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Abstract

The impact of ticks and tick-borne diseases on global livestock industries is an area of major concern.
The ability of an animal to resist these arthropods varies within and between breeds. Tick resistance
is a heritable trait, which can be exploited by using resilient breeds and incorporating them into
selective breeding programmes. One such breed, known for its resilience to ticks and tick-borne
diseases, is the South African Nguni. The Nguni is a locally adapted cattle breed, which has
undergone minimal synthetic breeding, and is well adapted to harsh environmental conditions. Copy
number variations (CNVs), present within the bovine genome, are attributable to the differences
observed in adaptive and disease resistance traits in cattle. These variations comprise of deletions,
duplications and insertions greater than 1kb in size. Copy number variable regions (CNVRS) overlap
or lie within close proximity of genes responsible for multiple biological and molecular functions and
could explain the underlying mechanisms of resistance. This study investigated the non-genetic
effects of tick count and the association of CNVRs with tick resistance in South African Nguni cattle.
In the first experiment, tick counts were recorded over a two-year period on 347 Nguni cattle across
three different provinces in South Africa. Using SAS (Version 7.1) a general linear model was run on
log transformed tick counts to determine the non-genetic effects of tick resistance. The effects of
location, season, year of tick count, sex and age of the animal on tick count were tested. Factors
which significantly affected tick resistance included location, season, year of tick count and the
animal’s age. In the second experiment, summary statistics of tick count per location were used to
classify 347 Nguni cattle as susceptible (0) or resistant (1) across two levels of resistance (L1 and
L2). Deoxyribonucleic acid extracted from hair and blood samples was genotyped using the Illlumina
BovineSNP 50 assay. After quality control and sample pruning using PLINK, 41 193 SNPs remained
for further analyses. PennCNV identified 1 501 CNVs which were merged into 344 unique CNVRs.
An association analyses using STATISTICA 64 was run which identified CNVRs associated with tick
count. Seventeen CNVRs located on chromosomes 1, 2, 6, 7, 8, 9, 12, 15, 17, 20, 21, 22, 24 and 29
demonstrated a significant (p<0.05) association with tick resistance. Seventeen genes overlapped
or lay in close proximity to these CNVRs and played a vital role in various molecular and biological
processes. These processes all play an integral role in determining various cellular, immune,

metabolic and reproductive responses.
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Opsomming

Die globale impak van bosluise en bosluis-oordraagbare siektes op veebedrywe word as n
belangrike kwessie beskou. Die vermoé van 'n dier om weerstand teen hierdie geleedpotiges te bied,
wissel tussen rasse maar ook binne 'n ras. Bosluisweerstand is 'n oorerflike eienskap wat gebruik
kan word om vir weerstandbiedende rasse te selekteer, wat op hulle beurt dan in selektiewe
teelprogramme ingesluit kan word. Die Suid-Afrikaanse Nguni beesras is bekend vir sy vermoé om
weerstand te bied teen bosluise en bosluisoordraagbare siektes. Die Nguni is 'n plaaslik aangepaste
beesras wat minimale sintetiese teling en seleksie ondergaan het en is veral goed aangepas by
moeilike omgewingstoestande. Kopie getalvariasies (CNVs) wat binne die beesgenoom voorkom,
kan toegeskryf word aan die verskille in aanpassings en siekteweerstandseienskappe wat by beeste
waargeneem word. Hierdie variasies bestaan uit verwyderde gene, duplikasies en invoegings groter
as 1kb. Kopiegetal veranderlike streke (CNVRSs) oorvleuel of 1é naby aan gene wat verantwoordelik
is vir verskeie biologiese en molekulére funksies en kan moontlik 'n verklaring bied vir onderliggende
weerstandsmeganismes. Hierdie studie het die verwantskap van CNVR's met bosluisweerstand in
Suid-Afrikaanse Nguni-beeste ondersoek. In die eerste eksperiment is die aantal bosluise op 347
Nguni beeste, wat in drie verskillende provinsies in Suidd-Afrika voorgekom het, oor 'n tydperk van
twee jaar aangeteken. Deur gebruik te maak van SAS (weergawe 7.1) is 'n algemene lineére model
analise op loggetransformeerde bosluisgetalle uitgevoer om die nie-genetiese effekte van
bosluisweerstand te bepaal. Die effekte van die plek, seisoen, jaar van bosluistelling, geslag en
ouderdom van die dier is in die analise ingesluit. Faktore wat 'n beduidende invioed op mate van
bosluisweerstand gehad het, het plek, seisoen, jaar van bosluistelling en die dier ouderdom,
ingesluit. In die tweede eksperiment is opsomming statistieke van bosluistelling per plek gebruik om
die 347 Nguni-beeste as vatbaar (0) of weerstandig (1) oor twee vlakke van weerstand (L1 en L2) te
klassifiseer. Deoksiribonukleiensuur wat uit hare en bloedmonsters verkry is, is aan genotipe analise
met behulp van die lllumina BovineSNP 50-toets onderwerp. Na gehaltebeheer en verwydering van
verdagte data met PLINK, het 41 193 SNPs vir verdere ontledings behoue gebly. PennCNV het 1
501 CNVs geidentifiseer wat in 344 unieke CNVR's saamgevoeg is. 'n Assosiasie-ontleding met
behulp van STATISTICA 64 het 17 beduidende CNVRs geidentifiseer wat met bosluistelling
geassosieer kon word. Sewentien gene oorvleuel of 1&é naby aan hierdie CNVRs en speel 'n
belangrike rol in verskeie molekulére en biologiese prosesse. Hierdie prosesse speel 'n belangrike

in verskeie sel-, immuun-, metaboliese en reproduksie response.
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Chapter 1

General Introduction

1.1 Background

Beef and dairy products from cattle, are a key nutritional component to human diets (Canavez et al.,
2012). With the ever increasing human population, there is now a greater demand for meat and dairy
products worldwide (Mapholi et al., 2014). However, increased cattle production is hampered by the
methods of control and effects of ticks and tick-borne diseases. Global economic losses due to ticks
and tick-borne diseases have been estimated at US$13-18 billion annually (de Castro, 1997), with

annual losses in South Africa estimated at US$92 million (Mapholi et al., 2014).

Globally, there are approximately 800 breeds of cattle (Canavez et al., 2012), with Africa being home
to 150 of them (Rewe et al., 2009). These breeds have been classified into two main species, Bos
taurus (taurine) and Bos indicus (indicine), with their cross being defined as the Sanga (Ibeagha-
Awemu et al., 2004). Taurine and indicine breeds differ, with the latter, having a cervico-thoracic

hump (Magee et al., 2014) and greater physiological individualities (Canavez et al., 2012).

Africa comprises predominantly of a tropical environment which presents a magnitude of harsh
conditions to which cattle need to adapt in order to survive (Hoffmann, 2010; Mirkena et al., 2010).
The ability of local breeds to withstand severe climates, feed and water shortages and parasites and
diseases, is much greater than that of exotic breeds (Mirkena et al., 2010). The South African Nguni
is one such breed known for its ability to withstand harsh environmental conditions and, in particular,
its resilience to ticks and tick-borne diseases (Schoeman, 1989; Mirkena et al., 2010). Ticks and the
subsequent prevalence of tick-borne diseases, comprise a major constraint within the livestock
industry causing anaemia, stress, irritation, decreased immune function, poor productivity and
damage to hides (Rajput et al., 2006; Abbas et al., 2014). While a number of management control
methods can be implemented, exploiting the innate resistance of locally adapted cattle breeds, can
provide a long term solution to tick control (Mattioli et al., 2000). The variation of fithess and
adaptation evident within and between bovine breeds, could be due to discrepancies in genetic

variation (Hoffmann, 2010; Valsesia et al., 2013).

Genetic variation is the alteration of a DNA sequence in the genome (Feuk et al., 2006). This can
range from single base pair changes, known as single nucleotide polymorphisms (SNPs), to larger
chromosomal anomalies (Freeman et al., 2006; Liu et al., 2010; Valsesia et al., 2013). Deletion,
duplication and insertion events within the genome, which are larger than 1 kb in size, are known as
copy number variations (CNVs) (Tuzun et al., 2005; Freeman et al., 2006). When compared with

SNPs, copy number (CN) changes can exert a much greater effect on the phenotype, through gene
1
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structure and dosage modifications and/or the alteration of functional and regulatory processes
(Zhang et al., 2009; Gamazon & Stranger, 2015).

Copy number variations have been reported in a variety of cattle breeds (Bae et al., 2010; Hou et
al., 2011; Liu & Bickhart, 2012). Genes detected within or near these copy number variable regions
(CNVRs) are reported to play a role in a magnitude of functional and physiological processes (Kijas
et al., 2011). Differences in the frequency and distribution of CNVRs in these breeds, could explain
the disparity of adaptive mechanisms and biological responses reported in cattle (Kijas et al., 2011,
Xu et al., 2016). The recent discovery of CNVRs in Nguni cattle, and the influence of genes within
these CNVRs, could provide evidence of the adaptive traits reported in this breed (Wang et al.,
2015).

1.2 Problem Statement

The economic losses experienced by farmers due to ticks and tick-borne diseases have become a
grave concern. Current control methods have compromising side effects and impact on human and
animal health and the environment. There is thus a need to develop alternative tick control strategies.
Exploiting genetically resistant breeds and utilizing host resistance to alleviate ticks and tick-borne
diseases is an alternative, permanent and cost effective solution for tick control. The South African
Nguni is an indigenous Sanga type breed that is known for its resilience to ticks and tick-borne
diseases. Genetic variations and their impact on phenotypic traits within cattle is not fully understood.
Studying these variations within the bovine genome can provide some understanding regarding the
differences in disease susceptibility and other adaptive traits in cattle. Originally, single nucleotide
polymorphisms (SNPs) were considered to be the largest source of genetic variation, however copy
number variations (CNVs) impact a larger percentage of the genome and could have greater effects.
Copy number variations are segments of DNA that are larger or equal to 1 kb in size and consist of
insertions, duplications and deletions across the genome. A previous study has reported CNVs within
the Nguni (Wang et al., 2015). These regions have been detected in and around genes responsible
for multiple biological processes. The association of copy number variable regions (CNVRS) with tick
resistance in South African Nguni cattle is unknown. Understanding and determining the role of
CNVs in tick resistance, can provide valuable information for breeding and selection programmes in

future.

1.3 Justification

Identifying genomic regions which impact disease susceptibility in cattle can have important
implications for selection programmes. The impact of CNVRs on the resistance of Nguni cattle to

ticks and tick-borne diseases has not yet been fully investigated. Understanding CNVRs and their
2
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influence on economically important traits, can provide valuable information for genetic improvement
practices. Nguni cattle show resilience to ticks and tick-borne diseases. With the presence of CNVs
being reported in Nguni cattle (Wang et al., 2015), this provides a valuable breed with which to

investigate the association of CNVRs and tick resistance.

1.4 Objectives

This study aimed to identify CNVRs associated with tick resistance in South African Nguni cattle.
The non-genetic effects on tick count in Nguni cattle across three different provinces in South Africa
were investigated. The prevalence of CNVRs within the genome of the Nguni was examined as well
as the biological processes, molecular functions and cellular components as to which these regions

are involved. The association of CNVRs and tick resistance in Nguni cattle was investigated.

1.5 Thesis Overview and Layout

This dissertation comprises of five chapters including a general introduction chapter, a literature
review, two experimental chapters and a general discussion and conclusion. The literature review
(chapter 2) discusses tick resistance in cattle in light of CNVs. Chapter 3 presents the first
experimental chapter where the non-genetic effects on tick count in Nguni cattle in South Africa were
assessed. Tick counts of 347 Nguni cattle from three locations were recorded. Fixed effects were
assessed using a general linear model. The association of CNVs with tick resistance in South African
Nguni cattle was investigated in chapter 4. Copy number variations were identified using PennCNV
software. Copy number variable regions were detected by merging overlapping CNVs. The
maximum likelihood test assessed CNVRs and their association with tick resistance. Genes covered
or lying within 10Mb of CNVRs identified were assessed using the PANTHER database to determine
their biological processes, cellular components and molecular functions. A general discussion,
conclusion, recommendations and ideas for future research form the final chapter. Here a critical
discussion regarding the study is presented as well as implications and ideas for future research.

Chapter 5 also provides details of conference presentations.
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Chapter 2

Literature Review

2.1 Introduction

Global livestock industries are affected by ticks and tick-borne diseases daily. Current control
methods have been rendered ineffective and have compromising side effects; thus there is a need
to develop alternative strategies. Utilizing genetically resistant breeds is one such method (Mattioli
et al., 2000). Disease susceptibility and resistance varies within and across breeds and can be
affected by biological, morphological and physiological characteristics (Rajput et al., 2006; Morris,
2007; Mapholi et al., 2014). Understanding the genetic mechanisms associated with resistance, can
provide valuable information for future selection and breeding programs (Ibeagha-Awemu et al.,
2008; Shyma et al., 2013).

DNA variants in livestock, which directly affect an animal’s level of resistance, are an important area
of research (Kijas et al., 2011). Genetic variation includes single nucleotide polymorphisms (SNPs)
and structural variants which comprise of inversions, translocations and copy number variations
(CNVs) (Feuk et al., 2006; Liu et al., 2010). Copy humber variations are segments of DNA which are
larger than 1 kb and consist of duplications, deletions and insertions (Feuk et al., 2006; Bae et al.,
2010; Liu et al., 2010). These variations can have an impact on the function and/or expression of
genes and/or proteins which could directly influence an animal’s resistance to disease (Ilbeagha-
Awemu et al., 2008).

Identification of CNVs can be achieved through cytogenetic technologies, array hybridization
approaches and next generation sequencing (NGS) technologies (Xu et al., 2013; Zhao et al., 2013).
Following CNV detection, genome wide association (GWA) analyses can be conducted to identify
CNVs and their association with particular genes or mechanisms involved in tick resistance
(Lohmueller et al., 2003; Bush & Moore, 2012). This review discusses tick resistance in light of copy
number variations. The methods of CNV detection as well as models for CNV association are

discussed.

2.2 Ticks and Tick-borne Diseases

Domestic animals, humans and livestock are all affected by the diseases transmitted by ticks
(Jongejan & Uilenberg, 2004). Ticks are blood sucking ectoparasitic arthropods that are distributed
worldwide, and have many animal species as hosts (Porto Neto et al., 2011). With approximately
900 species of ticks that are endemic to most continents (Nava et al., 2009), many different tick-

borne diseases are carried by these arthropods. Of all the groups of arthropods, ticks transmit the
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widest variety of pathogenic agents (Rajput et al., 2006). This has led to farmers ranking these

parasites as one of the most important constraints in the cattle industry (Mapiye et al., 2009).

Argasidae, Ixodidae and Nuttalliellidae are the three families into which tick species are classified
(Nava et al., 2009). Ixodidae ticks comprise seven genera with a total of 692 species, with Argaside
ticks comprising four genera with a total of 186 species (Jongejan & Uilenberg, 2004; Nava et al.,
2009). The genera into which Argaside ticks are divided into include Argas, Carios, Ornithodoras
and Otobius with the genera of Ixodidae ticks consisting of Amblyomma, Dermacentor,
Haemaphysalis, Hyalomma, Ixodes and Rhipicephalus (which includes the new subgenus —
Boophilus) (Jongejan & Uilenberg, 2004). The Nuttalliedae family only consists of one species,

Nutalliella namaqua (Jongejan & Uilenberg, 2004).

In the African bovine industry, Ixodidae tick species are the most prevalent and cause severe
impediments, with the Amblyomma, Hyalomma and Rhipicephalus generas being of utmost
relevance (Mapholi et al., 2014). One species of tick which falls into the Rhipicephalus genus, is R.
microplus. This species is the most studied (Frisch, 1999) and is globally known as the most

significant and detrimental blood feeding arthropod in the livestock industry (Abbas et al., 2014).

Ticks transmit a number of diseases including babesiosis, anaplasmosis, heartwater and theileriosis
(Mtshali et al., 2004). In addition, tick infestations cause anaemia, blood loss, decreased immune
function, hide and skin damage, irritation, paralysis, stress, toxicosis, weight loss and even death
(de Castro, 1997; Rajput et al., 2006; Abbas et al., 2014). These direct losses, as well as the cost of
the methods to control infestations, hamper livestock production, which in turn leads to large

economic losses.

2.3 Factors Affecting Tick Load

Tick load is affected by species, climatic conditions and the susceptibility of the animal to tick
infestation (Jongejan & Uilenberg, 2004). In tropical and subtropical regions, the occurrence of tick
infestations and tick diversity is greater than in the temperate regions (Jongejan & Uilenberg, 2004).
In general, areas with high rainfall and good vegetation, will have greater tick loads (Mapholi et al.,
2014). Large parts of South Africa have a subtropical climate with either sweet or sour rangelands
(Masika et al., 1997). Sweet rangeland is palatable throughout the year, while sour rangelands are
only palatable during the rainy season (Marufu et al., 2011a). Tick loads tend to be highest in sour
rangelands and during the warmer, wetter months (Muchenje et al., 2008; Mapiye et al., 2009;
Marufu et al., 2011a). Elevated rainfall promotes tick growth particularly in semi-arid coastal climatic

conditions and may explain the higher tick burden of the wetter months (Muchenje et al., 2008).
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Herd size and the age of the animal also affect tick burden. Diseases and parasites are more
problematic in communal areas rather than small scale areas (Mapiye et al., 2009). Communal
farming areas are those in which many farmers share the same land for multiple farming practices
(Mmbengwa, 2015). Small-scale farming areas are farms smaller than 12 hectares and are run
primarily by the owners and/or family living on that land. Livestock are managed under extensive
systems and have access to natural pastures (Moyo et al., 2008; Mapiye et al., 2011). Marufu et al.
(2010) observed age of an animal to have an effect on tick load with younger cattle having lower tick
counts than those aged four years and older. Wikel & Bergman (1997) stated that younger animals
could have lower tick counts due to an innate form of protection that declines with age. Older animals
are larger and thus have a greater surface area which could also attribute to the fact that older

animals have higher tick loads (Marufu et al., 2011a).

2.4 Methods of Tick Control

Multiple methods of tick control exist, each with its own advantages and disadvantages (Rajput et
al., 2006). Tick control methods include the use of acaricides (chemical control), biological control,
environmental management, vaccines and breeding strategies (Frisch, 1999). The utilisation of only
one control method has been deemed ineffective and therefore it is recommended that more than
one strategy should be implemented (de Castro, 1997; Kamidi & Kamidi, 2005).

The predominant approach to tick control is the use of chemical acaricides (Frisch, 1999; Abbas et
al., 2014). These substances are quick and cost effective, however they have shown limited success
due to the development of resistance and environmental contamination (Frisch, 1999; Kamidi &
Kamidi, 2005; Abbas et al., 2014). Consequently, to try and curb the problems encountered by
chemical control, vaccines were developed (Willadsen, 1997). Vaccines are non-chemical disease
and pest control agents, which allow an organism to develop antibodies against a specific number
of diseases (Willadsen, 1997). The advantages of vaccines is that they reduce environmental
contamination and prevent drug resistant tick species (de la Fuente et al., 2007) however, they have
their own concerns. The development of vaccines is complicated by antigenic variation and strain
diversity and thus the efficacy of vaccines varies from region to region (Rajput et al., 2006; Abbas et
al., 2014). With multiple species of ticks, and infestation not being a one species issue, some
vaccines may not offer protection against all species (Mapholi et al., 2014). Therefore, the
development of multi-strain or strain specific vaccines, that are cheap, robust and effective would be
beneficial (Frisch, 1999).

Environmental management entails a variety of techniques including the use of grasses which do
not favour the development of ticks, burning, heavy grazing and/or rotation of pastures (de Castro,

1997; Abbas et al., 2014). These methods prevent chemical residues in livestock products and are
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economically viable; however they can be harmful to the environment and are not always

recommended (de Castro, 1997).

Current tick control methods have compromising side effects and there is thus a need to develop
alternate control strategies (Porto Neto et al., 2011). The integration and exploitation of genetically
resistant cattle breeds into breeding programmes is one such method. Utilizing tick resistant breeds
can provide a long term solution to tick control as well as decrease the use of chemicals, improve

drug efficiency and minimise production costs (Mattioli et al., 2000).

2.5 Tick Resistant Breeds

One hundred and fifty different cattle breeds inhabit Africa (Rewe et al., 2009). These breeds
predominantly comprise of two main subspecies, Bos taurus indicus (indicine) and Bos taurus taurus
(taurine), but also include respective crosses of these subspecies (Canavez et al., 2012). Sanga
breeds are a cross between indicine and taurine cattle, while Sanga zebu type breeds (“zenga”) are
a cross between Sanga and indicine breeds (Bos indicus) (Rege, 1999; Ibeagha-Awemu et al.,
2004). Indicine cattle not only differ from taurine cattle by the presence of a cervico-thoracic hump,
but are also known for their advantageous physiological individualities (Canavez et al., 2012; Magee
et al., 2014).

Most of Africa comprises a tropical environment with stressful climatic conditions, feed and water
scarcity and a magnitude of diseases and pathogens (Hoffmann, 2010; Mirkena et al., 2010). The
adaptability of animals to such conditions varies between breeds, with indicine breeds being better
suited when compared with taurine breeds (Muchenje et al., 2008; Marufu et al., 2011b). Adaptability
is the capability of a breed or species, to survive or reproduce in a magnitude of environments due
to physiological or genetic factors (Prayaga & Henshall, 2005; Barker., 2009), and is characterised
by health, survival and reproductive traits (Makina et al., 2014). Locally adapted African breeds, such
as the Nguni (Bos taurus africanus), are better suited to severe climatic conditions and display
greater levels of adaptation and resistance to diseases and parasites (Mirkena et al., 2010) due to

biological and functional characteristics (Mattioli et al., 2000).

The South African Nguni is an indigenous Sanga cattle breed that has undergone minimal synthetic
breeding (Makina et al., 2014). These small to medium framed animals are easily recognized by their
multi-coloured patterned coats and black tipped noses. Nguni cattle are adapted to harsh
environmental conditions, specifically high temperatures, and are well known for their resilience to
ticks and tick-borne diseases (Schoeman, 1989). The mechanism for this resistance has not yet
been established (Marufu et al., 2011b), but could be due to favourable genotypic and/or phenotypic

attributes (Marufu et al., 2011b). The ability of Nguni cattle to be reared on natural pastures in South
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Africa without the use of tick control methods is largely beneficial (Schoeman, 1989; Muchenije et al.,
2008). It is recommended that this indigenous breed be used in an integrated tick control strategy in
South Africa, as they are more resistant to tick infestations than indigenous exotic crossbreeds
suggesting that they could have a higher innate and/or acquired resistance (Marufu et al., 2011a).

Resistance is an acquired characteristic that varies from high to low, depending on the animal’s
response to infestation (Rajput et al., 2006; Morris, 2007). Bos indicus breeds are more resistant to
ticks and tick-borne diseases than Bos taurus, with their crosses losses being proportional to the
amount of Bos indicus genes (Utech et al., 1978; de Castro & Newson, 1993; Jonsson et al., 2008).
Host resistance is genetically based (Gasparin et al., 2007) and can be applied by crossbreeding
with Bos indicus or other tick resistant breeds (de Castro, 1997). By exploiting genetically resistant
breeds and utilising host resistance, an effective and permanent method of tick control can be

developed.

2.6 Host Resistance

Variation in disease susceptibility and resistance occurs within breeds (Rajput et al., 2006; Morris,
2007). The genetic basis of parasite resistance is important for human health, animal welfare and
animal production, however it is not well defined (Xu et al.,, 2014b). Resistance to disease is a
polygenic trait (Shyma et al., 2013) and it is possible that multiple genes contribute to important
disease characteristics (Morris, 2007). Behavioural, morphological and physiological factors vastly
affect a host’s resistance to ticks (Mapholi et al., 2014), however this genetic variation within and
between breeds needs to be explored in order for it to be efficiently utilised (Frisch, 1999).

Breed, age, sex, body size and coat characteristics of the animal affect levels of resistance in cattle.
Martinez et al. (2006) found bulls to have higher tick loads than cows, which could be explained by
the fact that testosterone can reduce acquired and innate resistance (Hughes & Randolph, 2001).
However, Kabir et al. (2011) reported higher tick loads in cows and hypothesized that this could be
due to hormonal influences. There are also differences in the level of resistance between pregnant
and non-pregnant cows as immunosuppressive effects of gestational hormones cause pregnant
cows to be more susceptible to ticks than those that are not pregnant (Regitano & Prayaga, 2010;
Mapholi et al., 2014).

The size of an animal and its coat characteristics all affect levels of tick infestation (Martinez et al.,
2006; Machado et al., 2010; Mapholi et al., 2014). Highly heritable traits including coat colour, hair
type, hair length and thickness all affect tick load in cattle (Regitano & Prayaga, 2010). Skin thickness
plays a role in susceptibility as animals with thicker skins are less susceptible to tick infestation than
those with thinner skins (Marufu et al., 2011b). Animals with lighter, shorter, smoother and straighter

coats have lower tick infestations (Gasparin et al., 2007; Machado et al., 2010; Marufu et al., 2011b).
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Animals with darker coats could have more ticks due to the fact that ticks are dark coloured and thus
are camouflaged from predators, such as birds (Martinez et al., 2006). There is a high correlation
between hair length and tick infestation suggesting that this particular trait may be involved in host
resistance (Verissimo et al., 2002).

Host resistance is a genetically determined survival mechanism utilized by the host as well as
parasites (Jongejan & Uilenberg, 2004; Rajput et al., 2006). Parasites develop their own
mechanisms of resistance through the suppression of some immune response pathways (Wikel &
Bergman, 1997). The utilization of host resistance is a significant factor in the economics of tick
control (Frisch, 1999). Tick control using host resistance is a cost effective, permanent solution that
is heritable and indefinite (de Castro, 1997), however no single breed is totally resistant (Shyma et
al., 2013). Improving breed resistance is the ultimate goal, which can be achieved by using
resistance genes from breeds of high resistance and introgressing them into breeds with low

resistance (Shyma et al., 2013).

2.7 Heritability of Tick Resistance

The pattern of tick infestations and factors influencing tick load in cattle have led authors to conclude
that tick count, and hence tick resistance, is heritable (Rajput et al., 2006; Morris, 2007; Porto Neto
et al., 2011). Studies reporting resistance levels of multiple breeds provide the basis for breeding
and selection strategies (Utech et al., 1978). Using estimated breeding values (EBVS) to select for
tick resistance is feasible, however genetic progress may be slow (Budeli et al., 2009).

Studies from 1993 to 2016 have found heritability estimates of tick resistance to range from 0.15 to
0.44 in multiple cattle breeds (Table 2.1). Porto Neto et al. (2011), report the average heritability for
tick resistance of multiple cattle breeds to be ~0.30 (Porto Neto et al., 2011). A study conducted by
Mapholi et al. (2016) on Nguni cattle found the heritability of tick resistance to be 0.12. This estimate
is low compared to studies conducted by Davis (1993) and Burrow (2001) who investigated
heritability estimates of Zebu cross cattle. However, Davis (1993) report on Bos indicus and Zebu
cross breeds while Burrow (2001) report on Belmont Red, which are cross breeds of Hereford,
Shorthorn, Afrikaner and Brahman. Differences in heritability estimates may be due to the breed of
cattle, evaluation methods (natural vs artificial) or environmental and immunological factors (Porto
Neto et al., 2011; Shyma et al., 2013). The heritability estimates generally range between moderate
to high with a value usually greater than 0.20 (Burrow, 2001; Budeli et al., 2009; Porto Neto et al.,
2011). The heritability of tick resistance is higher in females than in males (Burrow, 2001) and
therefore it is important to identify and select tick-resistant females with which to breed (Marufu et
al., 2011b).
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Production traits in cattle, have been reported to be correlated with tick resistance. Burrow (2001)
found that selecting to increase final weights and average daily gain during wet seasons and post
weaning could decrease tick counts. It has also been reported that when selecting for tick resistance,
resistance against other factors such as worms and heat stress, increased (Burrow, 2001).

Table 2.1 Heritability estimates (h?) of tick resistance in a number of cattle breeds from different locations
reported between 1993 and 2016.

Breed Location h? Reference

Bos indicus and Zebu cross breeds (Beef breeds) Australia 0.34 Davis (1993)
Hereford x Shorthorn Australia 0.44 Henshall (2004)
Syr_lthetlc breed Belmont Red (Hereford, Shorthorn, Australia 0.42 Burrow (2001)
Afrikaner and Brahman crosses)
Bonsmara (Bos taurus) South Africa 0.17 Budeli et al. (2009)
Brahman Australia 0.15 Prayaga et al. (2009)
Bos taurus (dairy breeds) Australia 0.37 Turner et al. (2010)

: . : Machado et al.
Gir x Holstein Brazil 0.21 (2010)
Nguni South Africa 0.12 Mapholi et al. (2016)

2.8 Genomics of Tick Resistance

Tick resistance is a complex phenotype comprising a number of different physiological processes
that are controlled by a magnitude of genes (Machado et al., 2010). The challenge is to identify and
understand the biological and physiological mechanisms of these genes so that they can be
integrated into future breeding programmes (Ibeagha-Awemu et al., 2008; Shyma et al., 2013). A
number of studies have detected candidate genes that could be responsible for and associated with
the differing levels of tick resistance between breeds (Wang et al., 2007b; Carvalho et al., 2008;

Ibeagha-Awemu et al., 2008).

An early study by Ashton et al. (1968) reports an association between serum amylase C and the
level of tick infestation. More recently, the response of acute-phase proteins in Bos taurus and Bos
indicus cattle to natural tick infestation was evaluated (Carvalho et al., 2008). This study identified
an increase in acute-phase proteins with greater tick infestation. Acute-phase proteins are
responsible for acquired and innate immune responses (Carvalho et al., 2008).The serum

concentration levels of different proteins, such as haptoglobulin and transferrin, have been confirmed
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and could be used as potential biomarkers to monitor levels of infestation (Porto Neto et al., 2011,
Shyma et al., 2013).

Gene expression profiles of susceptible and resistant cattle have provided candidate genes for tick
resistance (Wang et al., 2007b). Type I, lll and V collagen genes were expressed at higher levels in
resistant animals in response to tick infestation, suggesting the role of skin structure against ticks
(Wang et al.,, 2007b). Other genes expressed at greater levels in resistant animals included
complement 1g subcomponent (C1QA) and cathepsin B (CTSB), which are both related to immune
response (Wang et al., 2007b).

Gene variations of the major histocompatibility complex (MHC) are thought to be associated with the
susceptibility of cattle to diseases (Acosta-Rodriguez et al., 2005; Ibeagha-Awemu et al., 2008).
Bovine lymphocyte antigens (BoLA) are antigens found within the MHC on chromosome 23 and
comprise of three classes, class |, Il and lll (Ibeagha-Awemu et al., 2008). Class | and Il molecules
signal infection and are significant for regulation of immune functions (Ellis, 2004; Ibeagha-Awemu
et al., 2008). Class Il molecules are involved in numerous cellular activities including cell cytotoxicity
and enzymatic activity (Sharif et al., 1999). It has been observed that there are some MHC BoLA
class Il alleles that can be associated with tick resistance or predisposition in cattle (Acosta-
Rodriguez et al., 2005), however further research using larger sample groups and/or different animal
populations has been recommended. Although the MHC locus does significantly enact a role in host
parasite resistance, the specific allele or gene variation is unknown (Porto Neto et al., 2011; Shyma
et al., 2013).

Quantitative trait loci (QTL) are segments of a chromosome showing Mendelian inheritance and
have an effect on a specific phenotype (Machado et al., 2010). The discovery of specific QTLs in
cattle could be used to further investigate and isolate specific genes involved in the mechanisms of
resistance in cattle (Gasparin et al., 2007; Coppieters et al., 2009; Machado et al., 2010). However,
it is difficult to identify a particular gene as a potential marker for tick resistance as QTLs cover large
percentages of the chromosome (Shyma et al., 2013). Machado et al. (2010) conducted a whole
genome scan, which led to the identification of six QTL regions associated with tick resistance in
cattle on chromosomes 2, 5, 10, 11, 23 and 27. Most of the identified QTLs role in tick resistance
were season specific, however a QTL discovered on BTA23 was prevalent in tick resistance in both
the dry and rainy seasons. This genomic region on BTA23 has previously been related with the
bovine histocompatibility complex (Stear et al., 1990). Previously, Gasparin et al. (2007), had done
a similar study on the same population and discovered QTL controlling tick resistance on BTA 5, 7
and 14. When identifying QTL markers for tick resistance, it is important to recognise the causal

variant for future breeding and selection (Wu et al., 2015).
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2.9 Genetic Variation

Identifying DNA variants which directly influence an individual’s phenotype is an important area of
research (Kijas et al., 2011). To gauge the genetic basis of the phenotypic differences within and
between species, it is imperative to understand all forms of genetic variation (Liu & Bickhart, 2012).
Multiple forms of genetic variation exist, ranging from single nucleotide polymorphisms (SNPs) to
large chromosomal rearrangements (Feuk et al., 2006; Ibeagha-Awemu et al., 2008; Liu et al., 2010).
Chromosomal rearrangements include copy number variations (CNVs), inversions and
translocations, which all fall under the umbrella term, structural variation (Feuk et al., 2006; Liu et
al., 2010). Copy number variations comprise deletions, duplications and insertions across the
genome (Feuk et al., 2006; Bae et al., 2010; Liu et al., 2010) and can be found within the coding and
regulatory regions of genes (Ibeagha-Awemu et al., 2008). This type of structural variant can modify
the expression and function of genes and/or proteins, which could have detrimental or beneficial
consequences on an animal’s health, productivity and/or disease susceptibility (Ibeagha-Awemu et
al., 2008). Studying the bovine genome and the genetic variations within can provide valuable
information (Feuk et al., 2006). By combining phenotypic data with genotypic variation, significant

genotype-phenotype associations can be discovered (Zhan et al., 2011).

2.9.1 Single nucleotide polymorphisms

Single nucleotide polymorphisms are single base-pair changes that occur at a frequency of greater
than 1% (Zhang et al., 2009) and were originally thought to be the largest source of genetic variation
(Feuk et al., 2006). Using genome-wide association (GWA) analysis, SNPs can be used to identify
and map genetic variants associated with complex traits in cattle (Mapholi et al., 2016). A few studies
have linked SNP markers to tick resistance in cattle (Sollero et al., 2014; Mapholi et al., 2016). Sollero
et al., (2014) found SNP markers on BTA 5, 11 and 15 to be associated with tick resistance in
Brazilian Hereford and Braford cattle, while Mapholi et al., (2016) found associated regions on BTA
7, 10 and 19 in Nguni cattle. These discrepancies, provide evidence of different genomic regions
being associated with tick resistance in different cattle breeds (Mapholi et al., 2016). Although SNPs
have been associated with complex traits in cattle, they only describe a small proportion of genetic
variance (Manolio et al., 2009). Research into the nature and pattern of SNPs in cattle has made
significant progress, plus the discovery of more complex forms of genetic variation has expanded
the current areas of research (Liu & Bickhart, 2012). Other forms of variation may affect disease
resistance and phenotypic characteristics on a greater scale (Kijas et al., 2011). Complementary to

SNPs, variation in the form of CNVs has attracted recent attention (Gao et al., 2017).
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2.9.2 Copy number variations

Copy number variations are segments of DNA larger than or equal to 1 kb in size and consist of
insertions, duplications and deletions across the genome (Bae et al., 2010; Mills et al., 2011; Wang
et al., 2016).These effects can interfere with a single gene or a magnitude of genes and cause
functional losses within the phenotype (Zhang et al., 2009; Liu & Bickhart, 2012).

Copy number variations have been discovered within the bovine genome (Liu et al., 2010; Kijas et
al.,, 2011, Bickhart et al., 2012). The publication of two cattle reference genomes, Btau_4.0 and
UMD3.1 (The Bovine Consortium Hapmap, 2009), has enriched bovine genomic research (Bickhart
et al., 2012). These reference genomes and the advances in genome-wide technologies has
provided a means to detect genomic regions impacting phenotypic variation in cattle (Fadista et al.,
2010; Wang et al., 2015). Copy number variation detection studies have been conducted across a
variety of cattle breeds (Liu et al., 2010; Kijas et al., 2011; Bickhart et al., 2012; Wang et al., 2015).
Genes detected within cattle CNVs are responsible for multiple biological and molecular processes

and could play a role in a variety of adaptive mechanisms (Wang et al., 2015).

The role CNVs play in breed development, adaptation, health, and production traits contributes to
varying frequencies of CNVs within and between cattle breeds (Liu et al., 2010; Liu & Bickhart, 2012).
The association of CNVs with complex traits in cattle lacks research and understanding (Bae et al.,
2010; Cicconardi et al., 2013; Wang et al., 2016). Some studies have associated CNVs with complex
traits in cattle, including milk production (Xu et al., 2014a), meat tenderness (Da Silva et al., 2016),
fertility (Glick et al., 2011) and nematode resistance (Xu et al., 2014b), but no study has associated
CNVs with tick resistance.

The South African Nguni is a locally adapted breed that is known for its resilience to ticks and tick-
borne diseases (Schoeman, 1989). The mechanisms underlying this are, however, not fully
understood. The presence of CNVs within Nguni cattle has been reported (Wang et al., 2015). Genes
identified within these CNVs are responsible for multiple biological processes including immunity,
cell communication and toxic substance responses. The presence of copy number variable regions
(CNVRS) in areas associated with genes involved in these processes, suggests that CNVs in Nguni

cattle could play an important role in the adaptation of the Nguni breed (Wang et al., 2015).

2.10 Copy Number Variation Detection and Analysis Tools

Current CNV detection methods include cytogenetic technologies, hybridization-based microarray
approaches and next generation sequencing (NGS) techniques (Xu et al., 2013; Zhao et al., 2013).

Cytogenetic technologies include karyotyping and fluorescence in situ hybridization (FISH), however
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these methods have low throughput and resolution (Alkan et al., 2011). Microarray approaches,
including array comparative genomic hybridization (arrayCGH) and SNP arrays were the primary
platform of CNV detection (Xu et al., 2013), yet the recent advances in NGS technologies have
provided enhanced resolution and accuracy in bovine CNV detection (Choi et al., 2016). Strategies
for NGS include whole genome sequencing (WGS) and whole exome sequencing (WES) (Zare et
al., 2017). Although the advantages of NGS are evident, the high costs are still a diminishing factor
(Choi et al., 2016).

2.10.1 Hybridization based array approaches

Array comparative genomic hybridization and SNP arrays are two hybridization based array
approaches utilised for SNP genotyping and CNV detection. Both methods utilise probes predefined
for specific genomic regions (Zhao et al., 2013) and compare these to a reference or sample
population thereby deducing copy number deletions or duplications (Alkan et al., 2011). The low cost
of these approaches and their ability to assay large data sets are beneficial, however they are limiting
as they do not detect duplications as easily as deletions (Alkan et al., 2011). Other limitations include
poor precision and sensitivity, low resolution, minimal coverage of the genome and difficulty in
detecting rare mutations (Snijders et al., 2001; Shendure & Ji, 2008; Zare et al., 2017).

Array comparative genomic hybridization examines the genome by measuring hybridization
intensities against a reference DNA sample and detecting gains or losses (Liu & Bickhart, 2012).
Compared to SNP arrays, CGH arrays show a better signal-to-noise ratio (Pinto et al., 2011), but
only report the relative signal intensities (Hou et al., 2011). Algorithms to detect CNVs from CGH
array data have been developed, however these detection tools do not take into account B allele
frequencies (BAFs) which is concerning as BAFs are an important source of data for use in CNV
detection from SNP data (Xu et al., 2013).

Single nucleotide polymorphism arrays, such as the lllumina BovineSNP50 Beadchip and the Higher
density SNP (770K) can be used for CNV detection (Cicconardi et al., 2013; Xu et al., 2013).
Although they are predominantly used for SNP genotyping and have lower resolution and sensitivity
when compared with CGH arrays, the advantages of SNP arrays for copy number detection is
unparalleled (Alkan et al., 2011; Liu & Bickhart, 2012). These arrays output normalized intensities
(Log R ratio — LRR) and allelic intensity ratios (B allele frequency — BAF) (Cicconardi et al., 2013).
The Log R ratio is the total fluorescent intensity signal from both sets of probes or alleles at each
SNP (Wang et al., 2007a). The BAF is the inference of the relative ratio of the fluorescent signals
between two probes or alleles at each SNP (Wang et al., 2007a). To detect CNVs, several algorithms
utilizing the fluorescent signal intensities (LRR and BAF) from SNP arrays have been developed

(Cicconardi et al., 2013; Zhu et al., 2016). Some of these CNV detection algorithms, which use SNP
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chip data, include PennCNV, QuantiSNP and cnvPartition (Zhu et al., 2016). QuantiSNP and
PennCNV utilise a hidden markov model (HMM) to detect CNVs, however PennCNV is more
commonly used due to its user friendly design and superior advantages (Wang et al., 2007a;
Cicconardi et al., 2013). PennCNV is an open-source project (Xu et al., 2013) that not only
incorporates the LRR and BAF at each SNP marker, but also takes into account the distance
between neighbouring SNPs as well as an option to include pedigree information (Seroussi et al.,
2010; Hou et al., 2011). Data quality control is also reported by PennCNV for each specific CNV
dataset (Xu et al., 2013).

2.10.2 Next generation sequencing based approaches

Next generation sequencing is a high-throughput parallel/deep sequencing technology used to
sequence DNA and RNA (Patel & Jain, 2012; Behjati & Tarpey, 2013). Copy number variations can
be detected by multiple NGS based approaches including pair end mapping or read pair (RP), read
depth (RD), split read (SR), de novo assembly (AS) or a combination of these methods (Liu &
Bickhart, 2012; Zhao et al., 2013). Each method has its own advantages and disadvantages,
however none of these approaches are individually comprehensive (Alkan et al., 2011; Zhao et al.,
2013). Each approach has a variety of tools which can be used to detect CNVs (Table 2.2). Although
it has been stated that NGS techniques will replace microarray approaches for CNV detection in the
future, this approach still presents several computational and bioinformatical challenges (Alkan et
al., 2011). A disadvantage of NGS is the high cost due to the storage and analysis of the data
requiring intense computational resources, however their advantages outweigh the financial strain
(Alkan et al., 2011). Next generation sequencing is unbiased and provides high coverage and
resolution as well as enhanced accuracy and precision (Alkan et al., 2011; Zare et al., 2017). At a
genome wide level NGS technologies also facilitate the vast discovery of CNVs and SNPs which can
be utilised for future discoveries and genotyping (Liu & Bickhart, 2012).
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Table 2.2 Next generation sequencing approaches for CNV detection

Approach

Computational tools

Pros

Cons

References

Read-pair (RP)

Read depth (RD)

Split read (SR)

De novo assembly (AS)

Breakdancer, PEMer,
VariationHunter,
commonLAW, GASV, MoDIL

CNVnator, SegSeq, CNV-seq,
RDXplorer, BIC-seq, CNAseg,
Cn.MOPS, JointSLM,
ReadDepth, rSW-seq,
CNVnorm, CMDS,
mrCaNaVar, CNVem,
cnvHMM

Alignment with Gap Excision
(AGE), Pindel, SLOPE, Split-
read identification, calibrated
(SRIC)

Magnolya, Cortex assembler,
TIGRA-SV, EULER-USR,
AByYySS, SOAPdenovo,
ALLPATHS-LG

Can identify insertions,
deletions, translocations,
inversions and interspersed

and tandem duplications

Accurately predicts copy
numbers; Can detect large

insertions and complex CNVs

Can detect a wide range of
structural variations;
Accurately detects start and
end positions of deletions
and/or insertions

Most versatile; Does not
require a reference genome;

Can identify novel mutations

Cannot accurately identify copy
numbers; costly; only for paired-end
reads; cannot detect insertions larger
than the insert size of the genome
library

Relies on the length of reads; Cannot
identify inversions, translocations or
small CNVs

Struggles to align shorter reads; Only
for unique genomic regions; Low

sensitivity

Struggles to identify duplications;

Requires extensive computation

Korbel et al. (2007);
Medvedev et al.
(2009); Zhao et al.
(2013)

Alkan et al. (2009);
Zhao et al. (2013)

Alkan et al. (2011);
Zhao et al. (2013)

Alkan et al. (2011);
Zhao et al. (2013)
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Combination RP + RD - SVDetect, CNVer, Reduces false positives Zhao et al. (2013)
Genome STRIiP, GASVPro, Detect novel insertions
iINnGAP-sv

RP + SR - NovelSeq
RP + AS - HYDRA

Abbreviations: RP + RD — Read pair and read depth; RP + SR — Read pair and split read; RP + AS — Read pair and de novo assembly
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2.11 Copy Number Variation Association Protocols

Genome-wide association (GWA) analyses are used to identify genetic variants that impact complex
traits, such as disease susceptibility (Lohmueller et al., 2003). The aim of these studies is to predict
the specific outcome of an individual and identify the underlying genetic mechanisms for future
prevention and control strategies (Bush & Moore, 2012). Association analysis using SNPs is far more
established than CNV association analysis (Kim et al., 2012). Many CNV calling algorithms exist,
however software for CNV association is limited (Glessner et al., 2013) and the statistical challenges
faced are significantly different to those of CNV discovery (McCarroll & Altshuler, 2007). The
generation of CNVRs is crucial for CNV association analysis but current association tools do not
provide suitable definitions of these regions (Kim et al., 2012). To conduct a CNV association study,
three steps need to be undertaken. These are (i) CNV calling/detection; (i) CNVR generation by
CNV merging and (iii) statistical analysis (Kim et al., 2012). These three steps are vital for CNV
association analyses, however, not all algorithms provide all of them (Kim et al., 2012). Software
currently available for association analysis includes PLINK (Purcell et al., 2007), Golden Helix, Parse
CNYV (Glessner et al., 2013), CNVRuler (Kim et al., 2012) and a few packages offered in R such as
CNVtools (Barnes et al., 2008) and CNVassoc (Subirana et al., 2011). Previous studies on cattle
have used PLINK (Glick et al., 2011; Da Silva et al., 2016) and Golden Helix SVS (Xu et al., 2014b)
to detect CNVs associated with complex traits. Different algorithms use different models to associate
CNVs with complex phenotypes. CNVRuler uses linear and logistic regression, Chi-square and
Fishers Exact tests (Kim et al., 2012), CNVtools utilises the Likelihood ratio trend test (Glessner et
al., 2013), PLINK a permutation based test (Purcell et al., 2007) and CNVAssoc the latent class
model (Subirana et al., 2011).

2.12 Conclusion

The interrelationship of specific genes and their association with parasite resistance at a molecular
level is not completely understood (Turner et al., 2010). The presence of CNVs at particular genes
studied by Wang et al. (2015) and their relationship to the enhanced ability of Nguni cattle to handle
harsh environmental conditions needs further investigation. Tick resistance is a heritable trait which
comprises a magnitude of physiological and biological processes. Understanding the mechanisms
and genes underlying these processes, can help to exploit this trait for future breeding and selection
programmes. ldentifying and associating economically important traits, on a molecular level, can
help incorporate them into genomic selection programmes in the future and alleviate a vast spectrum

of issues in the livestock industry (Bickhart et al., 2012).
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Chapter 3
Non-genetic Effects Affecting Tick Resistance in Nguni Cattle

Across Three Provinces in South Africa

3.1 Abstract

South African Nguni cattle comprise a cross between Bos indicus and Bos taurus cattle, known as
the Sanga. The Nguni is well known for its adaptability to harsh climatic conditions and its resilience
to parasites and their diseases. Ticks and tick-borne diseases pose a major threat to global livestock
industries. The methods of tick control and the effect of these parasites cause large economical
losses and have an impact on the environment and the health of animals and humans. Within and
between breed variations in tick resistance are evident. Breeding for tick resistance is a safe,
effective and economically viable method for controlling ticks. This study aimed to determine the
non-genetic effects on tick resistance in 347 Nguni cattle located across three different provinces in
South Africa. Tick counts were taken over a two-year period from 121, 92 and 134 Nguni cattle
located at Mukhuthali Nguni Community farm in Kwa-Zulu Natal, the Agricultural Research Council
(ARC) Loskop farm in Limpopo and the ARC Roodeplaat farm in Gauteng respectively. A
generalized linear model was run in SAS version 7.1 to determine the effect of location, season, sex,
age of the animal and year of counting on tick resistance. Factors significantly influencing tick

infestation included location, season, age and year of count.

3.2 Introduction

Ticks are economically one of the most important constraints in livestock industries worldwide
(Mapiye et al., 2009), with more than 80% of global cattle populations demonstrating tick infestations
(Asmaa et al., 2014). These parasites are blood feeding arthropods and comprise of approximately
900 species subdivided into three different families, Argasidae, Ixodidae and Nuttalliellidae (Nava et
al., 2009). The different classification of tick families is attributable to morphological, biological and
ecological characteristics (Jongejan & Uilenberg, 2004; Nava et al., 2009). Argasidae species live
close to their host and only feed for short intervals (Jongejan & Uilenberg, 2004). Ixodidae species
are differentiated according to the number of host species they attach to (Jongejan & Uilenberg,
2004). Tick species transmit a variety of diseases including anaplasmosis, babesiosis, heartwater
and theileriosis (Mtshali et al., 2004), and also cause direct harm to an animal through blood loss,

stress and skin irritation and lesions (Jongejan & Uilenberg, 2004; Ghosh et al., 2007).

The level of tick infestation varies due to climate, tick species, agro-ecological conditions and the

susceptibility of an animal to infestation (Jongejan & Uilenberg, 2004; Regitano & Prayaga, 2010;
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Kabir et al., 2011). The occurrence of tick infestations is greater in tropical and subtropical regions
when compared with temperate regions (Jongejan & Uilenberg, 2004). In general, tick burden is
greater in warmer areas with high rainfall and good vegetation (Mapholi et al., 2014). Rangeland
also has an influence on tick load, with sour rangelands presenting greater tick burden (Muchenje et
al., 2008; Mapiye et al., 2009; Marufu et al., 2011a). The ability of an animal to withstand tick
infestation and limit the number of ticks which survive to maturity is defined as tick resistance (Utech
etal., 1978). Tick resistance varies within and between cattle breeds and is influenced by behavioral,
morphological, and physiological characteristics (Mapholi et al., 2014). Morphological individualities
including coat characteristics, skin thickness and body size can enhance tick resistance, by
preventing tick attachment and biting (Marufu et al., 2011b; Mapholi et al., 2014). Physiological
characteristics include cellular and immunological skin responses (Piper et al., 2010; Mapholi et al.,
2014), age, breed and sex (Asmaa et al., 2014).

A number of breeds that have developed in areas with a high prevalence of ticks demonstrate an
enhanced ability to resist these arthropods and their diseases. One such breed is the South African
Nguni (Schoeman, 1989; Mapiye et al., 2009; Mirkena et al., 2010). The Nguni is a Sanga type cattle
breed which is able to survive and produce under severe environmental conditions (Mirkena et al.,
2010). Sanga cattle breeds are a cross between Bos indicus and Bos taurus (Ibeagha-Awemu et al.,
2004) and harbor less ticks when compared to foreign breeds (Mattioli et al., 2000; Gifford-Gonzalez
& Hanotte, 2011). The remarkable adaptability and resilience reported in the Nguni (Schoeman,
1989), provide a valuable breed in which to investigate the non-genetic effects of tick resistance.
This study aimed to determine the non-genetic effects of tick resistance in South African Nguni cattle

from three different provinces in South Africa.

3.3 Methods and Materials

3.3.1 Experimental animals

Tick count data was collected from 347 South African Nguni cattle from three different herds across
three different provinces in South Africa. Animals were randomly selected across ages. A total of 16
males, 329 females and two animals with their sex incorrectly recorded were subject to tick count

data collection.

3.3.2 Sample locations

Nguni cattle located at the Agricultural Research Council (ARC) Loskop Research Farm (29° 23' 09"
E and 25° 04' 42" S) in the Limpopo province (n=92), The Agricultural Research Council (ARC)
Roodeplaat Research Farm (28°35" E and 25°59" S) located in the Gauteng province (n= 134) and
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the Mukhuthali Nguni Community Farm located in the Kwa-Zulu Natal province (n=121) were
sampled (Figure 3.1). Kwazulu Natal has a wet sub-tropical agro-ecological climate with an average
annual summer and winter rainfall of 800mm and 200mm respectively (Gbetibouo & Hassan, 2005).
The average temperatures range from 23° C in summer to 16°C in winter (Gbetibouo & Hassan,
2005). The ARC-Loskop is located at 29° 23' 09" E and 25° 04' 42" S in the Limpopo Province at an
altitude of 947m above sea level. Limpopo has an arid agro-ecological climate with an average
annual summer and winter rainfall of 600mm and 150mm respectively (Gbetibouo & Hassan, 2005).
The average temperatures range from 25° C in summer to 18°C in winter (Gbetibouo & Hassan,
2005). The ARC-Roodeplaat is located at 28°35"E and 25°59"S in the Gauteng Province at an
altitude of 1232m above sea level. Gauteng has an arid agro-ecological climate with an average
annual summer and winter rainfall of 600mm and 150mm respectively (Gbetibouo & Hassan, 2005).
The average temperatures range from 20° C in summer to 13°C in winter (Gbetibouo & Hassan,
2005).

One hundred and twenty-one Nguni cattle were sampled at Mukhuthali. One hundred and four
animals were female, 15 were male and two were unknown due to incorrect recording. Ninety-two
Nguni cattle were sampled at Loskop, all of which were female. One hundred and thirty-four Nguni
cattle were sampled at Roodeplaat. One hundred and thirty-three animals were female with only one

being male.
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Figure 3.1 Geographical location of the Mukhuthali (1), ARC Loskop (2) and ARC Roodeplaat (3) farms where
347 South African Nguni cattle were sampled for this study.

3.3.3 Tick counts

Tick count data was collected over a two-year period from May 2012 to April 2014 as described by
Mapholi et al. (2016). Data collected was divided into two years with year one being from May 2012
to April 2013 and year two being from May 2013 to April 2014. Animals were subjected to natural
tick infestation. Two specially trained technicians conducted all counts. Each animal was counted by
two people at the same time with each individual counting half the body. Adult tick counts of the
back, the belly (including the udder and testicles), the inside and outside of the ears, the head, legs,
neck (including the gullet), perineum and tail (including underneath the tail) were performed per
animal. Each month, immediately after tick count collection, each animal was spray dipped with
flumethrin pour-on formulation “Drastic Deadline®”. Tick counts were recorded per season and
seasons were classified as hot wet (December, January and February), cool wet (March, April and
May), cool dry (June, July and August) and hot dry (September, October and November). The data
recorded for each animal included location, month, year, season, animal ID, sire ID, dam ID, date of

birth, age, sex, collection date and total tick count.
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3.3.4 Statistical analyses

Data was analyzed using Statistical Analysis System (SAS) Enterprise guide software (Version 7.1,
2014; SAS Institute Inc, Cary, NC, USA). To ensure normality, tick count data was transformed using
base 10 logarithm. A generalized linear model (PROC GLM) was used to determine the non-genetic
effects of tick resistance. The model fitted the fixed effects of season and year of tick count as well
as the location, sex and age of the animal. The model was as follows:

Yijkom = 0+ Li + 8+ D + Gy + (Am) + Eijiam

Yiwm = Log transformed tick count

K = Overall mean

L; = Location (1, 2 or 3)

S; = Season (1, 2, 3 or 4)

D, = Effect of year (1 or 2)

G, = Effect of sex (1, 2 or other)

Am = Age (Age in years at date of tick count collection)

&ijium = Random residual error

3.4 Results and Discussion

3.4.1 Nguni tick count summary statistics

Tick counts of the 347 Nguni cattle recorded from May 2012 to April 2014 ranged from 0 to 198 with
a mean tick count of 24.62 (Table 3.1). Budeli et al. (2009) found tick counts to range from 18.6 to
58.7 in Bonsmara cattle located in Limpopo, North-West and the Western Cape. Corbet et al. (2006)
report mean tick count of 37 in South African Bonsmara and Australian Belmont Red cattle raised in
four regions of South Africa. Turner et al. (2010) on the other hand report mean tick counts ranging
from 30 to 124.8 in a variety of Bos taurus dairy cattle breeds in Australia. The mean observed in
this study is less than that of Turner et al. (2010). This could be due to the fact that Turner et al.
(2010) only took mean daily tick counts of 20 or more into consideration. Loskop farm not only had
the highest mean tick count of 30.12, but also the highest spread of counts (Standard deviation -
20.12). The high tick counts reported at Loskop could be attributable to environmental factors

favoring high tick burden.
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Table 3.1 The minimum (Min), maximum (Max), mean, standard deviation (SD) and coefficient of variation
(CV) of tick count data for 347 South African Nguni cattle at Mukhuthali, Loskop and Roodeplaat over a period

of two years in South Africa.

Location Min Max Mean Mean* SD SD* CV (%)
Mukhuthali 0 77 18.24 1.19 11.33 0.31 62.11
Loskop 0 198 30.12 1.39 20.12 0.33 66.79
Roodeplaat 0 118 26.43 1.35 18.46 0.33 69.86

*Mean and standard deviation (SD) of transformed tick counts

3.4.2 Influence of location on tick count of Nguni cattle

Location had a significant effect (p<0.001) on Nguni cattle tick count. Mukhuthali Nguni community

farm is located in Kwazulu Natal.

Agro-ecological conditions influence tick burden in cattle with tropical and subtropical regions being
host to greater infestation and tick diversity (Jongejan & Uilenberg, 2004; Regitano & Prayaga, 2010;
Katiyatiya et al., 2014). In South Africa, studies have shown humid-coastal areas to demonstrate
greater tick loads (Katiyatiya et al., 2014) which is contradictory to that of this study. Loskop reports
the greatest mean tick count followed by Roodeplaat and Mukhuthali (Figure 3.2). The variation
could be attributable to temperature differences, as Loskop has a higher average temperature than

the other locations and could explain the greater tick infestation.
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Figure 3.2 Mean tick counts of 347 Nguni cattle at Mukhuthali, Loskop and Roodeplaat

3.4.3 Influence of sex on tick count of Nguni cattle

Sex did not show a significant effect on the resistance of an animal, however a higher mean tick
count was observed in female animals (Figure 3.3). These findings are in accordance with that of
Kabir et al. (2011), Asmaa et al. (2014) and Rehman et al. (2017), who report significantly higher
tick infestation in female cattle, however Martinez et al. (2006) report tick load to be greater in males.
It has been reported that female animals are more susceptible to tick infestation due to the stressors
of pregnancy and lactation (Sutherst et al., 1983; Kabir et al., 2011). Hormonal influences can also
attribute to susceptibility of male and female animals (Lloyd, 1983; Hughes & Randolph, 2001). In
females, higher levels of prolactin and progesterone can make an animal more susceptible (Lloyd,
1983), with testosterone in males reducing acquired and innate resistance (Hughes & Randolph,
2001).
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Figure 3.3 Mean tick counts of male and female Nguni cattle across three locations in South Africa

3.4.4 Influence of season on tick count of Nguni cattle

Season had a significant influence on tick count (p<0.001). Loskop showed the highest mean tick
count for all seasons, except for the cool wet season in which Roodeplaat displayed the highest
mean tick count (Figure 3.4). Mukhuthali showed the lowest mean tick counts across all seasons.
The cool dry season displayed the lowest mean tick count across all locations, with the hot wet and
hot dry seasons displaying the highest mean tick counts at all locations, except for Mukhuthali. These
findings are in correspondence with those of Muchenje et al. (2008), Marufu et al. (2011a) and
Katiyatiya et al. (2014), who found the prevalence of ticks to be greater in the hot wet seasons than
in the cool dry seasons. The higher tick infestations during the hot wet season could be attributable
to conditions more suited for breeding and survival as ticks thrive in hot, humid environments (Webb
& David, 2002; Katiyatiya et al., 2014).
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Figure 3.4 Mean tick count per season (Cool dry, cool wet, hot dry and hot wet) for 347 Nguni cattle at
Mukhuthali, Loskop and Roodeplaat.

3.4.5 Influence of year on tick count of Nguni cattle

Tick counts were collected over a two-year period with year one being from May 2012 to April 2013
and year two being from May 2013 to April 2014. The year in which tick counts were collected had
a significant effect on tick count (p<0.001). Roodeplaat had the highest mean tick count for year one,
with Loskop having the highest mean tick count for year two (Figure 3.5). Mukhuthali displayed the
lowest mean tick counts for both years.
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Figure 3.5 Mean tick counts per year for 347 Nguni cattle at Mukhuthali, Loskop and Roodeplaat

3.4.6 Influence of age on tick count of Nguni cattle

The age of the animal at the time of tick count collection had a significant effect (p<0.001) on tick
count. Animals younger than five years showed the lowest mean tick counts except for
Roodeplaat, which showed animals older than 5 to 10 years to have the lowest mean tick count
(Table 3.3). These results are similar to that of Marufu et al. (2011a) and Asmaa et al. (2014) who
report the level of tick infestation to be higher in older animals. Kabir et al. (2011) however,
reported the prevalence of ticks to be higher in younger animals. The observation of younger
animals displaying lower tick loads, could be due to an innate form of immunity which declines with
age (Wikel & Bergman, 1997).

Table 3.2 Mean tick counts of Nguni cattle younger than 5 and older than 5-10, 10-15 and 15-20 years sampled

from three different locations in South Africa.

Age of animal in years

Location
<5 >5-10 >10-15 >15-20
Mukhuthali 17.00 19.47 20.37 -
Loskop 18.32 30.50 30.03 32.35
Roodeplaat 26.70 25.13 27.88 31.84
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3.5 Conclusion

The non-genetic effects influencing tick resistance as represented by tick count in Nguni cattle from
three different locations in South Africa were location, season, year of tick count and age of the
animal. Loskop displayed the highest tick infestation, which could be attributable to reports that
locations located further North in areas exhibiting higher temperatures showed greater tick loads.
The hot wet and hot dry seasons displayed the greatest mean tick counts at Loskop and Roodeplaat,
however Mukhuthali had the greatest mean tick count during the cool wet season. Animals younger
than five years had lower tick counts. This could be due to an innate immunity which declines with

age.
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Chapter 4
The Association of Copy Number Variations with Tick

Resistance in South African Nguni Cattle

4.1 Abstract

Ticks and tick-borne diseases pose a major threat to livestock industries worldwide. The South
African Nguni is a locally adapted cattle breed that is known for its resilience to ticks and tick-borne
diseases. Copy number variation regions (CNVRs) comprise insertions, duplications and deletions
within the genome that are larger than 1kb and play a possible role in adaptation. A preliminary
investigation to determine the association between CNVRs and tick resistance in South African
Nguni cattle was performed. Tick count data was collected from 347 randomly selected Nguni cattle
from three different locations within South Africa over a period of two years. Data was split per
location and summary statistics were used to determine quartile and interquartile ranges of tick
counts. Animals which had an average tick count lower than or equal to the first quartile were
classified as resistant (1) while all animals with an average tick count greater than or equal to the
third quartile were classified as susceptible (0). Animals which were neither resistant nor susceptible
were removed from further analyses. DNA extracted from hair and blood samples was genotyped
using the lllumina BovineSNP50 assay. Quality control and sample pruning was performed using
Plink (Version 1.07) leaving 41 193 high quality SNPs. LogR ratios and B allele frequency data of
filtered SNPs was extracted and PennCNV software was utilized to identify 1 501 CNVs. A data file
containing respective copy number states (0, 1, 2, 3 or 4) of CNVR loci for each animal was
generated. Contingency tables testing the hypothesis that tick resistance is associated with CNVRs
was run using STATISTICA 64. Seventeen CNVRs located on chromosomes 1, 2, 6,7, 8,9, 12, 15,
17, 20, 21, 22, 24 and 29 demonstrated a significant (p<0.05) association with tick resistance.
Associated CNVRs covered 17 genes that play a role in multiple molecular functions and biological
processes including catalytic activity, binding functions and immune, metabolic, cellular and
reproduction processes respectively. This study is the first of its kind to demonstrate a significant

association between tick count and copy number variations in South African Nguni cattle.

4.2 Introduction

Ticks transmit a magnitude of pathogenic diseases and are a major threat to livestock industries
worldwide. Current tick control methods include acaricides, biological control, grazing management,
vaccines and breeding strategies (Frisch, 1999). These approaches, do however have

compromising side effects. Chemical residues in livestock products, environmental contamination
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and the increasing levels of host resistance are issues faced by farmers on a daily basis (Porto Neto
et al., 2011). There is thus a need to develop alternative control methods. Exploiting genetically
resistant breeds and utilizing host resistance is an innovative tick control strategy that is long-term,
safe, effective and economically viable. The South African Nguni is an indigenous Sanga type cattle
breed that is well known for its resilience to ticks and tick-borne diseases (Schoeman, 1989; Makina
et al.,, 2014). These multi-coloured, small to medium framed animals have undergone minimal
synthetic breeding and are well adapted to harsh environmental conditions (Schoeman, 1989;
Makina et al., 2014; Wang et al., 2015). The remarkable adaptability and resistance of the Nguni
breed could be due to favourable phenotypic and/or genotypic characteristics however, this has not
yet been fully established (Marufu et al., 2011b).

Genomic variants and their impact on phenotypic variation in livestock, is an important area of
research (Kijas et al., 2011). Several forms of genomic variation exist and include single nucleotide
polymorphisms (SNPs), gene or chromosomal rearrangements, nucleotide or gene alterations and
copy humber variations (CNVs) (Feuk et al., 2006; Ibeagha-Awemu et al., 2008; Liu et al., 2010).
Copy number variations are segments of chromosomal regions which are larger than 1kb in size and
comprise of insertions, deletions and duplications across the genome (Sebat et al., 2004; Tuzun et
al., 2005; Cicconardi et al., 2013). These regions cover a larger percentage of the genome when
compared with SNPs, and could exert an array of effects including changing gene structure and
dosage, alternating gene regulation and exposing recessive alleles (Zhang et al., 2009).
Understanding the genetic background of functional and productive traits in cattle is of great
economic importance and biological significance and therefore understanding the different forms of
genetic variation, particularly CNVs, and their association with important phenotypes is an area of

major interest (Cicconardi et al., 2013).

Copy number variations have been detected within the bovine genome (Bae et al., 2010; Hou et al.,
2011; Liu & Bickhart, 2012) and although their contribution towards phenotypic variation and disease
susceptibility is partially known, there is still a lot more to be discovered (Cicconardi et al., 2013).
Following the discovery of bovine CNVs, the genetic effects of CNVs and their impact on
economically important traits in cattle can be investigated (Bae et al., 2010). Genes found within
copy number variable regions (CNVRSs) in cattle have been recognized to play a role in biological
response and adaptation mechanisms (Kijas et al., 2011), however it is an area that lacks research
(Bae et al., 2010). Recent studies in cattle, have established genes within CNVRs to be associated
with multiple traits including growth (Zhou et al., 2016), milk production (Xu et al., 2014a), nematode
resistance (Hou et al., 2012), fertility (Glick et al., 2011) and meat tenderness (Da Silva et al., 2016).
Copy number variations are evident in Nguni cattle (Wang et al., 2015). Genes detected within
CNVRs in this study were responsible for multiple biological processes and could play a role in the

adaptive traits evident in Nguni cattle populations. Genes within CNVRs and their association with
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tick resistance in Nguni cattle is an area of research still to be explored. Up to now, no study of the
relationship between CNVRs and tick count in Nguni cattle has been published. The present study
is the first to determine the association between CNVRs and tick count in South African Nguni cattle.
Using lllumina BovineSNP50 assay data (lllumina Inc., San Diego, CA, USA) of 347 Nguni cattle
across South Africa, we detected CNVs and performed an association analysis between CNVRs
and tick count in order to identify genes associated with tick resistance. Genes detected within
CNVRs in this study could be used in future selection and breeding programs to improve tick

resistance among cattle populations.

4.3 Methods and Materials

4.3.1 Animal samples and tick counts

Tick count data was collected over a two-year period from 347 randomly selected Nguni cattle across
three different provinces in South Africa. The method used to collect data has been described in
chapter 3. As locality has a significant influence on tick count (Chapter 3), distribution statistics of
Nguni tick counts were determined per location. These statistics were used to classify animals as
susceptible (0) or resistant (1) across two levels of resistance. For resistance level one (L1), those
animals demonstrating a mean tick count of less than or equal to the 1% quartile were classified as
resistant, while all animals with a tick count of greater than or equal to the 3™ quartile were classified
as susceptible. Those animals falling between these ranges were excluded from further analyses.
For resistance level two (L2), half the standard deviation was added to the 1% quartile and subtracted
from the 3" quartile to determine the lower and upper limits for resistance and susceptibility. As per

L1, those animals lying between these two limits were excluded from further analyses.

4.3.2 DNA sample collection

Blood and hair samples were taken from 347 Nguni cattle as described by Mapholi et al. (2016).
DNA was extracted from blood and hair samples by proteinase-K digestion, followed by phenol:
chloroform: isoamyl alcohol extraction and ethanol precipitation (Sambrook et al., 1989). The quality
and quantity of extracted DNA was measured using a Thermo Scientific NanoDrop 2000
spectrophotometer. A Qubit 2.0 Fluorometer was used to verify DNA concentrations which were then
normalized to 50ng/pl. Only those samples with a concentration of 45ng/pl or more were utilized for

subsequent analysis and genotyping.

4.3.3 Single nucleotide polymorphism detection and gquality assessment

DNA samples were genotyped using the Illumina BovineSNP50 assay (lllumina Inc., San Diego, CA,
USA). The Illlumina BovineSNP50 assay spans the bovine genome and consists of 54 609 highly

informative markers. Quality control and sample pruning was performed using Plink (Version 1.07)
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(Purcell et al., 2007). Single nucleotide polymorphisms with a minor allele frequency of greater than

0.02 and/or a genotype rate of less than 0.95 were removed from the data set.
4.3.4 Generation of CNV calls and filtering

Using GenomeStudio, a signal intensity file was created for analysis by PennCNV (Wang et al.,
2007a). This file contained the Log R ratio (LRR), B allele frequency (BAF), G type, chromosome
and position of each individual and probe. The Log R ratio is the total fluorescent intensity signal
from both sets of probes or alleles at each SNP (Wang et al., 2007a). The BAF is the inference of
the relative ratio of the fluorescent signals between two probes or alleles at each SNP (Wang et al.,
2007a). PennCNV is a CNV detection algorithm which utilizes fluorescent signal intensities from
SNP arrays (Cicconardi et al., 2013; Zhu et al., 2016). Other CNV detection algorithms have been
developed, but PennCNV has outperformed many of them with low bias and enhanced accuracy
and CNV calling (Wang et al., 2007a; Cicconardi et al., 2013; Xu et al., 2013). PennCNYV utilizes a
Hidden Markov Model (HMM) to detect CNVs from SNP genotyping data (Wang et al., 2007a). The
HMM model presumes that the hidden copy number state of each SNP is that of the previous SNP
(Wang et al., 2007a). The PennCNV compile_pfb, detect_cnv.pl and filter_cnv.pl scripts were run.
Compile_pfb was used to create the population frequency of B allele (pfb) file (Wang et al., 2007a),
detect_cnv.pl detected CNVs on 29 autosomes (Wang et al., 2015) and filter_cnv.pl was run to
perform quality control. For quality control, CNVs with a LRR standard deviation (SD) greater than
0.3, a BAF drift of greater than 0.01 and/or a waviness factor of greater than 0.05 were excluded
from the data set.

4.3.5 Generation of CNVRs from CNVs for association analyses

A CNV output file was created using PennCNV. This was merged with L1 and L2 resistance data of
the 179 and 306 animals respectively. The method of Lin et al. (2013) was used to create CNVRs
from overlapping and adjoining CNVs identified within and across samples. Copy number variable
regions were compiled per chromosome. For two CNVs with CNV1 beginning at position a and
ending at position b and CNV2 running from c to d, with a < ¢ < b < d, three different CNVRs would
be generated (Keel et al., 2016). CNVR_1 would be at position a, CNVR_2 would be from position
b to ¢ and CNVR_3 would be at position d. Details on constructing CNVRs are illustrated below
(Figure 4.1). For this study copy number variable regions were considered to be greater than 1 kb in
size (Bae et al., 2010; Cicconardi et al., 2013; Wang et al., 2016) and therefore if a CNVR was
detected at only one breakpoint, it was removed from the matrix. In order to reduce the number of
false positive CNVs, CNVRs were removed from further analyses if they were only detected in one
individual. Each animal was assigned a copy number (CN) state as per the CNV detected at that
location. It was ensured that CNVRs were created according to the breakpoints and CN states as
per CNV. Copy number states were classified as follows: No CNV present (0), hemizygous deletion

(1), homozygous deletion (2), hemizygous duplication (3) and homozygous duplication (4). Copy
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number variable region matrices, one for L1 resistance and one for L2 resistance, were created.

These matrices included the sex, location and resistance data of all animals.

A2 Al

Animal ID
A4

A3

A5

A6

12116620 12249649 19793211 20146107 20229329 20550545 27148415 27644999

Chromosome base pair location

Figure 4.1 A section of chromosome one demonstrating how CNVRs were constructed from CNVs identified
in South African Nguni cattle. Every CNV was deconstructed to form multiple CNVRs as indicated by different

colours.

4.3.6 Association analyses

Data was analysed using STATISTICA 64 (Dell Inc. (2016). Dell Statistica (data analysis software

system), version 13. https://support.software.dell.com/statistica/)

Contingency tables were used to test the following hypotheses:

Ho: There is no association between tick resistance and CNVRs in Nguni cattle

Hi: There is an association between tick resistance and CNVRs in Nguni cattle.

Both variables are nominal of nature and the maximum likelihood chi-square test was used to
compare the frequencies observed due to an animals tick resistance/susceptibility [Susceptible (0)
or resistant (1)] and CNVR (0, 1, 2, 3 or 4).

The test statistic G represents the maximum likelihood test and is computed as follows:
n
=23 00m(3)
= PR n —
. E;
l
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Where

n is the total number of observations

0; is the observed frequency of each value (L1/L2 — 0/1; CN per CNVR -0, 1, 2, 3, 4)

E; is the expected frequency for each given value under the null hypothesis

The hypothesis is rejected if the value of G exceeds the 95% percentile of the chi-square distribution
with (r-1)*(c-1) degrees of freedom, where r = number of levels of tick resistance and c= number of

levels of CNVR as observed.

4.3.7 Gene ontology analyses

The gene content of those CNVRs found to be significantly associated with tick resistance was
investigated. RefGene annotations (USCS, downloaded on
htt://genome.ucsc.edu/goldenpath/gbdDescriptionsOld.html) were used to identify genes within a
10Mb region surrounding specific CNVRs. The PANTHER database was used to establish Bos
taurus gene ontologies. Using PANTHER, the hypothesis that genes within CNVRs were over or
under represented in PANTHER molecular function, pathways, biological processes and cellular
components was tested using the Bonferroni corrections on the panterdb.org website at the p = 0.05
level.

4.4 Results and Discussion

4.4.1 Nguni tick count summary statistics

Animals were classified as susceptible (0) or resistant (1) across two levels of resistance (L1 and
L2), according to cut-offs determined using distribution statistics (Table 4.1). After resistance
classification 179 and 306 animals remained at L1 and L2 respectively (Table 4.2). At both levels of
resistance, Loskop had the lowest number of susceptible animals, but in this study this location
displayed the highest mean tick count (Chapter 3). This could be due to the expression of genes
involved in immunity mechanisms of animals subject to greater tick infestation. Wang et al. (2007)
and Piper et al. (2008) found animals previously subject to infestation to have enhanced levels of

resistance due to up and downregulation of different genes.

50



Stellenbosch University https://scholar.sun.ac.za

Table 4.1 Distribution cut-offs for susceptible (0) and resistant (1) animals at Mukhuthali, Loskop and
Roodeplaat at L1 and L2.

Resistance Resistance Location
level category* Mukhuthali Loskop Roodeplaat
L1 0 >20.35 234.24 >30.04
1 <15.82 <25.59 <22.96
L2 0 >18.35 >30.99 227.54
1 <17.82 <28.84 <25.46

* 0 — Susceptible; 1 — Resistant

Table 4.2 The number of susceptible (0) and resistant (1) animals at Mukhuthali, Loskop and Roodeplaat at
Lland L2

Resistance Resistance Location
Level Category* Mukhuthali Loskop ro0deniaat
L1 0 30 23 34
1 31 25 36
L2 0 56 38 57
1 55 38 62

* 0 — Susceptible; 1 — Resistant

4.4.2 Single nucleotide polymorphism quality control

The Illumina BovineSNP50 assay (lllumina Inc., San Diego, CA, USA) that spans 54 609 SNP
markers was used in this study. After genotyping, 1 315 variants with a call rate of less than 95%
were removed along with an additional 12 332 variants with a minor allele frequency of less than
0.02. This left 41 193 SNPs for further analyses.

4.4.3 Copy number variant detection

Using PennCNYV a total of 1 501 CNVs in 277 of the 347 animals were detected on all autosomes.
These CNVs ranged from 1 kb to 3 Mb with the highest frequency of CNVs being found on
chromosome 1 (8.5%). Isolated deletion and duplication CNV events as well as CNVs comprising
both deletions and duplications were identified (Table 4.3). PennCNV has been seen to identify more
deletions than duplications (Eckel-Passow et al., 2011) in discord with the current study as CNVs
detected comprised of more duplications. Hou et al. (2011) studied CNVs in a variety of cattle breeds
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and reported African breeds to have more CNV duplications than deletions when compared with
composite, taurine and indicine breeds. A later study by Hou et al. (2012) reported more CNV
duplications than deletions in Angus cattle. Selective pressures have an influence on deletions and
duplications (Hou et al., 2012). Deletions are known to be further away from genes and could have
less of an impact, while the effect of duplications could be greater due to amplification, positive
selection and conversion (Hou et al., 2012).

Table 4.3 Summary statistics of CNV deletions and duplications detected in 347 South African Nguni cattle.
The type (Del, dup or both), number of CNVs (CNVs), minimum length (MinL), maximum length (MaxL) and
average length (AvL) of CNVs.

Type* CNVs MinL (bp) MaxL (bp) AvL (bp)

Del 705 1023 2193045 222 189.03

Dup 744 2118 3252826 407 660.83

Del/Dup 52 1743 1017206 139 232.75

*Del — Deletion; Dup — Duplication; Del/Dup — Deletion and duplication CNV

4.4.4 Copy number variable region discovery

Copy number variable regions were generated by aggregating overlapping CNVs as described in a
published protocol by Lin et al. (2013). A total of 344 CNVRs were discovered across 29 autosomes
(Table 4.4). Sizes of CNVRs ranged from 14 to 914 kb with an average of 121 kb and a median of
91 kb. The distribution of CNVRs varied across chromosomes. Chromosome 6 displayed the
greatest number of CNVRs (27) with chromosome 25 having the least CNVRs (3). Jiang et al. (2012)
and Cicconardi et al. (2013) both report the greatest number of CNVRs on chromosome 6, however
Jiang et al. (2012) detected the least amount of CNVRs (0) on chromosomes 22, 25 and 29.
Cicconardi et al. (2013) report the least CNVRs on chromosome 29. In this study chromosome 29

presented nine CNVRs.

The number of CNVRs across chromosomes is known to differ. Larger chromosomes (Fadista et al.,
2010) and pericentrometric and subtelometric regions (Liu et al., 2010) are seen to harbour a greater
number of CNVs. Large numbers of CNVs have also been detected on chromosomes which have a
greater number of segmental duplications (Liu et al., 2009, 2010). Segmental duplications are DNA
regions larger than 1kb whose sequences are at least 90% identical to multiple genomic loci (Bailey,
2002; Cicconardi et al., 2013). These regions are catalysts and hotspots for the formation of CNV’s
(Sharp et al., 2005; Margues-Bonet et al., 2009). Chromosomes 5, 18, 27 and 29 demonstrate a
large percentage of segmental duplications (Liu et al., 2010). In this study chromosomes 5, 18, 27

and 29 presented 11, 6, 8 and 9 CNVRs respectively (Table 4.4).
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Chromosomes displaying a large number of segmental duplications have been reported to display
a small number of SNPs (Liu et al., 2009). This is partially true for this study, as 1 054, 750 and 810
SNPs were detected on chromosomes 18, 27 and 29 respectively, however, 1 629 SNPs were

identified on chromosome 5 which is higher than the average number of SNPs per chromosome.

Estivill & Armengol (2007) state that a significant number of CNVs are not genotyped due to the fact

that they fall within regions not covered by SNP arrays. In this study, many CNVRs were detected

within chromosomes displaying a large number of SNPs, however we cannot rule out the possibility

of more CNVRs being identified within regions not tagged by SNP arrays.

Table 4.4 The number of SNPs, the number of CNVRs and the minimum length (MinL), maximum length
(MaxL) and average length (AvL) of the CNVRs identified across 29 autosomes of 347 South African Nguni

cattle.

CHR SNPs CNVRs MinL (bp) MaxL (bp) AvL (bp)
1 2624 23 14 900 313572 104 540.35
2 2127 22 22 341 580 894 106523.05
3 1956 20 22 169 714 764 187 840.65
4 1953 24 21 493 514 764 118 281.88
5 1629 11 20 558 443 571 120 722.91
6 2010 27 25 877 399 918 101 747.15
7 1777 16 23623 375762 110 465.38
8 1878 11 30741 271 288 132 265.64
9 1536 11 28 923 301 185 95 994.18
10 1673 9 59 446 115 398 93 385.11
11 1688 20 26 150 534 854 132 488.60
12 1345 20 33437 392714 146 818.90
13 1344 6 49 104 195 515 125 694.33
14 1432 9 27 947 264 011 122 138.11
15 1319 9 52 550 277 003 125 308.56
16 1294 5 38 759 165 774 97 461.00
17 1255 11 37 542 914 679 170 086.36
18 1054 6 38 700 161 641 76 220.83
19 1062 4 21 690 92 602 48 940.00
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CHR SNPs CNVRs MinL (bp) MaxL (bp) AvL (bp)
20 1207 15 23 865 284 950 128 003.00
21 1118 11 25 005 408 468 116 309.36
22 1007 4 21522 224 514 100 427.00
23 848 4 26 699 61 754 45 677.75
24 977 8 38738 171 046 80 942.75
25 762 3 53 250 429 046 295 852.33
26 863 10 61 992 240 104 118 450.00
27 750 8 54 342 232 768 114 140.00
28 751 8 104 015 186 333 147 767.00
29 810 9 16 685 466 283 120 210.33

Of the 344 CNVRs detected, 113 showed copy number loss, 89 showed copy number gain and 142
showed both copy number loss and gain (Additional file 4.1). These results are similar to those of
other bovine studies. Jiang et al. (2012) report 99 CNVRs in Chinese Holstein of which 81, one and
17 were loss, gain and loss and gain events respectively. Cicconardi et al. (2013) report 326 CNVRs
in Bos taurus breeds of which 192 were loss events, 31 gain events and 103 loss and gain events.
These studies report more loss than gain events which is in concurrence with this study. In CNVRs,
loss events are more common than gain events (Cicconardi et al., 2013), which could be attributable
to biological and/or technical reasons, such as the CNV detection algorithm used, the mechanism of
CNV formation or selection pressures imposed (Fadista et al., 2010). The PennCNV algorithm is
reported to identify more deletions than duplications (Eckel-Passow et al., 2011). More deletions are
also generated through the mechanism of non-allelic homologous recombination (Turner et al.,
2008).

The CNVRs detected covered 1.66% of the bovine genome. This figure is slightly higher than that
of Wu et al. (2015) who report 263 CNVRs, covering 1.41% of the genome. The CNVRs detected by
Wu et al. (2015) comprised of 113 loss, 89 gain and 142 loss and gain events. Comparison of these
results with autosomal CNVRs identified in several cattle studies showed very little overlap of exact
CNVR breakpoints. The CNVRs identified in this study overlap or lie within close proximity (<1Mb)
to CNVRs identified by Bae et al. (2010), Jiang et al. (2012), Cicconardi et al. (2013) and Wu et al.
(2015). Many factors, including sample data, experimental method, allelic frequencies and the
statistical model used, can have an influence on the exact locality of CNV breakpoints (Dellinger et
al., 2010).
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4.4.5 Copy number variable regions associated with tick resistance

Atresistance level 1 (L1), six CNVRs demonstrated a significant association (p<0.05) with tick count.

These CNVRs were detected on chromosomes 6, 8, 12, 17, 21 and 22 (Figure 4.2). Resistance level
2 (L2) reported 14 CNVRs significantly associated (p<0.05) with tick count (Figure 4.3). These
CNVRs were located on chromosomes 1, 2, 6, 7, 9, 12, 15, 20, 21, 22, 24 and 29. The difference in
the number of significant CNVRs at the two different resistance levels could be due to stringency

and the presence of more copy numbers, with the less stringent classification (L2) harbouring more

significant CNVRs. Three CNVRs on three different chromosomes were significant across both

levels of resistance. These CNVRs were located on chromosome 6, 12 and 21 between base pairs
10 760 779 to 10 838 635, 90 704 572 to 90 778 028 and 71 025 601 to 71 109 676 respectively. In
total, 17 CNVRs were significantly associated (p<0.05) with tick count across L1 and L2. Significant
CNVRs were detected on chromosomes 1, 2, 6, 7, 8, 9, 12, 15, 17, 20, 21, 22, 24 and 29.
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Figure 4.2 Manhattan plot for L1 CNVRs on all 29 autosomes (x-axis) and the corresponding —logiop-value
(y-axis) indicating the association strength with tick resistance. The red line indicates the —logiop-value (0.05)
with all CNVRs above this being significant
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Figure 4.3 Manhattan plot for L2 CNVRs on all 29 autosomes (x-axis) and the corresponding —logiop-value
(y-axis) indicating the association strength with tick resistance. The red line indicates the —logiop-value (0.05)
with all CNVRs above this being significant

In total, 55 of the 347 animals harboured significant CNVRs (Table 4.5). Significant CNVRs were
more prevalent in susceptible animals than in resistant animals across L1 and L2. At L1, four
significant CNVRs were detected in susceptible animals, while resistant animals presented two.
Eleven and seven significant CNVRs were detected in susceptible and resistant animals at L2
respectively. The average and maximum lengths of CNVRs was greater in susceptible than resistant
animals across L1 and L2, however L2’s average lengths were much shorter than those of L1. The
minimum length of CNVRs at L1 was longer in resistant animals when compared to susceptible
animals. At L2, the minimum length was the same in both resistance categories. This is due to the
fact that the shortest CNVR, which was discovered on chromosome 29, was detected in both
susceptible and resistant animals. Significant CNVRs overlapped a total of 12 and 9 genes in
susceptible animals at L1 and L2 respectively. No genes overlapped with significant CNVRs in
resistant animals at L1, however significant CNVRs in resistant animals at L2 overlapped with three

genes.

56



Stellenbosch University https://scholar.sun.ac.za

Table 4.5 The number of animals (ANMLS) per resistance level (ResL), per resistance category (ResC) with
their number (CNVRs), average length (AvL), minimum length (MinL) and maximum length (MaxL) of CNVRs
and the number of genes (NGEN) within them.

ResL ResC ANMLs CNVRs AvL (bp) MinL (bp) MaxL (bp) NGEN
L1 0 5 4 120 836.50 73 456 224 514 12
1 6 2 90 370.00 77 856 102 888 0
L2 0 29 11 79 436.26 38192 214 270 9
1 23 7 64 388.31 38 192 94 535 3

Table 4.6 reports the distribution of CNVRs and SNPs (Mapholi et al., 2016) significantly associated
with tick resistance in South African Nguni cattle. The study by Mapholi et al. (2016) report the
greatest number of significant SNPs (4) on chromosomes 14 and 17, however in this study zero and
one significant CNVRs were detected on these chromosomes respectively. In this study
chromosome 6 presented the most significant CNVRs (4), with one at L1 and three at L2. In the
study by Mapholi et al. (2016), only one significant SNP was reported on chromosome 6. No CNVRs
from this study or SNPs from the study by Mapholi et al. (2016) were significantly associated with
tick resistance across chromosomes 4, 13, 16, 23, 25, 27 and 28. In this study, chromosomes 2, 9,
20, 21, 22, 24 and 29 presented CNVRs significantly associated with tick resistance, however
Mapholi et al. (2016) report no significant SNPs associated with tick resistance on these
chromosomes. Chromosomes which presented SNPs significantly associated with tick resistance
from the study by Mapholi et al. (2016), but no significant CNVRs from this study, include
chromosome 3, 10, 11, 14, 18, 19 and 26.

A deletion CNVR was detected on chromosome 1 between base pairs 4 957 717 and 5 034 441 in
susceptible animals at L2. Cicconardi et al. (2013) report a deletion (CN=2) and a duplication (CN=3)
in Bos taurus breeds that partially overlaps the region detected in this study. Duran Aguilar et al.
(2017) report chromosome 1 to harbour two CNVs associated with somatic cell score (SCS) in
Holstein cattle. These CNVs are however 89 and 142 Mb upstream from the CNV reported in the
present study. Three SNP markers suggestively associated with tick resistance in Nguni cattle have
also been reported on this chromosome (Mapholi et al., 2016). These SNPs were located at base
pairs, 96 382 717, 146 632 014 and 74 643 836 and were associated with total belly tick count and

Amblyomma hebraeum tick tail count and total body count respectively.

Chromosome 2 encompassed a deletion CNVR between base pairs 53 894 600 and 53 951 533 at
L2 in susceptible animals. The study by Hou et al. (2011b) report a deletion in Angus cattle, between
base pairs 53 907 395 and 54 130 293 which partially overlaps this region. Machado et al. (2010)
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report a QTL region within this chromosome to be associated with tick resistance. This QTL was
located at 28.4 to 45.6 Mbp, however it did not span the region detected in this study. Eleven CNVRs
were detected on chromosome 9 of which only one was significantly associated with tick resistance.
This CNVR was a duplication across base pairs 94 991 477 to 95 065 382. This region has not been
reported in previous CNV studies, nor have there been any QTL reported which play a role in parasite

or disease resistance.

Chromosome 12 presented a deletion CNVR in susceptible animals at L1 and L2. This CNVR was
located between base pairs 90 704 572 to 90 778 028. Mapholi et al. (2016) report a SNP marker

associated with A. hebraeum belly tick count located at 12 141 029 base pairs.

Chromosome 15 and 21 both report CNVR deletions (CN=1) in susceptible animals (Table 4.4 and
Table 4.5). Mapholi et al. (2016) report a SNP marker on chromosome 15 to be associated with tick
resistance in Nguni cattle. This marker was located at base pairs 23 738 373 and was associated
with the total tick count of A. hebraeum ticks on the perineum. Sollero et al. (2017) report three QTLs
located at base pairs 37 534 610, 37 575 605 and 72 980 544 on chromosome 15 to be associated
with tick resistance. Although these markers did not cover the CNV regions detected in this study
there is evidence that CNVRs may exert a downstream effect on genes (Henrichsen et al., 2009).
These associations may be acting in isolation, but the possibility that these are linked should not be

ruled out.

Table 4.6 The chromosomal distribution (CHR) of CNVR identified in this study at resistance level 1 (L1) and
2 (L2) and SNPs identified by (Mapholi et al., 2016) (SNPs MAP) that demonstrate a significant association
with tick resistance relative to the total number of CNVRs and SNPs on respective chromosomes detected in

this study.

CHR CNVR CNVRL1 CNVRL2 SNPs SNPs MAP

1 23 1 2624 3

2 22 1 2127

3 20 1956 1

4 24 1953

5 11 1629 1

6 27 1 3 2010 1

7 16 1 1777 1*
1

8 11 1 1878 1

9 11 1 1536
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CHR CNVR CNVRL1 CNVRL2 SNPs SNPs MAP

10 9 1673 1*
2

11 20 1688 3

12 20 1 1 1345 1

13 6 1344

14 9 1432 4

15 9 1 1319 1

16 5 1294

17 11 1 1255 4

18 6 1054 1

19 4 1062 1*

20 15 1 1207

21 11 1 1 1118

22 4 1 1 1007

23 4 848

24 8 1 977

25 3 762

26 10 863 2

27 8 750

28 8 751

29 9 1 810

*SNPs reaching significance at a genome-wide level (p<0.05), with other SNPs being significant at the

suggestive level (p<0.10)

In this study, susceptible and resistant animals displayed CNVRs significantly associated with tick
count (Table 4.7). These CNVRs comprised of hemizygous and homozygous deletions and
duplications, with some regions containing both. The change in copy number can exert an effect on
a phenotype through a variety of mechanisms (Gamazon & Stranger, 2015). Deletions and
duplications can have an effect on genes through upregulation, reduced expression and/or the

alteration of regulatory and functional processes (Gamazon & Stranger, 2015).
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Three CNVRs were detected in resistant animals across chromosome 6. One of the CNVR regions
was detected between base pairs 10 760 779 to 10 838 635 and comprised of a deletion and a
duplication. These results concur with those of Jiang et al. (2012) and Cicconardi et al. (2013) who
both report deletion, duplication CNVRs which partially and completely overlap this region
respectively. An earlier study by Hou et al. (2011b) also report a CNVR completely overlapping this
region, however it was only a deletion. Two other CNVRs detected within chromosome 6, were
located between base pairs 10 105 101 to 10 199 636 and 20 297 397 to 20 350 438. Both CNVRs
were deletions (CN=1) and partially overlapped with CNVRs detected by Hou et al. (2011b) and
Boussaha et al. (2015) respectively. Multiple SNP markers within this chromosome have been
associated with tick resistance in Braford, Hereford and Nguni cattle (Mapholi et al., 2016; Sollero et
al., 2017). Mapholi et al. (2016) report a SNP marker located at 87 281 196 base pairs suggestively
associated with total tick count on the belly. Three markers were reported by Sollero et al. (2017)
and were located at base pairs 3 994 395, 4 193 024 and 49 130 874.

A single CNVR significantly associated with tick resistance was detected on chromosome 7, between
base pairs 75 305 297 and 75 370 366. This CNVR was detected in one susceptible and six resistant
animals, with hemizygous duplications (CN=3) corresponding to susceptibility and hemizygous and
homozygous deletions (CN=1 and 2) corresponding to resistance. A duplication CNVR, located at
base pairs 75 190 536 to 75 370 367, which completely spans the CNVR detected in this study, was
reported by Hou et al. (2011b) in Angus cattle. Xu et al. (2014b) report a deletion CNV associated
with faecal egg count in Angus cattle, located 35.4Mb downstream of the CNVR detected in this
study. Single nucleotide polymorphism markers within this chromosome have been associated with
tick resistance (Mapholi et al., 2016; Sollero et al., 2017) and SCS (Duran Aguilar et al., 2017). Two
markers reported by Mapholi et al. (2016), located at base pairs 58 781 492 and 110 608 386 were
associated with total tick count on the head and Boofilids tick count on the perineum respectively.
Sollero et al., (2017) also report two SNP markers assocaited with tick resistance, however these
were reported at base pairs 13 426 119 and 13 608 935. Four markers were associated with SCS in
Holstein cattle as reported by Duran Aguilar et al. (2017).

The CNVR on chromosome 8, between base pairs 34 795 275 and 34 898 163 harboured a
hemizygous deletion (CN=1) CNVR. This CNVR was detected in three resistant animals. Numerous
genetic markers and variants have been located within this chromosome and associated with
disease and parasite resistance. Hou et al. (2011a) detected a deletion CNVR in Angus cattle across
base pairs 34 795 276 to 34 920 925, which overlapped with the region in this study. Quantitative
trait loci spanning this region in Angus and Holstein cattle have been linked to gastrointestinal
parasite resistance (Kim et al., 2014) and SCS (Schnabel et al., 2005) respectively. Kim et al. (2014)
report a QTL spanning from 30.0-43.5Mbp with the QTL detected by Schnabel et al. (2005) located

between 29.5 and 42.5Mbp. Other QTL across this chromosome have been associated with tick
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resistance (Mapholi et al., 2016; Sollero et al., 2017).In Nguni cattle, Mapholi et al. (2016) report a
marker associated with total Boofilids count on the perineum, located at base pairs 15 665 796.
Sollero et al. (2017) report two mares assocaited with tick count, located at base pairs 50 525 859
and 107 821 440.

A hemizygous deletion (CN=1) was detected in three susceptible animals on chromosome 17,
between base pairs 74 292 319 to 74 393 620. This CNVR overlapped and/or was in close proximity
to a number of genes (Table 4.4). The effect of a deletion within this region could alter gene
regulation and be responsible for gene regulation changes which could impact biological processes
within an animal, therefore affecting its susceptibility (Zhang et al., 2009; Gamazon & Stranger,
2015). Several previous studies report CNVRs to overlap with this region, however they report as
complex CNVRs comprising of deletions, duplications and inversions (Hou et al., 2012; Cicconardi
et al., 2013; Boussaha et al., 2015). These CNVRs were located between base pairs 74 325 362
and 75058 716, 74 130 891 and 76 487 767 and 74 335993 and 74 392 322 as per Hou et al.
(2011b), Cicconardi et al., (2013) and Boussaha et al. (2015) respectively. Four QTL in Nguni cattle
have also been associated with tick resistance within this chromosome (Mapholi et al., 2016). Two
of these markers were associated with the total A. hebraeum count on the perineum and were
located at base pairs 43 990 974 and 44 000 618. The other two markers were located at base pairs
7 118 768 and 7 165 500 and associated with total Rhipicephalus evertsi evertsi count on the tail
and whole body respectively.

At L2, Chromosome 20 presented a hemizygous deletion (CN=1) in three susceptible animals. This
CNVR was located between base pairs 45 052 283 and 45 266 553. Hou et al., (2011a) detected a
deletion CNVR partially overlapping with this region between base pairs 45 083 602 and 45 144 742.
Quantitative trait loci within chromosome 20 have been associated with tick resistance in American
Braford and Hereford cattle (Sollero et al., 2017), however when compared with the study of Mapholi
et al. (2016) in Nguni cattle (Table 4.4), no SNPs were associated with tick resistance. Markers
reported by Sollero et al. (2017) were detected at base pairs 17 837 675, 19 917 959, 56 196 291
and 71 498 820.

Chromosome 22 report two CNVRs. A hemizygous deletion (CN=1) CNVR was detected between
base pairs 60 736 089 to 60 960 603 in three susceptible animals at L1. Previous studies report
CNVRs overlapping with this region (Cicconardi et al., 2013; Keel et al., 2016). Cicconardi et al.
(2013) report a complex CNVR overlapping with this region, located between base pairs 58 936 549
and 61 418 797. The deletion CNVR reported by Keel et al. (2016) was located within the region
detected in this study between base pairs 60 897 501 and 60 910 000. The second CNVR
significantly associated with tick resistance on chromosome 22 was located between base pairs

24 078 956 and 24 161 191. This CNVR was detected at L2 in nine susceptible and two resistant
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animals. In susceptible animals, this region was complex as three animals displayed a hemizygous
deletion with six animals portraying a hemizygous duplication. The CNVR in resistant animals
comprised only of hemizygous duplications. No previous bovine studies report CNVRs in close
proximity to this region, therefore potentially describing this chromosome as a cold spot for CNVs,
however this would need further investigation. In this study this chromosome only presented four
CNVRs, which is relatively low to that of CNVRs detected on other chromosomes (Table 4.4). These
results are similar to that of Wang et al. (2015), whom report the detection of six CNVRs on
chromosome 6 in Nguni cattle. No QTL have been associated with tick or parasite resistance across
this chromosome either.

A CNVR detected across susceptible and resistant animals at L2 was that within chromosome 24
between base pairs 28 154 039 and 28 196 203. This CNVR was detected in three susceptible
animals and five resistant animals. In susceptible animals, this region was detected as a hemizygous
deletion (CN = 1), however in resistant animals this CNVR was detected as a homozygous deletion
and a hemizygous duplication (CN = 2 and 3). Two previous studies in Angus cattle have reported
deletion CNVRs overlapping this region located from base pairs 28 083 771 to 28 244 324 (Hou et
al., 2011) and 28 154 040 to 28 196 204 (Hou et al., 2012). No QTL associated with tick resistance

have been reported within this chromosome.

Chromosome 29 presented a CNVR at L2 in four susceptible and two resistant animals. Hemizygous
deletions (CN=1) corresponded to susceptibility with hemizygous duplications (CN=3) corresponding
to resistance. This CNVR was located between base pairs 50 202 589 to 50 240 781. Two previous
studies report CNVRs overlapping with this region (Hou et al., 2012; Cicconardi et al., 2013). Hou et
al. (2011b) report this CNVR as a duplication located between base pairs 49 922 378 and 50 797
149, while Cicconardi et al. (2013) report this as a complex region between base pairs 47 457 315
and 51 979 344. In the study by Mapholi et al. (2016), no SNP markers were significantly associated

with tick resistance within this chromosome.
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Table 4.7 CNVRs significantly (CNVR) associated with tick count in South African Nguni cattle at two resistant levels (ResL), their prevalence in resistant and

susceptible animals (SR), the number of occurrences (TOT) with different copy numbers (CN) and the genes lying within 10 Mb of the CNVRs (GEN).

CN~*
CNVR ResL SR —— TOT GEN
1 2 3 4
chr1:4957717-5034441 L2 S 3 3 -
chr2:53894600-53951533 L2 S 3 3 KYNU
chr6:10105101-10199636 L2 R 3 3 -
chr6:10760779-10838635 L1&L2 R 1 4 5 -
chr6:20297397-20350438 L2 R 3 -
chr7:75305297-75370366 L2 R §5 1 6 GABRB2
S 1 1
chr8:34795275-34898163 L1 R 3 3 -
chr9:94991477-95065382 L2 S 3 3 -
chr12:90704572-90778028 L1&L2 S 3 3 TFDP1, TMCOS3, ATP4B, GRK1
chrl15:5474020-5537822 L2 S 3 3 -
chrl7:74292319 - 74393620 L1 S 3 3  TUBABSE, AIFM3, PRODH, THAP7, MZT2, SLC7A4, LZTR1
chr20:45052283-45266553 L2 S 3 3 -
chr21:71025601-71109676 L1&L2 S 4 4 C14o0rf79
chr22:24078956-24161191 L2 S 3 6 9 -
R 2 2
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CN*
CNVR ResL SR —— — T0T GEN
1 2 3 4

chr22:60736089-60960603 L1 S 3 3 CHCHDG6
chr24:28154039-28196203 L2 S 3 3 -

R 1 4 5
chr29:50202589-50240781 L2 S 4 4 LSP1, TNNT3

R 2 2

*Hemizygous deletion (CN=1), homozygous deletion (CN=2), hemizygous duplication (CN=3) and homozygous duplication (CN=4).
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4.4.6 Gene ontology

The ref gene annotation database was used to analyse genes of the associated CNVRs. Significant
CNVRs overlapped and/or lay within 10Mb regions of 17 genes (Table 4.7 and Additional file 4.2).
The molecular functions, biological processes and cellular functions of all genes within or
overlapping CNVRs significantly associated with tick count are displayed in Figure 4.4 and described
in Table 4.8. Copy number variations can exert effects on genes through alternating regulation,
modifying their structure and dosage as well as exposing recessive alleles (Zhang et al., 2009).
Three genes including, gamma-aminobutyric acid A receptor, subunit beta 2 (GABRB2), lymphocyte-
specific protein 1 (LSP1) and troponin T3, fast skeletal type (TNNT3), were detected within CNVRs
across susceptible and resistant animals. Gamma-aminobutyric acid A receptor, subunit beta 2 was
identified within a CNVR on chromosome 7, with LSP1 and TNNT3 overlapping with a CNVR on
chromosome 29. These CNVRs demonstrated a significant association with tick count. A duplication
on chromosome 7 and a deletion on chromosome 29 corresponded with elevated tick counts, while

the converse was true for tick resistance.

Hou et al. (2012) and Wang et al. (2015) report the GABRB2 gene to overlap CNVRs identified in
Angus and Nguni cattle populations respectively. Gamma-aminobutyric acid A receptor, subunit beta
2 is a subunit receptor involved in the central nervous system located on chromosome 7, between
base pairs 75,305,297 and 75,370,366. This CNVR was detected in seven different animals, six
classified as resistant and one classified as susceptible. Copy number state of this CNVR
distinguished susceptible from resistant animals with deletions corresponding to enhanced tick
resistance. The GABRB2 gene has been associated with anxiety in chickens (Johnsson et al., 2016)
and muscle contraction in sheep (Hui et al., 2016). In the study by Hui et al. (2016) this gene was
reported to be expressed at greater levels after infection and is hypothesized to be involved in
immune homeostasis. After and during parasite infection, there is increased inflammation, which
signals the response of histamines. Gamma-aminobutyric acid A receptor, subunit beta 2 is
responsible for the cellular response of histamine (Table 4.6) and muscle contraction and could
explain the hypothesized role of GABRBZ2 in immune response. In this study, this gene was identified
in close proximity to CNVRs in multiple resistant animals and could provide the basis for a
mechanism underlying immune homeostasis and in turn enhanced resistance. This is the first study

to associate the GABRB2 gene with tick resistance.
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a) Molecular function
= binding (G0O:0005488)

= receptor activity (GO:0004872)

= structural molecule activity
(G0:0005198)

signal transducer activity
(G0:0004871)

= catalytic activity (GO:0003824)

= transporter activity (GO:0005215)

b) Biological processes = cellular component organization or

biogenesis (GO:0071840)
|"| = cellular process (GO:0009987)

c¢) Cellular components

= membrane (G0O:0016020)

= macromolecular complex
(G0O:0032991)

= cell part (GO:0044464)

= grganelle (GO:0043226)

= |ocalization (GO:0051179)
biological regulation (GO:0065007)

= reproduction (GO:0000003)

= response to stimulus (GO:0050896)

= multicellular organismal process
(G0:0032501)

= metabolic process (G0O:0008152)

= immune system process
(GO:0002376)

Figure 4.4 PANTHER pie charts of a) molecular functions, b) biological processes and c) cellular components
of the genes detected within significant CNVRs.
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Table 4.8 Molecular functions (MF), biological processes (BP) and cellular components (CC) of genes (GEN) detected within CNVRs demonstrating a significant

association with tick count in South African Nguni cattle.

GEN MF BP CcC
AIFM3 Oxidoreductase activity, flavin adenine Oxidation-reduction process, execution phase of Mitochondrial inner membrane, endoplasmic
dinucleotide binding, 2 iron & 2 sulphur apoptosis reticulum, cytosol
cluster binding
ATP4B Potassium ion transport, sodium ion transport Sodium:potassium-exchanging ATPase complex
C140RF79
CHCHD6 Cellular response to DNA damage stimulus, cristae Mitochondrion, mitochondrial inner membrane,
formation cytosol, MICOS complex
GABRB2  GABA-A receptor activity, Signal transduction, sensory perception of sound, ion Plasma membrane, integral component of
extracellular lioand-aated ion channel transmembrane transport, negative regulation of membrane, cell junction, synapse, extracellular
activit 9 9 neuron apoptotic process, inner ear receptor cell exosome, integral component of plasma
4 development, innervation, cochlea development, membrane, cell junction, cytoplasmic vesicle
chloride channel activity, cellular response to histamine, chloride membrane, chloride channel complex,
transmembrane transport postsynaptic membrane, GABA-A receptor
complex
GRK1 G-protein coupled receptor kinase Signal transduction, visual perception, regulation of Photoreceptor disc membrane
activity, protein binding, ATP binding, rhodopsin mediated signalling pathway, protein
rhodopsin kinase activity autophosphorylation
KYNU Pyridoxal phosphate binding, Tryptophan catabolic process to kynurenine, Cytoplasm, mitochondrion, cytosol
kynureninase activity, protein quinolinate biosynthetic process, response to
homodimerization activity interferon-gamma, 'de novo' NAD biosynthetic process
from tryptophan, response to vitamin B6, anthranilate
metabolic process, L-kynurenine catabolic process
LSP1 Signal transducer activity Chemotaxis, defence response, signal transduction Plasma membrane, extracellular exosome
LZTR1 Golgi apparatus
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GEN MF BP CcC

MZT2 Centrosome, spindle, gamma-tubulin ring complex

PRODH Proline dehydrogenase activity, FAD Proline catabolic process to glutamate, oxidation- Mitochondrion, mitochondrial matrix
binding reduction process

SLC7A4  Amino acid transmembrane transporter Amino acid transmembrane transport Integral component of membrane
activity

TFDP1 RNA polymerase Il transcription factor Mitotic cell cycle, DNA-templated transcription, Nucleus, nucleoplasm, transcription factor
activity & sequence-specific DNA regulation of transcription from RNA polymerase Il complex, cytoplasm, cytosol
binding, DNA binding, transcription promoter, epidermis development, anoikis, positive
coactivator activity, transcription factor regulation of transcription from RNA polymerase I
binding, protein domain specific promoter, negative regulation of fat cell proliferation,
binding regulation of DNA biosynthetic process

THAP7

TMCO3 Solute:proton antiporter  activity, Hydrogen ion transmembrane transport Membrane, integral component of membrane
inorganic  cation  transmembrane
transporter activity

TNNT3 Actin binding, tropomyosin binding, Skeletal muscle contraction, regulation of striated Troponin complex
troponin C binding, calcium-dependent muscle contraction, regulation of ATPase activity
ATPase activity, troponin | binding,
calcium-dependent protein binding

TUBA3E  GTPase activity, structural constituent Cytoskeleton organization, microtubule-based process Cytoplasm, microtubule

of cytoskeleton, GTP binding
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Two genes overlapping CNVRs within this study and that of Bae et al. (2010) and Hou et al. (2011
& 2012) are LSP1 and TNNT3 (Table 4.6). Both genes overlapped with a CNVR on chromosome 29
between base pairs 50,202,589 and 50,240,781. This CNVR was detected in six different animals,
four being susceptible and two being resistant. These genes overlapped with deletions in susceptible
animals and duplications in resistant animals. Troponin T is involved in the regulation of skeletal and
striated muscle contraction (Verardo et al., 2013; De Souza Rodrigues et al., 2017). This gene is
also attributable to differences in beef tenderness in Nellore and Angus breeds (De Souza Rodrigues
et al, 2017). Lymphocyte-specific protein 1 is found within the endothelium, lymphocytes,
macrophages and neutrophils and is a bundling cytoskeletal protein (Hou et al., 2012). In our study,
LSP1 was detected as a deletion in four susceptible animals and as a duplication in two resistant
animals, which is similar to the findings of Hou et al. (2012). In both studies, LSP1 was detected in
susceptible and resistant animals, with a higher frequency in susceptible animals, however Hou et
al. (2012) found LSP1 to be associated with duplication events in susceptible and resistant animals.
This gene is responsible for the regulation of leukocytes to inflamed areas and, therefore, susceptible
animals which express higher levels of LSP1 could have less leukocytes reaching inflamed sites,

thereby increasing disease susceptibility (Hou et al., 2012).

A deletion CNVR, identified in three susceptible animals, on chromosome 17 between base pairs
74,292,319 and 74,393,620 harboured seven different genes, of which two were detected in previous
CNVR studies of Bae et al. (2010) and Hou et al. (2011 & 2012) (Table 4.6). The two genes detected
in these previous studies include THAP domain containing 7 (THAP7) and Tubulin alpha 3-e
(TUBA3E) which are both protein coding genes. The TUBA3E gene is reported to be downregulated
in chicken cells due to heat stress (Sun et al., 2015) and its protein is known to be involved in human
brain malformation syndromes (Alazami et al., 2015). In cattle, THAP7 is downregulated in
differential adipocytes (Yu et al., 2009) and in humans could contribute to carcinogenesis (Kim et al.,
2010). Other genes detected within this CNVR include apoptosis inducing factor, mitochondria
associated 3 (AIFM3), proline dehydrogenase (oxidase) 1 (PRODH), mitotic spindle organizing
protein 2 (MZT2), solute carrier family 7 member 4 (SLC7A4) and leucine zipper like transcription
regulator 1 (LZTR1). Literature relating to these genes in cattle is minimal however some research
relating to these genes in other species can be found. The AIFM3 gene is involved in the oxidation-
reduction process and has been found to be differentially expressed in different pig breeds (Sodhi et
al., 2014). In humans, genomic variants affecting the PRODH gene have been associated with an
increased risk of schizophrenia (Jacquet, 2002; Willis et al., 2008) and mutations of the LZTR1 gene
have been linked to schwannomatosis (Kehrer-Sawatzki et al., 2017). AIFM3 and LZTR1 were both
detected within CNVRs of this study and those of Hou et al. (2011) and Hou et al. (2012).
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Table 4.9 Genes detected within significant CNVRs (Number of genes — NGEN and genes — GEN) in
susceptible and resistant animals in this study with those identified in other studies as reported by Bae et al.,
2010, Hou et al., 2011 (a), Bickhart et al., 2012, Hou et al., 2012 (b) and Wang et al., 2015 (Author) which

revealed 8 genes unique to the Nguni

Author NGEN GEN
Bae Hou(a) Hou (b)
} ) 4 TUBA3E, THAP7, TNNT3, LSP1
Pickering
Hou (a) Hou (b) Pickering 2 AIFM3, LZTR1
Hou (b) Pickering 2 CHCHDG6, KYNU
Hou (b) Wang Pickering 1 GABRB2
) ) PRODH, MZT2, SLC7A4, TFDP1, TMCOS3, ATP4B, GRK1,
Pickering 8

C14o0rf79

The coiled-coil-helix-coiled-coil-helix domain containing 6 (CHCHD6) and kynureninase (KYNU)
genes were the only genes represented across CNVRs of Hou et al. (2012) and this study (Table
4.9). The CHCHDSG6 gene is located between base pairs 60,736,089 and 60,960,603 on chromosome
22. This gene has previously been mapped to this chromosome in Bos taurus cattle (De Lorenzi et
al., 2010). In the recent study of Duran Aguilar et al. (2017), this gene was detected within a CNVR
associated with the estimated breeding value (EBV) of somatic cell score (SCS) in Holstein cattle.
The region on chromosome 2 between base pairs 53,894,600 and 53,951,533 harbours the KYNU
gene. This gene has also been detected as an insertion on chromosome 2 within the Holstein bull
genome (Koks et al., 2014) which is contradictory to this study as it was detected as a deletion.
Kynureninase forms part of the kynurenine pathway and is the major pathway for ingested tryptophan
(Keszthelyi et al., 2009). After tryptophan enters this pathway, one of the major end products is
guinolinic acid and this is involved in immune-regulatory processes (Moffett & Namboodiri, 2003;
Keszthelyi et al., 2009).

Three susceptible animals shared a deletion CNVR located on chromosome 12 between base pairs
90,704,572 and 90,778,028. ATPase H+/K+ transporting beta subunit (ATP4B), G protein-coupled
receptor kinase 1 (GRK1), transmembrane and coiled-coil domains 3 (TMCO3) and transcription
factor dp-1 (TFDP1) were four genes detected within this CNVR. The transcription factor (TFDP1)
has been detected in a few bovine studies. One study found this gene to be upregulated in response
to heat stress in Holstein calves (Srikanth et al., 2017) with identifying differential expression of this
gene in the liver tissue of cows due to subclinical endometriosis (Akbar et al., 2014). In humans,
TFDP1 is a candidate gene for breast cancer (Melchor et al., 2009). Another gene, within this CNVR,
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which is a marker for cancer is ATP4B. DNA methylation can cause decreased expression levels of
ATP4B, and has been reported as a potential biomarker for gastric cancer (Mahalinga Raja et al.,
2012). The transmembrane protein coding gene (TMCO3) encodes a Na*/H" antiporter (Moscovich
et al., 2013). Mutations of TMCO3 have been associated with anterior polar cataract and cornea
guttata in humans (Chen et al., 2016). An additional gene within this region also associated with an
eye disorder is GRK1. This gene is exclusively expressed in the retina (Abraham, 2016) and its
defects are known to cause Oguchi disease 2 (Melchor et al., 2009). This is a recessive disorder
causing morphological and functional abnormalities of the retina (Kalpana et al., 2006).

4.5 Conclusion

The findings in this study reveal 344 CNVRs of which 17 are associated with Nguni cattle tick
resistance. Copy number variable regions detected comprised of copy number changes in the form
of deletions and duplications across the genome. These copy humber changes can have an impact
on gene function, regulation and expression thereby exerting an effect on the phenotype. Of the 17
significant CNVRs detected, seven overlap or lay within a 10Mb region of 17 genes. The genes
identified overlapping or in close proximity to these regions are present in a number of cellular
components and are responsible for many molecular and biological processes within the genome.
These processes could play a role in the adaptive attributes present in Nguni populations. Three
genes were detected in susceptible and resistant animals, 14 were detected in only susceptible
animals and there were no genes directly associated with only resistant animals. Although none of
the genes detected within or in close proximity of CNVRs of susceptible animals have a direct role
in disease susceptibility, most of them are responsible for some form of disease. Two of the genes
detected within or overlapping with CNVRs in susceptible and resistant animals could have a
potential role in the resistance of the South African Nguni. The LSP1 gene detected within a CNVR
on chromosome 29 could be responsible for decreased resistance due to less leukocytes being able
to reach inflamed areas, while GABRB2 located within a CNVR on chromosome 7 could be

responsible for enhanced immunity due to cellular response of histamines and muscle contraction.
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Chapter 5

General Discussion and Conclusions

5.1 Summary of Findings

The ability of an animal to resist disease and survive and produce under severe environmental
conditions is an important phenotypic characteristic. Copy number variations (CNVs) comprise of
deletions, duplications and insertions and play a role in the phenotypic variation exhibited within and
between cattle breeds. Locally adapted cattle are better suited to their primary environment when
compared with foreign breeds. One such breed, known for its resilience to disease and harsh
environmental conditions, is the South African Nguni (Schoeman, 1989; Makina et al., 2014). Copy
number variable regions (CNVRs) within the Nguni are involved in various molecular and biological
processes (Wang et al., 2015). These processes play a pivotal role in the adaptive traits evident in
Nguni cattle. Understanding the association of CNVRs with tick resistance in Nguni cattle, may
provide an insight into the genetic mechanisms underlying the extreme host resistance reported in
this breed.

This study investigated the association of CNVRs with tick resistance in susceptible and resistant
Nguni cattle. The effect of non-genetic factors on tick resistance was assessed in order to determine
fixed effects that may need to be considered in the CNV association analyses. Contingency tables
and the maximum likelihood chi-square test identified CNVRs demonstrating a significant
association with tick resistance. Significant CNVRs were then investigated for gene content and

subsequent gene ontology analyses were performed.

A general linear model assessed the non-genetic effects of location, season, year of tick count, sex
and age of 347 South African Nguni cattle on tick count. Location, season, year of tick count and
age of the animal had an influence on tick resistance. Warmer areas presented greater tick
infestation, with the hot wet and hot dry seasons significantly influencing tick count. These findings
correspond to those of Muchenje et al. (2008), Marufu et al. (2011) and Katiyatiya et al. (2014) whom
report greater levels of tick burden during the hot wet season. Animals younger than five years
presented less ticks and therefore an enhanced resistance to tick infestation. Marufu et al. (2011)
and Asmaa et al. (2014) also report the low prevalence of ticks in younger animals. Tick counts
ranged from O to 198, with an average tick count of 18.24, 30.12 and 26.43 at Mukhuthali, Loskop
and Roodeplaat respectively. The highest spread of counts was reported at Loskop, which presented
a standard deviation of 30.12. The standard deviations of Mukhuthali and Roodeplaat were 18.24

and 26.43 respectively.
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As no specific tick count level has been determined to classify animals as resistant or susceptible,
two models were determined to group animals according to tick count levels. Location presented a
significant effect on tick count, and thus distribution statistics were determined per location. Using
the standard deviation and quartile and inter-quartile ranges, animals were classified as susceptible
(O) or resistant (1) across two levels of resistance (L1 and L2). At resistance level 1 (L1) animals
having an average tick count of less than or equal to the 1% quartile were classified as resistant (1)
with those being classified as resistant if their mean tick count was more than or equal to the 3
quartile. Resistance level 2 (L2) was determined by adding half the standard deviation to the 1%
quartile and subtracting it from the 3™ quartile for susceptible and resistant animals respectively.

Animals which were neither susceptible nor resistant were removed from further analyses.

The BovineSNP50 beadchip, PLINK and PennCNV software were used to identified 1 501 CNVs,
which ranged from 1 kb to 3 Mb in length, in 347 Nguni cattle. Copy number variable regions
(CNVRs) were generated by aggregating overlapping CNVs. A total of 344 unique CNVRs were
reported. The prevalence of CNVRs varied across chromosomes, with chromosome 6 displaying the
most and chromosome 25 the least. These regions ranged from 14 to 914kb. Of these CNVRs, 17
were significantly associated with tick resistance in Nguni cattle. These regions were located on
chromosomes 1, 2,6, 7,8,9,12, 15,17, 20, 21, 22, 24 and 29. The presence of 17 genes overlapped
or lay in close proximity with these regions. The biological processes, molecular functions and
cellular components of these genes play a role in a variety of adaptive mechanisms. A CNVR
detected on chromosome 29, which overlapped with LSP1, and a CNVR detected on chromosome
7 which overlapped with GABRB2 could provide insight into the effect of CNVRs on genes and their

influence on susceptibility.

5.2 General Discussion

Copy number variable regions are present within the genome of South African Nguni cattle. These
regions cause phenotypic variation within and between breeds through the alteration of gene
dosage, structure and regulation (Zhang et al., 2009). Copy number variations can also exert effects
on the genome through the exposure of recessive alleles. Three hundred and forty-four CNVRs were
detected (Chapter 4). These regions ranged from 14 to 914 kb and covered 1.66% of the bovine
genome. The BovineSNP50 beadchip was utilized for CNV detection and, although a high density
bovine SNP chip exists, the comparison of the number of CNVRs detected between these chips
does not differ significantly. Using the high density chip Wu et al. (2015) report 263 CNVRS, covering
1.41% of the genome in 792 Simmental cattle, while Sasaki et al. (2016) report 861 CNVRSs, covering

1.74% of the genome in 1 481 Japanese black cattle.
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The cost of CNV detection methods varies, and thus the efficient identification of CNVs in a large
number of samples at a low cost is preferred. The use of the high density chip and NGS technologies
is far greater than that of the 50K and, although these methods of detection can detect a varying
number of CNVs, recent studies in cattle using the 50K have efficiently captured and reported a vast
number of CNVs (Hou et al., 2012; Jiang et al., 2012). Although the use of NGS technologies for
CNYV detection can provide enhanced accuracy, resolution and coverage of CNVs as well as novel
CNV identification, the high costs are still a diminishing factor (Alkan et al., 2011).

The CNVRs detected in chapter 4 comprised different copy number states and varied across
chromosomes. Copy number changes comprised of hemizygous deletions and duplications and
homozygous deletions and duplications. Duplications were the predominant form of CNV. African
breeds present more CNV duplications than deletions, when compared with composite, indicine and
taurine breeds (Hou et al., 2011). Chromosome 6 presented the most CNVs, with chromosome 25
displaying the least. The high prevalence of CNVs on chromosome 6 has been reported in Chinese

Holstein (Jiang et al., 2012) and Bos taurus breeds (Cicconardi et al., 2013).

The association of CNVRs with tick resistance, presented 17 significant CNVRs. These were
detected across 14 chromosomes. Copy number variable regions comprised of deletions,
duplications or both. The prevalence of CNVRs in susceptible animals was greater than that of
resistant animals. This could provide some indication of the mechanisms of CNVRs and their
influence on the susceptibility of an animal. The comparison of CNVRs identified with SNPs identified
and associated with tick resistance in Nguni cattle (Mapholi et al., 2016) presented very little overlap.

The identification of the genes across or within 10Mb surrounding these CNVRs was deduced. A
total of 17 genes were identified within or in close proximity to these regions. These genes are found
within particular cellular components and are involved in various molecular processes and biological
functions. A CNVR detected on chromosome 29 presented deletions and duplications. Deletions
corresponded to susceptibility, while duplications corresponded to resistance. This CNVR identified
overlapped with LSP1 (Lymphocyte-specific protein 1). This gene had previously been reported
within a duplication in Angus cattle, and associated with nematode resistance (Hou et al., 2012).
Chromosome 29 presented a deletion CNVR corresponding to resistance. This CNVR overlapped
with GABRB2 (Gamma-aminobutyric acid A receptor, subunit beta 2). This gene is involved in the
central nervous system and is responsible for muscle contraction and the cellular response of
histamine. The overlap of CNVRs with these genes could provide information for the mechanisms

underlying parasite resistance.
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5.3 Conclusions

The association of CNVRs and tick resistance is evident in Nguni cattle. The implications of CNVRs
within the Nguni genome provides informative research on the potential mechanisms underlying tick
resistance. The prevalence of CNVRs overlapping or within close proximity of genes play a pivotal
role in immune related functions and processes and can have an influence on an animals resistance
or susceptibility to parasites. Understanding the mechanisms and the impact of CNVs, can provide
valuable information for future breeding and selection programmes. These breeding programmes

can be used to curb the challenges faced through the utilisation of current tick control methods.
5.4 Summary of Contributions
5.4.1 Peer reviewed journal articles

i Pickering, L.H., Wang, M.D., Dzama, K. and Muchadeyi, F.C. The relationship between copy
number variations and tick resistance. Target journal: South African Journal of Animal
Science (2017).

i. Pickering, L.H., Wang, M.D., Dzama, K. and Muchadeyi, F.C. The association of copy
number variations with tick resistance in South African Nguni cattle. Target journal: Animal
Breeding and Genetics (2017).

5.4.2 Conference participation

5.4.1.1 Oral presentations

The association of copy number variations with tick resistance in South African Nguni cattle.

International Symposium of Animal Genetics. Dublin, Ireland (2017).

5.4.1.2 Poster presentations

The association of copy number variations with tick resistance in South African Nguni cattle.

International Symposium of Animal Genetics. Dublin, Ireland (2017).

5.5 Future research

The identification and validation of CNVRs associated with tick resistance in other breeds, could
provide insight into the mechanisms of resistance in other breeds. Comparing these regions with
regions in breeds of high host resistance, can provide markers for future breeding and selection
programmes. Utilising alternative methods of CNV detection, such as NGS methods, and comparing
CNVs detected within and between breeds, can identify further breed differences. The use of multi-
omic approaches, to analyse variations and their relationship with complex traits is an upcoming

area of research (Suravajhala et al., 2016).
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Additional file 4.1 A complete list of CNVRs detected in this study, including their location, length, the number of animals presenting each specific CNVR and their

respective copy humber states.

CHR CNVR_ID CNVR Start Position End Position Length (bp) No. of animals “ Gain/Loss/Both
chrl CNVR_1 6 chr1:5351369-5374084 5351369 5374084 22715 2 Loss
chrl CNVR_1_13 chr1:9323844-9404794 9323844 9404794 80950 2 Both
chrl CNVR_1_56 chr1:39083240-39259346 39083240 39259346 176106 2 Both
chrl CNVR_1_66 chr1:49480638-49578738 49480638 49578738 98100 2 Loss
chrl CNVR_1 68 chrl:52075648-52191701 52075648 52191701 116053 2 Loss
chrl CNVR_1 77 chrl:66483743-66797315 66483743 66797315 313572 2 Gain
chrl CNVR_1 85 chr1:89358747-89431170 89358747 89431170 72423 2 Loss
chrl CNVR_1_92 chr1:99156076-99237377 99156076 99237377 81301 2 Both
chrl CNVR_1 99 chrl:104152463-104344681 104152463 104344681 192218 2 Loss
chrl CNVR_1 114 chr1:118714300-118815770 118714300 118815770 101470 2 Both
chrl CNVR_1 4 chrl1:4957717-5034441 4957717 5034441 76724 3 Loss
chrl CNVR_1_26 chr1:20165566-20213558 20165566 20213558 47992 3 Both
chrl CNVR_1 31 chrl:26782245-26966818 26782245 26966818 184573 3 Both
chrl CNVR_1 59 chr1:39877948-40169491 39877948 40169491 291543 3 Loss
chrl CNVR_1 117 chr1:120915343-120948506 120915343 120948506 33163 3 Loss
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CHR CNVR_ID CNVR Start Position End Position Length (bp) No. of animals " Gain/Loss/Both
1
chrl CNVR_1_61 chrl:42142033-42265516 42142033 42265516 123483 4 3 Both
chrl CNVR_1 81 chrl:77647196-77714385 77647196 77714385 67189 4 2 Both
chrl CNVR_1 95 chr1:102538612-102589009 102538612 102589009 50397 4 3 Both
chrl CNVR_1 96 chr1:102792723-102903978 102792723 102903978 111255 5 4 Both
chrl CNVR_1 18 chrl:14693262-14708162 14693262 14708162 14900 6 5 Both
chrl CNVR_1_25 chrl:17425222-17504974 17425222 17504974 79752 6 5 Both
chrl CNVR_1_94 chr1:102421173-102464968 102421173 102464968 43795 6 5 Both
chrl CNVR_1_102 chr1:105084197-105108951 105084197 105108951 24754 11 10 Both
chrl0 CNVR_10_3 chr10:20146107-20229329 20146107 20229329 83222 2 Gain
chrl0 CNVR_10_9 chr10:41790011-41849457 41790011 41849457 59446 2 2 Loss
chrl0 CNVR_10_13 chr10:44040387-44143863 44040387 44143863 103476 2 Both
chrl0 CNVR_10_21 chr10:58634276-58749431 58634276 58749431 115155 2 Gain
chrl0 CNVR_10_23 chr10:59812472-59927870 59812472 59927870 115398 2 2 Loss
chrl0 CNVR_10_26 chr10:71022679-71082204 71022679 71082204 59525 2 2 Loss
chrl0 CNVR_10_32 chr10:90705511-90806688 90705511 90806688 101177 2 Gain
chrl0 CNVR_10_16 chr10:45387461-45488421 45387461 45488421 100960 3 Gain
chrl0 CNVR_10_37 chr10:103178023-103280130 103178023 103280130 102107 3 3 Loss
chrll CNVR_11 2 chrl1:2435270-2507194 2435270 2507194 71924 2 2 Loss
chrll CNVR_11 9 chrl1:6724678-6777332 6724678 6777332 52654 2 1 Both
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chrll CNVR_11_12 chr11:13597473-13751244 13597473 13751244 153771 2 Loss
chrll CNVR_11 14 chr11:16404805-16514661 16404805 16514661 109856 2 Loss
chrll CNVR_11 15 chrl1:17445658-17686944 17445658 17686944 241286 2 Loss
chrll CNVR_11 27 chrl1:25685264-25736918 25685264 25736918 51654 2 Gain
chrll CNVR_11 30 chrl1:27812207-27917853 27812207 27917853 105646 2 Both
chrll  CNVR_11 40 chr11:38733905-38858028 38733905 38858028 124123 2 Gain
chrll  CNVR_11 41 chr11:39299927-39437937 39299927 39437937 138010 2 Both
chrll CNVR_11 44 chr11:51660353-51741896 51660353 51741896 81543 2 Both
chrll  CNVR_11 60 chr11:89680768-90215622 89680768 90215622 534854 2 Gain
chrll CNVR_11 79 chr11:106682471-106804258 106682471 106804258 121787 2 Loss
chrll CNVR_11 24 chr11:24892409-25036830 24892409 25036830 144421 3 Both
chrll  CNVR_11 38 chr11:38375934-38474579 38375934 38474579 98645 3 Both
chrl1l  CNVR_11 77 chr11:105699664-106067128 105699664 106067128 367464 3 Loss
chrll CNVR_11 33 chrl1:34147377-34244441 34147377 34244441 97064 4 Both
chrll CNVR_11 73 chr11:104633267-104679644 104633267 104679644 46377 4 Both
chrll CNVR_11 20 chr11:23085190-23121908 23085190 23121908 36718 7 Both
chrll CNVR_11 70 chr11:104091220-104117370 104091220 104117370 26150 9 Both
chrll CNVR_11 48 chr11:59622185-59668010 59622185 59668010 45825 11 Both
chrl2 CNVR_12 4 chr12:4614286-4718544 4614286 4718544 104258 2 Both
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chrl2 CNVR_12 5 chr12:4995556-5101246 4995556 5101246 105690 2 Both
chrl2 CNVR_12 18 chr12:35356760-35556098 35356760 35556098 199338 2 Gain
chrl2 CNVR_12 25 chr12:39801280-39925909 39801280 39925909 124629 2 Gain
chrl2 CNVR_12_35 chr12:52032777-52098655 52032777 52098655 65878 2 Both
chrl2 CNVR_12_40 chr12:56173146-56326750 56173146 56326750 153604 2 Loss
chrl2 CNVR_12_44 chr12:61573515-61686477 61573515 61686477 112962 2 Loss
chrl2  CNVR_12_45 chr12:61950490-62342403 61950490 62342403 391913 2 Gain
chrl2  CNVR_12_47 chr12:65209818-65602532 65209818 65602532 392714 2 Both
chrl2 CNVR_12 55 chr12:90915595-91017026 90915595 91017026 101431 2 Loss
chrl2 CNVR_12 32 chr12:45358430-45470640 45358430 45470640 112210 3 Loss
chrl2  CNVR_12 42 chr12:59185443-59218880 59185443 59218880 33437 3 Loss
chrl2 CNVR_12 52 chr12:90280720-90621015 90280720 90621015 340295 3 Loss
chrl2 CNVR_12 53 chr12:90704572-90778028 90704572 90778028 73456 3 Loss
chrl2 CNVR_12 8 chrl12:21279986-21352699 21279986 21352699 72713 4 Both
chrl2 CNVR_12 2 chr12:1546821-1601317 1546821 1601317 54496 5 Both
chrl2 CNVR_12 26 chr12:43551814-43638160 43551814 43638160 86346 5 Both
chrl2 CNVR_12 14 chr12:31439132-31555734 31439132 31555734 116602 6 Loss
chrl2 CNVR_12 21 chr12:36252254-36475306 36252254 36475306 223052 6 Gain
chrl2 CNVR_12 29 chr12:45002070-45073424 45002070 45073424 71354 6 Both
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chrl3 CNVR_13 2 chrl3:12587622-12759014 12587622 12759014 171392 2 Gain
chrl3 CNVR_13 4 chr13:13843476-13907892 13843476 13907892 64416 2 Gain
chrl3 CNVR_13 9 chr13:35465554-35661069 35465554 35661069 195515 2 Gain
chrl3 CNVR_13 11 chr13:39741913-39826900 39741913 39826900 84987 2 Gain
chrl3 CNVR_13_23 chrl3:74478509-74667261 74478509 74667261 188752 2 Gain
chrl3 CNVR_13 24 chr13:75383374-75432478 75383374 75432478 49104 2 Both
chrl4 CNVR_14 3 chr14:2319504-2468020 2319504 2468020 148516 2 Loss
chrl4  CNVR_14 15 chrl4:26685204-26949215 26685204 26949215 264011 2 Gain
chrl4  CNVR_14 33 chr14:58203661-58342794 58203661 58342794 139133 2 Both
chri4 CNVR_14_36 chrl4:75035895-75097271 75035895 75097271 61376 2 Loss
chrl4 CNVR_14 1 chrl4:1616618-1801116 1616618 1801116 184498 3 Loss
chrl4 CNVR_14 24 chrl4:34639444-34772856 34639444 34772856 133412 3 Both
chri4  CNVR_14 25 chr14:35518739-35590232 35518739 35590232 71493 3 Both
chri4 ~ CNVR_14 30 chr14:55765964-55834821 55765964 55834821 68857 4 Both
chrl4 CNVR_14 18 chr14:27380992-27408939 27380992 27408939 27947 6 Both
chrl5 CNVR_15 1 chr15:3286452-3369565 3286452 3369565 83113 2 Loss
chrl5 CNVR_15 8 chr15:11439502-11531149 11439502 11531149 91647 2 Loss
chrl5 CNVR_15 13 chr15:20712027-20989030 20712027 20989030 277003 2 Gain
chrl5  CNVR_15 21 chr15:36898323-36950873 36898323 36950873 52550 2 Both
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chrl5  CNVR_15 28 chr15:57260972-57333896 57260972 57333896 72924 2 Loss
chrl5 CNVR_15 44 chr15:76675303-76930018 76675303 76930018 254715 2 Gain
chrl5 CNVR_15 4 chr15:5474020-5537822 5474020 5537822 63802 3 Loss
chrl5 CNVR_15 32 chr15:62283471-62428148 62283471 62428148 144677 3 Loss
chrl5  CNVR_15_38 chr15:70793253-70880599 70793253 70880599 87346 3 Both
chrl6 CNVR_16_2 chr16:1608132-1690484 1608132 1690484 82352 2 Both
chrl6 CNVR_16_11 chr16:10308240-10474014 10308240 10474014 165774 2 Loss
chrl6 CNVR_16_13 chr16:10958964-11096101 10958964 11096101 137137 2 Loss
chrl6 CNVR_16_6 chr16:6494072-6557355 6494072 6557355 63283 6 Both
chrl6  CNVR_16_28 chr16:50759541-50798300 50759541 50798300 38759 6 Both
chrl7 CNVR_17_3 chrl7:3445779-3599671 3445779 3599671 153892 2 Gain
chrl7 CNVR_17_4 chrl7:6380171-6528887 6380171 6528887 148716 2 Gain
chrl7 CNVR_17_28 chrl7:39963957-40034778 39963957 40034778 70821 2 Loss
chrl7 CNVR_17_15 chrl7:24810915-24848457 24810915 24848457 37542 3 Both
chrl7 CNVR_17_31 chrl7:42661925-42711744 42661925 42711744 49819 3 Both
chrl7 CNVR_17_21 chr17:29057538-29103180 29057538 29103180 45642 4 Loss
chrl7 CNVR_17_37 chrl7:73118011-74032690 73118011 74032690 914679 4 Loss
chrl7 CNVR_17_12 chrl7:23285669-23431642 23285669 23431642 145973 6 Both
chrl7 CNVR_17_39 chrl7:74292319-74393620 74292319 74393620 101301 6 Both
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chrl7 CNVR_17_40 chrl7:74481008-74627267 74481008 74627267 146259 6 Both
chrl?7 CNVR_17_1 chrl7:2728598-2784904 2728598 2784904 56306 10 Both
chrl8 CNVR_18 4 chr18:7819498-7868943 7819498 7868943 49445 2 Gain
chrl8 CNVR_18 8 chr18:9867308-9948949 9867308 9948949 81641 2 Loss
chrl8 CNVR_18 11 chr18:11377350-11416050 11377350 11416050 38700 2 Both
chrl8 CNVR_18 25 chr18:62375495-62537136 62375495 62537136 161641 2 Loss
chrl8 CNVR_18 26 chr18:63096692-63167945 63096692 63167945 71253 2 Loss
chrl8 CNVR_18 21 chr18:57463530-57518175 57463530 57518175 54645 3 Gain
chr19 CNVR_19 21 chr19:51326750-51419352 51326750 51419352 92602 2 Both
chrl9  CNVR_19 30 chr19:56401302-56426090 56401302 56426090 24788 2 Gain
chr19  CNVR_19 27 chr19:55235501-55257191 55235501 55257191 21690 3 Both
chrl9 CNVR_19 18 chr19:49727374-49784054 49727374 49784054 56680 4 Loss
chr2 CNVR_2_2 chr2:1316010-1366643 1316010 1366643 50633 2 Both
chr2 CNVR_2 5 chr2:7720309-7772897 7720309 7772897 52588 2 Gain
chr2 CNVR_2_10 chr2:18834716-18885419 18834716 18885419 50703 2 Gain
chr2 CNVR_2_12 chr2:21696086-21904823 21696086 21904823 208737 2 Both
chr2 CNVR_2_17 chr2:29027343-29135710 29027343 29135710 108367 2 Both
chr2 CNVR_2_20 chr2:30992555-31242327 30992555 31242327 249772 2 Loss
chr2 CNVR_2_72 chr2:78604521-78628109 78604521 78628109 23588 2 Loss
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chr2 CNVR_2_74 chr2:84038555-84170290 84038555 84170290 131735 2 Loss
chr2 CNVR_2_93 chr2:136461239-136506232 136461239 136506232 44993 2 Loss
chr2 CNVR_2_13 chr2:22283989-22352656 22283989 22352656 68667 3 Loss
chr2 CNVR_2_32 chr2:53894600-53951533 53894600 53951533 56933 3 Loss
chr2 CNVR_2_52 chr2:60087290-60143778 60087290 60143778 56488 3 Loss
chr2 CNVR_2_61 chr2:71382630-71598307 71382630 71598307 215677 3 Gain
chr2 CNVR_2_65 chr2:77516653-77554557 77516653 77554557 37904 3 Both
chr2 CNVR_2_67 chr2:77719508-77793201 77719508 77793201 73693 3 Both
chr2 CNVR_2_70 chr2:78433731-78533652 78433731 78533652 99921 3 Loss
chr2 CNVR_2_84 chr2:131325971-131906865 131325971 131906865 580894 3 Gain
chr2 CNVR_2_89 chr2:134792816-134853068 134792816 134853068 60252 3 Gain
chr2 CNVR_2_42 chr2:55852340-55905779 55852340 55905779 53439 4 Both
chr2 CNVR_2_25 chr2:41786376-41829776 41786376 41829776 43400 5 Loss
chr2 CNVR_2_49 chr2:56583793-56636575 56583793 56636575 52782 5 Both
chr2 CNVR_2_47 chr2:56456865-56479206 56456865 56479206 22341 6 Both
chr20 CNVR_20_10 chr20:37553988-37838938 37553988 37838938 284950 2 Gain
chr20 CNVR_20_13 chr20:38429784-38453649 38429784 38453649 23865 2 Gain
chr20 CNVR_20_15 chr20:38892683-38960231 38892683 38960231 67548 2 Gain
chr20 CNVR_20_17 chr20:41072335-41239866 41072335 41239866 167531 2 Gain
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chr20 CNVR_20_54 chr20:54586441-54754012 54586441 54754012 167571 2 Loss
chr20 CNVR_20_58 chr20:60473408-60686884 60473408 60686884 213476 2 Both
chr20 CNVR_20_3 chr20:10295382-10486993 10295382 10486993 191611 3 Both
chr20 CNVR_20_21 chr20:45052283-45266553 45052283 45266553 214270 3 Loss
chr20 CNVR_20_35 chr20:50001881-50128719 50001881 50128719 126838 3 Loss
chr20 CNVR_20_51 chr20:53957730-53991925 53957730 53991925 34195 4 Both
chr20 CNVR_20_23 chr20:46035562-46080951 46035562 46080951 45389 5 Loss
chr20 CNVR_20_24 chr20:46121445-46179978 46121445 46179978 58533 5 Loss
chr20  CNVR_20_30 chr20:48749320-48903795 48749320 48903795 154475 5 Loss
chr20 CNVR_20_46 chr20:51940977-52011466 51940977 52011466 70489 5 Both
chr20  CNVR_20_31 chr20:49090857-49190161 49090857 49190161 99304 6 Loss
chr21 CNVR_21 9 chr21:19193100-19601568 19193100 19601568 408468 2 Gain
chr21 CNVR_21 27 chr21:60195812-60220817 60195812 60220817 25005 2 Gain
chr21  CNVR_21_28 chr21:60364864-60553762 60364864 60553762 188898 2 Both
chr21 CNVR_21 31 chr21:62356345-62402185 62356345 62402185 45840 2 Gain
chr21 CNVR_21 34 chr21:64292330-64367413 64292330 64367413 75083 2 Both
chr21 CNVR_21_36 chr21:65316438-65365440 65316438 65365440 49002 2 Gain
chr21 CNVR_21 45 chr21:70814197-70931906 70814197 70931906 117709 2 Both
chr21 CNVR_21 29 chr21:61310103-61370773 61310103 61370773 60670 4 Both

94



Stellenbosch University https://scholar.sun.ac.za

CHR CNVR_ID CNVR Start Position End Position Length (bp) No. of animals " Gain/Loss/Both
chr21 CNVR_21_46 chr21:71025601-71109676 71025601 71109676 84075 4 Loss
chr21 CNVR_21 42 chr21:70272221-70373409 70272221 70373409 101188 6 Both
chr21 CNVR_21 18 chr21:51733686-51857151 51733686 51857151 123465 8 Loss
chr22 CNVR_22_19 chr22:59204394-59277831 59204394 59277831 73437 3 Loss
chr22 ~ CNVR_22_23 chr22:60084013-60105535 60084013 60105535 21522 6 Loss
chr22  CNVR_22_28 chr22:60736089-60960603 60736089 60960603 224514 6 Both
chr22 CNVR_22_8 chr22:24078956-24161191 24078956 24161191 82235 12 Both
chr23 CNVR_23 4 chr23:14372603-14424516 14372603 14424516 51913 2 Gain
chr23 CNVR_23 9 chr23:24640422-24667121 24640422 24667121 26699 2 Gain
chr23 CNVR_23_18 chr23:49626490-49688244 49626490 49688244 61754 2 Gain
chr23  CNVR_23 16 chr23:49135538-49177883 49135538 49177883 42345 3 Loss
chr24 CNVR_24 10 chr24:20513331-20684377 20513331 20684377 171046 2 Both
chr24 CNVR_24 17 chr24:26080792-26152512 26080792 26152512 71720 2 Gain
chr24 CNVR_24 25 chr24:45471120-45539162 45471120 45539162 68042 2 Gain
chr24 CNVR_24 28 chr24:45973112-46027109 45973112 46027109 53997 2 Gain
chr24 CNVR_24 31 chr24:52047342-52086080 52047342 52086080 38738 2 Both
chr24 CNVR_24 14 chr24:24327708-24432820 24327708 24432820 105112 3 Both
chr24 CNVR_24 21 chr24:28400451-28497174 28400451 28497174 96723 7 Loss
chr24 CNVR_24 19 chr24:28154039-28196203 28154039 28196203 42164 8 Both
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chr25 CNVR_25_14 chr25:41191025-41596286 41191025 41596286 405261 4 Loss
chr25 CNVR_25 15 chr25:41935313-42364359 41935313 42364359 429046 5 Loss
chr25 CNVR_25 5 chr25:930509-983759 930509 983759 53250 6 Loss
chr26 CNVR_26_12 chr26:6620890-6692455 6620890 6692455 71565 2 Both
chr26 CNVR_26_15 chr26:12268427-12463857 12268427 12463857 195430 2 Gain
chr26  CNVR_26_31 chr26:45669303-45909407 45669303 45909407 240104 2 Gain
chr26  CNVR_26_23 chr26:19880677-19942669 19880677 19942669 61992 3 Both
chr26  CNVR_26_26 chr26:25880226-25982293 25880226 25982293 102067 3 Loss
chr26 CNVR_26_1 chr26:874754-1012643 874754 1012643 137889 4 Both
chr26 CNVR_26_18 chr26:17163979-17246984 17163979 17246984 83005 4 Loss
chr26 CNVR_26_35 chr26:51154962-51267717 51154962 51267717 112755 6 Both
chr26 CNVR_26_9 chr26:3884506-3955269 3884506 3955269 70763 7 Both
chr26 CNVR_26_3 chr26:2343667-2452597 2343667 2452597 108930 8 Both
chr27 CNVR_27_1 chr27:275256-367537 275256 367537 92281 2 Gain
chr27 CNVR_27_3 chr27:2298767-2378910 2298767 2378910 80143 2 Loss
chr27 CNVR_27_18 chr27:13767421-13847519 13767421 13847519 80098 2 Gain
chr27 CNVR_27_28 chr27:20559148-20791916 20559148 20791916 232768 2 Gain
chr27 CNVR_27_26 chr27:16453926-16571478 16453926 16571478 117552 3 Loss
chr27 CNVR_27_31 chr27:21615584-21725517 21615584 21725517 109933 3 Loss
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chr27 CNVR_27_8 chr27:8781446-8927449 8781446 8927449 146003 5 Loss
chr27 CNVR_27_22 chr27:15175109-15229451 15175109 15229451 54342 6 Gain
chr28 CNVR_28 5 chr28:13954510-14058525 13954510 14058525 104015 2 Gain
chr28 CNVR_28 18 chr28:22941657-23075883 22941657 23075883 134226 2 Both
chr28  CNVR_28 29 chr28:33262793-33449126 33262793 33449126 186333 2 Gain
chr28  CNVR_28 33 chr28:37799844-37962946 37799844 37962946 163102 2 Gain
chr28  CNVR_28_34 chr28:38004515-38136070 38004515 38136070 131555 2 Both
chr28  CNVR_28 27 chr28:25175373-25352987 25175373 25352987 177614 6 Both
chr28  CNVR_28_15 chr28:22226165-22355840 22226165 22355840 129675 9 Loss
chr28 CNVR_28 10 chr28:21137220-21292836 21137220 21292836 155616 11 Both
chr29 CNVR_29 5 chr29:13846574-13935802 13846574 13935802 89228 2 Loss
chr29 CNVR_29 13 chr29:27163710-27218550 27163710 27218550 54840 2 Both
chr29  CNVR_29 22 chr29:41989397-42455680 41989397 42455680 466283 2 Gain
chr29  CNVR_29 23 chr29:42897144-43006000 42897144 43006000 108856 2 Gain
chr29 CNVR_29 24 chr29:43777249-43948092 43777249 43948092 170843 2 Gain
chr29 CNVR_29 28 chr29:46969623-46999731 46969623 46999731 30108 2 Loss
chr29 CNVR_29 36 chr29:50569383-50586068 50569383 50586068 16685 4 Loss
chr29 CNVR_29 34 chr29:50202589-50240781 50202589 50240781 38192 6 Both
chr29  CNVR_29 39 chr29:51396010-51502868 51396010 51502868 106858 6 Both
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chr3 CNVR_3_7 chr3:18649247-19048207 18649247 19048207 398960 2 Gain
chr3 CNVR_3 8 chr3:21371931-21587811 21371931 21587811 215880 2 Gain
chr3 CNVR_3_12 chr3:32788575-32944221 32788575 32944221 155646 2 Gain
chr3 CNVR_3_21 chr3:40534231-40678490 40534231 40678490 144259 2 Gain
chr3 CNVR_3 24 chr3:41371572-41432313 41371572 41432313 60741 2 Both
chr3 CNVR_3_28 chr3:46922624-47165828 46922624 47165828 243204 2 Gain
chr3 CNVR_3_29 chr3:47541668-47703475 47541668 47703475 161807 2 Both
chr3 CNVR_3_32 chr3:61758600-61947686 61758600 61947686 189086 2 Both
chr3 CNVR_3_52 chr3:69716313-69832745 69716313 69832745 116432 2 Both
chr3 CNVR_3_54 chr3:71141852-71238926 71141852 71238926 97074 2 Gain
chr3 CNVR_3_59 chr3:84764797-84938304 84764797 84938304 173507 2 Gain
chr3 CNVR_3_65 chr3:95254105-95497810 95254105 95497810 243705 2 Loss
chr3 CNVR_3_14 chr3:33598353-33741850 33598353 33741850 143497 3 Both
chr3 CNVR_3_18 chr3:39393293-39599273 39393293 39599273 205980 3 Loss
chr3 CNVR_3_57 chr3:73921609-74636373 73921609 74636373 714764 3 Loss
chr3 CNVR_3_61 chr3:85984517-86180854 85984517 86180854 196337 3 Gain
chr3 CNVR_3_79 chr3:118934229-119048887 118934229 119048887 114658 3 Both
chr3 CNVR_3_38 chr3:63916846-63939015 63916846 63939015 22169 4 Both
chr3 CNVR_3_48 chr3:66296159-66381935 66296159 66381935 85776 4 Both
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chr3 CNVR_3_88 chr3:121025205-121098536 121025205 121098536 73331 Loss
chr4 CNVR_4 5 chr4:9615916-9748719 9615916 9748719 132803 Gain
chr4 CNVR_4 9 chr4:16800525-16899410 16800525 16899410 98885 Loss
chr4 CNVR_4_18 chr4:22026811-22227807 22026811 22227807 200996 Gain
chr4 CNVR_4_21 chr4:30606899-30732178 30606899 30732178 125279 Gain
chr4 CNVR_4_26 chr4:36896740-37021317 36896740 37021317 124577 Gain
chr4 CNVR_4_39 chrd:41444423-41610894 41444423 41610894 166471 Loss
chr4 CNVR_4_42 chr4:45149895-45664659 45149895 45664659 514764 Gain
chr4 CNVR_4_49 chr4:52669435-52690928 52669435 52690928 21493 Loss
chr4 CNVR_4_51 chr4:55566787-55656122 55566787 55656122 89335 Loss
chra CNVR_4_53 chr4:61203879-61324109 61203879 61324109 120230 Both
chr4 CNVR_4_66 chr4:91874324-91951169 91874324 91951169 76845 Gain
chra CNVR_4_67 chr4:92289023-92331760 92289023 92331760 42737 Gain
chr4 CNVR_4 74 chr4:111140851-111245497 111140851 111245497 104646 Gain
chr4 CNVR_4_76 chr4:111990062-112013902 111990062 112013902 23840 Both
chr4 CNVR_4_78 chr4:114975718-115112032 114975718 115112032 136314 Gain
chr4 CNVR_4_45 chr4:49717334-49824079 49717334 49824079 106745 Both
chr4 CNVR_4_55 chr4:67462808-67546405 67462808 67546405 83597 Gain
chr4 CNVR_4_64 chr4:91080419-91381987 91080419 91381987 301568 Both
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CHR CNVR_ID CNVR Start Position End Position Length (bp) No. of animals " Gain/Loss/Both
chr4 CNVR_4_37 chr4:40746706-40806862 40746706 40806862 60156 4 Both
chr4 CNVR_4_59 chr4:78440044-78523846 78440044 78523846 83802 4 Loss
chr4 CNVR_4_62 chr4:89568067-89648770 89568067 89648770 80703 4 Both
chr4 CNVR_4_71 chr4:108867683-108928668 108867683 108928668 60985 4 Loss
chr4 CNVR_4_15 chr4:21194199-21248954 21194199 21248954 54755 6 Loss
chr4 CNVR_4_31 chr4:38653121-38680360 38653121 38680360 27239 7 Both
chrs CNVR_5_29 chr5:78206091-78352587 78206091 78352587 146496 2 Both
chrs CNVR_5_38 chr5:110399710-110483953 110399710 110483953 84243 2 Gain
chrs CNVR_5_51 chr5:118430785-118501191 118430785 118501191 70406 2 Both
chrb CNVR_5_53 chr5:118982815-119071205 118982815 119071205 88390 2 Loss
chrb CNVR_5_1 chr5:1821290-1890085 1821290 1890085 68795 3 Loss
chrb CNVR_5_20 chr5:26621180-26809399 26621180 26809399 188219 3 Both
chrb CNVR_5_10 chr5:3531860-3552418 3531860 3552418 20558 4 Both
chrb CNVR_5_18 chr5:17995212-18075032 17995212 18075032 79820 4 Loss
chr5 CNVR_5_44 chr5:117133270-117194638 117133270 117194638 61368 4 Loss
chr5 CNVR_5_55 chr5:119820680-120264251 119820680 120264251 443571 4 Both
chr5 CNVR_5_48 chr5:117938671-118014757 117938671 118014757 76086 5 Both
chr6 CNVR_6_46 chr6:44968134-45052429 44968134 45052429 84295 2 Gain
chré CNVR_6_58 chr6:52628477-52725432 52628477 52725432 96955 2 Loss
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CHR CNVR_ID CNVR Start Position End Position Length (bp) No. of animals Gain/Loss/Both

chré CNVR_6_70 chr6:56164953-56232922 56164953 56232922 67969 2 1 1 Both
chr6 CNVR_6_87 chr6:78539712-78598487 78539712 78598487 58775 2 1 1 Both
chré CNVR_6_98 chr6:87201599-87327708 87201599 87327708 126109 2 1 1 Both
chré CNVR_6_102 chr6:93137474-93297733 93137474 93297733 160259 2 2 Gain
chr6 CNVR_6_109 chr6:106981782-107045738 106981782 107045738 63956 2 2 Loss
chr6 CNVR_6_112 chr6:108891914-109022523 108891914 109022523 130609 2 1 1 Loss
chr6 CNVR_6_5 chr6:10105101-10199636 10105101 10199636 94535 3 3 Loss
chr6 CNVR_6_16 chr6:12521271-12648459 12521271 12648459 127188 3 1 2 Both
chr6 CNVR_6_25 chr6:20297397-20350438 20297397 20350438 53041 3 3 Loss
chr6 CNVR_6_31 chr6:38845992-38939012 38845992 38939012 93020 3 2 1 Both
chr6 CNVR_6_50 chr6:50046827-50255777 50046827 50255777 208950 3 2 1 Both
chr6 CNVR_6_67 chr6:55522974-55616565 55522974 55616565 93591 3 1 2 Both
chr6 CNVR_6_111 chr6:108076099-108476017 108076099 108476017 399918 3 3 Loss
chr6 CNVR_6_3 chr6:4156416-4217935 4156416 4217935 61519 4 4 Loss
chré CNVR_6_91 chr6:81286240-81368675 81286240 81368675 82435 4 2 2 Both
chré CNVR_6_1 chr6:1258166-1332167 1258166 1332167 74001 5 5 Loss
chré CNVR_6_20 chr6:14449728-14597357 14449728 14597357 147629 5 4 1 Both
chré CNVR_6_40 chr6:43037439-43089739 43037439 43089739 52300 5 4 1 Both
chr6 CNVR_6_43 chr6:44622597-44649549 44622597 44649549 26952 5 4 1 Both
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CHR CNVR_ID CNVR Start Position End Position Length (bp) No. of animals " Gain/Loss/Both
3
chré CNVR_6_9 chr6:10760779-10838635 10760779 10838635 77856 6 4 Both
chr6 CNVR_6_37 chr6:41530548-41611777 41530548 41611777 81229 6 3 Both
chr6 CNVR_6_61 chr6:53514737-53643730 53514737 53643730 128993 6 1 Both
chr6 CNVR_6_116 chr6:109610794-109682953 109610794 109682953 72159 7 Loss
chré CNVR_6_55 chr6:50981312-51007189 50981312 51007189 25877 8 Loss
chré CNVR_6_81 chr6:71994646-72051699 71994646 72051699 57053 25 25 Gain
chr7 CNVR_7_11 chr7:18910887-19286649 18910887 19286649 375762 2 1 Both
chr7 CNVR_7_14 chr7:21222125-21321599 21222125 21321599 99474 2 1 Both
chr7 CNVR_7_16 chr7:24571599-24625377 24571599 24625377 53778 2 Loss
chr7 CNVR_7_19 chr7:25120220-25174975 25120220 25174975 54755 2 1 Both
chr7 CNVR_7_21 chr7:28897553-29082004 28897553 29082004 184451 2 2 Gain
chr7 CNVR_7_23 chr7:31921125-32091641 31921125 32091641 170516 2 2 Gain
chr7 CNVR_7_42 chr7:39172213-39226471 39172213 39226471 54258 2 1 Both
chr7 CNVR_7_45 chr7:39944515-40136380 39944515 40136380 191865 2 2 Gain
chr7 CNVR_7_55 chr7:78584955-78672889 78584955 78672889 87934 2 2 Gain
chr7 CNVR_7_57 chr7:79012351-79096832 79012351 79096832 84481 2 Loss
chr7 CNVR_7_69 chr7:106170981-106274908 106170981 106274908 103927 2 Loss
chr7 CNVR_7_8 chr7:17913294-18048182 17913294 18048182 134888 3 3 Gain
chr7 CNVR_7_27 chr7:33722644-33746267 33722644 33746267 23623 3 2 Both
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chr7 CNVR_7_39 chr7:37150427-37180616 37150427 37180616 30189 5 Both
chr7 CNVR_7_34 chr7:34559205-34611681 34559205 34611681 52476 6 Loss
chr7 CNVR_7_54 chr7:75305297-75370366 75305297 75370366 65069 7 Both
chr8 CNVR_8_20 chr8:49981054-50148467 49981054 50148467 167413 2 Both
chr8 CNVR_8_23 chr8:50499574-50575791 50499574 50575791 76217 2 Loss
chr8 CNVR_8_26 chr8:54961322-55084725 54961322 55084725 123403 2 Gain
chr8 CNVR_8_34 chr8:83102322-83190665 83102322 83190665 88343 2 Gain
chr8 CNVR_8_37 chr8:88096752-88237379 88096752 88237379 140627 2 Gain
chr8 CNVR_8_38 chr8:88302649-88545459 88302649 88545459 242810 2 Gain
chr8 CNVR_8_44 chr8:94115663-94386951 94115663 94386951 271288 2 Loss
chr8 CNVR_8_48 chr8:101231366-101404929 101231366 101404929 173563 2 Gain
chr8 CNVR_8_11 chr8:34795275-34898163 34795275 34898163 102888 4 Both
chr8 CNVR_8_14 chr8:35434141-35464882 35434141 35464882 30741 4 Loss
chr8 CNVR_8_42 chr8:93017958-93055587 93017958 93055587 37629 4 Both
chr9 CNVR_9_30 chr9:35953813-36002535 35953813 36002535 48722 2 Both
chr9 CNVR_9_39 chr9:55771156-56072341 55771156 56072341 301185 2 Loss
chr9 CNVR_9_45 chr9:91405210-91469581 91405210 91469581 64371 2 Both
chr9 CNVR_9 51 chr9:102826828-102930778 102826828 102930778 103950 2 Loss
chr9 CNVR_9_14 chr9:5079903-5148301 5079903 5148301 68398 3 Both
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chr9 CNVR_9_35 chr9:55338203-55414103 55338203 55414103 75900 3 Both
chr9 CNVR_9_46 chr9:93685360-93884361 93685360 93884361 199001 3 Loss
chr9 CNVR_9_48 chr9:94991477-95065382 94991477 95065382 73905 3 Gain
chr9 CNVR_9_16 chr9:5901981-5949799 5901981 5949799 47818 6 Both
chr9 CNVR_9_8 chr9:3971122-4000045 3971122 4000045 28923 8 Both
chr9 CNVR_9_10 chr9:4239500-4283263 4239500 4283263 43763 10 Both
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Additional file 4.2 The gene name, refgene annotation and gene symbol of genes overlapping or within 10Mb of CNVRs significantly associated with
tick resistance in South African Nguni cattle.

CNVR_ID CNVR REFGENE ANNOTATION GENE SYMBOL GENE NAME

CNVR_1 4 chr1:4957717-5034441 NOT_FOUND
CNVR_2_32  chr2:53894600-53951533 NM_001191308 KYNU Kynureninase
CNVR_6_25  chr6:20297397-20350438 NOT_FOUND

CNVR_6_5 chr6:10105101-10199636 NOT_FOUND

CNVR_6_9 chr6:10760779-10838635 NOT_FOUND
CNVR_7 54  chr7:75305297-75370366 NM_001192760 GABRB2 Gamma-aminobutyric acid type A receptor beta2 subunit
CNVR_8 11  chr8:34795275-34898163 NOT_FOUND
CNVR_9 48  chr9:94991477-95065382 NOT_FOUND
CNVR_12 53 c¢hr12:90704572-90778028 NM_001076029 TFDP1 Transcription factor Dp-1
CNVR_12_53 chr12:90704572-90778028 NM_001098003 TMCO3 TMCO3 protein
CNVR_12 53 c¢hr12:90704572-90778028 NM_001206140 ATP4B Uncharacterized protein
CNVR_12_53 c¢hr12:90704572-90778028 NM_174173 GRK1 Rhodopsin kinase
CNVR_15 4 chr15:5474020-5537822 NOT_FOUND
CNVR_17 39 c¢hrl7:74292319-74393620 NM_001038163 TUBASE Tubulin alpha-3e
CNVR_17_39 c¢hrl7:74292319-74393620 NM_001046281 AIFM3 Apoptosis inducing factor, mitochondria associated 3
CNVR_17 39 chrl7:74292319-74393620 NM_001075185 PRODH Proline dehydrogenase 1, mitochondrial
CNVR_17_39 c¢hrl7:74292319-74393620 NM_001098465 THAP7 THAP domain containing 7
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CNVR_17_39
CNVR_17 39
CNVR_17 39
CNVR_20_21

CNVR_21_46

CNVR_22 28

CNVR 22 8

CNVR_24 19

CNVR_29 34

CNVR_29 34

chrl7:74292319-74393620

chrl7:74292319-74393620

chrl7:74292319-74393620

chr20:45052283-45266553

chr21:71025601-71109676

chr22:60736089-60960603

chr22:24078956-24161191

chr24:28154039-28196203

chr29:50202589-50240781

chr29:50202589-50240781

NM_001099204
NM_001192042

NM_001192111

NM_001075573

NM_001076402

NM_001001441

NM_001075374

MZT2

SLC7A4

LZTR1

C1l4o0rf79

CHCHDG6

TNNT3

LSP1

Mitotic-spindle organizing protein 2

Leucine zipper like transcription regulator 1

NOT_FOUND

NOT_FOUND

NOT_FOUND

Uncharacterized protein

uncharacterized protein

MICOS complex subunit MIC25

Troponin T3, fast skeletal type

Lymphocyte-specific protein 1
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