeds were developed for their aptitude to adapt to a variation of
climatic environments while maintaining a satisfactory level of performance (Bunning et al.,
2019). The Bonsmara breed was developed by crossbreeding Milk Short Horn, Hereford, and
Afrikaner cattle in 1963 (Bonsma, 1980). The intention to develop the breed was to establish
a locally adapted beef breed (Makina et al., 2014). The Beefmaster breed is an international
composite breed that was developed using Brahman, Shorthorn and Hereford cattle
(Beefmaster SA, 2021). Although the Beefmaster was originally developed in the USA in the
1940’s, some South African farmers saw the potential for the breed and started importing
semen in the late 1980’s (Beefmaster SA, 2021). The breed became an accepted breed in
1987 in South Africa (Beefmaster SA, 2021).

Numerous exotic Bos taurus beef cattle breeds (e.g., Hereford and Charolais) were
brought to South Africa by European settlers, followed by routine importation into the country
over centuries (van Marle-Kdster et al., 2021). The first Hereford cattle were imported to SA
between 1892 and 1903 and the Hereford Society of South Africa was established in 1917.
Charolais cattle were first established in France in 1773, however it was not until the end of
World War 1l that the Charolais was found in other parts of the world. The breed was first
introduced in South Africa in 1955 (Charolais Society of South Africa, 2021).

These breeds which were previously considered to be exotic breeds have adapted and
perform well in selected regions and production systems in South Africa (van Marle-Koster et
al., 2015). The demand for leaner beef has increased in the last decade (DAFF, 2017), proving
the exotic breeds with their superior carcass traits to be vital contributors to South African beef
production. Several challenges are faced by the beef cattle industry such as climate change,
reducing methane emissions, decreasing land and water resources, which all call for an
increase in the efficiency and sustainability of the available genetic resources (Garrick, 2011).
An insight into the architecture and variation of the genetics in South African beef cattle

breeds, may be a valuable tool to warrant sustainable beef production.



The development of genomic technologies, for instance single nucleotide
polymorphisms (SNP) and SNP arrays have provided the opportunity and means to explore
and comprehend the genetic composition of individuals along with individual traits and genes
(Akanno et al., 2018; Visser et al., 2020). The various bovine SNP BeadChips are an important
tool used in assessing genetic diversity, by evaluating various diversity parameters (Plastow,
2016; Akanno et al., 2018). SNP have been used in a limited humber of diversity studies on
South African beef cattle (Makina et al., 2014; Lashmar et al., 2019). This could have been
due to the lack of genotyping and an African cattle component present in SNP arrays. There
is a need to investigate the diversity of SA cattle using SNP data to provide a greater
comprehension into the genetic components of SA cattle. In the past six years the number of
SA beef cattle which have been genotyped with SNP arrays having an indicine component
has increased. This has enabled an in-depth analysis of genetic diversity using SNP.

The beef genomics project (BGP) was founded in 2015 with the primary objective to
enable genomic selection (GS) by establishing reference populations for South African beef
breeds (van Marle-Koster and Visser, 2018). The ideal reference population is influenced by
its size and composition. The levels of relatedness within the reference populations will
influence the number of animals necessary to capture all possible genetic diversity within the
breed (Lashmar et al., 2019). Additionally, certain population parameters, such as MAF and
LD influence the minimum number of SNP that are necessary for downstream applications
such as imputation (Lashmar et al., 2018). Thus, the precision of genomic selection and the
rate of genetic improvement is influenced by breed-specific population parameters (Lashmar
et al., 2018). During a three-year period (2015-2018), over four thousand bovine genotypes
were generated (SA Studbook, 2020) using 80k and 150k SNP arrays resulting in useful
resources for studying genetic diversity, parentage and selection signatures of cattle breeds
(Burrow et al., 2017). Twelve South African beef breeds were used in the BGP to establish or
enable reference populations for GS.

South African beef cattle resources include indigenous (Sanga types), local
composites and exotic breeds. Due to the varying sizes of the breeds, the number of the
genotypes available per breed differ and not all breeds are yet able to apply genomic selection.
Information on diversity parameters such as MAF, heterozygosity, LD, ROH, genomic
inbreeding and admixture could however assist in providing a greater conception of the genetic
structure and relatedness of South African beef breeds. Additionally, it will inform on the

structure of the respective training populations.



Aim of the study:
The overall aim of this study was to assess SNP based genomic diversity and
population structure of eight South African beef cattle breeds.

The objectives to achieve the aim are as follows:

1. Estimate genetic diversity within and between populations and biological types.

2. Estimate genomic inbreeding and effective population sizes per populations and biological
types.

3. Investigate the population structure and admixture of the respective reference populations.
Populations that will be investigated are the Beefmaster, Bonsmara, Boran, Charolais,
Drakensberger, Hereford, Nguni and Tuli.

Biological types investigated in this study are indigenous types (Drakensberger, Nguni and
Tuli), composite types (Beefmaster and Bonsmara) and exotic types (Boran, Charolais and
Hereford).



1.2 Literature review
1.2.1 Introduction

South African beef cattle are rich in genetic diversity and each breed is a vital
contributor to the South African beef industry. Each breed has an array of traits which enable
them to produce and reproduce in an environment. Some breeds possess adaptation traits
which are vital in drought prone areas. Investigating the genetic diversity of these breeds can
enable breeding strategies to be made or adjusted with the preservation of some genetic
resources.

Genetic technologies, such as SNP arrays, have provided the opportunity to examine
the level of genetic diversity in SA beef populations (Plastow, 2016). These technologies
enable the ancestry of breeds to be understood. Furthermore, the technologies enable the
inbreeding of a population to be investigated and managed to ensure a high level of diversity
is maintained in the breed. This literature review aims to review the beef cattle breeds of South
Africa, investigation of genetic diversity and implementation of genomic selection in beef cattle

so far.

1.2.2 South African beef cattle breeds

Literature suggests that the origin of cattle in Southern Africa was a consequence of
two or three migration routes, as shown in figure 1 (Verdugo et al., 2019). The migration routes
are based on archaeological evidence, such as bone morphology and rock paintings
(Marshall, 2000). Genetic evidence suggests two domestication events from the Near East
Africa and India with subsequent crossings with two Wild Auroch subspecies (Gebrehiwot et
al., 2020). Mitochondrial DNA evidence suggests that there were two genetically distinct
groups of cattle before domestication, Bos taurus and Bos indicus (Verdugo et al., 2019). Bos
taurus cattle likely spread across Northern Africa and made their way down to the lush areas
of the Sahara (Gebrehiowt et al., 2020). Presumably one of the initial cattle groups to appear
in Africa in the Sahara area were humpless Bos taurus animals around 4500 and 4000 BC
and were used for farming, as supported by archaeological evidence (Blench and McDonald,
2006). The farmers of the time migrated south about four thousand years ago to escape the
increasing temperatures, decline in useable land and solar radiation conditions of the Sahara

plains with their livestock (Orton et al., 2013). The earliest indication of Bos indicus in Sub-



Saharan Africa was found in East Africa where genetic evidence dated back to between 2500
and 2000BC (Grigson, 1999; Gebrehiwot et al., 2020).

Figure 1.1: Migration routes and the origin of African domestic cattle (Mwai et al., 2015).

The cattle breeds of Africa cattle can be categorized into two broad types; Taurine
(Bos Taurus) and Indicine cattle (Bos indicus) which can be phenotypically distinguished by
placement of the thoracic hump (Hanotte et al., 2002). Each breed type that migrated to South
Africa is known to have unique characteristics which are advantageous in different climatic
regions or production systems. Table 1.1 provides a broad overview of the different traits that
the different breeds possess in South Africa for cattle breeds which will be included in this

study.



Table 1.1: Broad overview of South African beef cattle classifications and their traits.

Biological types Breed example Traits of importance

Indigenous (Sanga) Drakensberger, Drought and heat tolerance.
Nguni and Tuli Lower susceptibility to ticks with morphological coat
characteristics such as colour and thickness of coat and
skin.

Local composites Beefmaster and Adaptation traits and carcass traits

Bonsmara High growth efficiency for any environment.
Exotic (Bos taurus) Charolais and Larger framed animals enabling superior growth and
Hereford carcass traits.

Good fertility traits and mothering ability
Exotic (Zebu) Boran Zebu cattle have large dewlaps enabling heat dissertation
and tick resistance.

Indigenous breeds

Indigenous African cattle breeds were derived from the crossbreeding of Taurine cattle
with Indicine cattle (Verdugo et al., 2019). It is suggested African cattle are divided into three
categories of African indigenous breeds; African Bos taurus (Sanga types), Bos indicus (Zebu
types), and Zenga types (Gebrehiwot et al., 2020). The African indigenous populations
displayed good growth and adaptation traits which was proven useful for the harsher climates
of the regions in which they lived (Makina et al., 2016; Mwai et al., 2015).

Sanga types are a resultant of cross breeding of the humpless Bos taurus x humped
Bos indicus hybrid to create a breed type with a significant body mass and production in
regions where animal adaption was mandatory e.g tsetse-free areas (Zwane et al., 2019;
Gebrehiwot et al., 2020). The San and Sudanic Bantu tribes pioneered Sanga cattle to South
Africa during their migration to Southern Africa along with the European settler’s arrival in the
fifteenth century (Strydom, 2008).

Most SA indigenous breeds are small to medium-framed allowing the cattle to have
lower nutrient requirement for maintenance compared to larger framed animals (Mapiye et al.,
2019). Some cattle have good walking and foraging ability to select for optimal nutrition which
enables the feed intake level to be sufficient for production (Mwai et al., 2015). Tick resistance
is associated with the coat qualities such as colour, density and hair length, making it
challenging for ticks to attach to the skin (Marufu et al., 2011). Indigenous cattle are known to
be heat resistant (Mkize et al., 2020) causing these animals to perform well in harsh
temperature environments with little to no effects of heat stress (Scholtz et al., 2013).

Composite breeds



Composite breeds tend to adapt well to most climates while maintaining a satisfactory
level of performance (Bunning et al., 2019). Traits which are known to have low heritability
(e.g., fertility), tend to have a higher level of heterosis (Bunning et al., 2019) in composite
breeds. In both the Beefmaster and the Bonsmara, the breeds were developed using animals
which possessed adaption traits to harsh South African climates (e.g., Afrikaner and Brahman
breeds) and carcass and growth traits which are of vital importance to meet the demands for
beef in SA (e.g., Hereford breed).

Exotic breeds

Exotic breeds in SA can be classified as European Bos taurus. The exotic Bos taurus
breeds are typically larger framed animals, allowing a greater potential for increase in carcass
mass (Soji and Muchenje, 2016). These breeds have been selected and are widely utilized
under South African farming conditions, due to their carcass and growth traits. The breeds
which were previously considered to be exotic breeds; have adapted and perform well in
selected regions and production systems (van Marle-Koster et al., 2021). The demand for
leaner beef has increased in the last decade (DAFF, 2017), proving the exotic breeds to be
vital contributors to South African beef production. Larger framed animals typically have larger
hind quarters and back muscles, enabling larger amounts of lean meat to be produced (Soji
and Muchenje, 2016). These breeds also have good fertility traits and mothering ability. These
traits are important for reproducing in the harsher climatic regions of South Africa.

The Bos indicus Zebu breed included in this study (Boran) can also be classified as an
exotic breed. The Borans ancestors from Asia arrived in the horn of Africa around 1500 years
ago (Decker et al., 2014). The cattle were situated around semi-arid areas of Ethiopia and
Kenya and were used for beef and dairy production (DAGRIS, 2010). The breed was imported
to South Africa in the late 1990s and was bred for beef production. The breed is known for
high fertility traits and adaptability traits such as drought resistance (Gaughan et al.,1999).

South Africa is one of the several nations in Africa where a countrywide program
for animal recording has been implemented and is used (Van Marle-Késter et al., 2015).
Animal recording plays an essential role to managing the diversity among the breeds and
assists in genomic predictions. SA Studbook’s Logix database is used by some breeders’
associations in South Africa for animal recording and genetic analysis. According to the
2016 annual report of SA Studbook, 1859 herds are registered with SA Studbook and 69%
participate in Logix. There are approximately just over 284 600 beef cattle that participated
in Logix beefin 2016 (SA Studbook, 2016). Tables 1.2 and 1.3 below illustrate the different
cattle breeds with the number of animals participating in Logix with the average for each

trait measured.



Table 1.2: Beef cattle breeds, number of animals participating in Logix Beef with averages of
respective weights measured by Logix Beef.

Breed Number BW ww 12MW 18MW
of (kg) (kg) (kg) (kg)
Animals

Bull Cow Bull Cow Bull Cow Bull Cow
Afrigus 570 30 22.0 2452 237.2 3129 2714 - -
Afrikaner 6937 30.1 28.4 2022 191.3 2354 240.7 322.3 299.7
Afrisim 1020 344 320 2056 186.9 - 264.6 - 246.2
Angus S.A. 20716 35.8 34.0 2335 224.1 333.7 307.8 506.7 406.3
Ankole 429 24 - 182.0 178.0 3110 - - -
*Beefmaster 47517 35,5 33.8 2415 2245 3024 277.0 4206 350.7
Beef shorthorn 402 40.6 38.6 232.6 217.4 387.2 2445 467.3 3275
*Bonsmara 118758 36.3 34.3 226.5 210.3 278.7 2579 3750 325.3
*Boran 16294 30.4 28.8 202.8 185.8 2619 216.0 3494 273.6
Borguni 305 30.1 299 187.1 177.0 - - 286.0 289.3
Braunvieh 2121 38.1 35.7 2422 226.1 333.2 242.6 442.0 336.1
Charbray 83 - - 255.3 243.6 3315 297.7 489.0 379.0
*Charolais 4913 40.7 39.4 236.8 223.3 351.7 306.6 468.1 361.1
Chianina 100 - - - - - - - -
Dexter 765 25.3 24.1 155.1 144.7 1995 2079 - 202.2
*Drakensberger 12862 36.0 34.1 2153 200.1 2489 2349 359.6 309.1
Gelbvieh 541 38.1 36.0 2424 234.1 282.0 237.6 4176 302.7
*Hereford 5996 38.3 36.4 216.2 201.7 3045 280.1 453.6 360.3
Hugenoot S.A. 2383 40.8 38.9 222.1 210.0 234.0 2504 339.1 310.1
*Nguni 15901 27.3 25.8 1625 148.9 2189 1822 2711 239.8
Pinzgauer 1498 37 30.0 239.4 2103 - - - -
Pinzyl 1597 - - 195.8 1819 - - 292.0 3005
Red Poll 560 34.1 323 1825 168.7 280.0 200.3 282.8 357.8
Romangnola 1004 435 37.6 260.5 2424 4170 - - -
Senepol 4488 37.8 36.1 2194 2139 286.3 268.2 383.0 332.6
South Devon 1251 38.0 36.8 2155 204.2 346.0 260.6 - 385.0
Sussex 6190 39.6 37.2 2357 216.1 329.4 283.6 4823 367.3
*Tuli 9486 32.7 30.8 189.7 176.6 240.2 206.8 338.7 270.6

BW: Birth weight, WW: weaning weight, 12MW: 12-month weight, 18MW: 18-month weight,

A * indicates breeds included in this study



Table 1.3: Beef cattle breeds, number of animals participating in Logix Beef with averages of
respective production and fertility traits measured by Logix Beef.

Breed AFC ICP ADG FCR
(9) (kg/kg)

Afrigus 31 408.9 - -

Afrikaner 35.5 459.8 1245 7.36
Afrisim 32.1 403.5 1552 7.16
Angus S.A. 31.3 408.6 1779 6.20
Ankole 33.7 380.2 - -

*Beefmaster 30.6 404.6 1737 5.59
Beef shorthorn 36.2 380 1497 8.03
*Bonsmara 31.4 413.7 1721 5.97
*Boran 33.6 436.5 1308 5.80
Borguni 36.5 475.6 - -

Braunvieh 33.6 450.9 1808 5.66
Charbray 37 469.5 - -

*Charolais 33.7 422.5 1874 6.09
Chianina 45.8 475.7 1518 7.65
Dexter 26.9 440.9 1136 7.32
*Drakensberger 34.1 424.1 1612 5.96
Gelbvieh 33.2 458.1 1759 5.51
*Hereford 31.9 391.3 1746 6.02
Hugenoot S.A. 35.5 479.8 1538 6.35
*Nguni 32.3 415.4 657 -

Pinzgauer 36.2 467.1 1813 6.21
Pinzyl 34.7 448.7 1300 7.89
Red Poll 34.9 494.9 - -

Romangnola 36 497.6 1851 5.62
Senepol 31.8 433.1 1863 6.21
South Devon 35 393.3 - -

Sussex 324 408.3 1867 5.67
*Tuli 34.9 423.0 1074 -

AFC: Age at first calving (months), ICP: Inter calving period, ADG: average daily gain, FCR: feed

conversion ratio

Growth performance at numerous stages of the growth curve directly influences

profitability in the beef industry (Koch et al., 2003). Weight measurements in table 1.2 indicate
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the Bos taurus breeds, such as the Charolais and Hereford had the largest eighteen-month
weight. Individuals belonging to the Bos taurus family are typically large framed, hence the
large weight measurements. The larger frame of these individuals enables a larger amount of
muscle to be added on to the frame which consequently adds to the individuals having superior
carcass traits. The average daily gain (ADG) measured in grams, further explains the
individuals having superior carcass traits by the Bos taurus breeds having the highest ADG
measurements in table 1.3. The larger framed animals perform particularly well in feedlots
where they can put on weight and muscle mass without any potential food or water shortage.

The indigenous Sanga types have an advanced tolerance for heat and drought
compared to the Bos taurus breeds (Shabtay, 2015). In certain regions of South Africa, heat
stress becomes one of the main challenges for animals in the summer months particularly in
the savannah regions of the country. Heat stress decreases growth and production
performance such as average daily gain, reproductive performance, and meat quality. The
animal’s ability to perform everyday physiological processes that are necessary for survival is
influenced by the amount of energy needed to maintain these processes (Hoffmann, 2010).
The small to medium frame of the Sanga types occurred from the genotype of individuals
becoming adapted to available feed resources and temperatures which assists in the
maintenance of important processes (Hasen, 2004). The weight measurements in table 1.2
indicate the Sanga types are smaller framed compared to the Bos taurus breeds, which
enables the physiological and cellular characteristics to enable Sanga types to be more
adapted to tropical environments (Kim et al., 2017). Smaller framed animals have lower energy
requirements for body weight and weight gain enabling them to perform well in environments
where food or water may be limited such as the savannah (Scholtz et al., 2013).

The weight measurements for the composite breeds such as the Beefmaster and
Bonsmara have a higher average compared with Sanga types, but smaller measurements
versus the Bos taurus types which is to be expected due to the composite nature of the breeds.
This enables the breeds to be farmed extensively in the savannah regions but still to produce
the desired meat quality. There are many composite breeds in South Africa where animal
recording is done by other service providers such as the LRF, however they will not be
investigated in this study.

All South African breeds play a crucial role in the beef industry, from their larger frames
for increased muscle gain, to adaptation traits enabling production in stressing environments
(Scholtz et al., 2013). Therefore, the investigation of the diversity of these breeds will provide
insight to the genetic resources of these breeds for potential conservation and future breeding

strategies to be implemented.
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1.2.3 Genetic diversity

Genetic diversity can be defined as the set of genetic differences within populations
and individuals within a population that are present in the population’s genetic makeup (Eusebi
et al., 2020). In recent years, genetic diversity studies have become an important tool to
evaluate genetic resources and understand population structure (Jemma et al.,, 2018;
Upadahay et al., 2018) allowing breeding decisions and objectives to be set (Lenstra et al.,
2012). Breed ancestry and diversity also provide a background of the origin of the breed, and
this can allow for certain genes to be identified (Signer-Hasler et al., 2017). Genetic diversity
plays an essential role in natural selection where populations and individuals require to adapt
to a variety of environmental stressors (Jemma et al., 2018). Understanding how artificial and
natural selection influences the genetic diversity of a population allows for successful breed
management to maintain the level of diversity (Engelsma et al., 2014; Mapiye et al., 2019).

Early artificial selection of beef cattle in the late 1700s could have caused a decrease
in diversity within populations as a result of uncontrolled inbreeding with individuals with
superior traits for an increase in production or fertility (Engelsma et al., 2014; Rothschild and
Plastow, 2014). Artificial selection results in selection of a gene or many genes on a particular
part of the genome to improve a trait of interest, or a variety of traits (Rothschild and Plastow,
2014). The specific traits selected for, often lead to an increase in the favourable alleles, with
allele fixation and reduction in differences at that section of the genome as a consequence
(Zhao et al., 2015). Using DNA-marker technology is a method of managing selection in a

population by analyzing the variation present in the population.

1.2.3.1 Development of DNA-marker technology.

Over the past four decades there has been substantial enhancements and
technological advances in the sphere of molecular genetics (Ducrocq et al.,, 2018).
Technologies such as the development of Sanger sequencing in the late 1970s which was
based on chain-termination methods (Dekkers & Hospital, 2002), led to the development of
the polymerase chain reaction (PCR), which was created in 1983. PCR permitted for accurate
and reliable magnification of small segments of DNA or particular regions on the genome (Fore
et al., 2006). This contributed to discoveries in 1989 on the human genome led to the further
developments of automatic sequencing instruments and associated software which pioneered
discovery of DNA markers, such as microsatellites and SNP, which are commonly used in
livestock (Fore et al., 2006; Mrode et al., 2019).

The first genome to be mapped was the human genome which was completed in 2001.
This groundbreaking achievement unleashed the possibilities of genomes of other species to

be mapped (Eggen, 2012). The mapped bovine genome was sequenced using a female

12



Hereford cow and was completed in 2009 (Fan et al., 2010). This allowed scientists to gain
understanding of the architecture of the genome (Matukumalli et al., 2009). The mapped
genome provided the tool for an in-depth understanding of the progression of species, breed
structure and offered new assumptions of population genetics and diversity (Fan et al., 2010;
Ducrocq et al., 2018). The reference genome allowed for DNA marker discovery
(microsatellites and SNP) to be used for further in-depth analysis of the genome (Plastow,
2016; Ducrocq et al., 2018).

Microsatellite markers are numerous copies of short tandem repeats that are
consistently dispersed throughout an animals’ genome (Sabir et al., 2014). Microsatellite
markers can be useful in parentage verification, valuation of genetic distance within and
between breeds, mapping of genes, marker assisted selection and population genetics (Cole
et al., 2013; Malteca et al., 2020). Some diversity studies on cattle in South African have been
conducted using microsatellites, which includes Pienaar et al., (2018) where microsatellites
were used to estimate the levels of heterozygosity among the Afrikaner breed in South Africa.
Six Nguni ecotypes in South Africa were investigated by Sanarana et al., (2015), with the aim
to understand genetic diversity for management and conservation purposes. Madilindi et al,
(2019) also investigated the diversity and relationships among South African Nguni ecotypes.
Van der Westhuizen et al., (2020) assessed breed genetic variation to estimate associations
among the different classifications of cattle in South Africa. These studies provided insight into
the diversity and relationships of South African beef cattle breeds. All studies mentioned,
concluded that there is a moderate to high level of genetic variation within and between breeds
which puts the various populations in a favorable position for genetic improvement (Pienaar
et al., 2018; Madilindi et al., 2019; van der Westhuizen et al., 2020). Although the mentioned
studies provide positive conclusions, microsatellite markers have various limitations
(Fernandez and Bennewitz, 2017). Such limitations include high costs associated with the
development of the marker panels, or heterozygotes can be misclassified as homozygotes
which results in inaccurate conclusions of diversity in a population (Cole et al., 2013). Some
microsatellite markers are known to cause underestimation of genetic divergence with the
markers only cover a small portion of the genome (Yang et al., 2013; Plastow, 2016).

Single nucleotide polymorphisms (SNP) can be characterized as a difference at the
same point on a genome between individuals or between individual chromosome pairs
(Goddard, 2009). Over 2.3 million SNP were discovered subsequent to the completion of the
bovine genome (Williams et al., 2009). SNP markers are typically bi-allelic and are relatively
easily interpretable, making SNP an ideal tool for genomic studies (Fan et al., 2010; Malteca
et al., 2020). SNP arrays have provided the opportunity and means to explore and perceive
the genetic composition of individuals and individual traits and genes (Akanno et al., 2018;

Visser et al., 2020). SNP markers were primarily developed for association mapping,
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admixture plotting with studies aimed at distinguishing phenotype and genotype relations
(Goddard & Hayes, 2009). SNP markers are known to be located abundantly and are relatively
consistently spaced throughout the genome (Hayes et al., 2009). This is advantageous in
identifying and studying quantitative/polygenic traits (Edea et al., 2013). SNP panels were
initially developed using European Bos taurus breeds (Lwin et al., 2018). This became a
challenge for accurate studies being conducted on Bos indicus breeds as the novel SNP of
the indicus breeds were often not included in the SNP array (Edea et al., 2018). The
development of the 80k SNP Indicus array by GeneSeek in 2014 included some of the novel
SNP from Bos indicus breeds genome, leading to accurate estimates of diversity parameters
for the breeds (Akanno et al., 2018; Edea et al., 2018). Table 1.4 indicates the different
available commercial SNPbead arrays for cattle:

Table 1.4: A non-comprehensive summary of some available commercial SNPbead
chips (Adapted from Geneseek® and Illumina® 2021)

Company Bead chip Number of SNP
Geneseek® GeneSeek Dairy Ultra LD v2 GGP-LD 7 049
- version 1 (GGP9K) 8 610
- version 2 (GGP20K) 19721
- version 3 26 151
GGP-indicus 50k 54 791
GGP-HD 76 879
GGP-150K 139 480
GGP- F250 221 115
[lumina® Golden Gate Bovine 3K 2900
Bovine LD
- version 1 6 909
- version 1.1 6912
- version 2 7 931
Bovine SNP50
- version 1 54 001
- version 2 54 609
- version 3 53 218
Bovine HD 770k 777 962

1.2.3.2 Diversity studies for South African beef cattle.

The various available SNP arrays present the opportunity of studying genetic
architecture in a variety of populations by identifying genes and understanding relevant
physiological pathways for adaptation and production (Edea et al., 2018; Lwin et al., 2018).
Over the past decade, SNP arrays have become more affordable and utilized, giving scientists
an opportunity to estimate diversity parameters and population structure (Makina et al., 2014,

Plastow, 2016, Akanno et al., 2018). Limited studies using SNP panels have been conducted
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on South African cattle populations to estimate the levels of diversity present (Makina et al.,

2014; Lashmar et al., 2018). A summary of these studies from 2014 to present are shown in

table 1.5.

Table 1.5: A non-comprehensive summary of SNP-based genetic diversity studies on South

African beef cattle.

Aim of study Breeds Diversity parameters Reference
Investigate the population AFR, ANG, H,, H,, allelic richness Makina et al.,
composition within and BON, HOL, F, Fsr, Allelic sharing and genetic 2014
between six South African DRB, NGI distance

cattle breeds Genetic structure using PCA

To provide a clearer AFR, BON, Genetic relatedness between Makina et al.,
analysis of patterns of DRB, NGI animals 2016

admixture and ancestry in

South African cattle breeds
Investigate within the SA DRB
Drakensberger breed,

guantifying inter-

chromosomal variation.

Identify novel SNP in three AFR, DRB,
SA indigenous breeds. NGI

Identify breed informative AFR, DRB,
SNP among three SA beef  NGI

cattle breeds using

genotypic data from the

Bovine50SNP and GGP-

80k assays.

Population structure

Genetic relatedness between
animals

Inter-chromosomal variation (MAF
and LD)

ROH and Froy

Pedigree analysis.

DNA sequencing

Variant discovery

SNP annotation

Assessed SNP density.
Identification of selective sweeps.
Allele frequency

Genetic structure analysis with
PCA.

Breed-specific markers.

Pairwise Fg values

FLK statistic

Lashmar et al.,
2018

Zwane et al.,
2019

Zwane et al.,
2016

AFR: Afrikaner, ANG: Angus, BON: Bonsmara, DRB: Drakensberger, HOL: Holstein, NGI: Nguni

The studies indicate the moderate levels of genetic diversity among and between

different populations. The studies provide details on the admixture of the different populations

and indicates that South African beef cattle populations can still respond well to selection. The
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studies in table 1.5 further comment on the need for future research to be done due to the
potential the populations have to respond to selection and downstream genomic applications.
The ability to respond to selection is important in the beef industry due to the ongoing climate
change and fluctuations in consumer preferences. Additional genetic diversity studies have
been conducted throughout Africa and worldwide (Edea et al., 2018; Fabbri et al., 2019). The
studies highlight the importance of indigenous populations acting as reservoirs of biodiversity
for adaptation traits which may be valuable in the future. Literature further indicates the
importance of diversity to develop breeding strategies for the future (Cesarani et al., 2018;
Edea et al., 2018). Managing breeding programs and breeding objectives are key factors in
creating a sustainable use of genetic resources.

Genetic resources should be sustainably managed to ensure components of livestock
diversity are exploited at a rate that does not cause a decline of genetic resources in the long-
term and has the potential to satisfy the needs and desires of forthcoming generations
(Engelsma et al., 2014; Mapiye et al.,, 2019). Genetic diversity is therefore important for
conservation purposes of indigenous breeds with lower population numbers (Mastrangelo et
al., 2018). These indigenous breeds may hold unigue genetic information which may become
of importance in the future (Jemma et al., 2018).

1.2.4 Genetic diversity parameters

There are several parameters which can be utilized to assess the genetic diversity of
a population using the various SNP arrays. These parameters include observed and expected
heterozygosity, runs of homozygosity (ROH), inbreeding coefficient, linkage disequilibrium
(LD) and effective population size (Al-Mamun et al., 2015). Estimation of genomic population
parameters (such as H,) is important to investigate the diversity within a breed and the
association between target traits (Akanno et al., 2018).

The extent of genetic heterozygosity observed could illustrate the genetic variation
between and among animals in populations and individuals of a certain cattle breed
(Bahbahani et al.,, 2017). In genomic studies, expected (Hg) and observed (H,)
heterozygosities are estimated (Eusebi et al., 2020). H, is the frequency of observed
heterozygotes in a population and is negatively associated with inbreeding depression
(Lenstra et al., 2012; Bahbahani et al., 2017). H is the likelihood that two alleles at a specific

locus from any two individuals selected at random in a population are distinct (Nei, 1973). Hg

HE zl_zpz

Where Hy is the expected heterozygosity and p is the allele frequency (Melka and

is calculated using the formula:

Schenkel, 2012). A populations’ ability to respond to either natural or artificial selection within
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a short time frame is measured by estimating H; (Fernandez and Bennewitz, 2017). Itis often
presumed that populations that have a higher H; have an increased genetic variation and can
therefore be better adapted to changes in environment and respond well to selection
(Fernandez and Bennewitz, 2017; Eusebi et al., 2020). A gain in genetic variability is seen
when the H,, is larger than Hg. A loss in variability occurs when the Hg is larger than the H,
((Melka and Schenkel, 2012).

Linkage disequilibrium (LD) between two markers indicates the extent of non-random
association between them (Al-Mamun et al., 2015). Genomic LD is a product of various genetic
occurrences such as selection, mutation, and genetic drift, however, it can also be as a result
of non-genetic causes such as migration (Eusebi et al., 2020). Traditionally, LD has been
measured using the estimates of one of two parameters: |D’| and r2 (Corbin et al., 2010). For
small population samples and for populations who may have rare alleles, |D’| may result in an
overestimation of LD in the population (Bohmanova et al., 2010). r? is therefore often the
preferred measurement for LD estimation in livestock studies (Van Liere and Rosenberg,
2008). This LD measure (r2) is defined as the square of the correlation coefficient between
two indicator variables — each variable represents the presence or absence of a particular
allele at each position on the chromosome (Van Liere and Rosenberg, 2008). It has been
shown that r? values are dependent on the population size and portion of recombination (Al-
Mamun et al., 2015). 2 has a frequency dependent range, this means that the maximum value
of 2 declines with the extent of the MAF, thus r? will have a range of 0 to 1 (Eusebi et al.,
2020).

LD-based association studies use the r? statistic for the identification of informative
markers. LD is first determined over the whole genome to indicate the number of markers
required for specific chromosomal analysis (Boichard et al., 2016). Once this is done, certain
fragments of interest can be analyzed (Al-Mamun et al., 2015). For example, fewer markers
are required when LD is high over longer chromosomal portions. LD decay and the pattern in
which it occurs, provides insight into the evolutionary history of a population (Boichard et al.,
2016). This can assist in estimation of the effective population size (Edea et al., 2018).

Minor allele frequencies (MAF) are often estimated in diversity studies and provides
information to distinguish among the more frequent and rare variants in a population. Often
SNP that have low-MAF values are excluded from analysis due to potential genotyping errors
(Malomane et al., 2018). Furthermore, low-MAF SNP have been shown to negatively impact
downstream genomic applications such as imputation (Schrooten et al., 2014). A greater
proportion of polymorphic SNP present in the population can often be applied from a higher
MAF estimate (Qwabe et al., 2013). Rare variants could be important for future implications

for breeding objectives and may become traits of importance (Engelsma et al., 2014).
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Population structure and admixture provide an indication of the genetic diversity
between populations and can be represented using a principal component analysis plot (PCA).
PCA plots are characterized by the clustering of populations. These indicate partition of
genomes of individuals into a specific number of clusters. The number of clusters that form,
indicate the number of distinct populations. Furthermore, PCA plots provide an indication of
the time of divergence for breeds (Edea et al., 2013). Populations that derived more recently
tend to form tight clusters, suggesting a common ancestor (Gautier et al., 2007). Populations
that have admixture are populations that have ancestry from a variety of previous generations.
Admixture can be seen on an admixture plot where an individual is represented by a line
displaying different colours for each population that is being studied (Alexander et al., 2009).
K-values are used in admixture plots to determine the maximum likelihood estimation of

ancestry to determine the true number of distinct genetic populations.

1.2.5 Genomic inbreeding and effective population size

Inbreeding occurs when two individuals which share at least one common ancestor
are bred with each other (Fleming et al., 2018). Inbreeding can diminish the level of
heterozygosity which consequently decreases the genetic diversity in a population (Goddard,
2012; Bunning et al., 2019). Inbreeding can further cause adjustments in the distribution of
genetic variation, resulting in allelic fixation. An increase in inbreeding in a population can
occur for several reasons such as intense directional selection over several generations, the
use of artificial insemination (Al) with a select few superior sires and the use of EBVs in
conjunction with artificial selection which often leads to parents being related individuals
(Robertson, 2007; Howard et al., 2017). Inbreeding should be managed to maintain the
desired level of diversity (Burrow et al., 2017). An increase in inbreeding could result in a
decline in animal performance, resulting in inbreeding depression (Du Toit et al., 2012; Eusebi
et al., 2020). Inbreeding depression influences fitness traits for instance, reproduction and
adaptation traits, this has an economic impact due to resulted decreased in performance by
the animals (Felming et al., 2018; Howard et al., 2017).

In the early 1910s, the initial attempts to measure inbreeding was done using pedigree
information (Curik et al., 2014). The parameter Fpgp Was used as an estimate of the pedigree
inbreeding coefficient (Feren€akovi¢ et al., 2011). Malecot and Blaringhem (1948) explained
that if no selection or mutations are occurring, it is assumed that all loci are separating in the
same hereditary configuration and thus likely to have a similar inbreeding coefficient (Fpgp).
Fpgp is the estimated fraction of the genome that is identical by decent (IBD) and the random
probability distribution nature of inheritance is not taken into account (Curik et al., 2014).
Furthermore, Fpgp is an approximate estimate of the individual autozygosity. Fpgp is also

estimated using the reference generation as the founder generation. However, should the
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founder generation be poorly characterized, future generations may also be poorly
characterized as a result, therefore inbreeding information could be considered inaccurate.
Pedigree information requires an extensive and accurate animal recording program to be in
place (Abin et al., 2016). South Africa has an animal recording scheme for stud breeders,
however, some on farm errors and lack of pedigree depth of records can still decrease the
accuracy of pedigree information and influence the inbreeding.

The development of SNP arrays has guided an escalating interest in estimating the
inbreeding coefficients on a molecular level rather than a statistic obtained from pedigree data
(Ferencakovic et al., 2013; Kim et al., 2018). The inbreeding coefficient is the probability of
any two randomly selected alleles at the same locus from two gametes that are IBD from a
shared ancestor (Peripolli et al., 2017). The inbreeding coefficient (F;s) is a popular parameter
to estimate inbreeding of a population (Lenstra et al., 2012). F; is specified as the proportion
of the overall inbreeding within a population due to inbreeding within subpopulations (Ewens,
1969). F;s estimated based on heterozygosity estimates, both observed and expected

heterozygosity, using the formula:

P = HEH;EHO

Runs of homozygosity (ROH) are utilized to quantify individual autozygosity due to the
high correlation (r = 0.7) between ROH and individual autozygosity (Zavarez et al., 2015).
ROH occurs when an individual inherits chromosomal fragments that are IBD from both
parents (Ferencakovic et al.,, 2011; Peripolli et al., 2017). This results in homozygous
segments in the progeny’s genome which gives rise to ROH (Peripolli et al., 2017; Upadhay
et al., 2018). The first livestock analyses on ROH were conducted on Simmental which were
all genotyped using the lllumina Bovine SNP50K array (Solkner et al., 2010; Ferencakovic et
al., 2011).

When statistical analyses are conducted, the density of the SNP array employed to
generate ROH data can cause a variation in ROH identification (Mastrangelo et al., 2016).
Other influences of the size of the ROH segments include genetic drift, bottle necks, mutation
rate, recombination, LD and popular sires (Periplolli et al., 2016; Cesarani et al., 2018). In
recent years, studies pertaining to ROH have shifted focus to the identification and
characterisation on its relationship with population structure and inbreeding.

Estimations from genotypic information indicate definite relatedness among individuals
of a population through individuals being IBD (Zavarez et al., 2015). The statistical parameter
of Froy Can be used to estimate inbreeding coefficients as the parameter has a strong

correlation with homozygosity (Fleming et al., 2018). Froy IS @ more accurate prediction (than
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Fpgp) of the current autozygotic proportion of the genome and distinguishes autozygosity
because of common ancestry (Keller et al., 2011; Periplolli et al., 2016). The autozygosity
distribution of the genome can be studied to locate specific areas that may have high levels of
autozygosity (Keller et al., 2011). This study of the genome further allows the Fyoy for each
chromosome to be estimated (Zavarez et al., 2015). Froy estimates can reveal the incidence
of inbreeding according to the length of runs of homozygosity (ROH) (Periplolli et al., 2016).
Long segments of ROH indicate inbreeding due to a recent ancestor where short segments
represent inbreeding from distant generations (Upadhyay et al., 2018). Froy estimates have
practical implications for conservation purposes (Herrero-Medrano et al., 2013). Individuals
with elevated levels of Froy can be omitted or used sparingly in mating programs for
populations with small effective population sizes (Periplolli et al., 2016). The Fzoy can be
calculated as follows (McQuillan et al., 2008):

Where: Y Froy = the length of ROH in one individual
Y. Layro = the length of the genome covered by SNP

The effective population size (N,) is a significant population parameter that illustrates
the genetic drift of a population (Barbato et al., 2015). N, is often influenced by the fluctuation
of the census population, the number of different individuals used for breeding and the
variation in reproductive success (Wang et al.,, 2015). The estimation of N, can be
demographic-based, pedigree-based or marker-based. The important and somewhat limiting
aspect with a pedigree-based approach is the fact that the pedigrees must be complete
(Meuwissen et al., 2016). The preferred, and more accurate method of N, estimation is the
marker-based approach (Barbato et al., 2015). The marker-based approach uses genomic
data and can often be estimated using LD (Eusebi et al., 2020). A population that has a lower
effective population size is more at risk of inbreeding (Lwin et al., 2018). Comparison of the
magnitude of LD and effective population size is considered to be informative regarding the
total diversity level in a species and can assist in the understanding of the different selection
pressures placed on a population (Al-Mamun et al., 2015). N, and inbreeding coefficients are
correlated, meaning that when the N, of a population is low, the risk of inbreeding increases
(Engelsma et al., 2014). Inbreeding can cause an increase in homozygosity and could

potentially decrease the level of diversity (Al-Mamun et al., 2015).

1.2.6 Genomic selection of South African beef breeds
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Meuwissen et al, (2001) put forward an approach that suggested the idea that the
breeding value (BV) could be estimated from markers which could span over the whole
genome. The approach proposed that the genetic effects are estimated for each marker and
then totaled to predict the overall BV of an individual (Boichard et al., 2016). This approach is
called “Genomic Selection” (GS). GS makes use of dense SNP markers covering the entire
genome to estimate the Direct Genomic Value (DGV) and QTLs are assumed to be in LD with
no less than one SNP on a SNP chip (Meuwissen et al., 2001). Hence markers can be used
to select for favorable alleles without identifying the actual gene or allele (Ducrocq et al., 2018).
GS assumes that all genetic variation is explained by the markers and therefore the accuracy
of GS is dependent on marker density (Goddard, 2012; Eusebi et al., 2020). This means that
the markers should be dense enough so that all QTLs, or alleles of interest, are in high LD
with a couple or at least one of the markers (Pryce et al., 2010). The consequence if this does
not occur is that some of the genetic variance may not be detected by the markers (Goddard,
2012; Boichard et al., 2016). GS should increase genetic gain while maintaining genetic
variation (Mrode et al., 2019).

Young animals can be selected, with decisions being made more accurately without
their phenotypic records, and consequently, young bulls can be selected for mating the
moment they are physiologically capable to reproduce (Pryce et al., 2010, Meuwissen et al.,
2016, Mrode et al., 2019). This decreases the generation interval for a population, which is
another advantage of GS due to genetic progress being made at a faster rate (Goddard, 2012).
However, a decrease in generation interval could potentially increase inbreeding estimates
per generation due to strong selection of a limited number of young sires with the desired
breeding values (Fleming et al., 2018). There are methods, such as optimal contribution
selection, to balance the genetic gain and potential rate of inbreeding which allows for better
conservation or increase of genetic diversity when centered around genomic data (van der
Westhuizen et al., 2017).

Successful implementation of GS for a breed is dependent on the accurate
genotyping of a reference population for each breed to gage a level of diversity that is
comparable in future (Burrow et al., 2017; Meuwissen et al., 2020). The reference
population size is dependent on individuals who have complete phenotypes and
genotypes. The prediction equation is estimated based on these complete genotypes and
phenotypes (Goddard, 2012). Accurate pedigree and phenotypic records should be
provided with the corresponding genotypic information for each animal (Boichard et al.,
2016; Lashmar et al., 2019). The establishment of a reference population often requires a
large population size to sample individuals that will represent the national herd (Lashmar
et al.,, 2019). Although a minimum number of one thousand individuals are used as a

guideline for a reference population this number may differ due to breed dynamics
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(Meuwissen et al., 2001; Habier et al., 2007). It is important to note the reference
population is not solely dependent on the number of individuals, but also the composition
of the population (Mrode et al., 2019). Thus, breed-specific population parameters will
influence the accuracy of genomic selection and the rate of genetic improvement (Lashmar
et al., 2018). It is advised to select genetically influential individuals, such as grandparents,
cows and sires with superior BV accuracies for reference population establishment
(Daetwyler et al., 2008; Ducrog et al.,, 2018). This information from the reference
population is applied to derive prediction equations to estimate the phenotype from marker
genotypes.

Genotype imputation is a statistical methodology that could be beneficial to low-
income countries where scientific funds are limited by enabling GS (Lashmar et al., 2019).
This methodology encompasses the prediction and simulation of absent SNP genotypes
from observed or non-missing genotypes using model-based methods (Marchini et al.,
2007). Imputation is specific for each population and the accuracy with which genotypes
can be imputed is dependent on the continuous presence of LD between individuals in the
reference and test populations (Lashmar et al., 2019). Previous research has found that
accuracy of imputation usually improves when the reference population is larger (Hayes
et al., 2013and Ogawa et al., 2016). However, once a population is selected the effect of
genomic parameters on population size and structure should be investigated (Mrode et al.,
2019). Imputation could be successful in indigenous South African breeds by creating a
low-density SNP chip for the indigenous breeds from which the information could be
imputed to a higher density chip (Ogawa et al., 2016). Hence diversity of these breeds
could be studied more in-depth for future applications (Lashmar et al., 2019).

There have been many advancements in the application of genomics and has led
to an increase in genetic diversity due to genotyping and management of inbreeding
(Habier et al., 2007). In 2015 the Beef Genomics Project (BGP) began with the primary
aim to enable genomic selection by establishing reference populations for South African
beef breeds (van Marle-Kdster and Visser, 2018). From published results for the SA
Bonsmara breed, traits which typically are low heritability, or difficult to measure traits,
showed improvement accuracies of up to 30% (van der Westhuizen et al., 2017). After the
BGP ended, the genotyping of key individuals became the responsibly of individual
farmers and breeders. Literature has reported a reduction in generation interval has led to
an increase in genetic gain. A reason for this is due to animals being able to breed at a
younger age due to an increase in accuracy of EBVs (Decker, 2021). Literature indicates
that the genetic gain as a result of GS can be doubled per generation with the greatest

genetic gain found in traits which are expressed later in an animals’ life (Pryce et al., 2010;
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Fleming et al., 2018). GS can increase the rate of genetic gain and the diversity levels in
populations through accurate selection.

1.2.7 Conclusion
South Africa is home to many breeds of beef cattle which contribute to the total genetic
diversity of the beef cattle population. Evaluating genetic diversity is important to understand
breed structure and evaluate the genetic resources present in the populations. Genomic
technologies, such as SNP, have provided a pathway for a more in-depth analysis of the
diversity by evaluating diversity at a genomic level using various methodologies. Genetic
diversity estimations along with potential genomic selection may perhaps be useful to maintain

the level of genetic diversity found in South African beef cattle populations.
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Chapter 2 - Materials and Methods:

2.1 Introduction:

The genotypic data analysed in this study have been generated within the Beef
Genomics Program (BGP). The eight respective breed societies provided consent for the use
of the genotypes and were provided via the SA Studbook Association. Ethical approval was
granted by the University of Pretoria Ethics Committee (NAS194/2020) for use of external
data.

2.2 Materials:

In this study different breeds representing local composites (Beefmaster and
Bonsmara), indigenous Sanga breeds (Drakensberger, Nguni and Tuli), exotic Bos taurus
breeds (Charolais and Hereford) and Bos indicus Zebu (Boran) were included. All animals in
this study were genotyped as part of the BGP. Genotyping was done at the ARC
Biotechnology Platform using the GGP 150k SNP array. The number of available genotypes
for the different breeds varied from 1634 for Bonsmara to as low as 217 for the Tuli breed.

A minimum of 217 and a maximum of 300 genotypes were selected per breed to ensure a
balanced data set for unbiased results. Excel documents were provided by SA Studbook
Association containing the animal identification, the parents’ identification, inbreeding
coefficients as well as the postal code for the different farmers. The postal code was used to
identify the different provinces the animals were from. Province was applied to ensure a
representative sample of all breeds. Only South African animals were included. Table 2.1

provides a outline of the eight breeds and their available genotypes for the study.

Table 2.1 A summary of the eight breeds and their available genotypes for the study.

Breed Total number of Number of genotypes
genotypes available selected
Beefmaster 1107 300
Bonsmara 1634 300
Boran 458 232
Charolais 279 279
Drakensberger 1126 300
Hereford 272 268
Nguni 381 294
Tuli 217 217
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For the Beefmaster, Bonsmara and Drakensberger breeds for which more than 1000
genotypes were available, 300 animals were selected to represent the different regions of SA
where these breeds were farmed with. For these numerically large breeds, no sibs were
included in the analysis. For breeds with 300 or less available genotypes, all genotypes were
included. For the Boran and Nguni breeds, maximum of three animals per sire with the lowest

inbreeding values were selected for analyses.

2.3 Methods:
2.3.1 Quality Control:

Quality control was performed using PLINK (Purcell et al., 2007). The “ -mind”
command was used to remove individuals with more than 10% (0.1) missing genotypes for
each of the eight breeds. Step two used the “ -geno” command to remove SNP with an
average SNP call rate lower than 95%. Further analysis was done to remove SNP with a MAF
of lower than 5% (MAF < 0.05) and that deviated from Hardy-Weinberg equilibrium (HWE <
0.001). Table 2.2 provides a summary of the number of SNP and animals that were included

in the study after quality control was performed.

Table 2.2: Summary of the number of SNP and animals available per breed after quality

control.
Breed SNP before quality ~ SNP after quality Animals remaining
control control after QC
Beefmaster 158322 108732 300
Bonsmara 164956 121320 300
Boran 140113 121422 224
Drakensberger 156023 126466 300
Charolais 156023 129617 223
Hereford 143607 129853 268
Nguni 140113 122572 292
Tuli 143607 125702 203
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2.3.2 Population genetic diversity parameters

PLINK (Purcell et al., 2007) was used to calculate the following parameters per breed,
the observed heterozygosity, expected heterozygosity, MAF and LD using 2 to investigate
the within population genetic diversity. For the minimum r2 no restrictions were set; --ld-
window-r2 0 and for inter-SNP distance; --ld-window-kb 99.99. Table 2.3 indicates the PLINK

commands which were used for analysis as described by Purcell et al., (2007).

Table 2.3: Summary of parameters, PLINK commands and calculation of MAF, observed

and expected heterozygosity and LD genetic diversity parameters.

Parameter PLINK command Parameter calculation

Observed heterozygosity (H,) - -het HET (0 or E) = N(NM) 7\]1&113[{4‘4)(0 or E)

Expected heterozygosity (Hg)
H, and Hy is the observed and

expected heterozygosity. N(NM) is
the quantity of non-missing

genotypes.
LD (r?) - -r? --ld-window-r2 0 --  Mean r? values.
|d-window-kb 99.99 —
make-founders --
nonfounders
MAF - - freq Mean MAF values.

2.3.3 Genomic inbreeding and effective population size (N,)

The command for ROH was - - homozyg using PLINK (Purcell et al., 2007) for each
population. PLINK makes use of a sliding window of 50 SNP, in one SNP interval across the
genome to estimate homozygosity. No more than two probable heterozygous genotypes were
permitted using the --homozyg-window-het 2, command and no more than five missing
genotypes were permitted per window through the use of the --homozyg-window-missing 5,
command. The minimum SNP density was set to at least one SNP per 50kb. The maximum
interval length for two consecutive SNP was set at no more than 1000kb. ROH lengths were
broken up into five different length categories, 0 to 3.99 MB, 4 to 7.99 MB, 8 to 11.99 MB, 12
t015.99 MB and >16 MB, under the assumption that there would be many ROH segments for
the smaller length categories. The percentage for each length category per breed was

analyzed.
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The inbreeding coefficient (F;s) and runs of homozygosity (Fro ) Were calculated using
PLINK (Purcelll et al., 2007). The PLINK command for F;s was --het and the value was
calculated by using the average of all the F values. The values for Fgroy were calculated as
described by McQuillan et al., (2008) by dividing the total ROH length by the total length of
autosomal chromosomes covered by SNP as described by the formula:

ZLRroH
F, = —
ROH ELauto

Where: ZLgoy = the length of ROH in one individual
2Lquto = the length of the genome covered by SNP

N, analysis
N, was estimated for each population using SNeP version 1.1 as described by Barbato
et al., (2015). SNeP estimates the N, from genome-wide LD (Corbin et al. ,2012). SNEP

makes use of the following formula for N, estimation:

1 1

Nrey = (4f (D)) (E[rZqjleeD) - ¢

Where Ny is the effective population size estimated t generations ago. c; defines the
recombination rate for a particular physical distance between markers and r2; ; is the LD value
adjusted for sample size (Corbin et al., 2012; Barbato et al., 2015). QC files which were
originally generated from PLINK were converted into map and ped files using the -- convert
command in PLINK. The new map and ped files for each breed were used to estimate the

effective population size.

2.3.4 Population genetic diversity parameters between biological types

Raw data files were used to select the same 203 to 300 animals per breed as in section
2.3.1 and merged into the three different breed groups without any quality control being
performed as shown in table 2.4. The separate breed files were merged using the command
--bmerge in PLINK (Purcell et al., 2007).
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Table 2.4: Summary of the three biological types, with their respective breeds and
number of individuals in each biological type.

Biological Type Breeds Number of animals

Indigenous (Sanga) Drakensberger 795
Nguni
Tuli

Composite Beefmaster 600
Bonsmara

Exotic (Bos taurus and Zebu) Charolais 715
Hereford

Boran

Once the breeds were merged into groups, quality control was performed using the following
procedures: removal of autosomes (--auto) and filtering call rates using the commands --mind

0.05 and --geno 0.001 were done before MAF and LD and inbreeding analysis.

2.3.4.1 Inter-chromosomal variation

The low-MAF per autosome was estimated using PLINK (Purcell et al., 2007) software
and incorporated all SNP with call rates above 95%. The files produced from PLINK were used
to generate graphs to display the percentage of low-MAF SNP per autosome and the average
MAF per autosome.

LD per chromosome was calculated using the r2 measure using PLINK software with
the command --r2. No restrictions were set for the minimum r?2; --ld-window-r2 0 and for inter-
SNP distance; --ld-window-kb 99.99. The average 2 per chromosome was estimated as well
as the SNP pairs with an LD of r? greater than 0.2 (r2<0.2), to assess LD for breed groups for

downstream genomic applications.

2.3.4.2 Genomic inbreeding for each biological type

Genomic inbreeding using the estimates F;s and Fr,y were calculated for each breed
group using PLINK (Purcell et al., 2007). The PLINK command for F;s was - -het and the value
was calculated by using the average of all the F values. The values for Fp,y were calculated
as described by McQuillan et al., (2008) by dividing the total ROH length by the total length of

autosomal chromosomes covered by SNP as described by the formula:

2XLroH
Froy = —RoH
ROH z:Lauto

Where: ELgoy = the length of ROH in one individual
2Lyt = the length of the genome covered by SNP
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2.3.5 Between-breed population diversity parameters

Datasets produced after quality control in section 2.3.1 per breed were merged using
the command --bmerge in PLINK (Purcell et al., 2007), to perform between-breed analysis
and to assess population structure.

2.3.5.1 Principal component analysis

Principal component analysis (PCA) was completed for the combined dataset of the
eight cattle breeds. GCTA version 1.24 (Genome-wide Complex Trait Analysis) was used to
estimate SNP based genetic relatedness between individuals (Yang et al., 2011). A genetic
relationship matrix was calculated using the commands; --autosome --autosome-num 29 --
make-grm with the GCTA program. PCA was performed using the genetic relationship matrix
using the commands; --grm --pca 2 in the GCTA program. The eigenvec folder produced was

used to construct the PCA plot in excel.

2.3.5.2 Population structure

The ADMIXTURE 1.23 software (Alexander et al., 2009) was used to determine the
population structure of the animals through the maximum likelihood estimation of ancestry to
determine the true number of genetic populations (K-values). ADMIXTURE uses cross
validation (CV) procedure to estimate the best K-value (Alexander et al., 2009). The preferred
K-value exhibits the lowest CV error compared to other K-values. K-values from 2 to 15 were
tested to identify the optimal K-value using the --cv .bed x |tee logx.out command. Where x
indicates the various K-values tested. From this command, a .Q (fam file) and a .P (phenotype
file) file were generated. An admixture plot to visually display the admixture was generated
using the program Genesis and the .Q file which was previously produced.

A phylogenetic tree was created using the Fgr data produced by ADMIXTURE in
RStudio using the ape package and cladogram option for the visual display of the phylogenetic

tree.
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Chapter 3: Results

3.1 Summary of within breed genetic diversity statistics.

A summary of the average MAF values as well as expected and observed heterozygosity

values after quality control and LD estimates are presented in table 3.1 using the measure r2.

Table 3.1: Summary statistics including minor allele frequency (MAF), expected (H,) and

observed (H,) heterozygosity and LD (r?) for eight beef cattle breed populations.

Breed Average MAF H, H, Average r?
BMA 0.317 0.405 0.404 0.165
BON 0.264 0.350 0.350 0.174
BOR 0.210 0.297 0.295 0.159
CHL 0.269 0.362 0.362 0.190
DRB 0.263 0.349 0.343 0.170
HFD 0.265 0.360 0.359 0.249
NGl 0.238 0.320 0.320 0.154
TUL 0.247 0.332 0.335 0.176

BMA: Beefmaster, BON: Bonsmara, BOR: Boran, CHL: Charolais, DRB: Drakensberger, HFD:
Hereford, NGI: Nguni, TUL: Tuli

MAF were calculated for all eight populations after quality control. This was done to
examine the distribution of the complete set of SNP within the various MAF categories for
each population. From this, an average MAF value for each population was obtained as shown
in table 3.1. The results indicate that the average MAF values ranged from has high as 0.317
to as low as 0.21 between the eight populations. The Beefmaster population had the highest
average MAF value (0.317) and the Boran had the lowest average MAF (0.21) while the other
populations had fairly similar MAF values. Figure 3.1 illustrates the percentage of SNP with

MAF values ranging from 0.06 to 0.5.

A limited loss of heterozygosity (H, > H,) was observed for Beefmaster,
Drakensberger and Hereford populations. A slight gain in diversity (H, > H,) can be seen in
the Boran and Tuli populations. The Boran population had the lowest heterozygosity value
(0.297), while the highest value was observed in the Beefmaster population (0.405). Results
for LD between populations ranged between 0.154 and 0.190 for all populations except the

Hereford (r2=0.249) population.
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Figure 3.1 Bar graph indicating the percentage of SNP for MAF values in categories from
0.06 to 0.5 for eight beef cattle populations.

Figure 3.1 indicated that most of the populations had a higher percentage of SNP in the MAF
categories 0.2 to 0.5. The Beefmaster population showed a low percentage of SNP in the
range 0.06-0.09 and an increase in percentage of SNP as the MAF range value increased.
This was the opposite of the Boran population, who had a decrease in percentage of SNP
over the increasing MAF categories.

3.2 Population genetic diversity parameters between biological types

Table 3.2 summarizes the MAF, expected and observed heterozygosity estimates for each
biological type after quality control took place. The table indicates that the indigenous
biological type had the lowest average MAF (0.261) while the exotic biological type had the
highest average MAF (0.300). There was little variation between breed groups for
heterozygosity estimates. The heterozygosity estimates showed a limited loss of
heterozygosity (H, > H,,) for all breed groups.
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Table 3.2. Summary of the average MAF, H, (expected heterozygosity) H, (observed
heterozygosity for 3 biological types.

Biological type MAF H, H,
Indigenous 0.261 0.347 0.330
Composite 0.289 0.384 0.375
Exotic 0.300 0.388 0.331

Table 3.3 provides a summary of the specific autosome per breed group on which the lowest

and highest MAF values were observed respectively.

Table 3.3. Summary of the specific autosome indicating the lowest and highest MAF

estimates for each biological type.

Biological type Lowest MAF average Highest MAF average
Autosome MAF Autosome MAF
Indigenous BTA14 0.252 BTA18 0.276
Composite BTA14 0.270 BTA23 0.300
Exotic BTA14 0.277 BTA23 0.312

Further analysis was performed to estimate the variation of MAF per autosome when the SNP
with low MAF (<5%) were included in analysis. The estimation of the percentage of low-MAF
SNP per autosome was also conducted and can be seen in figures 3.2, 3.3 and 3.4 for each

biological type respectively.
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Figure 3.2 Variation in percentage of low-MAF SNP and average low-MAF for each
autosome for the indigenous biological type.
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Figure 3.3 Variation in percentage of low-MAF SNP and average of low-MAF for each
autosome in the composite biological type.
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Figure 3.4 Variation in percentage of low-MAF SNP and average low-MAF for each

autosome for the exatic biological type.
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All figures indicate that the highest percentage of SNP exhibiting low MAF (<5%) was

observed on BTA14 for all three biological types. This is consistent with table 3.1 when the

SNP with low MAF were removed during quality control and the average MAF per autosome

was estimated. The figures also indicated that the exotic biological type had the lowest

average low-MAF per autosome while the indigenous biological type had the highest.

Further within group population diversity parameters was calculated for linkage disequilibrium

using the parameter r2. Table 3.4 summarizes the average r? estimate for each autosome

and the autosome with the lowest and highest r? estimates for each biological type after

guality control was completed.

Table 3.4 Summary of the average r? estimate and specific autosome indicating the lowest

and highest MAF estimates for each biological type.

Biological type Average r?  Lowest r? estimate

Highest 2 estimate

Autosome 12 Autosome r?
Indigenous 0.153 BTA28 0.087 BTA14 0.152
Composite 0.169 BTA28 0.089 BTAl14 0.155
Exotic 0.181 BTA28 0.104 BTA14 0.173

Table 3.4 indicates that there was limited variation between all biological types for average

r2 values (0.153-0.181). It can also be seen in the table that all three biological types followed
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Proportion of SNP pairs r?>0.2

the same trend with the highest and lowest estimates. BTA18 which had the lowest LD
estimate, has a size of 66.35 Mb with 66346785 base pairs (NCBI, Genome assemble and
Annotation report, 2021) and had an average of 2254.3 SNP on the autosome across all
biological types. BTA14 had the highest LD estimate with a length of 85.01 Mb with 85007120
base pairs and an average of 5068 SNP on the autosome across all biological types. Figures
3.5, 3.6 and 3.7 indicate the proportion of SNP pairs which had an r? estimate of larger than

0.2 (r?>0.2) for each autosome and the average r? estimate for each autosome per biological

type.
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Figure 3.5 Variation in proportion of SNP pairs where r2 is greater than 0.2 and the average
r2 estimate per autosome for the indigenous biological type.
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Figure 3.6 Variation in proportion of SNP pairs where r? is greater than 0.2 and the average

r? estimate per autosome for the composite biological type.
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Figure 3.7 Variation in proportion of SNP pairs where r?2 is greater than 0.2 and the average

r? estimate per autosome for the exotic biological type.
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There is a general trend for all breed groups that when the mean r? value of an autosome
increases or decreases, the proportion of SNP pairs with 2 > 0.2 also increases. BTA14 had
the lowest MAF value for all breeds and the highest mean LD for all breeds. By comparing the
low MAF graphs and LD graphs the proportion of SNP pairs with 2 >0.2 increased when there

was a higher level of low-MAF SNP present for each autosome.
3.3 Genomic inbreeding and effective population size
3.3.1 Genomic inbreeding

Table 3.5 shows a summary of the average inbreeding coefficients, F;s and Fgqy for the eight
respective populations including the inbreeding coefficients for the greatest and least inbred

individuals in each population.

Table 3.5 Average inbreeding coefficients (F;s, Frop) for eight beef populations as well as the

most and least inbred individual for each breed.

Breed Average F;g Fys Fis AverageFpony
Least inbred Mostinbred

individual individual
BMA 0.001 -0.024 0.114 0.005
BON 0.000 -0.129 0.135 0.002
BOR -0.007 -0.176 0.148 0.001
CHL -0.002 -0.091 0.229 0.002
DRB 0.016 -0.082 0.218 0.003
HFD 0.002 -0.131 0.192 0.002
NGI -0.001 -0.197 0.160 0.002
TUL -0.009 -0.142 0.203 0.003

Table 3.5 indicates there were very small differences between the F;s inbreeding coefficient
estimates between all the breeds ranging from -0.001 (NGI) to 0.016 (DRB). The low variation
presented in the F;s results were supported by the Fp,y values, where Fpyy values ranged
from 0.001 (BOR) to 0.005 (BMA). The lowest inbred individual belonged to the Nguni breed
(-0.197). The most inbred individual belongs to the Charolais breed (0.229) with the
Drakensberger and Tuli populations having individuals with inbreeding coefficients above 0.2
as well. The negative F;s values indicate an excess of observed heterozygotes present in the
population. Negative F;s values are possible to obtain if there is a sight with poor mapping or

part of the population is not in HWE.
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ROH was calculated to distinguish the degree of recent versus ancient inbreeding. The
average ROH within each length classification was calculated for each population and

displayed in percentage format, as shown in figure 3.8.

0-3.9 4-79 8-11.9 12-15.9
ROH length (MB)
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Percentage of ROH segments (%)
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o

Figure 3.8 Percentage of ROH segments for different length segments for eight beef cattle

populations.

The figure clearly shows the majority of ROH segments were short segments (0 to 3.9MB) for
all eight populations. The Nguni displayed the largest number of short segments while the
Drakensberger and Tuli had the lowest number of large segments. There was a sharp decline
in percentage of ROH segments for the segment’s lengths 4-15.99MB for all the populations

with a slight increase in percentage for the 16+ MB length category.
3.3.2 Genomic inbreeding between biological types

Genomic inbreeding using the inbreeding coefficients, F;s and Fryy, Were estimated for the

three biological types with the results are presented in table 3.6.

Table 3.6 Genomic inbreeding estimates ( F;s and Fgroy) for three biological types

Biological type Fis Fron
Indigenous 0.002 0.002
Composite 0.001 0.002
Exotic -0.003 0.001
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Effective Population Size

The exotic biological type had the lowest inbreeding estimate (-0.003) while the indigenous
biological type had the highest inbreeding estimate (0.002) which is displayed in table 3.6. The
difference between Fryy estimates is very small, which does agree with the F,;s results

presented in the table.
3.3.3 Effective population size

Figure 3.9 illustrates the effective population size (N,) for the eight respective beef cattle

populations. N, was plotted for all populations from 995 to roughly 13 generations ago.

3000
2500
2000 ——BMA
BOR
1500 CHL
HFD
1000
500
0

M O N~NOMINSNNOOOLW S 0D O 0O O N

995

© S M 0 O © < O M
© 0 W0 w < o Wu ©
M < IO © N~ 0 0 O O

293

Generations ago

Figure 3.9 Trends in historic effective population size (Ne) for eight beef cattle populations.

A general downward trend in N, could be noticed for all eight populations, indicating an overall
decrease in genetic diversity. The Beefmaster population displayed the largest decline N, from
2676 animals 983 generations ago to 332 animals 13 generations ago. The Tuli population
had the smallest N,, with 153 animals, for all eight populations followed by the Hereford
population with an N, of 184. The Nguni population had the largest effective population with

426 animals.
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3.4. Between population genetic diversity
3.4.1 Principal component analysis

The genetic relatedness between the eight different cattle breeds was assessed using a
principal component analysis (PCA). The first (PCA1) and second (PCA2) were plotted against

each other in figure 3.10.
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Figure 3.10 The genetic relatedness between eight beef cattle populations as seen when

plotting the first (PCA1) and second (PCAZ2) principal components.

Figure 3.10 firstly illustrates that the individuals from each population cluster together within
their respective populations. The Beefmaster population produced a loose cluster with some
outliers being presented. In all the other populations, a few outliers can be seen. The three
indigenous populations (DRB, NGI and TUL) clustered close together as a group as shown by
the dark green oval on the graph. The exotic Bos taurus breeds (CHL and HFD), and the Zebu

40

®BMA
®BON

BOR

CHL
®DRB
®HFD
o NGl
e TUL



‘ (,‘wl

/
1 l'. Hw‘

\‘{ “‘\

\|,“ " A L‘ M‘

\H I \‘ \

(BOR) did not cluster as a distinct group, but rather each breed formed their own cluster spread
out from each other as shown by the dark blue circles on the graph. The Bonsmara breed, a
composite breed, (BON) is clustered very closely to the DRB and TUL breeds.

3.4.2 Population structure analysis

Cross-validation (CV) scores for K-values 2 to 16 were plotted on a line graph to obtain an
inflection point. The inflection point was used to choose the most suitable K-value for
population structure. A K-value of eight was used to construct a population structure plot. A K-

value of eight was chosen as it was the first inflection point in the CV plot (0.544).
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Figure 3.11 Cross validation error graph displaying the most appropriate K-value with the first

inflection point present.

Figure 3.12 illustrated that the eight beef cattle breeds had their own distinct ancestral
populations, even though some admixture could be seen. This agrees with the results from
the PCA plot in figure 3.10. The Beefmaster population showed the highest admixture with all
other breeds. TUL, NGI and DRB, the indigenous breeds, exhibit some admixture with each
other. The BOR, HFD and CHL show the least admixture.
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Figure 3.12 Population structure plot (K=8) of the different beef populations.

The phylogenetic tree in figure 3.13 illustrated the ancestral relationship between the eight

beef cattle populations.

TuL  NGI OR

BON

DRB
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HFD

Figure 3.13 A phylogenetic tree representing the ancestral relationship between the eight beef

cattle populations.

The phylogenetic tree illustrates that the exotic breeds (CHL and HFD) originated from a
common ancestor. The Bonsmara, Tuli, Nguni and Boran all share common ancestry.
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Chapter 4: Discussion

4.1 Introduction

Genetic diversity studies using genomic SNP information of livestock are growing and
important for the monitoring and maintenance of diversity in South African breeds. Evaluation
of diversity contributes to understanding the breed structure and to ensure there is no loss in
diversity of populations. This is important for future farming and sustainable breeding
practices. Cattle farming is a fundamental source of income and animal protein in South Africa
(DAFF, 2017). Therefore, it is vital to assess the genetic diversity of the cattle breeds to ensure

current farm practices are not hindering the present or future diversity.

It has been previously established that in South Africa, various cattle breeds have an
international origin and have made their way to South Africa via migration (Verdugo et al.,
2019), in addition to the well-adapted indigenous breeds (Zwane et al., 2019). With such a
variety of indigenous, local composites and exotic cattle breeds, many genotypes are available
for selection and genetic improvement (Abin et al., 2016). It has therefore been of vital
importance that genetic parameters such as MAF, heterozygosity, LD, ROH, genomic
inbreeding and effective population size along with breed structure are investigated to improve
or maintain the genetic diversity of South African cattle breeds. The aim of the current study
was to assess SNP based genomic diversity and population structure of eight SA beef cattle

breeds.
4.2 Within population genetic diversity between breeds

The eight populations included in this study all had a moderate to high level of genetic
diversity based upon MAF, as well as observed and expected heterozygosity estimates. This
also indicates that the breeds are not at risk of a loss in genetic diversity with the current

farming practices that are in place in SA.

MAF is often used to distinguish between common and rare variants in a population
(Engelsma et al., 2014). Lower MAF estimates for Bos indicus populations or African
indigenous populations have often been accredited to ascertainment bias due to the earlier
developed low-density arrays that mainly incorporated Bos taurus breeds (McKay et al., 2008).
This could be seen in a study by Qwabe et al. (2013) where MAF estimates for the NGI
population was 0.17 using the 50K array compared to this study where the MAF estimate for
NGI was 0.238 using the GGP 150K array. In the current study the African indigenous
populations had similar MAF estimates to the Bos taurus populations, although the Bos taurus
estimates were slightly higher (DRB = 0.263 vs. HFD = 0.265). Therefore, any variation in

MAF values are probably not be due to ascertainment bias but rather to the variation of genetic
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diversity between the populations which could have been caused by selection practices
(O’Brien et al., 2014). Out of the three indigenous types, the Drakensberger population had
the highest MAF (DRB = 0.263, NGI = 0.238, TUL = 0.247) estimate which could be due to
the Drakensberger sharing ancestry with taurine breeds (Makina et al., 2014). The highest
average MAF was for the Beefmaster breed in this study (0.317) consistent with history and
development of the breed in SA. The Beefmaster was established in the late 1980’s in South
Africa deeming the breed to be fairly “young” in the country (Beefmaster SA, 2021). The Boran
population (BOR) had the lowest MAF average (0.21) which could be an indication of a higher
proportion of alleles which could be fixed in a population and a small effective population size.
The MAF averages for the remaining populations (BON, CHL, DRB, HFD, NGI and TUL) were
consistent with other studies on SA populations, indicating variation may not be due to

ascertainment bias (Zwane et al., 2016).

The Beefmaster population also had high heterozygosity levels of 0.405. The lower
diversity levels for the BOR population seen in the low MAF estimate were supported by the
lowest H, value of 0.297. This is estimate is lower compared to previous studies performed by
Edea et al., (2018) and Msalya et al., (2017) whose estimates for H, for the BOR populations
were both 0.4. This may be because of smaller sample sizes used in the previous studies as
well as the different SNP arrays used for the previous studies (GGP 80K indicine). However,
Msalya et al. (2017) also indicated that the BOR population had the lowest H, estimate of all
the populations included. This is consistent with other studies indicating lower heterozygosity
estimates for Bos indicus populations (Lin et al., 2010, Edea et al., 2013, Makina et al., 2014).
This corresponds to the history of the BOR breed in SA. BOR embryos were imported into
South Africa from Kenya where there was a narrow gene pool and possible inbreeding causing
a decrease in genetic diversity (Ajmone-Marsan et al., 2010). Heterozygosity is an important
parameter and one of the most extensively used in the analysis of genetic diversity. A shortage
of heterozygous genotypes can indicate allele fixation which could have resulted from genetic
drift, bottle necks, mutation, migration or selection (Chan et al., 2010; Purfield et al., 2019)
When specific traits are selected for, the frequency of the favourable allele increases until the
frequency of the allele becomes close to 1 or 1, resulting in allele fixation in the population
(Makina et al., 2016). Small populations are particularly at risk of allele fixation, or a loss in
heterozygosity when strong selection pressures are put in place (Purfield et al., 2019). This
further hinders the populations’ ability to adapt to any change in climate or environment
(O’Brien et al., 2014). In the current study the H, for the TUL and BOR populations was slightly
higher than the H,, this could be due to small population sizes. It is clear that indigenous types

should be carefully managed in order to conserve their diversity in SA.
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LD aids as a predictor of the density of the SNP array required to produce accurate
GEBVs. LD furthermore serve as a tool for assessing the possible achievable imputation
accuracy of specific genomic regions or breeds (Bohmanova et al., 2010). The parameter that
was used to estimate LD was r2, which is dependent on allele frequencies (O’Brien et al.,
2014). It can also be noted that varying sample sizes, LD measures, marker densities and
population demographics makes it challenging to compare LD levels between different
studies. Results from this study were comparable to LD results reported by Lashmar et al.
(2018) and Zwane et al. (2016) for DRB, HFD and NGI populations. In the current study, the
Hereford population was a clear outlier and had the highest LD estimate of all populations.
This high LD could be a consequence of the first SNP arrays being developed from a Hereford
cow causing most SNP to be in high LD with each other (Boichard et al., 2012).

4.3 Population genetic diversity parameters between biological types

The eight beef cattle populations analyzed in this study were grouped into indigenous,
composite and exotic populations to study the diversity of the various biological types.
Heterozygosity estimates were very similar between the biological types, and all displayed
moderate levels of diversity. These results coincide with those reported by Gebrehiwot et al.,
(2020) who specified relatively high and similar heterozygosity estimates for European Bos
taurus (exotic), African Bos taurus (indigenous, Tuli) and Bos indicus (Boran) indicating high
levels of genetic diversity within the biological types. However, Lin et al., (2010) reported
higher genetic variability for Bos taurus populations compared to Bos indicus populations. This
inconsistency could be due to ascertainment bias from the SNP array used by Lin et al., (2010)
as the earlier developed SNP arrays were based on Bos taurus genotypes. There has been
considerable improvement and development of higher density SNP arrays in the last decade

which also include indicine genotype content (Edea et al., 2013).

In the current study it was found that the indigenous biological types had an increased
number of low-MAF SNP compared to the remaining two types. SNP with low-MAF (MAF <
0.05) values were included in analyses for the three biological types. Low-MAF SNP are
usually excluded from genomic analysis in quality control, as they are associated with
genotyping errors and influence LD estimations (Calus et al., 2014). However, SNP with a low-
MAF value may be an indication of fixated SNP that can be important for future use and should
be considered in GWAS or imputation (Tabangin et al., 2009; Malomane et al., 2018). SNP
arrays tend to lack inclusion of rare variants and have a tendency to be biased towards variants
found in the population which were used for array development (Geibel et al., 2021). It could
be for this reason that the indigenous biological type had more low-MAF SNP than the other

biological types. However, in this study, it is rather likely that the low-MAF SNP are SNP which
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could be rare alleles specific to the breed type and of importance for the population (Engelsma
et al., 2014), for instance SNP associated with adaptability traits. Indigenous populations are
known for their adaptive traits such as disease or heat resistance (Nyamushamba et al., 2017).
If loci associated with these genes were not included on the SNP arrays when complied, a

lower MAF value for the indigenous biological type would be expected (Geibel et al., 2021).

When the idea of GS was put forward, Meuwissen et al. (2001) suggested that GS
could be applied to a breed with an average r? value of 0.2 or greater. It was also stated that
the prediction accuracy of GS may increase by up to 85% when the average LD between SNP
pairs is greater than 0.2 (Fan et al., 2010). In this study, assessing the proportion of SNP pairs
with an r2>0.2 provides an indication if the reference populations for SA breeds and biological
types are sufficient to enable GS and other genomic applications. The exotic breed group had
an average r? closest to 0.2 with the highest proportion of SNP pairs with an LD of r?>0.2 for
each chromosome. This implies that the exotic population can apply GS as most QTLs will be
in LD with at least one SNP. The indigenous population had the lowest average r? (0.153)
and the lowest proportion of SNP pairs with an LD of r2>0.2. However, it could still be
suggested that genomic applications, for instance, imputation or GS can be investigated due
to the small effective population sizes of these populationss (Brito et al., 2011; Makina et al.,
2016). The availability of high-density SNP arrays has favoured the analysis of LD patterns

across the genome (Eusebi et al., 2020).

Imputation is a methodology that deduces missing genotypic information based on
shared alleles or sections of the genome within a population using a representative sample of
a population or breed (Berry et al., 2014). The imputation of absent genotypic data relies on
the fact that lengthier haplotypes are shared over short expanses between individuals which
share a common ancestor (Antolin et al., 2017). Imputation is also population specific, with a
large part of imputation accuracy being dependent on the continuity of LD between animals in
the reference population. In order for imputation to be accurate in populations, the LD
estimates need to be moderate to high. Furthermore, the effective population size provides an
indication of LD and the recombination distances between SNP (Barbato et al., 2015). The
smaller N, tends to display higher within population LD, indicating that the populations share
larger haplotypes. This relationship between N, and LD results in SNP being more accurately
imputed. The indigenous biological type had a moderate LD estimate (0.153) as well as two
indigenous populations having lower N, (TUL = 153, DRB = 213) and therefore the populations
could be considered for imputation. The benefit of imputation for the indigenous biological
types would be enabling cost effective low-density genotyping, thus creating a large reference

population for GS at a lower cost (Lashmar et al., 2019).
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The 35K GGP chip was especially designed for Bos indicus cattle (Ferraz et al., 2020).
This array would allow for more SA indigenous animals to be genotyped at a low density for
investigation of genetic diversity. The genomic information could be imputed to higher density
chips such as the 150K GGP chip (Berry et al., 2014). This imputed information could
potentially allow for more SA breeds to undergo GS. Although imputation provides promising
results for GS (Berry et al., 2014; Antolin et al., 2017), previous studies have mentioned the
possible inaccuracy of imputation when low-MAF SNP are imputed. This is a consequence of
low frequency alleles not often been represented in the reference haplotypes (Schrooten et
al., 2014; Lashmar et al., 2019). Thus caution could be taken when indigenous populations
undergo imputation as these populations tend to have higher frequencies of low-MAF SNP as

seen in this study.
4.4 Genomic inbreeding and effective population size

The inbreeding estimates produced in this study for each population and biological
type did not deviate from zero significantly, proving that although there has been significant
selection there is no immediate risk for decline in genetic diversity (Mastrangelo et al., 2016).
Genomic inbreeding specifies the probability that alleles chosen at random on the genome
are identical by decent (IBD). High levels of homozygosity can be due to selection and
breeding for favorable alleles in a population as well as natural phenomena such as
bottlenecks and genetic drift. In the current study, the inbreeding coefficient was firstly
assessed using F;s which estimates the genomic inbreeding value. The average F;s estimates
for four populations (BOR, CHL, NGI, TUL) were negative while the other four populations
(BMA, BON, DRB, HFD) had very low positive inbreeding estimates. These low inbreeding
results could be an indication of successful on farm management against inbreeding along
with the usage of local and international bulls, e.g., the SA Hereford breed makes use of
semen from bulls from the USA to ensure there is no loss in genetic diversity (SA Hereford
Cattle Society, 2021). The inbreeding estimates from this study are comparable to that of
Makina et al., (2014) who indicated that F;s estimates for BON, DRB and NGI were very low
(-0.017 to 0.005). Similar results were reported by Zwane et al., (2016) for DRB, HFD and NGl
breeds using genomic data. Makina et al., (2014) suggested inbreeding should be assessed
every five years to ensure that appropriate steps for breeding management and selection
strategies are taken to prevent a loss in diversity. Therefore, the results from this study
contribute towards the continuous assessment of diversity in SA cattle populations.

There was an abundance of short ROH segments compared to long ROH segments
for all eight populations which indicates that ancient inbreeding occurred for all populations.
This is consistent with results estimated by Lashmar et al., (2018) for the DRB breed, where

35.7% of ROH segments were indicative of ancient inbreeding. This ancient inbreeding could
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be due to breed establishment, where specific traits, alleles and individuals were favoured
above others for a breed to become distinct, thus creating a founder effect (Purfield et al.,
2012). ROH results generated in this study are indicative of a founder effect or breed
establishment due to the abundance of short ROH segments (0.0 to 3.9 Mb). The lack of
recent inbreeding could be due to the desire to maintain a sustainable level of genetic diversity
within populations (Bosse et al., 2012; Peripolli et al., 2018).

ROH length is an important characteristic for inbreeding estimation and may be applied
to deduce population history (McQuillan et al., 2008). The density of the SNP array to detect
ROH plays a significant role in autozygosity estimates (Singer-Hasler et al., 2017). Peripolli et
al., (2018) reported that the SNP array used to produce data for ROH analysis, as well as the
frequency of genotyping errors influences the ROH identified in cattle. It has therefore been
suggested to ensure prudent and critical interpretation when other ROH estimates are
compared as the above factors contribute to ROH-based estimate accuracy.

The second inbreeding coefficient estimated was Froy. Froy More accurately depicts
the current autozygotic proportion of the genome because of common ancestry. Froy
estimates in this study were very low negative, indicating low inbreeding (Purfield et al., 2012).
Both inbreeding coefficient estimates indicated limited inbreeding within all eight populations.
This agrees with the limited number of short ROH segments described previously. These
results further indicate that although SA cattle breeds have been placed under significant
selection limited inbreeding occurred maintaining a sufficient level of genetic diversity in the
population.

The N, for eight SA beef cattle populations in this study decreased substantially from
995 to 13 generations ago, which could indicate a loss of genetic diversity. The results in this
study are comparable to the results estimated by Abin et al., (2016) who also indicated a
decrease in N, over generations, using pedigree data for BOR, DRB, NGI and TUL
populations. N, estimates by Gebrehiowt et al., (2020) indicated that Bos indicus and African
indigenous populations showed a higher N, over 1000 generations ago compared to Bos
taurus populations. The current study supports this where the HFD population is at an N, of
1557 compared to the DRB population of 2451 over nine hundred generations ago. This could
be due to Bos taurus breeds being domesticated earlier than Bos indicus and African
indigenous breeds (Gebrehiwot et al., 2020). N, estimates indicate the amount of genetic drift
in a population and ensures sufficient diversity within the breed in order to enhance the breed
in the future (Barbato et al., 2015).

The substantial reduction in the effective population sizes over time could be a
consequence of intense selection for specific traits of importance (Gebrehiowt et al., 2020).

This would have caused in an increase in genetic gain but consequently an increase in allele

48



fixation, therefore decreasing the effective population size. This is supported by the high
number of short ROH segments observed in this study indicating ancient inbreeding which
could have resulted allele fixation due to breed establishment (Eusebi et al., 2020). An N, of
50 individuals is considered as the minimum limit to maintain genetic diversity (FAO, 2010;
Abin et al., 2016). With the lowest N, estimated in this study being 153 individuals for the TUL
breed it can be deduced that SA beef cattle populations are not at risk of a loss of genetic
diversity. The use of young sires and genomic technologies allow for accurate estimates of
EBVs and therefore decreases the generation interval while increasing the genetic gain
(Dekker et al., 2021).

4.5 Between population diversity

Overall, the results of the PCA plot, admixture plot and phylogenetic tree revealed
distinctiveness among the eight SA beef populations studied. This agrees with the different
time divergence of the breeds. This also indicates that genetic diversity could be associated
to the regions of origin, suggesting that breeds which segregated in more recent years have
a closer relationship compared breeds which were derived a longer time ago (Makina et al.,
2016). Bos taurus populations are believed to have been developed a longer time ago, and
from different areas of origin compared to Bos indicus populations. The Hereford breed (Bos
taurus) originated in England where in 1742 the breed was properly established and was the
first English group of cattle to be recognized as a true breed. The Charolais is a Bos taurus
French breed which was established in 1773 and only after the second world war could the
breed be found in other parts of the world. The distinct clusters of the Hereford and Charolais
breeds could therefore be a consequence of the breeds having distinctly different regions of
origin and were derived long ago (Edea et al., 2013).

The Bos indicus Zebu population, Boran had been well established and adapted in,
Kenya for many decades (Ajmone-Marsan et al., 2010). However, it was not until the mid-
1990s that the breed was imported to SA from Kenya, with the SA Boran society being formed
in 2003. This could be a reason as to why the Boran clustered on its own. The SA indigenous
populations (Sanga types) in this study are known to share similar migration routes, even
though some breeds migrated along the eastern side of Southern Africa while others on the
western side (Verdugo et al., 2019). Furthermore, the Drakensberger, Nguni and Tuli breeds
were all properly established in South Africa in the 1940’s, and have the same Bos taurus
africanus ancestry, providing explanation for the closer relationship between breeds present
in this study (Drakensberger’s Breeders’ Society of SA, Nguni Breeders’ Society of SA and
Tuli Breeders’ Society of SA). The results generated from this study show that the indigenous
populations share common ancestry which could be due to the similar time when the breeds

were established in South Africa.

49



The current study indicated population differentiation, with the eight populations each
forming their own clusters. The SA indigenous Sanga populations (Drakensberger, Nguni and
Tuli) clustered closer together, while the exotic populations (Zebu: Boran, Bos taurus:
Charolais and Hereford) formed their own distinct clusters separate from the indigenous
populations. This was supported by the admixture results which indicated eight distinct
populations with some admixture. These results were similar to analyses performed by Makina
et al., (2015) and Zwane et al., (2016). Both the current study and Makina et al., (2015) further
indicated an overlap between the Drakensberger and Bonsmara populations which could be
due to the Bonsmara having Sanga ancestry. The Bonsmara breed was first developed using
Afrikaner cattle which is one of the oldest Sanga populations in SA. The relatively close
clustering of the SA indigenous populations could be an indication that the populations had
ancestors of similar origin (Scholtz et al., 2011). The lose clustering of the composite
populations was to be expected since both Bonsmara and Beefmaster have Bos taurus and
either Zebu, or Sanga ancestry. Partial population overlap of populations with similar origin or
ancestors is consistent with results shown by Decker et al., (2014) and can indicate a low to
moderate level of homogeneity among the populations.

Results obtained in this study can serve as insight for formulation and updating
breeding objectives for the eight populations. Based on genomic analyses, genetic diversity is
moderate to high within and between the populations. This study can serve as a reference for
the potential of the eight South African cattle populations to undergo further selection and
participate in downstream genomic applications. This in turn will improve the overall cattle
population in South Africa and assist farmers to maintain a genetically strong and diverse

national herd of cattle.
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Chapter 5: Conclusion

In this study genomic information from a total of 2110 beef cattle, representing eight
South African beef breeds across the country was analysed. The cattle were originally
genotyped with the GGP 150K Bovine array within the Beef Genomics Program (BGP). The
BGP had the primary aim of establishing reference populations for GS in the country with the
program running for a three-year period. The aim of this study was to assess SNP based

genomic diversity and population structure of the eight beef cattle breeds.

Gaining insight into the genetic diversity of beef cattle breeds could assist in breeding
strategies, understanding the origin of the breed and evaluate how breeds may respond to
future genomic applications. The diversity parameters evaluated in this study also provided

an indication if any breeds or breed type was at risk of a loss in genetic diversity.

Heterozygosity estimates in this study indicated a limited loss in genetic diversity and
were comparable to other studies. The LD estimates (r?>0.2) between the biological types
provided an indication that GS may be applied for the exotic and composite biological types.
The LD estimate of the indigenous biological type indicated the potential use of genotype
imputation in order for further application of GS. The potential application of GS in the SA beef

cattle breeds is of value for accurate predictions and breeding decisions to be made.

The low genomic inbreeding estimates for the F;s parameter is an indication of unique
gene pools for each population as well as good on farm breeding practices. It has been
recommended to update inbreeding estimates every five years to ensure there is no loss in
diversity. The Fgroy values for estimated inbreeding displayed similar results. The numerically
large amount of short ROH segments is indicative of ancient inbreeding which could be due
to a founder effect for the eight breeds. The lack of long ROH segments further highlights the
low recent inbreeding levels, with all breeds having a desired level of diversity. Although
inbreeding estimates were low, they highlight the importance of breeding practises to ensure

the levels do not increase.

The PCA and admixture plots further highlighted the unique gene pools of the eight
breeds when eight different clusters were formed. The eight clusters indicate a level of genetic
diversity for each breed with the potential for each unique breed to contribute to the South

African beef industry.

South African beef cattle populations exhibited moderate to high levels of genetic
diversity. Results from this study further indicate the SA beef populations investigated are not

at risk of a loss of diversity with the current farm practises and selection.
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