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Abstract 

This research sought to use molecular markers to characterise the Djallonke sheep breed 

in Ghana. An additional aim was to analyse the Djallonke sheep genome for signatures of 

adaptive selection in relation to the many adaptive attributes, particularly host resistance to 

African animal trypanosomiasis and gastrointestinal nematode infection. Molecular 

characterisation of the class IIa Major Histocompatibility complex (MHC) genes in the 

Djallonke sheep was also undertaken because of the importance of the MHC to immunity and 

adaptive traits. 

The Djallonke sheep is the most ancient sheep breed found in Africa, and is present in at 

least 14 countries. The Djallonke sheep are a popular breed due to their natural resistance to 

many livestock diseases. In spite of the importance of Djallonke sheep, genetic analyses of the 

them has been very limited and the Djallonke sheep populations in Ghana have not yet been 

subjected to any genetic characterisation. Furthermore, recent studies have shown a concerning 

loss of important survival traits amongst the Djallonke populations (e.g. resistance to parasites). 

This loss has been attributed to the introgression of trypanosusceptible Sahelian genetics, due 

to a practice of indiscriminate cross breeding with the considerably larger framed Sahelian 

sheep. 

Therefore, blood was collected from Djallonke and Sahelian sheep from two sheep 

breeding stations in Ghana. Genomic DNA was extracted from these samples for molecular 

genetic studies. 

The first part of this work involved a comparative whole genome analysis for the Djallonke 

and Sahelian sheep breeds using a “sequence and pool” methodology. Five unrelated 

individuals of Djallonke and Sahelian sheep were sequenced at a combined greater than 22-

fold average coverage for each breed. High levels (~ 96%) of variant similarities were found 

between the two breeds, a reflection of their shared demographic histories. In addition, 

significant numbers of breed specific single nucleotide polymorphisms (SNPs), insertions and 

deletions (INDELs) were identified for the Djallonke (~ 0.33 million) and Sahelian (~ 0.16 

million) and will provide targets for developing efficient breed specific molecular identification 

markers. A total of 11.1 million and 10.9 million SNPs were identified in the Djallonke and 

Sahelian breeds, of which approximately 15% (~ 2million) and 16% (~1.8 million) 
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respectively, have not been previously reported in sheep. The Djallonke and Sahelian sheep 

both constitute significant and unique genetic resources, and contribute to world sheep 

diversity. This study represents the first ever whole genome variant analysis in the two sheep 

breeds, and will be of fundamental importance for the sustainable management of these two 

sheep breeds.  

The second part of this study undertook a selection signature analysis of the whole genome 

variant dataset for the Djallonke and Sahelian sheep breeds. The high variant rates in Djallonke 

and Sahelian, coupled with the high accuracy of the sequencing process as determined by the 

ratios of transition and transversion mutations, means that this is an optimal dataset for 

selection signature analysis. Multiple regions of reduced heterozygosity (i.e. increased 

homozygosity) were found, 70 of these co-localised with genomic regions known to harbour 

genes that mediate disease resistance, immune response and adaptation in sheep or cattle. Of 

particular interest are the regions of reduced heterozygosity that co-localised with previously 

reported genes for resistance to Haemonchosis and Trypanosomiasis. These reduced 

heterozygosity regions are likely to be a consequence of genetic hitchhiking and are probably 

signatures of selection for these diseases. This study provides a valuable insight for elucidating 

the underlying mutations and mechanisms of the many adaptive traits in the Djallonke breed. 

This study presents the first support to putative regions harbouring QTL for trypanotolerance, 

resistance to H. contortus infection, and adaptation to a harsh tropical climate in these two 

sheep breeds. This knowledge is fundamental to the sustainable breeding and utilisation of the 

Djallonke sheep, and has long term implications for food security and poverty alleviation in all 

14 affected countries in the region. 

The third part of this study is a comparative analysis of MHC class IIa region in a 

population of 100 Djallonke and 100 Sahelian sheep. Variations within the class IIa MHC 

region in sheep have been associated with resistance to parasites. The Djallonke sheep breed is 

known to be more resistant to parasitic infection than the Sahelian breed. These contrasting 

resistance traits have been proven via many parasitological and haematological studies, but no 

genetic analyses of this region have previously been conducted. Therefore, the rationale for 

this study was to analyse, for the first time, the allelic variation within the MHC class II region 

in these two breeds. Sequencing-based genotyping of three polymorphic class II genes in the 

two sheep populations revealed high numbers (24) of novel alleles at two of the loci. High 

numbers of breed specific alleles were also identified for both the Djallonke (11) and Sahelian 
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(7) breeds. Evolutionary distance analysis showed that the Djallonke breed has the higher 

diversity at all three loci analysed. Higher diversity at the class II region is associated with 

increased resistance to parasitic infection. This analysis represents the first characterisation of 

the class II MHC region in these two breeds, and supports the hypothesis of the existence of 

molecular evidence for the contrasting phenotypes in these two sheep breeds. This information 

offers new opportunities such as the application of molecular tools for the sustainable 

management of these two important indigenous sheep breeds.  

The fourth part of this study presents a comparative population genetic analysis of 100 

Djallonke and 100 Sahelian sheep from Ghana. Statistical analyses for allelic frequency, 

heterozygosity, linkage disequilibrium, genic differentiation, and departure from Hardy 

Weinberg equilibrium were also undertaken. To understand the demographic factors shaping 

the MHC class II region in these two sheep populations, the Nei-Gojobori codon-based 

selection test was conducted for three class II loci. Thirteen alleles were under significant 

selection in the Djallonke population in comparison to eleven alleles in the Sahelian population, 

with only four common alleles under the same direction of selection. This study provides the 

first information on population genetic analysis of the MHC class II region in the Djallonke 

and Sahelian sheep. These results offer valuable insights to some of the demographic factors 

have shaped the genomic MHC architecture in these two sheep populations in this region. 

The overall aim of this study: to characterise the Djallonke sheep breed of Ghana using 

molecular makers, was accomplished, and additionally the Sahelian sheep was similarly 

characterised. The genetic information obtained from these two indigenous Ghanaian and 

African sheep breeds with contrasting phenotypic traits facilitated a wide range of comparative 

analyses. In summary, substantial genetic similarities were identified between the two sheep, 

but also significant differences. These findings provided the first evidence of genetic basis of 

the contrasting phenotypes between the Djallonke and Sahelian breeds. This knowledge is 

fundamental to the sustainable management of these two sheep breeds and will be valuable for 

studies into disease resistance in sheep. 
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Chapter 1 Molecular identification of livestock 
breeds: a tool for modern 
conservation biology 

Some of the work and ideas in this review have already been published, i.e. Yaro et al. (2017) Molecular 

identification of livestock breeds: a tool for modern conservation biology. Biological Reviews, 

Cambridge Philosophical Society, 92(2), 993-1010.  http://dx.doi.org/10.1111/brv.12265  and Yaro et 

al. (2016) Combatting African Animal trypanosomiasis: the potential role of trypanotolerance, 

Veterinary Parasitology, 225, 43-52. http://dx.doi.org/http://dx.doi.org/10.1016/j.vetpar.2016.05.003 

The first part of chapter 1 reviews the genesis and current status of global domestic livestock genetic 

diversity, and highlights its crucial importance to human development. In particular, the exceeding 

relevance of between breed diversity over inter species diversity, with respect to conservation biology, 

is discussed. A strong argument was made for the need for molecular characterisation of livestock 

breeds to facilitate their reliable identification. The second section of chapter 1 chronicles the perpetual 

challenges faced by the livestock production industry due to African Animal Trypanosomiasis (AAT). 

The potential role of exploiting the natural resistance of some indigenous livestock, typically, the 

Djallonke sheep, as an integral part of the multifaceted solution for AAT in the context of African animal 

production systems was strongly supported. The third and final section of chapter 1 reviews the key 

role of the MHC in the host’s resistance to parasitic diseases with a specific focus on the domestic 

sheep. An analysis of published literature suggests that MHC class II genes in sheep play a major in 

parasitic infections.  

1.1.1 Introduction 

A large amount of the genetic variation present in wild animal lineages prior to domestication 

has been conserved during the domestication process, and persists within the respective 

domesticates (Dobney & Larson, 2006). Currently, most of these wild lineages are either 

extinct or critically endangered (Taberlet et al., 2011). Over the 12,000 years since farm 

animals were first domesticated, their genetic make-up has undergone subtle adaptation due to 

both natural (speciation) and artificial (domestication/breeding) selection pressures exerted by 

their specific environments and human activity, respectively (Banik, Pankaj, & Naskar, 2015; 

Hoffmann & Scherf, 2005; Jensen, 2006; Mignon-Grasteau et al., 2005; Morris, 2006; Naskar, 

Gowane, & Chopra, 2015; Price, 1999; Vigne, 2011; Zeder et al., 2006). These selection 

pressures have culminated in the development of a rich global domestic animal diversity with 
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thousands of breeds (Ajmone-Marsan & The Globaldiv Consortium, 2010; Groeneveld et al., 

2010). Each of these breeds is characterised by their unique morphology and productivity 

related to specific environmental and applied farming conditions (Lopes et al., 2015; Shand, 

1997). A livestock breed can be generally defined as either a homogenous group with unique 

and identifiable phenotypic features that distinguish it from other subgroups within the same 

species, or a homogenous group for which geographical isolation from other groups of the same 

species has resulted in their acceptance as unique entities (FAO, 2000; Rege, 2003). Recently, 

a more refined definition of a breed concept which encompasses the history of the livestock 

was proposed by Felius, Theunissen, and Lenstra (2014) and Tixier-Boichard (2014). The 

scope of this new definition conforms to current practical reality, as not all breeds by definition 

actually represent unique genetic resources. Breeds can therefore be regarded as the unit of 

management for livestock instead of the unit of conservation so as to make it a more useful 

instrument for conservation purposes (Felius et al., 2014; Groeneveld et al., 2010).  

A recent report on livestock breed diversity stated that there were 7,202 local breeds (breeds 

found in only one country), 509 regional trans-boundary breeds (breeds found in different 

countries within one region) and 551 international trans-boundary breeds (breeds found in 

different countries in different continents) (FAO, 2013). These breed classifications cover the 

seven main mammalian livestock species (sheep, goats, cattle, pigs, buffalo, horses, and 

asses/donkeys), four main avian livestock species (chicken, turkeys, ducks, and geese) and 

eight minor livestock species (alpacas, yaks, llamas, camels, elephants, musk oxen, and guinea 

pigs). However, since the concept of selective breeding only emerged in the last 200 years, and 

subsequently through more intensive selection in the last few decades, domestic animal 

diversity has been under sustained threat of significant erosion (Ajmone-Marsan & The 

Globaldiv Consortium, 2010; Köhler‐Rollefson, 1997). In 2012, an analysis of data from 182 

countries by the Global Databank for farm animal genetic resources revealed that 

approximately 8% of all farm animal (local, regional trans-boundary and international trans-

boundary) breeds could already be considered extinct, 22% were at varying degrees of 

extinction risk, and the risk status of 34% was unknown (FAO, 2013). The report, which was 

an update of the previous 2010 edition, brings the total farm animal extinctions to a staggering 

12% since 1999. This is quite significant given the fact that a total of only 16% extinctions was 

recorded in the preceding century (1900–1999) (FAO, 2013). The report also indicated that 

only approximately 36% of global farm animal genetic resources were not at any risk of 

immediate extinction.  
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This growing threat to the world’s animal genetic resources was recognised by the Food and 

Agriculture Organisation (FAO) of the United Nations (UN) as an emerging global challenge, 

and this recognition has led to the ratification by 109 countries, in 2007, of the Interlaken 

Declaration on world animal genetic resources (Rischkowsky, Pilling, & Commission on 

Genetic Resources for Food Agriculture, 2007). The Interlaken Declaration was the first global 

action plan specifically aimed at conserving our current animal genetic resources. The 

declaration called for urgent and prompt measures to be undertaken to mitigate the risk of large-

scale loss of defined breeds in the face of challenges such as increasing human population, 

climate change and emerging diseases. It was also envisaged that such intervention, when 

successful, would also make a significant contribution to Millennium Development Goals 1 

and 7: eradication of extreme poverty and hunger, and ensuring environmental sustainability, 

respectively. The Millennium Development Goals (or agenda) are a blueprint of eight goals 

referred to as the UN Millennium Declaration, which was commissioned by the UN general 

assembly in September, 2000 (United Nations, 2000). The objective of the declaration is to 

galvanize unprecedented efforts from all member countries to reverse the poverty, hunger and 

disease affecting billions of people around the world within a 15-year time frame. Despite the 

historic breakthrough at the Interlaken Summit, little progress has been made so far, especially 

in developing countries, due to several factors, the most prominent being a general lack of 

technical capacity and financial resources (FAO, 2007).  

The Domestic Animal Diversity Information System (DAD-IS) is an information and 

communication tool that was set up to coordinate management strategies developed for 

domestic animal diversity at global, regional and national levels. This system has challenges, 

especially regarding the quality of entries from developing countries (Tixier-Boichard, 2014). 

Most of the data submitted, especially from Africa, requires regular updating to make them 

relevant to the current situation. For example 48% and 53% of mammalian and avian breeds 

recorded in DAD-IS were found to lack sufficient demographic information necessary for the 

assessment of their precise risk status (Groeneveld et al., 2010). Furthermore, 87% of entries 

regarding breed demographics were found to be based on a survey or census, thus presenting a 

significant limitation, and might be unreliable (Groeneveld et al., 2010).  

In recognition of these and other shortcomings in attempts at addressing global animal genetic 

resource erosion issues, the European Union has recently commissioned a three-year global 

programme named ‘The GLOBALDIV Project’ (Ajmone-Marsan & The Globaldiv 

Consortium, 2010). The GLOBALDIV project also known as ‘Global View of Livestock 

Biodiversity and Conservation’ had representations from the FAO of the UN, the International 
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Livestock Research Institute (ILRI), the International Atomic Energy Agency (IAEA), and 34 

individual international researchers from key institutions that are working in areas related to 

the characterisation of farm animal genetic resources (Globaldiv consortium, 2010). The main 

aim of this project is to integrate and disseminate the experience of past, large-scale, 

biodiversity projects and to review the main drivers of biodiversity loss, and then to implement 

strategies for the conservation of farm animal genetic diversity. Notable among the 

recommendations of the GLOBADIV project is the need for amalgamation of the disciplines 

of genetics, socioeconomics and geographic information science for efficient valuation of 

domestic animal genetic resources.  

Currently, improved geo-referencing methods, for example global positioning systems (GPS), 

are being used as part of a range of measures to provide better production-environment 

descriptors (Groeneveld et al., 2010). However, because of the dynamic nature of domestic 

livestock diversity, it is now obvious that more innovative interventions are required to provide 

precise information on breed structure and status and effectively halt the rapid loss of global 

livestock genetic diversity. For any livestock breed considered to be at risk, it is recommended 

that the monitoring of population trends in terms of population size and structure must be 

carried out at least once per generation (Groeneveld et al., 2010). More recently, it was 

indicated that currently available data are inadequate for the ascertainment of the real extent of 

domestic animal genetic erosion (Bruford et al., 2015). The development of breed-specific 

identification tools for each characterised livestock breed will not only facilitate the process of 

regular monitoring of population trends and demographics, but also promote conservation.  

This review summarises our knowledge of (i) the key importance of domestic animal genetic 

resources, (ii) the threats to this resource diversity, (iii) the current status of domestic animal 

genetic resources, and (iv) conservation methods, with specific emphasis on a molecular 

genetics approach. We conclude with an assessment of the potential development and use of 

reliable breed identification tools for livestock breeds for enhancing modern conservation 

biology studies and preservation of livestock breed diversity.  

1.1.2 Key Scientific, Cultural and Economic Importance of global livestock 

genetic resources 

Domestic livestock are known directly to provide food and livelihoods to more than 90% of 

the 1.97 billion people who live on less than one US$ a day (Anderson, 2003). With a total 

global asset value of US$ 1.4 trillion, domestic livestock is reported to contribute 33% and 
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17% to global protein and kilocalorie consumption, respectively (Herrero et al., 2009). In many 

developing countries, apart from the provision of food and income, livestock transactions also 

develop and foster meaningful and emotional social relationships between and among 

communities (McCorkle & James, 1996). The so-called minor livestock species, although 

fewer in population number and distribution, are typically of critical importance in terms of 

cultural heritage and for the livelihood of their owners (McCorkle & James, 1996; York & 

Mancus, 2013). For instance, draught-animal power plays an essential role in the livelihoods 

of marginal communities in many developing countries in Asia, sub-Saharan Africa, and Latin 

America (Barrett, 1992; Lawrence & Pearson, 2002; Teweldmehidin & Conroy, 2010). In 

addition to these traditional important uses, several species of animals are now used as models 

in toxicology studies to ascertain the hazard level to humans of prospective drugs (Olson et al., 

2000). For example, the miniature pig was identified as an ideal non-primate model for 

chromosomal abnormalities, skin cell therapy and neural stem cell studies (Vodička et al., 

2005). Also a strain of rabbit referred to as ‘Watanabe heritable hyperlipidemic’ was found to 

be a good model for the study of human myocardial infarction (Shiomi et al., 2003). It has been 

recommended that comparative medicine, which entails disease studies across animals and 

human species, holds the key to efficient prevention and control strategies for many zoonotic 

diseases (Kahn, 2006). Livestock diversity should not only be considered on the basis of global 

food security, but also as having critical cultural, economic and scientific importance, both 

currently and into the future.  

1.1.3 Threats to Global Livestock Genetic Resources 

The global domestic animal or livestock genetic resources (AnGR) are defined as the sum total 

of animal species, breeds and strains that currently are, or may be, of future economic, scientific 

and cultural heritage importance to humans. For the purpose of conservation it is usually breed 

diversity rather than species diversity that is of greater importance (Philipsson, Rege, & Okeyo, 

2006). According to the latest report by the commission on animal genetic resources the 

percentage of local livestock breeds considered to be at risk of extinction increased by two 

percentage points between 2010 and 2012 (FAO, 2013). This outlook on the prevailing 

extinction rate of livestock, although alarming, is likely to be an under-estimation of the actual 

situation, especially in relation to estimates for developing regions of the world such as sub-

Saharan Africa (Rege & Gibson, 2003).  
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The loss of livestock genetic diversity reduces the range of opportunities available to confront 

the challenges of unpredictable future events, such as climate change, social change, disease 

epidemics, selection errors, and many others (Anderson & Centonze, 2007). Some less-

common or rare breeds of livestock may also contain rare gene variants that provide greater 

resistance/resilience to disease and parasites. For many years, the Djallonke sheep and N’Dama 

cattle breeds of West Africa were regarded as less-desirable livestock because of their generally 

lower productivity, until these breeds were found to possess an inherent ability to resist the 

debilitating African animal trypanosomiasis disease (Dolan, 1987; Geerts et al., 2009; 

Goossens et al., 1999; Mwai et al., 2015; Tano et al., 2003). These breeds have since gained 

popularity in the region, particularly in the trypanosomiasis endemic areas, prompting their 

inclusion in strategies for mitigating the effects of the disease (Murray et al., 1984; Naessens, 

Teale, & Sileghem, 2002). Several quantitative trait loci studies for trypanotolerance in these 

breeds have been undertaken to facilitate this process (Dayo et al., 2012; Gautier et al., 2009; 

Hanotte et al., 2003; Kemp & Teale, 1998). In another example, an approximate 50% increase 

in weaning rate was attained when the Booroola FecB gene of the lower productivity small 

Garole sheep breed was introgressed into the highly productive but low fecundity Deccani 

sheep breed in India (Marshall et al., 2011). Furthermore, behavioural traits such as ability to 

use a greater range of food sources (which may not normally be efficiently digested in the more 

common commercial breeds), tolerance of heat and/or cold, and even differences in mothering 

abilities are all important heritable traits that should be preserved. As many of these unique 

breeds are in developing countries and as they are not currently adequately characterised, it is 

therefore important to conserve as much as possible of this existing genetic diversity, because 

we do not know its genetic potential (Mwai et al., 2015). While extinction is a natural process 

due to the presence of inferior traits (for example, the Djallonke sheep breed not being 

commercially desirable), until these breeds are fully genetically characterised, it is not known 

what genetic potential we are losing for future generations that face different challenges. Many 

of the presently uncharacterised breeds might serve as important genetic reservoirs for future 

selection options (Ciani et al., 2013). A more developed strategy of conservation such as has 

been employed in the preservation of plant germplasm is probably critical for future sustained 

food security (Sachs, 2009). Furthermore, the plasticity of genotype can be enormous in certain 

cases, and may not be dependent on the long-term conservation of rare breeds or breed groups. 

As likelihood that rare alleles and genetic variation within individuals and within a breed could 

certainly be as large, if not larger than between breeds. The plasticity of genotypes in such 

cases could be explored for the long-term adaptive fitness of livestock systems. 
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There is a wide spectrum of interrelated man-made and natural factors that pose varying levels 

of threats to global AnGR (Philipsson et al., 2011; Rege & Gibson, 2003). The factors that are 

responsible for the erosion of genetic diversity are often a function of the size of the population 

under consideration (Barbato et al., 2015). Generally, the smaller a livestock population, the 

greater is its vulnerability to extinction (Biscarini et al., 2015; Henson, 1992; Ramstad et al., 

2004). Human factors offer the greatest threat to global livestock diversity (Biscarini et al., 

2015; Frankham, 1995). The human factors include, but are not limited to; intensive selective 

breeding, overexploitation, political instability and wars (Goe & Stranzinger, 2002), 

indiscriminate crossbreeding (Alvarez et al., 2009; Wollny, 2003) and general neglect or lack 

of breeding programmes (Rege et al., 2011; Wollny, 2003). Interestingly, these human factors 

vary across both developed and developing regions of the world. In the developed regions, the 

threat to livestock diversity is mostly associated with overexploitation such as specialised 

breeding in response to dynamic socioeconomic pressures (Groeneveld et al., 2010). This trend 

is also expedited partially by often misguided or inappropriate application of advanced 

molecular biology technologies (Tisdell, 2003). Conversely in developing countries, the main 

factors are a general neglect of livestock and or poorly structured breeding programmes driven 

in part by lack of technical knowledge and financial resources (Alvarez et al., 2009; Biscarini 

et al., 2015; Philipsson et al., 2011). In the face of this clear dimorphism, it is of utmost 

importance to take measures necessary to minimise the ‘Swanson dominance effect’ (Tisdell, 

2003). The Swanson dominance effect refers to a phenomenon in which the choices made by 

the earliest developing societies influence the later pattern of development in later societies. 

There have been reports of livestock keepers in parts of sub-Saharan Africa abandoning their 

locally adapted breeds in favour of specialised potentially highly productive, but non-adapted 

exotic breeds, thereby leading to a decline in diversity (Groeneveld et al., 2010; Wollny, 2003). 

Nonetheless, regardless of the region of the world, general increases in human population tend 

to impact negatively on livestock diversity.  

Natural events that have commonly been cited as major causes of erosion of livestock genetic 

resources include tsunamis, earthquakes, hurricanes, droughts, disease epidemics, famine and 

floods (Prentice & Anzar, 2011). In the past two or more decades, climate change has emerged 

as a higher-level driving force for reduction in animal genetic resources (AnGR) (Nardone et 

al., 2010; Thornton et al., 2009). Many reports have described the expected impact of climate 

change on livestock production systems and diversity (Banik et al., 2015; Herrero et al., 2009; 

Hoffmann, 2010; Kantanen et al., 2015; McMichael et al., 2007; Naskar et al., 2015). This is 

mainly because of the direct and indirect implications of climate change on both the frequencies 
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and intensities of most of the causative factors for genetic erosion mentioned previously 

(Naskar et al., 2015). The irony, however, is that a few livestock species contribute significantly 

to climate change, as they contribute about a fifth of global greenhouse gas emissions (Garnett, 

2009; Gavrilova et al., 2010; McMichael et al.; Shields & Orme-Evans, 2015).  

Natural and human-made evolutionary forces either directly or indirectly can cause a reduction 

in the effective population size (Ne) of a livestock breeding population. Therefore, the genetic 

variability of subsequent populations is drastically reduced because it is derived from the 

genetic constitution of the few survivors remaining from the original population (Allendorf, 

1986). In population genetic studies, these reductions in population size are referred to as 

bottlenecks. A population that passes through a bottleneck loses alleles and usually shows 

reduced average heterozygosity (Allendorf, 1986; Nei, Maruyama, & Chakraborty, 1975), but 

could also lead, temporarily, to an increase in heterozygosity if more rare alleles are lost in the 

process (Hundertmark & Van Daele, 2010; Luikart & Cornuet, 1998). This temporary increase 

in heterozygosity occurs only if the loss of the rare alleles due to the bottleneck event (mutation-

drift equilibrium) has more effect on the expected heterozygosity of a given set of alleles than 

what is to be expected of that set of alleles under a Hardy-Weinberg equilibrium.  However, it 

is the overall decrease in genetic variation of the population post-bottleneck events that is of 

major relevance. Regardless of the cause of a bottleneck, it may take many generations to 

restore the original level of heterozygosity through new mutations (Chakraborty & Nei, 1977). 

Generally, the impact of a bottleneck is logically more profound on small breeding populations 

because of the larger correlative effect of the resultant diminished genetic variability on 

population fitness compared to large breeding populations. In population genetic studies, a 

bottleneck effect is referred to as a founder effect if it is associated with the founding of a new 

population (Dlugosch & Parker, 2008; Ramstad et al., 2004; Templeton, 1980). Random events 

such as founder and bottleneck effects that imperfectly eliminate genes and reduce variability 

within a population are also described as genetic drift (Newman & Pilson, 1997; Ramstad et 

al., 2004). Reduction in heterozygosity in a livestock population can be associated with decline 

in fitness of individual members, as is often the case in wild populations (Worley et al., 2010). 

This is because within small populations, the rate of inbreeding is much higher and 

consequently there is higher likelihood of the expression of deleterious recessives in a 

homozygous state. The expression of deleterious alleles has adverse effects on the livestock 

population, often presenting as reduced production, reproduction and survival (Dlugosch & 

Parker, 2008; Lacy, 1997). Frankham (1995) and Lacy (1997) have described the positive 

correlation between inbreeding and risk of extinction. The effective population size model 



 

9 

takes into account important population variables such as age and structure, inbreeding rates, 

genetic drift, genetic diversity and sex ratio. For example, a population of four males and four 

females constitutes the same effective population size as that of 100 females and only two 

males (Henson, 1992). Therefore, the effective population size is the preferred indicator of 

livestock conservation risk status (Dlugosch & Parker, 2008; Nei et al., 1975). In a breed 

regeneration programme, the effective population size can be enhanced by equalising the male 

to female ratio, standardising litter size and longevity within the breeding population, so as to 

ensure that each animal contributes equally to the next generation. However, it is apparent that 

the estimation of the effective population size and subsequent determination of its conservation 

status for a given breed is limited by the lack of availability of a reliable breed identification 

tool for any specific breed. 

1.1.4 Assessment of Livestock Genetic Diversity and Conservation Status 

In order to manage livestock genetic resources sustainably a comprehensive knowledge of 

diversity within and between breed populations is required (Groeneveld et al., 2010). A major 

step towards standardising the assessment criteria for livestock breed conservation status was 

the establishment of a universal classification framework by the FAO for categorising risk 

status. The current classification of livestock conservation risk status contains seven categories: 

extinct, critical, critical-maintained, endangered, endangered-maintained, not at risk, and 

unknown (FAO, 2013). Regular assessment of genetic conservation status of livestock is of 

fundamental importance to prevent genetic erosion and to preserve diversity.  

Key to achieving an effective assessment of livestock conservation status is a reliable mode of 

identification of members of a target breed. There are two broad methods for identifying 

individual members of a livestock breed, and their merits and demerits have been discussed 

thoroughly elsewhere (Agaviezor et al., 2012; Ashley & Dow, 1994; Birteeb et al., 2012). 

These methods comprise phenotypic and molecular identification techniques. Traditionally 

phenotypic identification has been used to identify the breed of an individual in livestock 

genetic diversity studies. The phenotypic variables usually used comprise physical features 

(e.g. shape of horn, ears, body measurements, colour, etc.), production traits (e.g. growth 

parameters), reproductive traits (e.g. fecundity) and survival traits (e.g. disease resistance, 

drought resistance) (Brinks et al., 1964; Gwakisa, Kemp, & Teale, 1994; Reverter et al., 2003). 

These methods are used extensively not only because they are inexpensive and often do not 

require the use of sophisticated equipment, but also may be useful criteria to some breed 
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societies. However, the major disadvantage is that the genetic diversity is observed only at the 

phenotypic level and this does not always correspond to actual diversity at the DNA level 

(Felius et al., 2014).  

It is possible to find different phenotypes with similar genotypes, typically due to genotype–

environment interactions, for example as observed in Brazilian sheep breeds (Paiva et al., 2005) 

and Egyptian sheep breeds (Ali, 2003). Similar phenotypes with different genotypes also occur, 

as observed between the West African Djallonke sheep and F1 Djallonke–Sahelian crossbreeds 

(Alvarez, Capote, et al., 2012; 2009; Wafula et al., 2005). As a result, the use of molecular 

tools in many assessment studies of genetic diversity in different regions of the world revealed 

varying degrees of unexpected introgression and admixture in livestock populations. These 

studies include the Djallonke sheep breed of sub-Saharan Africa (Alvarez et al., 2009; Wafula 

et al., 2005), Herdwick sheep of the United Kingdom (Bowles, Carson, & Isaac, 2014) and 

alpaca and llama of Latin America (Kadwell et al., 2001). This obvious shortcoming has 

rendered the use of phenotypic methods in isolation as unreliable for determination of livestock 

breeds for the purpose of genetic diversity studies.  

In livestock genetic diversity studies, the molecular method for determining breed identity 

entails two main approaches based upon either protein markers or DNA markers (Ferguson et 

al., 1995; McMahon, Teeling, & Höglund, 2014). Protein markers, also referred to as 

allozymes, are based on the characteristic polymorphism of the blood group systems, leucocyte 

antigens and enzymes (Dodgson, Cheng, & Okimoto, 1997). This molecular method employs 

these protein markers to estimate genetic variability in livestock populations as well as 

phylogenetic relationships between breeds (Pépin & Nguyen, 1994; Witko-Sarsat et al., 1996). 

Although better than the phenotypic method, the use of protein markers is too expensive for a 

large number of loci, and lacks the power to resolve differences between closely related breeds, 

because of limits of detection of genetic variation (Engel et al., 1996; Ferguson et al., 1995; 

Toro, Fernández, & Caballero, 2009). The use of DNA markers is the most reliable molecular 

method for assessment of genetic diversity (Liu & Cordes, 2004). Nuclear and mitochondrial 

DNA marker analyses have revealed detailed information on many domestication events, such 

as their timing and location (Bruford, Bradley, & Luikart, 2003; Zhao et al., 2013). DNA 

marker analyses provide an added opportunity for investigating the genetic composition of both 

extinct and endangered breeds without destructive sampling.  

There are seven principal DNA marker techniques commonly used for livestock diversity 

studies (Sunnucks, 2000). These seven DNA marker techniques have been discussed 

thoroughly and their advantages and disadvantages are well documented. These techniques are: 
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restriction fragment length polymorphism (RFLP) (Beckmann & Soller, 1983, 1986; Thurston 

et al., 2002), mitochondrial DNA barcoding (mtDNA) (Avise et al., 1987; Avise & Ellis, 1986; 

Harrison, 1989; Kocher et al., 1989; Zhang & Hewitt, 1996), random amplified polymorphic 

DNA (RAPD) (Ali et al., 2004; Dodgson et al., 1997; Koh et al., 1998; Levin, Crittenden, & 

Dodgson, 1993), amplified fragment length polymorphism technique (AFLP) (Blears et al., 

1998; Parsons & Shaw, 2001; Savelkoul et al., 1999), Y-chromosome technique (Bruford et 

al., 2003; Zeder et al., 2006), variable number of tandem repeats (VNTR) (minisatellite and 

microsatellite markers) (Chistiakov, Hellemans, & Volckaert, 2006; Fan & Chu, 2007; Lopes 

et al., 2015; Zane, Bargelloni, & Patarnello, 2002) and single nucleotide polymorphism (SNP) 

based techniques (Andersson & Georges, 2004; Liu & Cordes, 2004; McMahon et al., 2014; 

Morin, Luikart, & Wayne, 2004; Tixier-Boichard, 2014; Vignal et al., 2002).The latter two 

DNA techniques are the most popular. 

The advancement of DNA technologies during the past three decades, and particularly since 

2007 when high-throughput next-generation sequencing became readily available, is 

revolutionising livestock population genetics studies (Helyar et al., 2011; Schlötterer et al., 

2014). This revolution is expedited by the concomitant advancement in bioinformatics tools 

and pipelines (Kofler, Nolte, & Schlotterer, 2016). DNA markers have been used not only for 

diversity studies but also for molecular characterisation of numerous livestock breeds 

worldwide (Agaviezor et al., 2012; Al-Atiyat, Salameh, & Tabbaa, 2014; Alvarez, Capote, et 

al., 2012; Bowles et al., 2014; Chenyambuga et al., 2004; Mukesh et al., 2004). The dramatic 

reduction in the cost of DNA markers has facilitated their greater use by researchers. AFLP 

and RAPD markers are both bi-allelic and dominant in nature, and hence are less informative 

and also have low reproducibility compared to the other markers (Vignal et al., 2002). These 

characteristics have rendered them less popular for most animal-based molecular genetic 

studies. RFLP markers are bi-allelic and co-dominant, and were famously used in the first 

large-scale mapping of the human genome. However, RFLPs have now been superseded by 

more informative microsatellite markers, a type of VNTR for both animal and human genome 

studies. In turn, microsatellite markers have been largely supplanted by single nucleotide 

polymorphism (SNP) arrays. mtDNA along with microsatellite markers were once popular 

molecular genetic techniques of choice for evolutionary and ecological studies, however the 

molecular information provided by mtDNA markers is limited to only maternally inherited loci 

(Morin et al., 2004). The use of mtDNA techniques, in combination with archaeological data, 

has provided precise information on most of the important centres of domestication for the 

main livestock species around the world (Bruford et al., 2003; Globaldiv consortium, 2010; 



 

12 

Guo et al., 2006; Zeder et al., 2006). Similarly limited, the use of Y-chromosomal haplotype 

markers elucidates specific molecular information only on paternally inherited traits (Luikart 

et al., 2006). The VNTR and the SNP techniques will be discussed in greater detail below 

because of their current wider application compared with the other molecular markers. 

1.1.4.1 Variable Number of Tandem Repeats (VNTRS) 

The application of VNTRs for assessment of genetic variation, sub-structuring and 

hybridisation in natural populations has been reviewed in great detail previously (Bruford & 

Wayne, 1993; Chistiakov et al., 2006; Fan & Chu, 2007; Sunnucks, 2000). The VNTR 

technique is based on the abundance of tandem repeats of simple sequences of nucleotides 

throughout the eukaryotic genome (Takezaki & Nei, 2008). These VNTRs have been 

categorised into minisatellites and microsatellites according to the number of nucleotides per 

motif of repeats. VNTRs of between 1 and 6 nucleotide base pair units are referred to as 

microsatellites (Ashley & Dow, 1994; Chistiakov et al., 2006; Fan & Chu, 2007), whereas a 

range of between 10 and 60 nucleotide base pair units is regarded as a minisatellite (Ashley & 

Dow, 1994; Wasko & Galetti, 2003). Whereas minisatellites are concentrated towards the 

telomere of chromosomes, microsatellites are randomly distributed in chromosomes. 

Microsatellite markers are highly polymorphic, co-dominant markers of relatively small size, 

and hence are more amenable to polymerase chain reaction (PCR) typing than are minisatellites 

(Zane et al., 2002). Also, in comparison to the RFLP and RAPD techniques, the genetic basis 

of variability is readily apparent for microsatellites. Most microsatellites are located in non-

coding regions of the genome (Chistiakov et al., 2006). Generally, microsatellite primers 

developed for one species of livestock are broadly applicable to other closely related species. 

For example, microsatellite markers developed for studies in bovine species are applicable to 

caprine and ovine species (Engel et al., 1996). This versatility has led to the popularity of 

microsatellite maps for economically important livestock species (Sunnucks, 2000).  

Microsatellites have been used in linkage mapping in diverse organisms, for example in the 

bovine genome (Barendse et al., 1997), porcine genome (Rohrer et al., 1994), human genome 

(Dib et al., 1996), and ovine genome (Maddox et al., 2001). Microsatellites have also been 

employed for the identification of quantitative trait loci (QTL) in major livestock species, for 

example, carcass composition and growth rate in cattle (Casas et al., 2000), back fat thickness 

and intramuscular fat in pigs (Rohrer & Keele, 1998) and intestinal parasitic infection in sheep 

(Davies et al., 2006). Other population genetics studies accomplished with microsatellite 
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markers include the determination of evolutionary relationships (Alvarez, Capote, et al., 2012; 

Buchanan et al., 1994; Vanhala et al., 1998), estimation of pedigree errors (Visscher et al., 

2002) and determination of genetic diversity among livestock populations (Alvarez, Capote, et 

al., 2012; Alvarez et al., 2009; Curković et al., 2015; Marletta et al., 2006; Medugorac et al., 

2011; Wafula et al., 2005). The genetic distance between individuals within a livestock 

population indicates the suitability of an individual for conservation purposes. Individuals 

within the same breed with the widest differences in genetic distances are deemed most suitable 

candidates for conservation programmes. The estimates of genetic distances are also relevant 

for the determination of divergence time and construction of phylogenies (Takezaki & Nei, 

1996). Prior to the use of SNP markers, microsatellites were the most popular and efficient 

technique for genetic-diversity investigation, not only in livestock but also in humans. 

Microsatellites continue to be seen as a method of choice for many researchers in breeding 

programs, particularly in third-world and developing countries, due to their low cost, relative 

ease of analysis and requirement for relatively unsophisticated scientific equipment (Rege et 

al., 2011). Whereas newer technologies offer better prospects, the enabling supporting 

infrastructure is often not available in developing regions of world. For example, the analysis 

of large-scale genomic data requires reliable and fast internet access for web-based reference 

sequence information, which currently cannot be guaranteed in many sub-Saharan African 

countries (Gulati, 2008; Oyelaran-Oyeyinka & Lal, 2005). The same can also be said of the 

availability and reliability of electric power supplies necessary to support cryobanking of 

important genetic materials (Deichmann et al., 2011; Wolde-Rufael, 2006). Given the levels of 

existing infrastructure and human technical capacity in many developing countries, significant 

investment is required to implement some of the recent genomic technologies for sustainable 

livestock production and conservation (Rege et al., 2011). 

1.1.4.2 Single Nucleotide Polymorphism (SNP) Markers 

The growing importance of SNP marker applications in molecular genetics has been reviewed 

in detail by Barbato et al. (2015), Broxham (2015), Goddard and Hayes (2009), Vignal et al. 

(2002), Hamblin, Warburton, and Buckler (2007) and Morin et al. (2004). SNPs represent a 

location within a DNA sequence for which more than one nucleotide type is present within a 

given population (Morin et al., 2004). In a strict molecular sense, SNPs are base substitutions 

within nucleotide sequences, and the very high density of their occurrence in the genomes of 

eukaryotes, including livestock, has been of great significance in population genomics studies 
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(Goddard & Hayes, 2009; Vignal et al., 2002). Although SNPs are usually bi-allelic (sometimes 

tri-allelic or quadri-allelic) co-dominant molecular markers, their high density permits, more 

than any other technique, very detailed information to be elucidated on genome dynamics 

within a study population (Hamblin et al., 2007; Morin et al., 2004). Furthermore, they provide 

deeper insight than microsatellites with respect to linkage disequilibrium and haplotype 

diversity, pedigree information and past demographic events, such as bottlenecks within a 

target population (Clarke et al., 2014; Gautier et al., 2007; Helyar et al., 2011; Morin et al., 

2004; The Bovine HapMap Consortium, 2009; Vignal et al., 2002). SNP markers also allow 

for standardised data recording, and are stable over generations if selected from neutral 

genomic loci (Tixier-Boichard, 2014). These features of SNP markers are opening 

opportunities for wider applications of SNP markers in understanding of livestock genetic 

architecture, such as precise identification of genomic regions that control traits of economic 

and survival importance (Kohn et al., 2006; Matukumalli et al., 2009) and ultimately genomic 

selection (Choi et al., 2015; Clarke et al., 2014; Goddard & Hayes, 2009). These advances in 

genetic marker application for use in population genetic studies will not only enhance the 

development of improved livestock production systems, but most importantly will facilitate the 

development of efficient conservation strategies.  

1.1.5 Genomic Methods for Breed Prediction 

The unique genetic structure of livestock breeds, shaped by their demographic history of 

natural and artificial selection, provides a basis for the assignment of an individual to a 

particular breed (Bertolini et al., 2015). The large numbers of SNPs identified in various 

domestic animal species have been used to develop species-specific standard technology 

products referred to as BeadChips or SNP chips (Wilkinson et al., 2011). These SNP chips are 

commercially available, and have been designed to amplify genome-wide SNP loci rapidly in 

an automated platform to generate large-scale genomic SNP data for analysis. Examples are 

the Illumina ovine SNP 50 BeadChip and the Illumina bovine SNP50 BeadChip developed for 

sheep and cattle, respectively (Bertolini et al., 2015; Dodds et al., 2014). An analysis of the 

data generated using SNP chip technologies has shown that it is possible to assign an individual 

animal correctly to a specific breed (Table 1.1). Moderate- to high-density SNP genotyping 

assays are frequently used to capture common genomic variations within breed populations 

(Bertolini et al., 2015; Broxham, 2015; Dodds et al., 2014; Frkonja et al., 2012; Kijas et al., 

2009; Lewis et al., 2011; Rolf et al., 2014; Sasazaki et al., 2007; Suekawa et al., 2010; 
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Wilkinson et al., 2011). Bioinformatics and statistical tools such as STRUCTURE, principal 

component analysis (PCA) and discriminant analysis have been widely applied to these SNP 

data sets with varying levels of success (Gilbert et al., 2012; Herrero-Medrano et al., 2013; 

Hubisz et al., 2009; Schwartz & McKelvey, 2009). Unlike STRUCTURE and PCA, 

discriminant analysis is not considered a multivariate statistical method for assignment of 

individuals to a population. Furthermore, the discriminant analysis does not permit the 

fractional or mixed prediction of individuals in a subject population (Dodds et al., 2014). This 

is a major limitation for studies that require multiple predictors, making it less suitable for 

breed predictions (Dodds et al., 2014). However, with continuous advances in bioinformatics 

tools, many more tools are becoming available for this kind of analysis. Recently, two different 

analyses of Illumina OvineSNP50 genotyped data were used to assign four New Zealand sheep 

breeds correctly with high prediction accuracy (0.85–0.97) (Dodds et al., 2014). The two 

methods used were a regression analysis with a genomic selection algorithm that employed 

allele frequencies, and genomic Best Linear Unbiased Prediction (gBLUP) estimates 

respectively, derived from a pure-bred subset of each sheep breed population. These estimates 

were then used as the training data set for respective breed predictions in each of the four 

populations. The two methods produced different prediction accuracies that depended upon the 

breed structure of the subject populations. It was concluded that the accuracy of breed 

prediction was enhanced if the composition of the training set is representative of the breed 

diversity within a subject population (Dodds et al., 2014). A recent study of the genomics of 

cattle in the USA beef industry has supported this conclusion, particularly for predictions in 

multi-breed beef cattle populations (Rolf et al., 2014). The accuracy of predictions obtained 

from both methods was similar to that recorded with STRUCTURE (Dodds et al., 2014). 

However, unlike these two methods, STRUCTURE does not provide a prediction equation for 

subsequent breed prediction in a subject population (Dodds et al., 2014). STRUCTURE 

analysis of data also has low reproducibility (Gilbert et al., 2012). In spite of these drawbacks, 

the STRUCTURE algorithm has been used extensively in clustering of genetic data (Falush, 

Stephens, & Pritchard, 2007; Hubisz et al., 2009; Schwartz & McKelvey, 2009).  

Principal component analysis (PCA) is also a powerful multivariate tool that facilitates the 

elicitation of unknown population clusters (Lewis et al., 2011). When applied to genomic data, 

it has been found to group individuals of the same breed together (Dodds et al., 2014). The use 

of a combination of ancestry-informative marker metrics and PCA using 30,501 SNPs on the 

Bovine HapMap accurately predicted 19 cattle breeds (Lewis et al., 2011). This result led to 

the conclusion that a carefully selected panel of 250–500 SNPs from the Bovine HapMap data 
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set was sufficient for correct breed assignment. Justifiably, Lewis et al. (2011) also conceded 

that the sensitivity and the resolving power of their approach would be higher if applied to 

denser genomic data than the Bovine HapMap data set used. This view is also supported by 

Wilkinson et al. (2011). However, the PCA result does not readily translate to the actual breed 

proportion estimates in mixed breeds. Hence, it is more suitable for the verification of a pure-

breed member (Dodds et al., 2014). Nonetheless, this combined tool approach is said to be 

suitable for the reliable tracing of breed-specific branded products in the meat industry (Lewis 

et al., 2011). Prior to this study, SNP-based markers derived from the AFLP technique were 

used for distinguishing between Australian and Japanese beef (Sasazaki et al., 2007). Although 

the AFLP-derived markers were of low resolution, the power was sufficient to discriminate 

cattle breeds from the two countries. A more stringent breed-specific SNP marker panel was 

later developed from Bovine 50K SNP BeadChip data and this was able to discriminate 

between Japanese and America cattle products (Suekawa et al., 2010). The higher efficiency 

marker panel was developed in response to an outbreak of bovine spongiform encephalopathy 

(BSE) in the USA, and comprised only six highly informative breed-specific SNPs (Suekawa 

et al., 2010). More recently, the use of 48 and 96 highly informative SNP markers derived from 

a combined PCA in combination with a ranking algorithm (random forests) of Illumina Bovine 

SNP50 BeadChip genotyped data, correctly assigned four Italian cattle breeds (Bertolini et al., 

2015). A few of the highly informative SNPs used in that study were found to be located in 

loci associated within important quantitative traits for some cattle breeds. A systematic 

assessment of the efficiency of four different methods for identifying population-informative 

SNPs from the SNP50 BeadChip data set showed no gain of further assignment power beyond 

the use of more than 200 SNPs in a panel, for all the approaches (Wilkinson et al., 2011). 

Wilkinson et al. (2011) also showed that a panel of 60 SNP markers was the minimum required 

for successful prediction of the cattle breeds investigated. However, more genetic markers (in 

excess of 200) will be required successfully to assign closely related breeds and far fewer for 

distantly related breeds. Hence, Wilkinson et al. (2011) provided evidence that the number of 

SNPs required for correct assignment of an individual to a breed is directly proportional to the 

genetic heterogeneity or homogeneity of the sampled population. In a more recent study, two 

separate panels of SNPs derived from 21 different sheep breeds from Italy and Slovenia were 

used to assign all the sheep correctly to the breeds (Dimauro et al., 2015). This study combined 

three different types of discriminant analyses on an Illumina Ovine SNP50 genotyped data set 

from all 21 breeds to produce a reduced panel of 108 and 110 SNP markers. 

 



 

17 

 

Table 1.1 Present status of efforts to identify livestock breeds using genomic 
methods 

Species Genotyping platform Method Reference 

Italian sheep breeds Illumina OvineSNP50 Stepwise discriminant 
analysis 

Canonical discriminant 
analysis 

Discriminant analysis 

GENECLASS 2 software 

POWERMARKER 
software 

(Dimauro et al., 2015) 

Italian cattle breeds Illumina Bovine50 
BeadChip 

Principal component 
analysis, random forest 
regression 

(Bertolini et al., 2015) 

New Zealand sheep 
breeds 

Illumina OvineSNP50  Regression and genomic 
BLUP 

STRUCTURE algorithm 

(Dodds et al., 2014)  

Korean native and 
Holstein cattle breeds 

Illumina HiSeq 2000 Mapping of Reads to 
Bovine Genome 
Assembly UMD 3.1 

Samtools–0.1.18 MPILEUP 

GATK ver. 2.4 

(Choi et al., 2014) 

Yunnan (South China) 
chicken breeds 

Microsatellite markers Nei’s genetic distance  

Hardy Weinberg analysis 

GENALEX 6 Software  

Weir & Cockerham’s FST,  

 (Huo et al., 2014) 

Swiss cattle breeds Illumina Bovine50 
BeadChip 

STRUCTURE algorithm 

BayesB 

Partial least squares 
regression  

(Frkonja et al., 2012) 

19 worldwide cattle 
breeds 

Bovine HapMap data set 
SNP marker 

Principal component 
analysis 

Nearest neighbour 
classification Algorithm  

(Lewis et al., 2011) 

European cattle breeds Illumina Bovine50 
BeadChip 

Weir & Cockerham’s FST,  

Delta, Wright’s FST 

Principal component 
analysis methods 

(Wilkinson et al., 2011) 

Japanese and USA 
cattle breeds 

Illumina Bovine50 
BeadChip 

Allelic frequency method 

BLAST programs  

(Suekawa et al., 2010) 
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Species Genotyping platform Method Reference 

PCR restriction fragment 
length polymorphism 

Italian cattle breeds Microsatellite markers STRUCTURE algorithm 

Wright’s F–statistics 

MolKin V3.0 software 

(Bozzi et al., 2009) 

Local European and 
Asian chicken breeds 

Microsatellite markers Nei’s genetic distance  

Hardy Weinberg analysis 

GENECLASS 2 software 

Multiple CO–inertia 
analysis  

Weir & Cockerham’s FST, 

(Berthouly et al., 2008) 

Japanese and 
Australian cattle 
breeds 

Microsatellite markers Polymerase chain reaction–
amplified fragment length 
polymorphism 

(Sasazaki et al., 2007) 

Iberian pig breeds Microsatellite markers PHYLIP software package 

Markov chain Monte Carlo 
methods 

(Fabuel et al., 2004) 

Asian and European 
pig breeds 

Mitochondria DNA D–
loop assay 

Polymerase chain reaction 

Clustal W software 

(Kim et al., 2002) 

  

Further advances in genomics have also shown that the use of SNP chip technology is prone to 

ascertainment biases because the discovery SNP panels are derived from small numbers of 

individuals from selected populations that are not representative of all the species populations 

(Albrechtsen, Nielsen, & Nielsen, 2010; Foll, Beaumont, & Gaggiotti, 2008). The bias in sheep 

was particularly evident for African and Asian breeds as the SNPs were originally identified 

from European breeds (Kijas et al., 2012). Such ascertainment biases are likely to skew 

inferences determined from genotyped data such as allele frequency spectra and genetic 

differentiation of subject populations. 

Next-generation sequencing (NGS) of genomic DNA will provide denser SNP data than the 

Illumina OvineSNP50 BeadChip or any medium-density marker set that has previously been 

used in this type of study, and does not suffer from ascertainment bias. It is important to note 

that NGS data have inherent challenges arising from alignment and sequencing errors, but these 

are smaller in comparison to the biases of the SNP-chip genotyped data (Albrechtsen et al., 

2010). For example, a whole genome of an animal from a Korean cattle breed that was 

sequenced on the Illumina HiSeq 2000 platform resulted in more than 10 million SNPs being 
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identified, 54% of which were novel (Choi et al., 2014). Furthermore, another study showed a 

reduction in prediction accuracy when a SNP data set derived from Illumina Bovine SNP50 

was replaced with that derived from an Illumina SNP3K genotyped data set (Kuehn et al., 

2011). The higher resolving power of NGS has been shown to capture more rare breed-specific 

polymorphisms or more informative polymorphisms (with higher confidence) than bovine 

SNP50 BeadChip genotyping (Choi et al., 2015; Lee et al., 2013).  

Collectively, these studies suggest that the use of high-density data will enable the real 

possibility of developing a smaller panel containing the most informative breed-specific SNPs 

having the highest sensitivity for resolving breed differences. Therefore, analyses and use of 

such NGS data will lead to more accurate breed predictions, and the NGS of individual 

genomes at high coverage has been referred to as the ‘gold standard’ for generating quality 

data (Schlotterer et al., 2014). In spite of the dramatic reduction in the cost of NGS, the cost of 

sequencing the large number of individuals required for population studies of this nature, at 

high coverage, is still economically prohibitive. However, it has also been shown that NGS of 

pools of individuals at a moderate coverage could provide a cost-effective and efficient 

alternative technique for generating very high density SNP data sets across a genome, 

compared with NGS of non-pooled individuals (Gautier et al., 2013; Kofler et al., 2016; 

Schlotterer et al., 2014). Another promising cost-effective approach that was applied 

successfully to some plant species is referred to as genotyping by sequencing (GBS), and is 

based on the sequencing and analysing of more informative regions of the genome rather than 

the whole genome (Elshire et al., 2011). GBS is fast, highly specific and exceedingly 

reproducible, and could be used to complement the pool-sequencing approach through 

confirmatory testing where the need arises. For association-mapping studies, the analysis of 

pooled-sequenced data has more statistical power than SNP arrays (Futschik & Schlötterer, 

2010; Gautier et al., 2013; Kofler, Pandey, & Schlötterer, 2011). The high-density SNP data 

generated by this pool strategy was shown to facilitate the discovery of more accurate allelic 

frequency estimates across a genome (Futschik & Schlötterer, 2010). The advantages of a 

pooled-sequencing technique over individual sequencing have been reviewed previously 

(Schlotterer et al., 2014). NGS sequencing of pools of unrelated individual purebreds from a 

subject population therefore will enable the identification the most informative breed-specific 

SNPs. The rationale for sampling unrelated animals instead of related ones is to enable the 

capturing of a wide spectrum of within-breed genetic diversity of the subject population. This 

strategy is necessary to minimise the introduction of ascertainment bias into the subsequent 
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breed identification tool (McTavish & Hillis, 2015). A carefully selected panel of SNPs derived 

from the identified breed-specific SNPs can serve as an efficient breed identification tool. 

Conservation of AnGR comprises all the management practices carried out to preserve the pool 

of genetic diversity of livestock for the purposes of meeting current and future needs of humans 

(Rege & Gibson, 2003). The relevance of conservation of AnGR has been discussed from 

several different perspectives, including economic evaluation as a basis for AnGR conservation 

decisions (Anderson, 2003; Drucker, Gomez, & Anderson, 2001), the role of cryopreservation, 

reproductive technologies and genetic resource banks for AnGR conservation strategies 

(Hiemstra, van der Lende, & Woelders, 2006b; Holt & Pickard, 1999; Mara et al., 2013), 

information on population kinships as a basis for AnGR conservation decisions (Eding & 

Meuwissen, 2001) and the challenge of conserving indigenous AnGR diversity (Mendelsohn, 

2003). Each breed of livestock consists of unique sets of genes resulting from evolutionary 

events and diverse selection pressures imposed by the environment combined with the 

activities of humans over time. It is therefore difficult, if not impossible, to replace lost breeds 

of livestock, because those unique evolutionary processes cannot be re-created. There has been 

a general consensus on three critical approaches regarding the conservation of domestic 

livestock breeds: sustainable utilisation of available livestock breeds; appropriate diversity-

based improvement strategies for livestock breeds; and development of appropriate assessment 

and preservation strategies (FAO, 2000; Hammond, 1999; Koehler-Rollefson & Meyer; Notter, 

Mariante, & Sheng, 1994; Thornton et al., 2007). In addition to these approaches, the FAO has 

also recommended the regular monitoring of livestock breed conservation status (FAO, 2013). 

Currently the two main methods of AnGR conservation applied are the in situ and the ex situ 

methods. The applicability of both conservation methods, and their respective merits and 

demerits has been reported extensively (Boettcher et al., 2010; Hammond, 1994; Henson, 1992; 

Mara et al., 2013; Rege & Gibson, 2003). In situ conservation can best be described as the 

sustainable breeding of an endangered livestock breed in their normal adaptive production 

environment, or as close to it as practically possible, to conserve genetic diversity over a long 

period (Andrabi & Maxwell, 2007; Henson, 1992). Notable features of in situ conservation 

therefore include selection and mating programmes that retain genetic variation within the 

target group, as well as management of the ecosystem to sustain their production. The basic 

requirements for in situ conservation programmes are generally readily available and 

affordable globally. There is a distinct difference between developed and developing countries 

regarding the minimum number of individuals required to commence an in situ programme. 

This is typically due to general differences in the efficiency of management of their respective 
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livestock production systems. For example, whereas the minimum number for major livestock 

breeds (i.e. cattle, sheep, goats, pigs) required for in situ conservation is 100–1,000 breeding 

females in developed countries, no fewer than 5,000 breeding females is recommended for 

developing countries (Signorello & Pappalardo, 2003). Simon (1999) reported 500 breeding 

females for pigs and goats, 750 for cattle, and 1,500 for sheep for European breeds. It has been 

recommended that, ideally, for unrelated animals a minimum of 25 males and 50 females is 

sufficient to commence an in situ conservation programme, because the possible loss of genetic 

variability is estimated to be less than 1% per generation (Henson, 1992; Mara et al., 2013). 

However, recent advances in the field of genomics have enabled the elucidation of abundant 

genomic information via high-throughput sequencing technologies and analysis, so a re-

evaluation of these recommended numbers required for conservation programmes is overdue. 

This is because more accurate population genetic parameters such as allele frequencies can be 

computed for target populations to allow for more precise determination of these numbers.  

There are a number of flagship in situ conservation programmes in place to conserve and 

improve some disease-resistant breeds of livestock in some African countries, for example, 

N’Dama cattle in the republic of Guinea (Yapi-Gnaoré, Dagnogo, & Oya, 2003), Djallonke 

sheep in Ghana and Cote D’Ivoire (Kosgey & Okeyo, 2007), and Tswana sheep in Botswana 

(Henson, 1992). The unique advantage of the in situ conservation method is that the target 

livestock breed continues to be utilised in the process. However, the danger is that the target 

livestock breed remains susceptible to uncertain demographic threats such as natural disasters 

and disease epidemics. 

 The ex situ livestock conservation method is the preservation of endangered livestock outside 

their normal production systems (Henson, 1992; Hiemstra et al., 2006a). This method is 

normally applied to target groups that are faced with imminent extinction, and hence requires 

the use of high-level expertise and technology. The three main ex situ methods are 

cryopreservation, farm park conservation, and breed pools or composite preservation. 

Cryopreservation, also referred to as in vitro ex situ is undoubtedly the most popular of the ex 

situ approaches to conservation of AnGR (Hiemstra et al., 2006a). This approach involves the 

cryopreservation of eggs, semen and or embryos of endangered or threatened animals in 

genome banks for use in managing diversity or regenerating the population decades, or even 

centuries, later (Chen, Zhang, & Yu, 2008; Hanks, 2001; Russo et al., 2007; Xiao-Yong et al., 

2008). Cryogenic storage of carefully evaluated genetic material from a target breed population 

is also seen as an insurance policy against future loss. The merits and demerits of using these 

approaches have been discussed previously (Boettcher et al., 2010; Munro & Adams, 1991; 
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Philipsson et al., 2006; Pintado & Hourcade, 2011; Ruane & Sonnino, 2011). The application 

of cryopreservation formerly depended only on assisted reproductive techniques such as 

artificial insemination and embryo transfer technologies. However, recent advances in 

reproductive biotechnologies including semen sexing, embryo micromanipulation and in vitro 

fertilisation have the potential to revolutionise the livestock cryopreservation approach 

(O'Brien, Steinman, & Robeck, 2009; Prentice & Anzar, 2011). Cryopreserved genetic 

materials are shielded from the influence of unfavourable environmental conditions in 

existence in the normal production ecosystems. Regeneration of a breed through only preserved 

semen requires a number of back crosses (Andrabi & Maxwell, 2007). However, the exact 

genetic composition of an original breed after going through adaptive selection is not 

recoverable with only cryopreserved semen that was collected before the adaptation process. 

In practice, the in situ and ex situ conservation methods are not mutually exclusive because the 

cryopreservation approach can be used to complement the in situ method to achieve better 

regeneration of endangered populations. A range of combinations of in situ and ex situ 

conservation methods are being applied in a now-popular integrated conservation approach (de 

Souza et al.; Hiemstra et al., 2006a). It has been recommended that a stock of cryopreserved 

semen from 25 unrelated sires is sufficient to provide a reasonable diversity for an endangered 

population (Bruns & Glodek, 1999; Mara et al., 2013).  

The farm-park ex situ conservation approach is similar to the in situ conservation approach, 

except that the targeted breeds are preserved outside their normal production environment in a 

specialised institutional setting, also referred to as an Ark-farm (Simon, 1999). Farm-park 

animals are usually also subjected to more stringent management regimes to conserve natural 

levels of genetic variability within each species (Chesser, Smith, & Brisbin, 1980). A notable 

feature of the farm-park approach is its popularity in attracting tourists, and hence creating 

awareness of the need to conserve endangered animals. The Cotswold farm park in the UK is 

an example where rare breeds of sheep, goats, cattle, pigs and horses are being conserved, and 

it attracts more than 100,000 visitors yearly (Henson, 1992). The breed-pool preservation 

programme is unique in the sense that it involves the breeding together of a pool of two to four 

rare breeds with similar characteristics, and subsequently managing their offspring to conserve 

genetic variation (Henson, 1992). It is, however, recommended that the breed characteristics 

of each of the rare breeds is well ascertained prior to commencing a breed-pool programme 

(Santos et al., 2013). This method is particularly suitable for genes that control obvious 

morphological traits and extreme quantitative traits such as coat colour and prolificacy, 

respectively. Although this approach conserves useful genes from the pool, individual breeds 
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are lost in the process. An example of the breed-pool approach is the conservation programme 

of four rare desert goat breeds in the north eastern part of Brazil (Henson, 1992). 

Given that no single conservation method is capable of solving the myriad of challenges of 

domestic animal genetic resource erosion, an integrated conservation approach has been 

advocated to provide greater efficiency (Rege & Gibson, 2003). 

1.1.6  Modelling: The Way Forward 

The successful domestication of animals represents a pivotal historic event in the cultural and 

demographic development of humans. The importance of global domestic livestock diversity 

to human wellbeing is now well appreciated. This is evident from the globally coordinated 

efforts directed at halting the decline in AnGR as well as the sustainable utilisation of available 

livestock resources as discussed herein. These global initiatives have yielded several 

interventions which are being implemented at the international, regional and local level 

(Ajmone-Marsan & The Globaldiv Consortium, 2010; FAO, 2013). The main global body is 

the DAD-IS that coordinates regional bodies, for example the European Farm Animal 

Biodiversity Information System (EFABIS) and the Domestic Animal Genetic Resource 

Information System (DAGRIS) for European and African regions, respectively. The regional 

bodies in turn coordinate the local or national bodies, which essentially are the individual 

member states of the FAO of the UN. These efforts are being supplemented by the activities of 

other important organisations, prominent members including the GLOBALDIV, the 

International Society for Animal Genetics (ISAG), the SAVE foundation and several livestock 

breed societies worldwide (Broxham, 2015). Some notable progress has been made towards 

reducing the rate of erosion of global AnGR. For example, the status information for global 

mammalian and avian livestock breeds in the DAD-IS has increased from 43% and 39%, 

respectively in 2009, to 57% and 48%, respectively, in 2012 (FAO, 2013). The effective 

monitoring of breed conservation status of livestock requires at least one census per generation 

of that target breed (FAO, 2007; Groeneveld et al., 2010). A specific breed identification tool 

for each livestock breed will expedite this exercise. However, pivotal to the success of these 

conservation efforts is the reliability of genetic identification of individual members within a 

target breed. The advancement in molecular technology in the last two decades has 

significantly increased our understanding of the population genetics of domestic animals. It is 

apparent that the molecular characterisation of all domestic livestock breeds, particularly in 

developing countries, is a pre-requisite for their sustainable utilisation and conservation. This 
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is because characterisation at the molecular level provides precise information for 

determination of the actual population characteristics such as genetic variation and effective 

population size (Luikart et al., 2003). Currently, many domestic livestock breeds, particularly 

those in the developing countries, have yet to be characterised due to myriad issues including 

the lack of financial and technological capacity. A recent report indicated that the risk status of 

36% of all populations of the local livestock breeds still remains unknown (FAO, 2013).  

The main molecular technique used for most livestock genetic characterisation was 

microsatellite markers [for example, in Spanish native cattle breeds (Martín-Burriel, García-

Muro, & Zaragoza, 1999), Aberdeen Angus cattle breeds (Vasconcellos et al., 2003), Austrian 

sheep breeds (Baumung et al., 2006) and indigenous goats in sub-Saharan Africa 

(Chenyambuga et al., 2004)]. Although highly informative, the current panels of microsatellites 

used for analyses are not capable of elucidating all the information required regarding breed 

variation in livestock (Toro et al., 2009). Recently, it is becoming more evident that SNP 

analysis is more suited for the high-throughput genotyping that is required to elucidate greater 

molecular insights such as historic signatures of selection (Qanbari et al., 2014), phenotypic 

variations within livestock breeds (Groenen et al., 2011) as well as linkage disequilibrium over 

short physical distances (Kijas et al., 2014). The availability and accessibility of comprehensive 

databases of genomic data for various uses has also facilitated population genetic studies 

globally, for example the National Centre for Biotechnology Information (NCBI) (Sayers et 

al., 2011), the Livestock Animal Quantitative Trait Loci database (Hu et al., 2013), and the 

University of California Santa Cruz (UCSC) genome browser (Dreszer et al., 2012).  

The challenge now is to use these enhanced insights and understanding of molecular methods 

to develop breed-specific identification tools that are easily applicable to populations of 

livestock in different ecosystems. Such a breed-specific tool can be developed through 

identification and characterisation of unique phylogenomic SNPs in next-generation sequenced 

pooled genomic DNA from a selected representative small group of pure-bred individuals. The 

lessons derived from the ascertainment bias of genetic markers indicate that, for the purpose of 

conservation, it will be more suitable to develop a robust specific identification assay for each 

target breed rather than one assay for the identification of different breeds. This assertion does 

not discount the continued relevance of the use of common marker sets across multiple breeds 

or even species in other molecular studies such as investigation of QTL for economically 

important production and disease-resistant traits. However, for a target breed population the 

selection of breed-specific SNPs from neutral regions of the genome would guard against loss 

of efficiency of the SNP assay developed over time through direct selection or hitchhiking 
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effects. It is important to add that it is not always obvious which regions of the genome are 

under the influence of selection. In a recent study, an annotation of SNPs derived from the 

WGS Korean cattle breed using the bovine reference genome led to the suggestion that fixed, 

breed-specific SNPs might be useful for breed identification (Choi et al., 2015). That study 

described breed-specific fixation of many SNPs. 

 A growing number of software tools are being developed for the analysis of pooled-sequenced 

data (Kofler et al., 2016; Li & Durbin, 2010; Li et al., 2009). Read alignment of next-generation 

sequenced pooled genomic data to reference genomes has been achieved using the Burrows–

Wheeler Tool (Kofler et al., 2011; Li & Durbin, 2010). The aligned reads are converted to a 

compatible pileup file format with SAMtools for subsequent analyses with the PoPoolation 

algorithm (Kofler et al., 2016; Li et al., 2009). Pooled-genomic sequenced data have been 

successfully analysed with PoPoolation accurately and efficiently to identify allele frequencies 

and population differentiation parameters of subject populations (Kofler et al., 2016; Kofler et 

al., 2011). Other analytical methods successfully applied include modified versions of popular 

genetic estimators such as the Watterson’s θ and Tajima’s π analyses (Futschik & Schlötterer, 

2010; Gautier & Naves, 2011). 

These tools enable the efficient analyses of whole-genome sequenced SNP data sets such as 

mapping to appropriate reference genomes, SNP calling and annotation. Additional benefits of 

such data sets include use for the investigation of traits of economic and adaptive importance 

for the breed (Choi et al., 2015; Qanbari et al., 2014). Information from discovered 

phylogenomic SNPs can then be used to develop breed-specific SNP assays for the easy and 

precise identification of pure-bred members from mixed populations of breeds in various 

ecosystems. These tools will not only facilitate the timely diagnosis of the conservation status 

of livestock breeds, but will also permit the regular monitoring of endangered breed 

populations, particularly in developing countries where the lack of technical and financial 

capacity is reported to be a major impediment. 

1.1.7 Conclusions 

(1) Maintaining global domestic animal genetic diversity is important to human wellbeing.  

(2) Breed-specific molecular identification tools are urgently needed to allow the reliable and 

expeditious identification of individual members of any given breed; this is a pre-requisite for 

sustainable utilisation and conservation of any breed. 
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(3) A growing number of studies have established that whole-genome sequencing of pools of 

individuals within a group or breed provides a great deal of information on genetic variation 

across the whole genome even when performed at relatively low coverage, but also at 

considerably lower cost (Clarke et al., 2014; Gautier et al., 2013; Kim et al., 2010; Kofler et 

al., 2016). This will be a cost-effective technique for the identification of breed-specific 

phylogenomic SNPs within a target breed for the purposes of developing breed-specific 

molecular identification tools. 

 

1.2 Combatting African Animal Trypanosomiasis (AAT) in 
livestock: The potential role of trypanotolerance 

1.2.1 Introduction 

African trypanosomiasis is a chronic debilitating disease caused by extracellular flagellate 

trypanosome protozoans (Trypanosoma species) and is spread mainly by the infected Tsetse 

fly vector (Diptera: Glossinidae) (Bruce, 1915; Brun et al., 2010; Hill et al., 2005; Mony & 

Matthews, 2015). The disease affects a wide range of mammalian species; including humans 

(Büscher et al.; Jha et al.; Matovu et al., 2001; Mwai et al., 2015; Seck et al., 2010). The three 

main trypanosome species endemic to Africa are Trypanosoma vivax (Dutonella) and 

Trypanosoma congolense (Nanomonas) that mainly infect livestock, and Trypanosoma brucei 

(Trypanozoon) which infects both humans and animals (Bezie et al., 2014; Kato et al., 2015; 

Nakayima et al., 2012). T. brucei has three sub-species of which two, T. b. gambiense, and T. 

b. rhodesiense infect humans, whereas the third, T. b. brucei infects domestic and wild animals 

(Munday, Settimo, & de Koning, 2015; Sima et al., 2011; Welburn et al., 2001; Welburn, 

Maudlin, & Simarro, 2009). The distribution of the tsetse fly (Glossina spp.) vector correlates 

closely with the prevalence of trypanosome parasites in the 10 million km2 prevalence zone, 

thereby facilitating the entrenchment of the disease (Black & Seed, 2002; Stijlemans, De 

Baetselier, et al., 2017). Trypanosome parasites invade the host’s lymphatic system, the blood 

circulation, and eventually migrate to the brain to cause a broad range of pathologies, most 

commonly severe anaemia, weight loss, abortion, and cachexia. It can kill the host if left 

untreated (Matovu et al., 2001; Sima et al., 2011; Stijlemans et al., 2015), and indeed millions 

of trypanosomiasis related deaths are recorded in livestock each year (Smetko et al., 2015). 

Other symptoms that have been reported for African animal trypanosomiasis (AAT) include 
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infertility, sleeping disorders, emaciation, pica, splenomegaly, paralysis, neuroendocrine 

dysfunctions and coma (Courtin et al., 2008; Steverding, 2008).   

For several decades, AAT has been considered a neglected tropical disease and as such, 

remains endemic in 37 of 54 African countries. The affected areas cover approximately 10 

million km2 of arable land mass, and AAT has been shown to significantly reduce productivity 

in over 150 million cattle and 260 million sheep and goats (Baker, 1995; Jahnke et al., 1988; 

Leigh, Emikpe, & Ogunsola, 2014; Nyimba et al., 2015). AAT has a very significant combined 

economic and health burden in this sub-Saharan African (SSA) region (Habila et al., 2012; 

Namangala, 2012). The disease also has an additional impact on crop agriculture, human 

settlement and welfare, as approximately 7 million km2 of the region is rendered unsuitable for 

mixed crop-livestock farming systems (Dagnachew et al., 2015; Peregrine, 1994). AAT is 

estimated to cause annual losses of more than US$ 4.5 billion dollars through direct and indirect 

agricultural production losses (Dagnachew & Bezie, 2015; Leigh et al., 2014; Sanni et al., 

2013). It is not surprising that as a direct consequence of the confounding effects of AAT on 

the general development of SSA, that 21 of the countries for which Trypanosomiasis is endemic 

are deemed to be amongst the world’s 25 poorest countries (Shaw, 2009), with 32 considered 

highly indebted (IAEA, 2002). 

Over several decades, the use of just a few therapeutic drugs for AAT that have limited efficacy 

against the parasites, but which are highly toxic to the host, has fueled the widespread 

emergence of drug resistance across the region (Delespaux & de Koning, 2007; Delespaux et 

al., 2008; Matovu et al., 2001). The continued lack of a suitable vaccine for the disease has also 

facilitated an over-reliance on these drugs (Tsegaye, Dagnachew, & Terefe, 2015). 

Furthermore, ongoing efforts directed at controlling the Tsetse fly vector in SSA have been 

largely ineffectual (Goossens et al., 1999; Hendrickx, de La Rocque, & Mattioli, 2004; Holmes, 

1997; Torr & Vale, 2015). These factors, coupled with persistent political instability and armed 

conflicts have ensured that AAT persists across the region (Brun et al., 2010; Geerts et al., 

2001). 

Certain African livestock breeds such as Djallonke sheep and Taurine cattle, which entered 

Africa from the near east around 5000 BC and 7000 BC respectively, have developed innate 

tolerance to AAT, probably as a result of natural selection pressures (Dolan, 1987; Muigai & 

Hanotte, 2013; Naessens, 2006). The innate ability of these livestock breeds to survive and 

remain productive under AAT challenge, with very low mortality and without the use of 

trypanocidal drugs, is referred to as trypanotolerance. To illustrate the potential relevance of 
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trypanotolerant breeds in SSA, figure 1 indicates the geographical distribution of three 

important trypanotolerant breeds of livestock within the Tsetse fly – AAT region of Africa. 

Trypanotolerance has been described as an economical and sustainable option for combating 

AAT (Geerts et al., 2009; Goossens et al., 1997; Murray, Morrison, & Whitelaw, 1982). If 

systematically implemented as a control strategy, utilizing trypanotolerance could have a major 

positive effect on long-term food security for the region (Osaer et al., 1994). In this review, we 

detail the key challenges remaining after a century of intervention against AAT, and the new 

insights on the genetics and mechanisms of trypanotolerance. Finally, we discuss the potential 

benefits of identifying the genetic mechanisms of trypanotolerance and harnessing livestock 

trypanotolerance through introgression within the context of SSA livestock systems. 

1.2.2 A Century of Intervention against AAT 

The history of intervention programs for African trypanosomiasis involves the contributions of 

parasitologists, zoologists, entomologists, veterinarians and clinicians. However, with regards 

to AAT the landmark events are the findings of Bruce and Evans in the last decade of the 19th 

century (Bruce, 1915; Cox, 2004). Between 1891 and 1898, Evans identified T. evansi in 

equine spp. and Bruce identified T. brucei in cattle (Cox, 2004). In 1909, Bruce also identified 

the Tsetse fly as the vector transmitting trypanosome parasites (Bruce, 1915). These significant 

findings marked the beginning of attempts to combat AAT using a variety of measures, and the 

next 100 years was spent trying to eradicate this disease, with little success (Steverding, 2008). 

Throughout the 20th century, there were several attempts to control AAT through controlling 

the transmitting Tsetse fly vector. These control methods included; the sterile insect release 

technique, the destruction of fly habitat, the use of Tsetse traps, the use of insecticide-treated 

livestock, and coordinated mass spraying of insecticide (Doyle, Moloo, & Borowy, 1984; 

Hendrickx et al., 2004; Hill et al., 2005; Holmes, 1997; Torr & Vale, 2015). These interventions 

yielded limited positive outcomes against AAT, but have often been associated with negative 

environmental consequences including insecticide pollution of water bodies and deforestation 

(Goossens et al., 1999; Hendrickx et al., 2004; Holmes, 1997; Torr & Vale, 2015). Other 

attempts at curbing AAT through targeting the parasite using anti-AAT drugs have not 

produced the expected results due to the rapid development of trypanocidal resistance (Alsford 

et al., 2013; Kaufmann et al., 1992).  In 2008, 17 SSA countries reported veterinary 

trypanocidal drug resistance problems, and by early 2015 this number had risen to 21 countries 

(Delespaux et al., 2008; Tsegaye et al., 2015). This resistance was expedited in part by the 
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reliance on predominantly three drugs for treating AAT over 50 years (Delespaux et al., 2008; 

Geerts et al., 2001; Munday et al., 2015; Peregrine & Mamman, 1993). Development of 

resistance and cross-resistance of trypanosomes to these drugs was further expedited as these 

drugs have similar chemical compositions (Peregrine, 1994). Furthermore, these three AAT 

drugs have high host toxicity, and have shown limited efficacy (Matovu et al., 2001; Peregrine 

& Mamman, 1993; Steverding, 2015). Other factors contributing towards drug resistance 

include the high degree of re-infection rates among treated livestock, and significant levels of 

misuse of trypanocides by farmers as a consequence of the deregulation and privatization of 

veterinary services (Geerts et al., 2001). In 2008, a report indicated that, out of an estimated 35 

million doses of veterinary trypanocidal drugs administered, diminazene aceturate, 

isomethamidium chloride and ethidium bromide accounted for 33%, 40% and 26% 

respectively (Delespaux et al., 2008). Peregrine and Mamman (1993) reviewed the causes and 

mechanisms for parasite resistance to each of the drugs used against AAT. Drug resistance 

continues to interfere with effective therapeutic management of AAT, and is reported to be 

responsible for many widespread outbreaks of Trypanosomiasis, in different parts of the region, 

that did not respond to standard chemotherapeutic regimens (Holmes, 1997; Mamoudou et al., 

2008). 

The hope of developing an effective vaccine based on the surface glycoprotein antigens of 

trypanosomes remains particularly elusive due to the complexity of the parasite’s antigenic 

repertoire (Hill et al., 2005; McCulloch, Rudenko, & Borst, 1997). Horn (2014), Manna et al. 

(2014) and Taylor and Rudenko (2006) have provided comprehensive reviews on the 

mechanisms of trypanosome antigenic variation. Although an increased understanding of the 

structure and mechanism of this antigenic variation of trypanosome parasites has occurred over 

the past 40 years, to date no vaccine is available (Manna et al., 2014; McCulloch & Field, 2015; 

Mony & Matthews, 2015; Stijlemans, De Baetselier, et al., 2017). These factors are the main 

reasons why most research efforts aimed at developing a vaccine for trypanosomiasis have 

since shifted from variable surface (VSG) antigen towards the identification of other, invariant 

structural components of the parasite (Alsford et al., 2013; Taylor, 1998; Tsegaye et al., 2015).  
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Figure 1.1 Distribution of three economically important trypanotolerant livestock 

breeds within the African animal trypanosomiasis-tsetse fly endemic 
region of Africa 

 

Towards the late 1990s, the recognition of the systematic failure of existing Trypanosomiasis 

control methods led African scientists to set up a regionally coordinated initiative to tackle the 

disease (Maudlin, 2006). In 2000, the Pan-Africa Tsetse and Trypanosomiasis Eradication 

Campaign (PATTEC), was endorsed at the 37th African Union summit in Togo (Kabayo, 2002). 

Central to that new initiative was a “Money Map” of the region that shows the anticipated 



 

31 

benefit of eradication of trypanosomiasis in US$ per a Km2 of land area over 20 years to 

illustrate the magnitude of economic loss caused by the disease (Shaw, 2009). PATTEC 

received support from multinational agencies including the World Health Organisation, the 

Food and Agriculture Organisation and the International Atomic Energy Agency. 

Unprecedented support in the fight against Trypanosomiasis also came from a long list of non-

governmental organisations and pharmaceutical companies including the Bill and Melinda 

Gates Foundation, Bayer, Bristol-Mayers Squibb, and Aventis Pharma (WHO, 2002). 

PATTEC, although stipulating a holistic and integrated approach to combatting 

trypanosomiasis, was criticised for overly focusing on Tsetse fly eradication at the expense of 

other methods such as the use of trypanotolerant breeds (IAEA, 2002). Furthermore, the Tsetse 

fly control module employed in the program was criticized as unsuitable and unrealistic for 

application to the 10 million km2 affected area of SSA, although it was used successfully in the 

isolated and small region of Zanzibar (about 2650 km2)  (IAEA, 2002; Kabayo, 2002).  

The reality is, that despite all these different control measures targeted at AAT, the disease still 

persists, and is not likely to be completely eradicated soon (Dolan, 1987; Magez & Radwanska, 

2014; Nakayima et al., 2012). Therefore, exploiting other measures such as natural 

trypanotolerance of livestock is imperative, particularly for the vast majority of resource-poor 

smallholder livestock keepers in the region for whom the existing chemotherapy and vector 

control programs are neither accessible nor affordable (Cooper et al., 2008). 

1.2.3 Genetic Basis for trypanotolerance 

Trypanotolerance, an inherent ability in certain breeds of livestock to withstand 

trypanosomiasis, was first reported as early as 1904 and 1913 in West and East Africa 

respectively (Bruce, 1915; Dolan, 1987; Murray et al., 1982). A growing number of studies 

have suggested the use of trypanotolerance as an economically sustainable option for tackling 

AAT (Mattioli et al., 2000; Murray et al., 1982; Naessens, 2006). Despite this, the extent, the 

mechanisms and the effects of trypanotolerance as a control measure for the disease have 

remained largely unexplored and poorly understood (Dolan, 1987; Kosgey & Okeyo, 2007).  

Research findings from experimental and naturally infected livestock populations have 

confirmed that trypanotolerance is an heritable trait in breeds such as N’Dama cattle (Hanotte 

et al., 2003; Murray & Black, 1985; Naessens et al., 2002; Namangala, 2012; Trail et al., 1991), 

Muturu and Baoule cattle (Naessens et al., 2002), Djallonke sheep and the west African dwarf 

goat (Geerts et al., 2009; Osaer et al., 1994). For example, in a natural Trypanosomiasis 
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challenge study using N’Dama cattle in Gabon, an estimated heritability of 0.64 was observed 

for the trait controlling anaemia, as measured by the average packed red blood cell volume, a 

characteristic feature of trypanotolerance (Trail et al., 1991). Different crosses of 

trypanotolerant and trypanosusceptible breeds in both cattle and sheep have produced 

phenotypes with varying intermediate degrees of tolerance to the disease, indicating a complex 

and possibly varied genetic control mechanism (Goossens et al., 1997; Goossens et al., 1998; 

Goossens et al., 1999; Murray & Trail, 1984). For example, crosses between trypanotolerant 

Djallonke sheep and trypanosusceptible Sahelian sheep (Goossens et al., 1999), and 

trypanotolerant N’Dama and trypanosusceptible Boran cattle (Hill et al., 2005) have been 

studied. Although many previous authors have used the words resistance to Trypanosomiasis 

and Trypanotolerance interchangeably (Iraqi et al., 2000; Murray & Black, 1985; Ogunremi & 

Tabel, 1995), in the strict sense of the word, the concept of tolerance differs from the concept 

of complete resistance to diseases. Similar to nematode infection in small ruminants (Bishop, 

2012), tolerance is more equivalent to resilience or relative resistance, and depicts an ability of 

the livestock to survive and maintain productivity in the face of the disease challenge. Geerts 

et al. (2009), however, argued for the use of resistance for trypanotolerant N’Dama cattle 

because the high frequency of natural “self-cure” from the infection in the breed. The Cape 

Buffalo (Syncerus caffer) is the only ruminant species in the region that is known to have an 

absolute resistance to infection from all species of trypanosomes (Namangala, 2012). However, 

the Cape Buffalo with an estimated population of only one million, has been shown to be a 

reservoir for the spread of many other important livestock diseases in the region such as bovine 

tuberculosis, brucellosis, anthrax and foot and mouth disease (Michel & Bengis, 2012). Hence, 

these features of the Cape Buffalo make it unattractive to be considered in the mix of control 

interventions for AAT. 

Although there has been no absolute determination of the genetic mode of inheritance of 

trypanotolerance in cattle and sheep, several studies in cattle and even mice have suggested 

that only a small number of genes of major effect are involved combined with many other 

genes having only small effects (Kemp & Teale, 1998; Ogunremi & Tabel, 1995). A recent 

study using a trypanotolerant breed (N’Dama) crossed with a susceptible breed (Boran) showed 

that females were more trypanotolerant than males and that the F1 crosses had an intermediate 

response compared to the resistant N’Dama and the susceptible Boran breeds (Orenge et al., 

2012). This is suggestive of the possibly of several fixed alleles being present in the 

trypanotolerant breeds.  
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Genetic investigations using microsatellites (Dayo et al., 2009; Hanotte et al., 2003), and single 

nucleotide polymorphisms (SNPs) (Gautier et al., 2009) have identified numerous quantitative 

trait loci (QTL) target regions for trypanotolerance in N’Dama cattle. A follow-up investigation 

within these identified regions using a denser panel of microsatellites identified a polymorphic 

allele in one of the previously identified candidate regions that was associated with anaemia 

control (Dayo et al., 2012). Another QTL study using advanced intercross mouse lines showed 

the presence of 14 QTL markers, however, these effectively only spanned three chromosomes 

(1, 5 and 17) with peaks observed in 5 regions (one on chromosome 17, one on chromosome 5 

and three on chromosome 1) (Iraqi et al., 2000).  

Table 1.2 shows the current status of efforts to identify QTL for trypanotolerance in African 

cattle breeds and experimental mice. Conspicuously missing in the list is trypanotolerant QTL 

investigation in small ruminants (i.e. sheep and goats). Given the huge economic importance 

of small ruminants in the SSA region (Geerts et al., 2009; Kosgey et al., 2006; Kosgey & 

Okeyo, 2007), it is surprising that there are no trypanotolerance QTL studies recorded in 

trypanotolerant sheep and goat breeds.  Although many of these early findings provided novel 

molecular genetic insights into trypanotolerance, the size of the resolved QTL regions were 

still quite large (within the range of 10 to 40 centiMorgan (cM) i.e. approximately 10 to 40 

million base pairs) for their general application in a structured introgression programme using 

selection markers (Georges, 2007; Iraqi et al., 2000; Noyes et al., 2011). Furthermore, the 

identified QTLs in some of these studies were only able to explain a small fraction of the 

observed genetic heritability (Courtin et al., 2008; Georges, 2007).  Therefore, most of the early 

trypanotolerance QTL studies require further refinement mapping to locate the precise causal 

mutations or quantitative trait nucleotides (QTN) so as to increase their adaptation into current 

breeding practices. Meuwissen, Hayes, and Goddard (2016) provided a comprehensive review 

on the limitation of the previous traditional QTL studies in livestock for application in genomic 

selection. Prior to these studies, a number of studies using transcriptome analyses also 

suggested the involvement of large number of genes in trypanotolerance in N’Dama cattle 

(Berthier et al., 2003; Maillard et al., 2005), in mice (Fisher et al., 2007), and in N’Dama and 

Boran cattle (O'Gorman et al., 2009). However, a major multiple genomic study that combined 

the analyses of transcriptomes, single nucleotide polymorphisms and expressed sequence tag 

libraries within a previously identified trypanotolerant QTL region reported only two candidate 

genes (Noyes et al., 2011). These trypanotolerance QTL studies have typically used linkage-

map based units of cM, however, these will need to be converted to actual genomic coordinates 

for them to be applicable from a current genomic typing perspective. 
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So far there are no trypanotolerance studies which have used a whole genome, next generation 

sequencing approach for the detection of putative loci for trypanotolerance. The identification 

of putative genomic variation responsible for trypanotolerance in livestock will pave the way 

for the widespread application of genomic selection (Hayes & Goddard, 2010).  Recently, it 

has been shown that the use of next generation sequenced pools of individual genomes could 

be a good method for providing high resolution power for identification of candidate genes or 

variation signatures of adaptive evolution than the use of microsatellite markers or SNP chips 

(Bergland et al., 2014; Kofler et al., 2016).  
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Table 1.2 Present status of efforts to identify quantitative trait loci (QTL) for 
trypanotolerance in African cattle breeds and experimental mice 

Species Molecular tool Main finding Reference 

N’Dama and Boran 477 Microsatellite 
markers 

19 QTL (Hanotte et al., 2003) 

N’Dama cattle Transcriptomics –Serial 
analysis of gene 
expression (SAGE) 

187 genes (up- and down-
regulated) 

(Berthier et al., 2003) 

N’Dama cattle Transcriptomics -SAGE 82 genes (up- and down-
regulated) 

(Maillard et al., 2005) 

Mice Microarray  32 candidate genes (Fisher et al., 2007) 

 9 West African cattle 
breeds 

36,320 SNPs (single 
nucleotide 
polymorphisms) 

53 genomic regions (42 
genes) 

(Gautier et al., 2009) 

N’Dama and Boran 
cattle 

Bovine Long 
Oligonucleotide Micro-
array 

32 genes (O'Gorman et al., 2009) 

N’Dama and Boran 
cattle 

92 Microsatellite Markers 2 trypanotolerance-related 
Outlier Loci  

(Dayo et al., 2009) 

Taurine and Zebu cattle 64 Microsatellite Markers One QTL of 
trypanotolerance-
associated trait 

(Dayo et al., 2012) 

BALB/c and CcS-11 
mice 

Microsatellite markers 4 QTL of 
trypanosusceptibility 

(Sima et al., 2011) 

N’Dama cattle and 
Boran cattle 

Multiple genomic tools; 
Transcriptomics, 21,034 
SNPs- and expressed 
sequence tags- library 
sequencing of 
previously identified 
trypanotolerant QTL 

2 candidate genes (Noyes et al., 2011) 
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For example, a re-sequenced pool of the whole genomes of 50 to 100 Drosophila melanogaster 

precisely identified seasonally associated polymorphisms in the flies (Bergland et al., 2014).  

Similarly, the trypanotolerant breeds have co-evolved with the trypanosome parasites over 

several millennia (Murray & Black, 1985; Mwai et al., 2015), it is therefore expected that 

signatures of selection for resistance should exist in their genomes. Consequently, a whole 

genome sequencing approach, because of its significantly higher resolution, may be a suitable 

way to identify the actual causative genomic variations for trypanotolerance. A recent study, 

for instance, has shown that a whole-genome re-sequencing and analysis of a small group of 

cattle revealed genomic selective sweeps harboring domestication related candidate genes such 

as the KIT, MITF and MC1R genes (Qanbari et al., 2014). This result was obtained by using 

two complementary statistical tools; the integrated haplotype homozygosity score (for 

detecting ongoing selection) and composite of likelihood ratio (for detecting completed sweeps 

and fixation of advantageous alleles) to scan the approximately 15 million SNPs generated 

from the whole genome sequence data. More recently, a whole genome sequenced dataset (17 

million SNPs) analysis for selective sweeps in a native Korean beef cattle breed was also 

accomplished using a Z-score of the pooled heterozygosity statistic (Choi et al., 2015).  

Subsequently, the annotation of the identified non-synonymous SNPs using the database for 

annotation visualization and integrated discovery (DAVID), (Huang da, Sherman, & Lempicki, 

2009)) and the animal QTL database has led to the precise identification of the PPP1R12A 

gene. This gene is known to be associated with intramuscular fat and was localized in one of 

the several sweep regions (Choi et al., 2015).  

It is apparent that the past QTL studies for trypanotolerance in livestock have not provided 

adequate genomic information necessary for important applications such as marker assisted 

selective breeding. However, recent advances in genomic sequencing and computational 

bioinformatics have produced tools with higher power, capable of resolving more refined 

trypanotolerance QTL (Kofler et al., 2016; Li & Durbin, 2010; Li et al., 2009; Rubin et al., 

2010). An improved strategy to identify putative trypanotolerance loci could be achieved 

through the explorative analysis of next generation sequenced pools of genomic DNA from 

small representative group each of trypanotolerant (e.g. Djallonke sheep) and 

trypanosusceptible (e.g. Sahelian sheep) livestock breeds sampled from the same geographic 

region. The pooled-next generation sequencing method has been shown to be not only more 

powerful, but also a more cost-effective approach than the traditional Genome-wide association 

study (GWAS) approach (Gautier et al., 2013; Schlotterer et al., 2014). It is important to ensure 

that each sampled group consists of unrelated individuals in order to minimize false prediction 
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due to relatedness. Given that the trypanotolerance trait most likely resulted from natural 

selection over millennia, it is expected that detectable selection signatures (marked by regions 

of homozygosity) will be present in the genome of trypanotolerant breeds. Currently, it has 

been shown that genome wide selection signatures can be accurately identified from whole 

genome sequenced data using robust systematic analytical tools (Choi et al., 2015; Kardos et 

al., 2015; Qanbari et al., 2014). Furthermore, there are many algorithms available for 

controlling false discovery rates in the analysis of whole genome datasets for selection, and 

have recently been comprehensively reviewed (Francois et al., 2016).   

Collectively, trypanotolerance appears to be a complex multi-genic trait, and is possibly 

controlled by many QTL across the genome (Berthier et al., 2003; Fisher et al., 2007; Gautier 

et al., 2009; Hanotte et al., 2003; Maillard et al., 2005; Noyes et al., 2011). Currently, a number 

of precision bioinformatics tools are capable of identifying unique genome-wide mutations 

such as those expected to be present in trypanotolerant breeds, but absent in trypanosusceptible 

breeds and the species reference genome. These tools include the genome analysis tool kit 

(GATK), SAMtools, and the Burrows-Wheeler Aligner (BWA), for example (Choi et al., 2015; 

Li et al., 2009). A subsequent functional annotation and analysis of prospective trypanotolerant 

candidate mutations can be facilitated by utilizing the free online resources such as the animal 

QTL database (Hu et al., 2013), a repository of curated livestock genomic information, the 

snpEff program and the DAVID tool (Choi et al., 2015; Huang da et al., 2009). These tools 

constitute only a fraction of the number of new genomic and bioinformatics procedures 

currently available by an ongoing relentless march of this rapidly evolving field. As has been 

accomplished for some other important mammalian traits, we are of the opinion that these 

methodologies may provide answers to some of the key research questions relating to this 

important neglected tropical disease. 

1.2.4 Mechanism of trypanosome infection and trypanotolerance 

The hallmark of trypanosomiasis pathology is the remarkable ability of trypanosome parasites 

to elucidate responses from both the host innate and acquired immune systems (Magez & 

Radwanska, 2014; Mansfield, Paulnock, & Hedberg, 2014; Naessens et al., 2002). 

Trypanosome species are extracellular parasites with more than 1,000 different VSG genes and 

pseudogenes, of which only one is transcribed at any one time. These numerous VSG genes 

and pseudogenes allow a trypanosome to produce successive waves of up to 107 different VSG 

antigens, and this mechanism allows sub-populations of the parasite to evade any humoral 
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adaptive immunity of the host (Cnops, De Trez, et al., 2015; Donelson, 2003; Manna et al., 

2014; Mansfield et al., 2014; Taylor & Rudenko, 2006). This classical immune escape 

mechanism makes trypanosome species infection difficult to control once established (Cnops, 

Magez, & De Trez, 2015; Donelson, 2003; Taylor & Rudenko, 2006). Matthews, McCulloch, 

and Morrison (2015) provided a comprehensive review of the within-host dynamics that 

facilitate trypanosome species infection including a novel quorum sensing mechanism. Also, 

the variety of trypanosome immune escape mechanisms that aid the chronicity of 

trypanosomiasis has also been recently reviewed (Cnops, Magez, et al., 2015). More recently, 

evidence of the role of hybridization of genetically divergent trypanosome populations in 

compounding the virulence, pathogenicity as well as drug resistance of trypanosomes has been 

reported in African livestock (Tihon et al., 2017). 

 Earlier reports have suggested that the host’s adaptive immunity in the form of VSG-specific 

B- and T- lymphocytes was mainly responsible for trypanotolerance in trypanotolerant breeds 

(Taylor, 1998). However, more recent evidence points to the host’s innate immunity in the 

form of activated macrophages as key to trypanotolerance (Liu et al., 2015; Mansfield et al., 

2014). Recently, it has been shown that the adaptive immune response to trypanosome species 

infection is short-lived and is effective only against a sub-population of the possible VSG types 

(Cnops, De Trez, et al., 2015; Magez & Radwanska, 2014). The report also indicates that 

effective immunological memory is not developed by the host during trypanosome infection, 

and hence the successive waves of infection destroy the host’s B cell compartment, leading to 

the failure of adaptive immunity (Magez & Radwanska, 2014; Stijlemans, Radwanska, et al., 

2017). The failure of the host adaptive immunity is marked haematologically by dramatically 

increased levels of parasitaemia and concomitant anaemia, which is progressively followed by 

several of the pathological symptoms previously mentioned in this review. These pathological 

symptoms, if left untreated, may culminate in the death of the host (Goossens et al., 1998). 

Conversely, trypanotolerant breeds exhibit a capacity to control this characteristic anaemia and 

parasitaemia that accompanies the trypanosome infection (Goossens et al., 1998; Murray et al., 

1982; Murray et al., 1984). This capacity to control anaemia is crucial for trypanotolerance, 

and permits the host to remain productive under disease challenge (Naessens, 2006; Naessens 

et al., 2002; Trail et al., 1990; Trail et al., 1991). Generally, trypanotolerant livestock thrive 

better with low to medium intensity challenge than with high intensity parasite challenge 

(Holmes, 1997). In parts of west and central Africa, where the AAT challenge is very high, 

Diminazene chemotherapy has been used to help trypanotolerant breeds maintain desirable 

levels of production (Peregrine & Mamman, 1993). The high intensity of the disease challenge 
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in these parts of Africa has completely excluded the farming of trypanosusceptible breeds, 

given the enormous cost of the trypanocides that would be required (Peregrine & Mamman, 

1993).  

Similar to resistance to other parasitic infections of ruminants (Coop & Holmes, 1996; Wallace 

et al., 1995), trypanotolerance has also been found to be enhanced in hosts with a high plane 

of nutrition and vice versa (Coop & Kyriazakis, 1999, 2001; Cunningham-Rundles, McNeeley, 

& Moon, 2005; Van Houtert & Sykes, 1996). Conversely, the presence of inter-current parasitic 

infection in the host reduces trypanotolerance, as do physiological stress factors such as 

gestation (Coop & Kyriazakis, 1999; Murray et al., 1982; Murray et al., 1984). The deleterious 

effect of mixed infections of AAT and other parasites, particularly gastrointestinal helminths, 

in trypanotolerant breeds have been very well documented (Goossens et al., 1997; Goossens et 

al., 1999; Kaufmann et al., 1992; Okaiyeto et al., 2010). In Djallonke sheep, an untreated mixed 

infection is generally characterised haematologically by a rapid fall in packed red blood cell 

volume, high levels of eosinophils, immunosuppression, weight loss and mortality (Goossens 

et al., 1999; Okaiyeto et al., 2010). A similar situation occurs in N’Dama cattle (Kaufmann et 

al., 1992). In an experimental infection of Djallonke sheep, more severe acute symptoms were 

observed when infection with trypanosomes was followed by concurrent Haemonchus 

infection (Goossens et al., 1997). Conversely, a more chronic form of the disease was observed 

when the sequence of infection was reversed (Goossens et al., 1997; Kaufmann et al., 1992). 

This observation suggests that AAT infection has an immunosuppressive effect on the 

Djallonke sheep, and renders it more susceptible to subsequent infection by Haemonchus. In 

an another study, abrogation of immunity to Heligosomoides polygyrus in previously 

immunized mice was attributed to the immunosuppressive effect of a concurrent trypanosome 

infection (Fakae et al., 1997). This phenomenon of the host’s immune response to one type of 

parasite, compromising its ability to mount an appropriate immune response against a 

secondary infection has been referred to as negative feedback (Jolles, Beechler, & Dolan, 

2015). 

Recent studies have suggested that the associated immunosuppression is due to the extensive 

apoptosis of the splenic B cell compartment in the host during trypanosome species infection 

(Cnops, De Trez, et al., 2015; Magez & Radwanska, 2014; Radwanska et al., 2008). The mixed 

infection phenomenon presents an important obstacle to exploring trypanotolerance in most 

livestock production systems in SSA (Alvarez, Traore, et al., 2012).  However, trypanotolerant 

livestock also exhibit relative resistance to other important livestock diseases such as 

helminthiasis, anaplasmosis, babesiosis and heartwater (Murray et al., 1982; Murray et al., 
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1984; Tano et al., 2003). A recent report linked the resistance to nematode infection trait in the 

Caribbean hair sheep to historical introgression of the trypanotolerant Djallonke genetics 

(Spangler et al., 2017). Attempts to achieve genetic introgression of trypanotolerance through 

indiscriminate crossbreeding with trypanosusceptible breeds is common in livestock 

production systems in many parts of SSA, but leads to the dilution of the trait (Alvarez, Traore, 

et al., 2012; Bradley et al., 1994; Geerts et al., 2009; Kosgey & Okeyo, 2007).  Morris (2007) 

reports that a considerable number of trypanotolerant N’Dama and western African shorthorn 

cattle have already been introduced into 19 countries within the central African region in 

response to the disease challenge. The use of trypanotolerant breeds in the mainly 

trypanosomiasis endemic regions of SSA (where typically the production of trypanosusceptible 

animals is already limited by the disease prevalence) has minimal epidemiological implications 

in terms of the danger of becoming a reservoir for the disease to non-tolerant livestock. In the 

hypothetical scenario, where both tolerant and susceptible breeds co-exist in a trypanosomiasis 

endemic area, it is natural that both will be exposed to the same risk of infection through the 

indiscriminate bites of infected tsetse fly vectors.  While it is still alive, an infected 

trypanosusceptible animal presents the same risk to a trypanotolerant breed as does the reverse 

situation. This is because it will only require an infected tsetse fly vector to transmit the disease 

from an infected trypanosusceptible animal to a non-infected trypanotolerant animal and vice 

versa. The most likely outcome is that the trypanotolerant animal will outlive the 

trypanosusceptible animal due to its inherent ability to withstand the disease. This explains the 

reason why resource-poor livestock keepers within this trypanosomiasis endemic region, in 

their quest to prevent the loss of their trypanosusceptible breeds, have rationally resorted to 

crossbreeding with the trypanotolerant breeds. It is important that to note that these farmers 

conduct the crossbreeding without the specific knowledge of the trypanotolerant QTL or genes 

(Berthier et al., 2016). The desire to keep trypanosusceptible breeds in a trypanosomiasis 

endemic region is also partly due to their inherently bigger body sizes, for example the 

trypanosusceptible Sahelian sheep is much bigger than the trypanotolerant Djallonke sheep 

(Yaro, Ayizanga, & Abdul-Rahman, 2012). But, the larger body size of trypanotolerant breeds 

does not directly translate to higher productivity under trypanosomiasis challenge. It has been 

reported that under the condition of AAT challenge, the trypanotolerant Djallonke sheep 

recorded higher productivity of approximately 42% over trypanosusceptible sheep breeds 

(Geerts et al., 2009).  More recently, a microsatellite and SNP marker analysis within 

trypanosomiasis candidate regions of trypanotolerant and trypanosusceptible cattle confirmed 

significant levels of admixture of the two breeds (Smetko et al., 2015). Most of these 
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indigenous African trypanotolerant livestock breeds may now be endangered due to 

indiscriminate crossbreeding and breed replacement, and there is a high risk of these adaptive 

traits being diluted and lost forever (Mwai et al., 2015). This excessive genetic introgression 

poses a major challenge to the sustainable use of the trypanotolerant trait for the control of 

AAT if deliberate programmes for the preservation and development of trypanotolerant breeds 

are not first developed. However, when relocating trypanotolerant breeds to trypanosomiasis-

free regions of the continent, or any part of the world, standard screening and quarantine 

precautions need to be applied to ensure that the animals are not harbouring any trypanosomes. 

If this precaution is not observed, there will be some risk of introducing the disease to these 

regions. However, under this scenario the risk will still be minor because AAT is mainly 

transmitted by the tsetse fly vector, the distribution for which is known to be confined to only 

the trypanosomiasis endemic region. 

1.2.5 Trypanotolerance in the context of Africa livestock production 

The existing AAT control and eradication programs have not, and might never, reach the level 

of effective implementation required to rid the region of this complex disease. This is because 

the main livestock systems in SSA are smallholder pastoral, agro-pastoral, mixed crop–

livestock and peri-urban livestock systems (Kosgey & Okeyo, 2007; Tano et al., 2003; 

Zougmoré, Traoré, & Mbodj, 2015). These systems are characterised by low input, low 

technology, and with a considerable level of subsistence production (Jahnke & Jahnke, 1982). 

There is a general lack of capacity for local, mostly smallholder, livestock farmers to diagnose 

or treat such a complex disease (Geerts et al., 2001; Murray et al., 1984).   

Over the last century, the sheer complexity and diversity of socio-politico-cultural elements of 

the different countries within the SSA region have constrained the effective coordination of 

many anti-trypanosomiasis programs between member states, and also with regional and 

international partners (Black et al., 1985; Dzingirai et al., 2017; Ford, 2007; Smith, Taylor, & 

Kingsley, 2015). The persistence of civil conflicts and wars within the SSA region has been 

directly linked to the re-emergence of the disease in many affected countries (Ford, 2007). For 

example; the trypanosomiasis epidemic outbreak of Uganda in the late 1970’s resulted from 

political turbulence, and the outbreak in Angola that started in 1975 during the post-

independence civil war period. The presence of large populations of wildlife reservoirs of 

trypanosome parasite in some parts of the region has also worked against the total eradication 

of the disease (Murray et al., 1982).  
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The appropriate use of trypanotolerant breeds would mitigate the high annual losses incurred 

by the vast majority of these smallholder livestock farmers (Tano et al., 2003). Mitigating 

losses is of particular importance because the improvement of smallholder agricultural 

productivity in Africa is fundamental to overcoming the problem of poverty in the region 

(Babikir et al., 2015). Exploiting host genetics to help control disease is a widely accepted 

concept in developed countries (Piedrafita et al., 2010; Raadsma & Fullard, 2006), and host 

resistance has been extensively studied in breeds such as the Scottish Blackface sheep (Stear 

et al., 1997). There are ongoing extensive and equally successful breeding programs for disease 

resistance in Australian Brahman cattle (Frisch, O'Neill, & Kelly, 2000), and in sheep in 

Australia and New Zealand (Van der Werf, 2007). For example, AUD$ 8 billion in extra 

earnings was realized within 30 years through the exploitation of parasite resistance genes of 

Brahman cattle via a landmark cross-breeding program within the Northern Australian beef 

industry (Frisch et al., 2000; Morris, 2007). Most research and application has involved 

parasitic diseases, but Bishop and MacKenzie (2003) provide a comprehensive model 

framework for the utilization of disease resistance for the control of bacterial and viral 

infections in livestock. 

In the context of SSA livestock production systems, measures would need to be put in place to 

preserve the genetic purity of known trypanotolerant breeds, and to protect those breeds from 

excessive genetic introgression by trypanosusceptible breeds (Geerts et al., 2009). We propose 

that a molecular characterisation of all trypanotolerant livestock breeds for the purpose of 

reliable breed identification will also expedite future genetic improvement programs for 

trypanotolerant breeds. This effort can take the form of establishment and coordination of 

regionally or nationally supported satellite open nucleus breeding stations for pure 

trypanotolerant breeds across the SSA region to sustain this intervention. 

1.2.6 Conclusions 

After a century of intervention against AAT, the disease persists, as does its staggering impact 

on the livelihoods of the population in SSA. A diverse range of interconnected factors has 

contributed to the entrenchment of the disease. Given the current perspective, imminent 

eradication of this disease does not seem a possibility. Although advances in scientific 

technologies have been accompanied by a greater understanding of the mechanisms of the 

disease over this period, the existing control measures remain largely inadequate. We are of 

the view that an improved outcome in the battle against AAT will require a more holistic 
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approach that is dynamic and context-specific to the different livestock production systems 

across SSA. Therefore, management of the disease including the development of structured 

programs for the use of trypanotolerant breeds will be a more realistic and achievable objective.  

The exploitation of naturally trypanotolerant breeds of livestock will not only add an 

economically sustainable option to the mix of interventions, but is also compatible with 

livestock production systems in the region.  

1.3 The key role Class II Major histocompatibility complex in 
parasitic infection of domestic sheep 

1.3.1 Introduction 

The major histocompatibility complex (MHC) is a gene dense, and the most polymorphic, 

region in the vertebrate genome (Hedrick, 1998; Klein et al., 1993). The MHC was first 

discovered in the 1930’s, and is regarded as being central to the control of both innate and 

adaptive immune response in vertebrates, as well as mate choice (Horton et al., 2004). 

Although the MHC also contains non-functional genes, the majority of studies focus on the 

functionally transcribed MHC genes for obvious reasons (Robinson et al., 2003). The human 

MHC, also referred to as the human leucocyte antigen (HLA) is the most extensively studied 

of all the mammalian species (Parham, Adams, & Arnett, 1995).  The HLA complex is located 

on chromosome 6, and is comprised of telomeric, centromeric and central regions referred to 

as the class I, II and III genes, respectively (Hughes & Yeager, 1998). A standard nomenclature 

for the HLA genes has been established (Robinson et al., 2015) and all identified sequences 

are submitted to a dedicated database available at  http://www.ebi.ac.uk/ipd/imgt/hla/. The size 

of HLA is approximately 4 Megabases long, and contains at least 220 genes (Robinson et al., 

2003). The fundamental MHC structure is largely conserved in mammalian genomes 

(Dukkipati et al., 2006). Uniquely, the centromeric class II region in ruminant species is sub-

divided in to the class IIa and IIb regions, which are separated by 18.5MB of non-MHC genes 

(Amills et al., 1998; Gao et al., 2010; Siva Subramaniam et al., 2015). It was suggested that an 

ancestral chromosomal inversion that predates the speciation of Bovidae might be the cause of 

the unique MHC structure in ruminants (Gao et al., 2010). The sheep MHC is located on 

chromosome 20 (MÄKinen et al., 1989), and that of cattle is located on chromosome 

23(conserved synteny to the sheep chromosome 20)  (Burt, 2009). Nomenclature for sheep 

MHC alleles and selected domestic animals has also been established, and is hosted at the same 

online database (https://www.ebi.ac.uk/ipd/mhc/) as the HLA alleles. In sheep, the MHC is 
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also referred to as the OLA or Ovar-MHC (Dukkipati et al., 2006), and was first reported about 

four decades ago (Millot, 1978). However, until the beginning of this millennium, the structure 

of Ovar-MHC was poorly characterised (Amills et al., 1998). In recent years, the structural 

organisation has received growing attention, with the publication of the genomic structure of 

the class I (Siva Subramaniam et al., 2015), class II (Lee et al., 2011), class III (Qin et al., 2008) 

as well the complete Ovar-MHC region (Gao et al., 2010). The information provided by these 

publications heralded greater understanding of the genomic organisation of the Ovar-MHC. 

For example, a total of 177 genes have now been identified in the Ovar-MHC, spanning 

approximately 2.4 mega bases (Gao et al., 2010). 

1.3.2 Functions of the MHC class II genes 

In terms of functionality, the vertebrate MHC genes control the mechanisms that determine the 

resistance or susceptibility to infection by the host (Gutierrez-Espeleta et al., 2001). In Sheep, 

many studies have associated variations at the MHC to gastrointestinal nematode infection 

(Davies et al., 2006; Hickford et al., 2011; Sayers et al., 2005), footrot (Ennen et al., 2009; 

Escayg, Hickford, & Bullock, 1997; Gelasakis et al., 2013), and other less economically 

important livestock viral infections (Konnai, Takeshima, et al., 2003; Nagaoka et al., 1999). 

The telomeric class I and centromeric class II of the MHC are reported as the most important 

regions with respect to response to infection (Dukkipati et al., 2006). However, most of the 

association studies were linked to variations within the class II region (Bryja et al., 2006; 

Hassan et al., 2011; Meyer-Lucht & Sommer, 2005; Richman, Herrera, & Nash, 2001). The 

class II genes in sheep are known to code for specialised heterodimeric glycoprotein molecules 

on the surface of four different immune cells. The four immune cells include; dendrites, 

macrophages, B lymphocytes and thymus glands (Herrmann-Hoesing et al., 2008). The MHC 

class II molecules are capable of binding and presenting a wide range of endogenous and 

exogenous antigens to CD4+ T lymphocytes (Ballingall et al., 2011; Herrmann-Hoesing et al., 

2008). This ability is primarily due to the extraordinary variation within the class II genes in 

general, but particularly so, in the exon II segment (Charbonnel et al., 2010; Meyer-Lucht & 

Sommer, 2005). Therefore, most studies have focused on specific variations within the exon II 

of the Class II genes. The structure of the class II region of the MHC in humans is composed 

of DP, DQ and DR sections, whereas the class II Ovar-MHC shares the DQ and DR, but lacks 

the DP section (Dukkipati et al., 2006).  Furthermore, the sheep class IIa loci have been shown 

to be hypervariable, and five transcribed class II genes have been widely reported in literature 
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(Ballingall, Fardoe, & McKeever, 2008; Dukkipati et al., 2006; Herrmann-Hoesing et al., 2008; 

Hickford, Zhou, & Fang, 2007; Hickford et al., 2004). These five class IIa sheep MHC genes 

are the DQB2, DQA2, DQB1, DQA1 and DRB1 genes, and cover approximately, 86.8 kb of the 

region (Herrmann-Hoesing et al., 2008). A sixth class IIa gene, the DRA, is reported to be less 

polymorphic (Schwaiger et al., 1996). The non-coding portion of the class IIa region in sheep 

is reported to be highly conserved between many mammalian species, and is considered 

important to the functioning of immune cells (Herrmann-Hoesing et al., 2008). However, this 

region has not received as much research attention as have the class II genes. In sheep, most of 

the disease association studies reported have been linked variations within three of the 5 MHC 

loci; DRB1, DQA1, & DQA2 (Hickford et al., 2011; Keane et al., 2007; Sayers et al., 2005).  

1.3.3 Mechanisms of balancing selection at the MHC 

New variations at the MHC are thought to be generated by two main mechanisms, namely; 

point mutations and micro-recombination events (Edwards & Hedrick, 1998; Schierup, 

Mikkelsen, & Hein, 2001). Some of these variations have been shown to predate speciation as 

they are present in different lineages (Ballingall et al., 2015; Bollmer, Vargas, & Parker, 2007; 

Bryja et al., 2006). Evidence of conserved orthologues of specific MHC class II alleles have 

been identified among sheep, goats and cattle species (Ballingall et al., 2015). There is a general 

agreement in the literature that the extensive variation at the MHC region is maintained by 

balancing selection (Charbonnel & Pemberton, 2005; Doherty & Zinkernagel, 1975; Edwards 

et al., 1997; Hedrick, 1998; Hughes & Yeager, 1998; Marmesat et al., 2017; Parham & Ohta, 

1996). However, a plethora of selection theories have been proposed as the mechanism for the 

maintenance of this balance at the MHC  (Charbonnel & Pemberton, 2005). The three most 

well supported among these mechanisms include pathogen mediated selection (Charbonnel & 

Pemberton, 2005; Hedrick, 1998; Hughes & Yeager, 1998; Parham et al., 1995), maternal-

foetal interaction (Hedrick, 1998), and negative-assortative mating or sexual selection 

(Edwards & Hedrick, 1998; Hedrick, 1998).  All these three mechanisms are plausible, and are 

well supported in the literature. However, it is important to note that all of these mechanisms 

could be working in concert at any point, depending on the prevailing evolutionary factors that 

maintain the variation at the MHC (Hedrick, 1998). Indeed, different selection mechanisms 

have been detected simultaneously in different class II MHC genes (Tollenaere et al., 2008).  

Of these three mechanisms, the maternal-foetal interaction is limited to mammalian species 

because live bearing is absent in reptiles and birds. The evidence of the importance of this 
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mechanism was established in the study of spontaneous abortions in humans, in which specific 

maternal-foetal HLA loci compatibility were required for successful implantation (Thomas et 

al., 1986).  The mode for pathogen mediated selection has been reported in many species 

including human malaria infection, sheep Telardorsia species infection, and Marek’s disease 

in chickens (Adrian et al., 1994; Charbonnel & Pemberton, 2005; Hedrick, 1998; Plachy, Pink, 

& Hála, 1992). Negative assortative mating in a population is simply defined as the occurrence 

of more non-random mating among non-like members within the population than expected. In 

humans, the role of negative assortative mating has been of lesser prominence as the other two 

mechanisms (pathogen mediated & maternal-foetal interactions) primarily due to the practical 

difficulty in obtaining sufficient samples to generate high statistical power (Hedrick, 1998). 

Nonetheless, evidence of negative assortative mating has been found in limited HLA studies 

(Jin, Speed, & Thomson, 1995; Rosenberg, Cooperman, & Payne, 1983). Conversely, evidence 

of negative-assortative mating has been well demonstrated in mouse MHC studies (Brown & 

Eklund, 1994; Hedrick, 1998; Yamazaki et al., 1988). Of these, three popular theories of 

maintenance of balancing selection at the MHC, the pathogen mediated mechanism is the most 

well investigated in sheep. Many studies have demonstrated specific variations at MHC to a 

directly to the interactions between pathogen and host (Bryja et al., 2006; Dukkipati et al., 

2006). These differences have been in the form of specific allelic, genotypic and haplotypic 

differences (Hassan et al., 2011; Keane et al., 2007). The three different types of pathogen 

mediated balancing selection reported are heterozygote advantage (Hedrick, 1998)(ref), rare 

allele advantage (also referred to as the frequency dependent mode) (Charbonnel & Pemberton, 

2005; Hedrick, 1998) and Spatio-temporal or “the time and space” dependent selection mode 

(Charbonnel & Pemberton, 2005; Hedrick, 1998). All three modes are well supported in the 

literature (Charbonnel & Pemberton, 2005; Doherty & Zinkernagel, 1975). The heterozygote 

advantage mode, as the name implies, is said to prevail when each of the two alleles within the 

MHC locus in a heterozygote is capable of conferring immunity to a different group of 

pathogens (Charbonnel & Pemberton, 2005). On this basis, the heterozygotes present an 

advantage over the homozygote. The pre-condition of the rare allele advantage mode of 

maintenance of balancing selection is when a new variant confers immune protection to a 

prevailing disease demographic of the ecosystem. Such variants are favoured by demographic 

selection pressure, and persist within the target population at higher frequencies over time as 

observed in a study of voles (Bryja et al., 2006). The “time and space” pathogen mode of 

balancing selection occurs in situations when the disease events are spatio-temporary such as 

epidemics (Charbonnel & Pemberton, 2005; Hedrick, 1998). The survivors of disease 
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epidemics will harbour the associated MHC variations. However, this mode pathogen mediated 

selection is considered as part of the heterozygote advantage mode (Hedrick, 1998). The 

extraordinary mechanisms of balancing selection permit the capacity to maintain high levels of 

variation at the MHC, even in the face of fluctuations in the selection demographic factors. 

Surprisingly high levels of variation were recorded at the MHC loci in comparison to non-

MHC loci in an otherwise monomorphic fox population (Aguilar et al., 2004) and in a 

population of bighorn sheep (Gutierrez-Espeleta et al., 2001). However, lower than expected 

levels of MHC variation reported in an endangered population of penguins was attributed to a 

past population bottleneck event (Bollmer et al., 2007).  Therefore, a low MHC variation can 

also result from an extreme bottleneck event or a low intensity of selection (Aguilar et al., 

2004; Bollmer et al., 2007).  

1.3.4 Contrasting immunological phenotype in Djallonke and Sahelian sheep 

Djallonke and Sahelian sheep are two of the most important sheep breeds in sub Saharan 

African (Brahi et al., 2015), a region, characterised by low input extensive livestock production 

systems (Cooper et al., 2008; Kosgey & Okeyo, 2007). A major constraint to these livestock 

production system is parasitic diseases (Kosgey & Okeyo, 2007). The Djallonke sheep breed 

is the most ancient African sheep breed (Muigai & Hanotte, 2013), and has been shown to be 

resistant to wide range of tropical livestock diseases, particularly, to the animal 

trypanosomiasis and intestinal helminths in comparison to the Sahelian sheep (Goossens et al., 

1997; Goossens et al., 1999; Traoré et al., 2017). Most of these studies involved comparative 

haematological and parasitological investigation in the two sheep breeds with respect to 

parasitic infections. Resistance to parasitic diseases in indigenous SSA livestock has been 

ascribed to adaptive selection over a millennium of co-evolution with these parasites (Mwai et 

al., 2015). Therefore, one genetic region of the host that is most likely contributing to the 

acquired immunity is the MHC region. In sheep, resistance to infections, including nematodes, 

has been associated with variation within genes in the MHC class II region (Hickford et al., 

2011; Sayers et al., 2005; Schwaiger et al., 1995). Although the class II MHC is the main 

immune control centre for parasitic infections (Charbonnel et al., 2010), the extent to which 

the MHC genotype in these two sheep breeds has influenced their respective phenotypes in 

relation to parasitic infections remains unexplored. Unravelling of the genetic basis for 

diversity between breeds is of crucial importance for its sustainable utilisation and 

conservation. Therefore, an analysis of the MHC, particularly the class II region, in these two 



 

48 

sheep breeds will offer key molecular insight into the observed differential disease phenotypes. 

Finally, this information is important in understanding the true value and distinctiveness of 

these genetic resources, and will facilitate the application of molecular tools in the management 

of both sheep.  

1.3.5 Conclusions 

Molecular characterisation of the immune genes is important for understanding the genetic 

basis of observed immunological phenotypes in livestock. The MHC-disease nexus is 

probably, one of the most complex and multifaceted dynamics of any biological system. Based 

on the available literature, the class II region of MHC in sheep appears to be an important 

region of interest region for control of the majority of parasitic diseases in sheep. Therefore, 

genetic analysis of this region in the Djallonke and Sahelian sheep will facilitate the 

identification and subsequent association of specific MHC class II alleles or polymorphisms to 

resistance or susceptibility to parasitic diseases. This information is fundamental to the 

development of efficient and sustainable management of the two sheep breeds.  

1.4 Research aims 

Overall, given the current lack of genetic information on the relatively disease resistant 

Djallonke sheep and disease susceptible Sahelian sheep of Ghana, and in the light of the 

demonstrated key importance of the MHC class II genes in resistance to parasitic infection in 

sheep, the specific aims of this research include:  

To first conduct a comparative whole genome variant analysis between the Djallonke and 

Sahelian sheep breeds using the “sequence and pool” strategy to identify both common variants 

and breed specific variants which will provide targets for the development of molecular 

identification tools. 

To perform an analysis of signatures of selection of the whole genome variant datasets for 

the Djallonke and Sahelian sheep breeds to find genetic evidence of their contrasting 

phenotypes. 

To characterise the genomic architecture of the class II MHC region in these two breeds, 

and identify both common and breed specific alleles that could be associated with the 

differences in resistance to parasitic diseases in these two sheep breeds. 
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To perform a comparative population genetics analysis of the MHC class II genes in a 

population of Djallonke and Sahelian sheep in order to understand how the demographic factors 

have shaped this genomic region in the two sheep populations. 
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Chapter 2 Comparative analyses of whole 
genomic variant characteristics 

This chapter describes the comparative analysis of whole genomic sequences from Djallonke and 

Sahelian sheep breeds using a strategy of “sequence and pool” as proposed in chapter 1. Five unrelated 

Djallonke and Sahelian sheep sourced from Ghana were individually sequenced, pooled and giving a 

greater than 22-fold average coverage for each breed. High levels (~ 96%) of variant similarities were 

found between the two breeds, probably reflecting their shared demographic histories. In addition, 

significant numbers of potential breed specific single nucleotide polymorphisms (SNPs), insertions and 

deletions (INDELs) were identified for the Djallonke (~ 0.33 million) and Sahelian (~ 0.16 million) 

breeds, and these will provide targets for the future development of breed specific molecular 

identification markers. Of the 11.1 million and 10.9 million SNPs identified in the Djallonke and 

Sahelian breeds, approximately 15% (~ 2 million) and 16% (~1.8 million) respectively, have not been 

previously observed in sheep (in reference to the sheep dbSNP of the Ensembl variation release 85 Ovis 

aries). The Djallonke and Sahelian sheep constitute a significant and unique genetic resource, and 

results from this study contribute to an understanding of world sheep diversity. This study represents 

the first whole genomic variant analysis in these two sheep breeds, and will be of fundamental 

importance for the sustainable management of these two sheep breeds. 

2.1 Introduction 

The Djallonke sheep breed is of high socioeconomic and cultural significance in at least 14 

countries within the sub-Saharan African (SSA) region (International Livestock Research 

Institute, 2005). The Djallonke breed is regarded as the most ancient of the approximately 170 

sheep breeds in Africa (Muigai & Hanotte, 2013). The Djallonke was thought to have 

originated in western Asia in about 7000BCE (5000BC), and entered Africa through the 

Isthmus of Suez (International Livestock Research Institute, 2005). Recent studies, based on 

archaeological information, have supported a date range between 7000 and 7500BCE for their 

entry into Africa (Muigai & Hanotte, 2013). The Djallonke, a “thin tailed sheep breed”, inhabits 

the regions south of latitude 14o N, encompassing central and western Africa.  

A long history of cross breeding between Djallonke and Sahelian sheep has led to a trend of 

introgression of Sahelian genetics into the Djallonke breed as described in chapter 1. This 

manifests as a loss of the adaptive characteristics within the introgressed Djallonke sheep 

(Geerts et al., 2009; Goossens et al., 1999; Traoré et al., 2012). This high rate of cross breeding 
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has been reported to be driven by many factors as described previously in chapter 1. This long 

history of crossbreeding has led to various crossbred populations of Djallonke and Sahelian 

sheep. Phenotypically, crossbred animals can more closely resemble either the pure Djallonke 

or pure Sahelian breed, depending on their composition. Most of the farmers in the region are 

smallholder peasants and are largely illiterate, and therefore record keeping has historically 

been through oral tradition. As a consequence, through the passage of time and several 

generations of stock keepers, most of the information regarding the actual breed composition 

or status for many animal groups has been lost. Currently, the mode of identification of both 

breeds is through the use of visual physical characteristics, and in most cases, by consensus 

amongst the regional farmers (Birteeb et al., 2012). Most breed diversity studies, as well as 

breed status reports, are use these identification criteria (Asamoah-Boaheng & Sam, 2016). 

Given the long history of introgression, these criteria are therefore unreliable for planning and 

decision making in relation to the sustainable management of these important animal genetic 

resources. The characterisation of both sheep breeds at the molecular level will facilitate the 

application of modern genomic tools for sustainable breeding and utilisation of these two 

important genetic resources. 

In spite of the importance of the Djallonke sheep to the region, genetic studies have been scarce 

(Alvarez et al., 2009; Traoré et al., 2012; Wafula et al., 2005). There are no records of whole 

genome variant characterisation in either of the Djallonke or Sahelian breeds. To the best of 

our knowledge this is the first report on the application of whole genome sequence analysis in 

these two important sheep breeds. 

The objectives presented in this chapter are; 

i) To identify and perform a comparative analysis of whole genome variants 

(SNPs and indels) in the Djallonke and Sahelian sheep breeds.     

ii) To annotate the identified variants for both Djallonke and Sahelian sheep in 

relation to the Ensembl variation dbSNP for sheep (release 85) and then 

perform a comparative analysis of the functional characteristics of the 

variants within and between the two sheep breeds. 
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2.2 Methods 

2.2.1 Sheep 

Five unrelated sheep from each of the Djallonke (DJ) and Sahelian (SA) breeds were identified 

and selected from two National sheep breeding stations in Ghana (see appendix A, for the 

geographic location of the breeding stations, pictures of Djallonke & Sahelian. The Djallonke 

sheep were selected from the “National Open Nucleus Breeding Station for Djallonke Sheep” 

in Ejura in the Ashanti region (longitude 01o 28’W and latitude 06o 41’ N), and included 4 ewes 

and 1 ram. The Sahelian sheep were selected from the “National sheep breeding station in Pong 

Tamale” (longitude 00o 54’W and latitude 09o 38’ N) and comprised 5 ewes. All sheep sampled 

had attained reproductive maturity (13-24 months old) and were selected in consultation with 

the managers of the regional breeding stations to represent animals that were true to breed type 

(phenotypically similar to the breed ideal). The republic of Ghana is located within longitudes 

03o 11’W and 01o11’ E and latitudes 04o 44’N and 11o 11’ N. It is bordered on the north, east 

and west by Burkina Faso, Togo and Côte d’Ivoiré, respectively, and about 550km of the 

Atlantic Ocean coastline comprises the southern boundary. Ghana enjoys approximately 200 

days of sunshine in a year, with a mean annual temperature of 28oC (annual range is between 

15oC to 28oC). The mean annual precipitation is about 787 mm. The average relative humidity 

is 85%.  

2.2.2 Blood Collection & DNA extraction 

From each of the 10 sheep approximately 9ml of blood was collected via jugular venipuncture 

into labelled vacutainers containing the disodium salt of ethylene diamine tetra-acetate 

(EDTA). The samples were transported at 4o C to the laboratory. The whole blood samples 

were subjected to centrifugation at 800 x g for 3 minutes at room temperature (15-25oC) using 

a Beckman centrifuge with the rotor bucket brake set to “off”. The buffy coat was aspirated 

from the distinct middle layer using a disposable 5ml pipette and transferred into 5ml screw 

cap tubes for genomic DNA extraction, and was either extracted immediately or stored at -

20oC. 

Genomic DNA was extracted from each sample using the Zymo Quick-gDNATM MiniPrep 

DNA purification Kit (per the manufacturer’s protocol). DNA quality was assessed using 

agarose gel electrophoresis (1% w/v in TAE) and by Nanodrop spectrophotometry.  



 

53 

2.2.3 Library Construction and Sequencing 

For each sample, 100ng of DNA was sheared, to generate a broad range of DNA fragments 

with sizes ranging from 100-1000bp, using the Covaris S2 System. The NEB Next Ultra kit 

(New England Biosciences) was then used to process and ligate the DNA fragments to T-

overhang adaptors with different barcodes assigned for each animal (Integrated DNA 

Technologies, Singapore).  Fragments of approximately 300bp were then size-selected using 

the E-gel system (Invitrogen), and fragments were purified using AMPure XP SPRI beads 

(Beckman).  

Equimolar amounts of each library were then combined and amplified using emulsion PCR on 

the Ion Chef system (ThermoFisher Scientific). The amplified libraries generated were 

sequenced on a P1 chip using the Ion ProtonTM system (ThermoFisher Scientific). 

2.2.4 Mapping and Pre-processing of Reads 

Base calling, de-multiplexing, quality control (QC) and alignment pre-processing were 

performed using the TorrentSuite 4.6 on a Torrent Server (ThermoFisher Scientific) as per the 

optimized protocol used by Yuan, Xu, and Leung (2016). Briefly, polyclonal and uniformly 

low-quality reads were removed and the reads trimmed from the 3’ end only. Mapping to the 

sheep reference genome Oar v3.1 (University of California, Santa Cruz (UCSC)) was 

performed within the TorrentSuite 4.6 software, using the Torrent mapping alignment program 

(TMAP). For each sheep breed, individual BAM files were generated, merged and sorted using 

SAMtools v0.1.19-44428cd (Li et al., 2009). Coverage analysis was performed for both the 

individual and combined sequence datasets using automated plugins within the TorrentSuite 

4.6 software package.  

2.2.5 Variant calling pipeline 

Pooled BAM files were sorted and indexed using SAMtools v0.1.19-44428cd. Duplicate reads 

were removed using Picard Tools v1.122.  Genome Analysis Tool Kit version 3.2.2 (GATK) 

RealignerTargetCreator and IndelRealigner were used to produce realignments of the pooled 

bam files for each breed. GATK HaplotypeCaller using GVCF mode was used to call 

intermediate genome-wide variants separately for the pooled DJ genomes and pooled SA 

genomes, resulting in two pooled genomic variant call format (gvcf) files. GATK 

GenotypeGVCFs was then used to perform a joint genotyping of these two pooled gvcf files 

for the Djallonke and Sahelian datasets using minimum standard confidence thresholds for both 
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calling and emitting. Called and emitting variables were set at 30 (-stand_call_conf 30 -

stand_emit_conf 30) to produce a composite pooled variant call format (vcf) file for each breed 

(Pooled-Sheep VCF). This analysis procedure was selected to ensure good quality variant 

calling for the dataset and reduce false discovery rates. Finally, VCFtools (v0.1.15) (Danecek 

et al., 2011) was used to extract individual Djallonke and Sahelian samples from the composite 

joint genotyped vcf into separate vcf files, which were then used for further downstream 

analyses.  

2.2.6 Annotation and functional analysis of genomic variants  

As there were unequal numbers of males and females used in this study for the two breeds, for 

the purpose of a balanced comparison, autosomal chromosomes were extracted from each of 

the pooled Djallonke and Sahelian vcf files using VCF tools v0.1.15. The SnpSift v4.2 

“annotate” command was used to identify known SNPs in the pooled Djallonke and Sahelian 

vcf files, using the sheep dbSNP of the Ensembl release variation 85 Ovis aries VCF file as the 

database (Ftp://ftp.ensembl.org/pub/release-85/variation/vcf/ovis_aries/) (Cunningham et al., 

2015). SnpEff v4.2 (Cingolani et al., 2012) was also used for functional annotation of identified 

autosomal SNPs in both the Djallonke and Sahelian genomes based against the Ensembl sheep 

genome assembly Oar_v3.1.82. Pairwise comparison of Genomic SNPs and Indels for the 

Sahelian and Djallonke sheep genomes was computed in a UNIX environment using the 

BEDTools suite (v. 2.26.0) by (Quinlan & Hall, 2010). 

2.3 Results  

2.3.1 Whole genome sequencing and mapping 

Genomic DNA from five unrelated individuals representing the Djallonke and Sahelian breeds 

were separately sequenced, and the sequencing reads pooled according to breed. After filtering 

and trimming, an average of 10% and 13% of the reads were excluded due to low quality scores, 

and 26% and 28% excluded due to polyclonality for the Djallonke and Sahelian samples, 

respectively. Coverage analysis was then performed on a total (post QC) dataset containing 73 

Gbp of sequenced data, comprising 404,755,012 pooled reads (average read length 185.4 nt) 

and 57.6 Gbp comprising 303,136,043 reads (average read length 176.6 nt) for Djallonke and 

Sahelian breeds respectively (Table 2.1). The depth of coverage for each genome pool was 

estimated to be 27.90x and 22.01x for the Djallonke and Sahelian breeds respectively, and each 
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covered ~97% of sheep reference assembly v3.1. Key genomic parameters were computed to 

ascertain the accuracy of the sequenced data in this study. The autosomal SNP transition to 

transversion ratios observed for the Djallonke (2.47) and Sahelian (2.48) datasets, respectively, 

were both similar to each other (Table 2.3).  The computed missense to silent SNP proportions 

were also similar within the Djallonke and Sahelian sheep datasets (0.69 and 0.68, respectively) 

(Table 2.6). The two datasets also had equal insertion to deletion ratios (0.38) (Figure 2.1). 

2.3.2 Availability of data and materials 

All the variant call format files for this project are available through the European variant 

archive of the European Bioinformatics Institute with the accession number PRJEB15642. 

 

Table 2.1 Summary of sequencing metrics for Djallonke and Sahelian sheep data 
generated on an Ion Proton Sequencer (ThermoFisher) 

2.3.3 Comparison of the chromosomal distribution of all identified Autosomal 
Variants of the Djallonke and Sahelian Genomes 

The distribution of the variants (i.e. the sum of SNPs, Insertions and Deletions) was similar 

across all the autosomes, with chromosomes 11 and 26 showing the highest and lowest 

frequencies of variants for both the Djallonke and Sahelian sheep genomes, respectively (Table 

2.2). A total of 12,821,836 and 12,654,761 variants were identified in Djallonke and Sahelian 

sheep, respectively, with 12,556,638 (96.30%) shared between the two genomes. A further 

pairwise variant comparison of the two datasets showed that 324,760 (2.49%) variants were 

specific to the Djallonke breed, whereas 158,085 (1.21%) variants were specific to the Sahelian 

breed. Therefore, the total number of variants identified for the two breeds is 13,039,483. In 

Sheep 
Raw 
reads 

Polyclonal 
Av. 
Low 

quality 

Final post 
QC reads 

Av. 
read 

length 

Total 
data 
(Gb) 

Mapping 
rates 

Depth of 
coverage 

Djallonke 625572175 26% 10% 414862202 185.4 76   

Mapped 
reads 

   404755012  73 98% 27.9X 

Sahelian 568776210 28% 13% 347594060 176.6 61.5   

Mapped 
reads 

   334136043  57.6 96% 22.01X 
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addition, pairwise analysis indicated that 242,572 SNPs and 82,609 indels were specific to the 

Djallonke, whereas 120,652 SNPs and 37,762 indels were unique for the Sahelian (Table 2.4). 

 

Table 2.2 Comparison of the identified Autosomal variants’ per chromosome of the 
Djallonke and the Sahelian Sheep Genomes 

  Djallonke Sahelian 

Chromosome Length (bases) Variants 
Ratio of 

nucleotides 
to variants 

Variants 
Ratio of 

nucleotides 
to variants 

1 275,612,895 1,415,883 194 1,397,799 197 
2 248,993,846 1,252,169 198 1,236,471 201 
3 224,283,230 1,126,647 199 1,112,239 201 
4 119,255,633 614,660 194 606,652 196 
5 107,901,688 547,117 197 540,304 199 
6 117,031,472 638,104 183 629,707 185 
7 100,079,507 521,899 191 514,989 194 
8 90,695,168 463,424 195 457,602 198 
9 94,726,778 508,149 186 501,452 188 
10 86,447,213 458,020 188 451,926 191 
11 62,248,096 309,854 200 305,905 203 
12 79,100,223 418,404 189 412,899 191 
13 83,079,144 420,072 197 414,577 200 
14 62,722,625 313,626 199 309,445 202 
15 80,923,592 431,999 187 426,246 189 
16 71,719,816 397,765 180 392,498 182 
17 72,286,588 390,027 185 384,875 187 
18 68,604,602 361, 551 189 356,643 192 
19 60,464,314 314,693 192 310,777 194 
20 51,176,841 272,206 188 268,369 190 
21 50,073,674 279,334 179 275,226 181 
22 50,832,532 279,610 181 275,533 184 
23 62,330,649 342,228 182 337,640 184 
24 42,034,648 233,669 179 230,626 182 
25 45,367,442 259,240 175 256,130 177 
26 44,077,779 251,486 175 248,131 177 

Total 2,452,069,995 12,821,836  12,654,761  
Average    191  193 

 

Table 2.3 Autosomal SNP Transitions and transversion ratio in Djallonke and 
Sahelian Dataset 

 Djallonke Sahelian 
Transitions (Ts) 9,141,413 8,893,550 
Transversions (Tv) 3,695,613 3,583,318 
Ts/Tv 2.4736 2.4819 
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Table 2.4 Pairwise comparison of Genomic SNPs and INDELS computed for 
Sahelian and Djallonke sheep 

 Djallonke Sahelian Commonality 

Total SNPs 11,102,147 10,980,210 10,852,501 

Breed-specific SNPs 249,646 127,709  

Total Indels 1,719,689 1,673,551 1,668,901 

Breed Specific Indels 82,609 37,762  

 

2.3.4 Annotation of variants in Djallonke and Sahelian Sheep 

The snpEff-snpSift annotation of the total variants for both Djallonke and Sahelian sheep in 

relation to the Ensembl variation dbSNP for sheep (release 85) showed that 10,764,740 

(83.97%) and 10,671,465 (84.33%) of the total variants, respectively (Table 2.5), were 

previously published in the database, suggesting that 2,0570,096 (Djallonke 16.03%) and 

1,983,296 (Sahelian 15.67%) of the observed variants are new. The total variants for each of 

the sheep breeds can be further subdivided into SNPs and Indels. There were similar 

proportions of SNPs, insertions and deletions for Djallonke (86%: 4%: 10%) compared to 

Sahelian (87%: 4%: 9%) (Figure 2.1). An average rate of 1 SNP per 221 bp and 1 SNP per 223 

bp, was observed for the Djallonke and Sahelian sheep respectively. 
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Table 2.5 Total Autosomal variants identified showing the novel variants 
components in Djallonke and Sahelian sheep 

 

Total 
variants 

Variants 
already 

present in 
Ensembl 

(%) 

Novel 
variants 

(%) 

Djallonke 12,821,836 
10,764,740 
(83.97%) 

2,0570,096 
(16.03%) 

Sahelian 12,654,761 
10,671,465 
(84.33%) 

1,983,296 
(15.67%) 

 

 

Figure 2.1 Comparison of the numbers and proportion of SNPs , insertions and 
deletions for Djallonke and Sahelian sheep with respect to Oar v3.1 

 

A similar analysis of total SNPs, revealed that 10,460,303 (94.22%) and 10,372,765 (94.47%) 

SNPs for the Djallonke and Sahelian sheep, respectively, to be present in Ensembl variation 

dbSNP build 147. This suggests that 641,844 (5.78%) and 607,445 (5.53%) of the observed 

SNPs for the Djallonke and the Sahelian sheep, respectively, are previously unidentified sheep 

SNPs.  
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Table 2.6 Comparisons of Autosomal variants by type and functional categories in 

Djallonke and Sahelian Genomes 

Variants Djallonke Sahelian 
Functional class 
Missense 33,984 (40.7%) 33,395 

(40.5%) 
Nonsense 344 (0.41%) 338 (0.41%) 
Silent 49,171 (58.9%) 48,732 

(59.1%) 
Mutations by type  
Intergenic region 8,861,516 8,747,769 
Upstream gene Variants 611,224 601,689 
Downstream gene Variants 605,975 596,609 
Intronic Variants 4,413,052 4,350,066 
Intragenic Variants 199 181 
3 prime UTR Variants 29,548 28,988 
5 prime UTR Premature start 
codon gain Variants 

681 672 

5 prime UTR Truncation 2 2 
5 prime UTR Variants 5,412 5,307 
Splice acceptor Variants 1,507 1,454 
Splice donor Variants 1,640 1,553 
Splice region Variants 14,544 14,262 
Exon Synonymous Variants 49,141 48,702 
Non synonymous Variants 33,902 33,313 
Non coding exon Variants 22,865 22,315 
Non coding transcript Variants 52 52 
Exon loss Variants 12 12 
Initiator codon Variants 7 8 
Start lost  97 92 
Stop gained 541 528 
Stop lost 44 43 
Stop retained Variants 28 28 
Transcript ablation 1 1 
In frame deletion 349 330 
in frame insertion 674 646 
Disruptive in frame deletion 476 447 
Disruptive in frame insertion 607 592 
Frameshift Variants 16,997 16,661 

 

2.3.5 Comparison of the distribution of autosomal variants by genomic 
regions in the Djallonke and Sahelian sheep 

Annotation of all SNPs using SnpEff v4.2 shows that a majority of the variants in both sheep 

breeds were intergenic and intronic (Table 2.6), with approximately 1% located in the 

remaining genic regions (i.e. untranslated regions, exons, and splice sites). Although the 

Djallonke sheep recorded higher numbers of variants for all regions of the genome in 
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comparison to the Sahelian sheep, the ratios of the variants in these three regions (intergenic, 

intronic and other genic regions including exons) were similar in percentage terms for 

Djallonke (68.78%: 30.04%: 1.18%) and Sahelian (68.81%: 30.02%: 1.17%) (Figure 2.2). 

 

 

Figure 2.2 Comparison of variants distribution in the genomes of Djallonke and 
Sahelian sheep breeds 

 

Although the Djallonke had higher absolute numbers of SNPs, a comparative analysis of the 

exonic & “other” genic category revealed relatively equal proportions (in percentage terms) of 

the constituents synonymous, non-synonymous, splice site, untranslated regions and 

miscellaneous variants for the two breeds (Figure 2.3).  
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Figure 2.3 Similar proportons of variant distribution in exonic & other genic 
categories in the genomes of Djallonke and Sahelian sheep  

 

2.4 Discussion 

2.4.1 Variant characteristics and Novelty in Djallonke and Sahelian 
sheep  

A high number of previously undescribed variants were identified; 2,0570,096 (16.03%) and 

1,983,296 (15.67%) in the Djallonke and the Sahelian sheep (Table 2.5), respectively, which 

confirms the uniqueness of these breeds as a genetic resource with respect to world sheep 

diversity. More than 0.5 million SNPs in each of the two sheep breeds were previously 

unreported (Djallonke: 641,844 SNPs and Sahelian: 607,445 SNPs) in the sheep dbSNP of 

Ensembl variation release 85. The high number of previously unreported variants identified is 

mainly because this sheep reference assembly was generated from the Texel sheep breed which 

has completely different demographic history to the Djallonke and Sahelian sheep breeds (The 

International Sheep Genomics et al., 2010). The transition to transversion ratio determined for 

both Djallonke (2.47) and Sahelian (2.48) are very similar to the observed values in other 

mammalian genomes: e.g. 2.26 for the cattle whole genome (Choi et al., 2015), ~2.30 in pig 

autosomal SNPs (Bianco et al., 2015), 2.13 for human intergenic SNPs (Gudbjartsson et al., 

2015), and 2.81 for human exonic SNPs (Guo et al., 2012). These comparable ratios support 

the reliability of the sequenced datasets obtained in this study, and they are therefore expected 

to contain low numbers of false positives (Type 1 errors) caused by random sequencing errors. 

The numbers of breed specific SNPs and Indels obtained by pairwise comparison of the 
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Djallonke (242,572 SNPs, 82,609 Indels) and the Sahelian (120,652 SNPs, 37,762 Indels) 

indicates that considerable sequence differences exist between these two breeds (Table 2.4). 

These breed specific variants are strong candidate targets for the development of breed specific 

markers to facilitate the sustainable management of these breeds. These results corroborate 

recent reports that indigenous African small ruminants may constitute “treasure troves” that 

could aid in confronting emerging livestock diseases as well other global challenges, such as 

the uncertain consequences of climate change (Mwacharo et al., 2016). As recent reports 

indicate that most of the indigenous African livestock breeds are endangered, there is a need to 

develop more pragmatic steps for their sustainable utilisation and conservation, (Mwai et al., 

2015). The high frequency of SNPs within each breed (>1 SNP per 148 base pairs), coupled 

with the comparable distribution of the variants across all the autosomal chromosomes (Table 

2.2) should provide sufficient density of potential markers for the reliable elucidation of rare 

breed specific alleles (Choi et al., 2015). The high numbers breed specific SNPs obtained in 

this study could help explain the uniqueness of each of these two sheep breeds. In humans, it 

has been shown that NGS of a group of individuals, each at a lower coverage (e.g. 5x), is a 

cost-effective and efficient strategy for the elucidation of quality genomic variants, including 

rare disease variants, in comparison to just deep sequencing (e.g. 30x) of one individual of that 

group (Lee et al., 2014). The improved detection of high quality variants is because the NGS 

data for the group of individuals permits the leveraging of the sequence variation across the 

individuals within that group (Le & Durbin, 2011; Li et al., 2011). Furthermore, it has been 

demonstrated that a scalable reference panel can be developed based upon the information 

derived from the group NGS dataset and this can be used for imputation of the additional 

individuals (Li et al., 2011). The potential drawback of this strategy of lower coverage group 

NGS is that it is more likely to suffer more from sequencing errors, thus resulting in decreased 

accuracy (Lee et al., 2014). However, evidence from the genomic parameters shows that the 

Djallonke and Sahelian datasets in this study appear not to have been affected by this drawback. 

The combined high sequencing coverage statistics obtained for the Djallonke and for the 

Sahelian genomes (i.e. > 97% and > 22x), has been shown to be more than adequate for “high-

confidence” variant calling (Choi et al., 2014). The advantage that NGS has over medium or 

high density SNP genotype datasets is that it provides higher resolution and power for the 

detection of selection signatures (Boitard et al., 2016). For example, the Illumina Ovine 

50KSNP BeadChip and Illumina Bovine HD 800KSNP BeadChip only provide a SNP density 

of approximately one SNP for every 5 million and 3 million bases, respectively. In humans, it 

has been shown that, in comparison to the use of a dense SNP array, low coverage (0.1-1.0x) 
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NGS is capable of elucidating more common and rare sequence variations (Pasaniuc et al., 

2012), as well as uncaptured rare disease variants (Gilly et al., 2016).  Furthermore, the use of 

these types of commercial markers on breeds that have not been included in the original training 

set used for the marker development introduces the possibility of ascertainment bias into the 

analysis. Indeed, there is evidence of ascertainment bias with respect to African and Asian 

sheep breeds in an analysis of genetic diversity using the ovine SNP50 beadchip (Kijas et al., 

2012).  

The categorised proportions of the types of SNP in the intergenic, intronic and the remaining 

genic regions (including exons) for the two genomes (Figure 2.2) are similar to the proportions 

recorded in Korean cattle breeds (Choi et al., 2015). The exonic regions, although containing 

the least number of SNPs, represent the most important subset of SNPs, because they are more 

useful for the elucidation of subtle phenotypic differences among different populations than 

intronic and intergenic SNPs (Zhan et al., 2015). Population-specific, rare exonic SNPs have 

been shown to be the most consequential determinants of fitness traits in humans (Gu et al., 

2015; Gudmundsson et al., 2012; Kelly et al., 2017; Rivas et al., 2011). Fixed non-synonymous 

SNPs, which are described as SNPs for which only one allele (of a given locus) is present in a 

population, are of major interest in identifying breed or population specific traits (Choi et al., 

2015).  
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Table 2.7 Comparison of the ratio of total autosomal SNPs to three consequential 
genomic variants categories identified in this study and other livestock 
species 

Livestock 

species 

Total 

SNPs 

Start lost 

x10-5 

Stop gained 

x10-5 

Stop lost 

x10-5 Reference 

Djallonke 11,102,147 0.87 4.9 0.40 This study 

Sahelian 10,980,210 0.83 4.8 0.39 This study 

HAN 13,544,560 0.25 2.9 0.12 (Choi et al., 2015) 

YAN 15,857,687 0.27 3.0 0.15 (Choi et al., 2015) 

ADP 25,427,907 0.29 3.4 - (Bianco et al., 2015) 

AWB 34,471527 0.28 3.9 - (Bianco et al., 2015) 

EDP 29,073,261 0.43 12.5 - (Bianco et al., 2015) 

EWB 11,602,230 0.40 6.4 - (Bianco et al., 2015) 

 

2.4.2 The potential role of “other variant “genomic variants categories to 
sustainable management domestic livestock 

The proportions of start lost, stop gained and stop lost variants in the genome are important 

because of their ability to directly alter both the function and stability of affected proteins 

(Savas, Tuzmen, & Ozcelik, 2006).  The frequencies of such variants and other functional 

variant categories in a target population (Qanbari & Simianer, 2014) are expected to be shaped 

by the demographic history, in particular, the nature (i.e. purifying, positive, or neutral) and 

intensity of the selection factors. In humans, the frequency of premature stop codons gained 

have shown population specificity (Savas et al., 2006). Furthermore, human premature stop 

codons have been associated with a range of biological functions including accelerated 
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degradation of transcripts, and deletion of amino acids (Savas et al., 2006). These category of 

variants are, therefore, of high evolutionary significance, and the full extent of their functional 

role will be better understood when the data from the ongoing domestic animal functional 

annotation programs, including the functional annotation of the animal genome 

(www.FAANG.org) project is fully analysed (Tuggle et al., 2016). Until more information on 

the functional annotation of these groups of variants becomes available, discussions are limited, 

and this is probably why many NGS studies in domestic animals have not discussed these 

categories of variants (Kardos et al., 2015; Kawahara-Miki et al., 2011; Lee et al., 2013).    

As the total variants determined using NGS of a genome can be affected by the average depth 

of sequencing coverage, the ratio of total SNPs to different variant types (e.g. start lost, stop 

gained & stop lost variants) was determined in three species to test if this was the case in this 

study. Table 2.7 presents the comparisons of the ratio of total autosomal SNPs to three different 

(start lost, stop gained & stop lost variants) consequential variants in this study to those from 

six groups comprising two cattle breeds and four groupings of domestic pigs and wild boars 

from Asia and Europe. The Djallonke and Sahelian have approximately 2-3 times (~0.85x10-

5) the number of start gain variants than the two indigenous Korean cattle breeds (Hanwoo 

(HAN) & Yanbian (YAN)), the groups of domestic pigs and boars from Asia; Asian Domestic 

Pigs (ADP) & Asian wild Boars (AWB), and of European origin; European Domestic Pigs 

(EDP) & European Wild Boars (EWB) (Table 2.7). With the exception of the EDP and EWB, 

the Djallonke and Sahelian genomes show higher relative proportions of stop gained variants 

than observed in the HAN, YAN, ADP and AWB genomes. The EDP and EWB are reported 

to have lower effective population size in comparison to the ADP and AWB (Bianco et al., 

2015), and that is probably why they showed the highest proportion of stop gained variants. 

Furthermore, the EWB has been intensively selected for a variety of production traits, resulting 

in dramatic changes in phenotype (Wilkinson et al., 2013). The combination of lower effective 

population size and the effect of extreme selection might have resulted in the accumulation of 

the relatively high proportion of stop gained variants (12.5 x 10-5) than all the other groups 

analysed (Table 2.7). Similarly, the Djallonke and Sahelian breeds recorded a higher proportion 

of stop loss variants (~0.4 x 10-5) than the HAN and YAN cattle breeds (Table 2.7). The HAN 

cattle, which recorded the lowest proportion of stop loss variants (~0.12x10-5) has been 

subjected to more than three decades of intensive artificial selection for beef traits to become 

the representative beef breed of Korea (Choi et al., 2015). However, the indigenous YAN cattle 

breed, similarly to the indigenous Djallonke and Sahelian sheep breeds, are not been under 

such intense artificial pressure. A plausible explanation for the observation of the lowest 
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proportion of stop lost variants in YAN could be ascribed to the consequence of intense 

selection leading to reduced diversity in the selected population due probably to excessive 

culling of poor performing animals from the breeding program. Besides the functionality of 

these category of variants, it will be equally important to research how or if their occurrence 

and frequency in domesticates are affected by species, breeds or population of origin. For 

instance in bacterial populations, the frequency of stop codons has been shown to be positively 

correlated to the GC content (Povolotskaya et al., 2012), and it has been suggested that the 

types (TAA, TAG &TGA) and numbers of stop codons could be important to bacterial 

evolution (Wong et al., 2008). 

The understanding of all these genomic dynamics and functionality of all these variants, not 

only SNPs and indels, could facilitate the sustainable management of global livestock genetic 

resources.  

2.5 Conclusions 

We have conducted a whole genome variant analysis of the Djallonke and Sahelian sheep 

breeds and identified over 2 million novel genomic variants. This large number of novel 

variants suggests that the two sheep breeds represent unique genetic resources, and hence are 

important for world sheep diversity. The considerable number of breed specific SNPs identified 

in Djallonke and Sahelian sheep provide targets for development of breed specific markers that 

can be used for the sustainable management of each breed. 
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Chapter 3 Analysis of whole genomes of 
Djallonke and Sahelian sheep reveals 
co-localisation of regions of reduced 
heterozygosity with candidate genes 
for disease resistance and adaptation 
to tropical climatic conditions  

This chapter presents a selection signature analysis of the whole genome variant datasets for the 

Djallonke and Sahelian sheep breeds that were described in chapter two. The high variant rates in 

Djallonke and Sahelian, coupled with the good accuracy of the sequencing process as determined by 

the ratios of transition and transversions, means that this is an optimal dataset for selection signature 

analysis. Multiple regions of extended run of homozygosity were found, 70 of these co-localised with 

genomic regions known to harbour genes that mediate disease resistance, immune response and 

adaptation in sheep or cattle. Of particular interest are the regions of homozygosity that were co-

localised with previously reported genes for resistance to Haemonchosis and Trypanosomiasis. These 

homozygous regions are probably signatures of selection associated with these diseases and/ or a 

consequence of genetic hitchhiking. This study provides valuable insight for elucidating the genetic 

variations and mechanisms of the numerous adaptive traits in the Djallonke breed. This knowledge is 

fundamental to the sustainable breeding and utilisation of the Djallonke sheep, and has long term 

implications for food security and poverty alleviation in all 14 affected countries in the region. 

3.1 Introduction 

Djallonke sheep are recognised for their natural ability to withstand a harsh, hot and humid 

tropical climate, where they are faced with the challenges of persistent drought, diseases and 

feed scarcity (Wafula et al., 2005; Yaro et al., 2012). The most important of these attributes is 

an adaptation to the diseases trypanosomiasis and haemonchosis. Adaptation is probably a 

consequence of natural selection over several millennia (Dolan, 1987; Muigai & Hanotte, 2013; 

Naessens, 2006). The innate ability of the Djallonke sheep to survive and remain productive 

even under trypanosome challenge, resulting in very low mortality and without the use of 

trypanocidal drugs is referred to as trypanotolerance (Murray & Trail, 1984; Orenge et al., 

2012). The co-distribution of Djallonke sheep populations with the trypanosomiasis vector 

tsetse fly populations within the 10 million km2 of the SSA region (Figure 3.1) underscores the 
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critical importance of this sheep breed as a resource for poor farmers in the region (Wafula et 

al., 2005). These adaptive characteristics of the Djallonke sheep enable the predominantly 

small-scale farmers within the region to successfully rear, and derive their sustenance from this 

breed without resorting to the use of veterinary drugs, which are neither accessible nor 

affordable for many of these farmers. Due to the high annual economic losses caused by 

trypanosomiasis to the SSA region, as described in chapter 1, and the accompanied 

inadequacies of a century of unsuccessful interventions against trypanosomiasis, the 

integration of natural trypanotolerance of livestock has been advocated by a growing number 

of studies (Geerts et al., 2009; Goossens et al., 1997; Namangala, 2012). 

 

 

Figure 3.1 Distribution of Djallonke and Sahelian sheep in relation to the 
Trypanosomiasis-Tsetse fly endemic zone of Africa 
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Haemonchus contortus is regarded to be the most pathogenic and the most economically 

important gastrointestinal parasite in sheep production worldwide (Benavides, Sonstegard, & 

Van Tassell, 2016; Marshall et al., 2013). H. contortus is the predominant gastrointestinal 

helminth that affects sheep in the SSA region (Goossens et al., 1997; Preston & Allonby, 1979; 

Traoré et al., 2017). However, economic analyses of the impacts of the disease in this region 

are scarce. Globally, parasitic diseases of sheep and cattle annually cause several billions of 

dollars (USD$) in economic losses to the animal production industry (Roeber, Jex, & Gasser, 

2013).  

The larger framed (45 kg to 65 kg), but more disease susceptible Sahelian sheep breed cohabits 

a large part of the SSA with the Djallonke sheep breed (20 kg to 30 kg), particularly the 

Savanna and Sahel regions spanning at least nine countries of West Africa, (Figure 3.1). Hence, 

these contrasting characteristics between the two sheep breeds provide conflicting economic 

drivers for the farmers in the region, and have been the basis of indiscriminate crossbreeding 

between the two breeds in order to produce larger sheep with an “intermediate resistance” 

(Goossens et al., 1999). The details of the negative effects of these widespread indiscriminate 

crossbreeding the two sheep breeds, notably the dilution of the disease resistant trait in the 

Djallonke, have been described in chapter 1. 

Given that these disease resistance traits, particularly, trypanotolerance and helminth 

resistance, resulted from natural selection over millennia, it is hypothesised that there will be 

detectable regional genomic selective sweeps (marked by extended regions of homozygosity) 

corresponding to regions of the genomes influencing for resistance. 

The objectives presented in this chapter include;  

i) to use the whole genomic variants for Djallonke and Sahelian sheep (presented in 

chapter 2) to identify molecular signatures of selection in both genomes.  

ii)  to analyse the key differences and similarities between the genomic architectures 

of these two sheep breeds that could be used as potential targets for developing 

breed specific markers.  

3.2 Methods 

Whole genomic variant data for Djallonke and Sahelian sheep as variant call format (VCF) 

files (from chapter 2) were used for the analysis of selection signatures implemented in 

Homozygous Stretch Identifier software (HomSI, 

http://www.igbam.bilgem.tubitak.gov.tr/en/softwares/HomSI/index.html). 
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3.2.1 Detection of Signatures of selection 

HomSI was used to identify signatures of selection in both genomes using the protocol 

established by Gormez, Bakir-Gungor, and Sagiroglu (2014). The Djallonke genome was 

designated as the index case and compared against the Sahelian as the unaffected case for input 

settings for the HomSI analysis. Analysis of genomic signatures of selection (also known as 

selective sweeps or high homozygosity) in Djallonke and Sahelian sheep using HomSI, with 

the stringent settings of 5Mb window size and 10 kb sliding size, permits the capturing of a 

wide spectrum of different sizes of signatures of selections throughout the genome (Bayrakli 

et al., 2015; Gormez et al., 2014; Kancheva et al., 2016; Tuncer et al., 2015). Integrative 

Genomics Viewer (IGV 2.3.46, www.BroadInstitute.org) was used to view vcf and BAM file 

tracks aligned to the sheep reference genome Oar v3.1, selecting regions, based on genomic 

coordinates, of potential selective sweeps (regions of contrasting homozygosity) identified by 

HomSI in order to identify candidate genes.  

The prominent selection signatures identified were investigated using IGV for the specific 

genes of interest within a swept region. A modification of the methods used by Brown et al. 

(2013) and Kim et al. (2016) was used to identify candidate genes within an identified swept 

region. For every selective sweep in the HomSI output, the co-localised candidate gene/genes 

were inferred from the available Ensembl (Release 85 and 86) annotated sheep reference 

assembly (version 3.1) or from the conserved syntony for other mammalian genomes from the 

Ensembl genome database (Cunningham et al., 2015; Herrero et al., 2016; Yates et al., 2016). 

The approach presented here for investigating genetic evidence of trypanotolerance and 

resistance to haemonchosis was directly linking identified selection sweeps in this dataset to 

the reported quantitative trait loci in the database for animal genome QTL (Hu, Park, & Reecy, 

2016) and other previously published QTL studies for the two traits. There have been several 

previous genomic investigations of resistance to nematode infection including H. contortus in 

multiple sheep breeds and these results were compared with our Djallonke and Sahelian sheep 

results (Benavides et al., 2015; Guo et al., 2016; McRae et al., 2014; Periasamy et al., 2014; 

Yang et al., 2015). In contrast, there has been no previous genomic investigation of 

trypanosomiasis in any sheep breed; therefore, comparison was made with the reported 

trypanotolerance QTL studies in Ndama cattle (Dayo et al., 2012; Hanotte et al., 2003; 

O'Gorman et al., 2009). Functional enrichment analysis of the genes identified within regions 

of high homozygosity was performed using the gene ontology information obtained from the 

Ensembl database releases 85 & 89 (Aken et al., 2016; Cunningham et al., 2015).  
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3.3 Results 

3.3.1 Signatures of Selection in Djallonke and Sahelian Sheep 

Using HomSI analysis, approximately 11.1 and 10.9 million of identified autosomal SNPs from 

the Djallonke and Sahelian breeds (Chapter 2 Table 2.4), respectively were resolved into about 

50,000 detection windows for each breed. Interestingly, signatures of selection (regions of high 

homozygosity) of varying sizes were observed within both breeds across many regions of the 

genome, including both genic and intergenic regions. As presented in the HomSI software 

legend (3.3.1.1), at any genomic region of interest for the two sheep breeds, a more extensive 

stretch of blue colour denotes higher homozygosity in that sheep. Conversely, less extensive 

blue represents lower homozygosity. The detection efficiency of this strategy was further 

enhanced by the relatively high density of SNPs within this dataset (1:221 bases and 1:223 

bases for Djallonke and Sahelian, respectively. Seventy of the regions containing selection 

signatures were co-localised with known QTL in sheep and other ruminant species. There were 

also several non-QTL associated genic regions that show high homozygosity in both breeds: 

e.g. Chromosome 20: 35,950,000-35,970,000 (20kb) and Chromosome 13: 4,847,000-

4,926,000 (79kb), and are co-localised with the CDKAL1 (20: 35,755,504-36,365,789) and 

BTBD3 (13: 4,900,219-4,905,937) genes, respectively (Figure 3.2). There were also non-QTL 

associated intergenic regions that showed high homozygosity in only one breed: e.g. 

Chromosome 1: 130,966,000-131,072,000 (106kb) and Chromosome 4: 58,143,000-

58,227,000 (84), both show high homozygosity only in the Djallonke (Figure 3.3). Regions of 

completely contrasting selective sweeps were also identified. These are regions where the 

Djallonke was observed to be homozygous for a given allele (blue) and the Sahelian 

homozygous for the alternative allele (white): e.g. the TRHDE gene (Figure 3.10) and three non-

QTL regions on chromosome 20 (Figure 3.4). 

3.3.1.1 HomSI Output legend for genomic sweeps (Adapted from Görmez et 
al., 2014)  
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Figure 3.2 Prominent but similar run of homozygosity (see legend 3.3.1.1) at non 
QTL Genic regions on chromosome 13 (co-localised with BTBD3 gene) and 20 (co-
localised with CDKAL1 gene) in both sheep breeds 
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Figure 3.3 An example of non-QTL intergenic regions showing high homozygosity 
(>80 kb) at chromosomes 1 and 4 only in the Djallonke sheep in striking 
contrast to the Sahelian sheep breeds 

 

 

Figure 3.4 Non QTL genic regions of contrasting homozygosity between 
Djallonke(blue) and Sahelian (white region represents stretch 
homozygous for the opposite allele) sheep on Chromosome 20 denoting 
breed specific alleles 
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3.3.2 Genomic evidence for tolerance to trypanosomiasis in Djallonke and 
Sahelian sheep breeds 

Eight of genomic regions of high homozygosity observed in this study were in regions 

previously identified to contain trypanotolerance QTL candidate genes (Table 3.1) (Dayo et 

al., 2012; Dayo et al., 2009; O'Gorman et al., 2009). Six of the eight previously reported QTL 

associated regions (CTSS, ARHGAP15, INHBA, STX7, RAB35, CD19) co-localised with the 

selective sweep regions identified in the Djallonke genome only (Figure 3.5, Figure 3.6 & 

Figure 3.7), and the other two; SCAMP1 and TICAM1 were co-localised within possible 

selective sweeps observed in both the Djallonke and Sahelian genomes (Figure 3.5).  

HomSI output for the region adjacent to the four candidate genes associated with 

trypanotolerance is shown in Figure 3.5. These are the INHBA, RAB35, TICAM1, and SCAMP1 

genes. The Djallonke sheep appear to show higher homozygosity (blue) than the Sahelian sheep 

in both the INHBA and RAB35 gene regions, but both breeds showing relatively high 

homozygosity (blue) across an approximately 2-kb stretch (16922kb-16924kb) at the TICAM1 

gene (Figure 3.5). The Sahelian breed shows a region of high heterozygosity (orange) between 

9279 kb to 9286 kb within the SCAMP1 gene region. In contrast, the Djallonke shows high 

homozygosity at the same region (blue). The HomSI analysis for the remaining two 

trypanotolerant associated QTL regions (CD19 & CTSS) of low heterozygosity in the Djallonke 

sheep are highlighted in Figure 3.6. 

Similarly, Figure 3.8 and Figure 3.9 show five of the 25 candidate gene regions associated with 

resistance to H. contortus infection and other GIT parasites: IFNG, CHIA, SUGT1, Il20RA and 

ATP2B1. In each case, the Djallonke sheep has higher, in comparison to the Sahelian sheep. 

The HomSI output of the Djallonke and Sahelian sheep for the remaining 20 QTL regions that 

were associated with resistance to GIT parasites are shown in appendix C.1.  

Output from HomSI analysis at seven of the 37 candidate gene regions associated with adaptive 

selection (Table 3.3; MSRB3, TRHDE, FGF5, ALDH1A3, PLCB1, ELF2 and BATF2) is shown 

in Figure 3.10 and Figure 3.11. There are clearly observed differences between these genes 

with respect to the polymorphism patterns. The Djallonke sheep have higher homozygosity 

(blue) at the region containing the MSRB3 gene while the Sahelian is more polymorphic (Figure 

3.10). Interestingly, within the TRDHE gene region, the two sheep breeds show contrasting 

(blue versus white) run of homozygosity (Figure 3.10). This suggests that the two breeds are 

fixed for alternative alleles and haplotypes over much of this region. The Djallonke genome 

shows relatively high homozygosity (blue) at regions surrounding the FGF5, ALDH1A3, 
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PLCB1, ELF2 and BATF2 genes in comparison to the Sahelian genome (Figure 3.10 & Figure 

3.11).  

 

 

Figure 3.5 Comparison of the sweep characteristics within four previously identified 
trypanotolerance-associated genes in Djallonke and Sahelian sheep 
breeds 

 

 

Figure 3.6 Differential Sweep Characteristics at the trypanotolerant associated 
ARHGAP15 gene and STX7 gene of Djallonke (showing more extended 
homozygosity) and Sahelian (less homozygosity) sheep breeds 
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Figure 3.7 Two trypanotolerance associated QTL regions showing higher 
homozygosity for the CTSS and CD19 genes for Djallonke in comparison 
to the Sahelian sheep 

 

 

Figure 3.8 Comparison of the sweep characteristics at three genes previously shown 
to be associated with resistance to Haemonchus contortus higher 
homozygosity (blue) in the Djallonke sheep 
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Figure 3.9 Comparison of the sweep characteristics at two genes previously shown 
to be associated with resistance to Haemonchus contortus showing higher 
(blue) in the Djallonke sheep 
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Figure 3.10 Comparison of the sweep characteristics in Djallonke and Sahelian sheep 
at three known QTL associated with adaptive selection 

 

Figure 3.11 HomSI analysis adjacent to ALDH1A3, PLCB1, BATF2 & ELF2 genes 
showing contrasting sweeps in Djallonke (higher homozygosity) and 
Sahelian  
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Table 3.1 Trypanotolerance candidate genes co-localised with signatures of 
selection in Djallonke and Sahelian sheep 

Sheep 

Breed 
Chr 

Genomic 

coordinates(bp) 

v3.1 

Candidate 

genes 

Orthologous   loci 

in Cattle      UMD 

v 3.1 

Reference  

DJ 1 
99,623,159-

99,650,475 
CTSS 

3:20,024,302       -

20,047,228 

(O'Gorman et 

al., 2009) 

DJ 2 
165,154,368-

165,495,812 
ARHGAP15 

2:53,065,587       -

53,732,838 

(Noyes et al., 

2011) 

DJ 4 
79,355,697-

79,366,930 
INHBA 

4:79,986,254       -

79,997,754 

(Dayo et al., 

2012) 

Both 7 
9,272,393-

9,359,760 
SCAMP1 

10:9,369,310       -

9,520,700 

(O'Gorman et 

al., 2009) 

Both 5 
16,922,626-

16,924,761 
TICAM1 

7:20,547,964       -

20,550,264 

(Noyes et al., 

2011) 

DJ 8 
57,581,762-

57,631,158 
STX7 

9:71,381,757       -

71,455,585 

(O'Gorman et 

al., 2009) 

DJ 17 
62,105,682-

62,115,444 
RAB35 

17:64,724,244     -

64,742,928 

(O'Gorman et 

al., 2009) 

DJ 24 
25,905,178-

25,915,071 
CD19 

25:164,039          -

26,169,956 

(O'Gorman et 

al., 2009) 

 

3.3.3 Genomic Evidence for resistance to Haemonchosis in Djallonke and 
Sahelian sheep 

There were 25 genomic regions of extended runs of homozygosity observed in this study that 

co-localised with previously reported 25 candidate genes for Haemonchosis resistance and for 

other gastrointestinal parasites (Table 3.2).  Three of these 25 genes (IL20RA, PIK3CD, RELN) 

have also been associated with resistance to other gastrointestinal nematodes such as 
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Trichostrongyle species, Teladorsagia circumcincta and other Nematodirus species 

(Benavides et al., 2015; Periasamy et al., 2014). Twenty-two of these regions of extended runs 

of homozygosity were observed only in Djallonke sheep (Table 3.2). The remaining three 

regions co-localised with candidate three genes (PIK3CD, MUC15 & IL17RB) were observed 

in both the Djallonke and Sahelian breeds. 

 

Table 3.2 QTL for Resistance to Haemonchosis and other GIT parasites co-
localised with signatures of selection in Djallonke and Sahelian sheep 

Sheep 
breed 

Chr. 
Genomic 

coordinate 
Candidate 

Gene 
Trait 

Inference 
Reference 

DJ 20 
25,400,738-
25,402,966 

MHCII-
DRB1 

GIT parasites 
(Schwaiger et al., 

1995) 

DJ 1 
27,524,283-
27,601,025 

LRP8 H. contortus (Benavides et al., 2016) 

DJ 1 
87,657,990-
87,674113 

DENND2D H. contortus (McRae et al., 2014) 

DJ 1 
87,710,082-
87,728,410 

CHI3L2 H. contortus (McRae et al., 2014) 

DJ 1 
87,788,905-
87,811,255 

CHIA H. contortus (McRae et al., 2014) 

DJ 3 
151,527,165-
151,535,188 

IFNG 
GIT 

Nematodes 
(Coltman et al., 

2001) 

DJ 3 
123,851,175-
125,982,479 

ATP2B1 H. contortus (Benavides et al., 2016) 

DJ 8 
62,006,022-
62,039,859 

IL20RA 
H. contortus + 

others 
(Periasamy et al., 

2014) 

Both 12 
41,923,922-
41,973,979 

PIK3CD 
H. contortus + 

others 
(Periasamy et al., 

2014) 

DJ 12 
62,163,057-
62,283,591 

LAMC1 H. contortus (Benavides et al., 2016) 

Both 15 
55,404,807-
55,417,235 

MUC15 H. contortus (Benavides et al., 2016) 

DJ 17 
52,168,248-
52,191,479 

ABCB9 
H. contortus, 
homeostasis 

(Yang et al., 2015) 

DJ 10 
11,465,154-
11,505,274 

SUGT1 
H. contortus, 
homeostasis 

(Yang et al., 2015) 

DJ 14 
48,062,306-
48,071,138 

PAK4 
H. contortus, 
homeostasis 

(Yang et al., 2015) 

DJ 14 
14,206,784-
14,215,316 

FCER2 
H. contortus, 
homeostasis 

(Yang et al., 2015) 

DJ 4 
44,668,137-
45,205,142 

RELN 
H. contortus, 
homeostasis 

(McRae et al., 2014) 

DJ 6 
89,053,717-
89,061,196 

AREG H. contortus (Guo et al., 2016) 

DJ 11 
57,796,766-
57,800,093 

SOX9 H. contortus (Benavides et al., 2016) 

DJ 6 
70,189,729-
70,234,612 

KIT H. contortus (Guo et al., 2016) 
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Sheep 
breed 

Chr. 
Genomic 

coordinate 
Candidate 

Gene 
Trait 

Inference 
Reference 

DJ 16 
66,450,575-
66,482,861 

NSUN2 H. contortus (McRae et al., 2014) 

Both 19 
47,044,394-
47,059,322 

IL17RB H. contortus (Guo et al., 2016) 

DJ 19 
55,173,564-
55,175,033 

HRH1 H. contortus (McRae et al., 2014) 

DJ 25 
44,535,996-
44,543,183 

CXCL12 H. contortus (Guo et al., 2016) 

DJ 19 
53,290,059-
53,291,096 

CXCR6 H. contortus (Guo et al., 2016) 

DJ 20 
34,055,201-
34,055,659 

UBE2N H. contortus (Benavides et al., 2016) 

 

3.3.4 Genomic evidence for adaptation to tropical climatic conditions in the 
Djallonke and Sahelian sheep breeds 

In addition to the regions of high homozygosity that have been previously observed to be 

associated with trypanotolerance and resistance to haemonchosis associated QTL, there were 

genomic regions showing high homozygosity that include genes shown to be involved in 

immune responses and natural adaptation (Table 3.3). A total of 37 previously reported 

adaptive candidate genes were observed to fall within these genomic regions of low 

heterozygosity in the Djallonke sheep dataset, including 13 that were also observed in the 

Sahelian sheep dataset (Table 3.3). HomSI analysis for the Djallonke and sahelian sheep 

surrounding seven of these of these 37 QTL associated regions (TRHDE, MSRB3, FGF5, 

ALH1A3, PLCB1, BATF2, & ELF2 genes) is shown on Figure 3.10 and Table 3.3. The 

remaining 30 regions for the Djallonke and Sahelian are shown in appendix C.2.  
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Table 3.3 Candidate genes for adaptive selection co-localised with regions of high 
homozygosity in Djallonke and Sahelian sheep 

Sheep 
Breed 

Chr. 
Genomic 

coordinates 
Candidate 

gene 
Trait Inference Reference 

DJ 1 
85,955,810-
86,011,841 

GNAI3 
Melanogenesis 

(Thermo-tolerance) 
(Kim et al., 2016) 

DJ 1 
188,388,916-
188,441,236 

LMLN Melanogenesis (Kim et al., 2016) 

DJ 1 
42,584,598-
42,656,778 

IL12RB2 Immune functions 
(Roffler et al., 

2016) 

DJ 1 
168,393,395-
168,624,986 

ALCAM Immune functions 
(Roffler et al., 

2016) 

DJ 1 
121,075,675-
121,168,117 

SYNJ1 
Phosphatidylinositol 
dephosphorylation 

(Roffler et al., 
2016) 

Both 2 
52,423,842-
52,445,175 

NPR2 
Skeletal Morphology and 

body size 
(Kijas et al., 2012) 

DJ 4 
9,433,282-
9,465,962 

KRIT1 
Regulation of endothelial 

cell proliferation and 
migration 

(Roffler et al., 
2016) 

DJ 4 
85,316,865-
85,381,180 

TSPAN12 
Regulation of signal 

transduction of cell surface 
receptors 

(Roffler et al., 
2016) 

Both 5 
41,256,802-
41,272,546 

APC2 
Immune functions 

(Tumour suppressor) 
(Roffler et al., 

2016) 

Both 6 
36,514,210-
36,556,824 

ABCG2 
Urea Metabolism 

(Homeostasis) 
(Kijas et al., 2012) 

DJ 6 
94,584,400-
94,605,575 

FGF5 
Regulation of fibroblast 
growth factor receptor 

(Kijas et al., 2012) 

Both 7 
63,450,344-
63,456,226 

BMP4 
Body size and 
development 

(Kim et al., 2016) 

DJ 3 
204,447,104-
204,461,390 

OLR1 

Internalization, 
degradation of oxidised 

low density lipoprotein by 
endothelial cells 

(Roffler et al., 
2016) 

DJ 3 
108,235,641-
108,685,027 

TRHDE 
Regulation of appetite and 

digestion 
(Kim et al., 2016) 

DJ 3 
154,219,234-
154,397,986 

MSRB3 
Regulation of response to 

oxidative stress 
(Kijas et al., 2012) 

Both 3 
35,907,955-
36,031445 

ALK 
Immune function 

(Protein phosphorylation) 
(Kim et al., 2016) 

Both 3 
99,472,045-
99,509,159 

IL1R1 Immune function (Kim et al., 2016) 

DJ 9 
54,817,997-
54,825,977 

IL7 Immune function (Kim et al., 2016) 

Both 10 
36,838,524-
36,858,872 

ATP12A 
Homeostasis (Potassium 

and Sodium) 
(Kim et al., 2016) 

DJ 10 
40,800,056-
40,821,770 

PCDH9 Homophilic cell adhesion (Kim et al., 2016) 

Both 11 
36,083,204-
36,098,540 

PDK2 Homeostasis (Kijas et al., 2012) 

Both 11 
18,245,395-
18,411,418 

NF1 Homeostasis (Kijas et al., 2012) 



 

83 

Sheep 
Breed 

Chr. 
Genomic 

coordinates 
Candidate 

gene 
Trait Inference Reference 

Both 13 
78,815,423-
78,893,076 

NFATC2 Immune function (Kijas et al., 2012) 

DJ 13 
666,266-
1,154,524 

PLCB1 Thermotolerance (Kim et al., 2016) 

DJ 15 
45,551,281-
45,552,222 

OR2AG1 Response to stimulus (Kijas et al., 2012) 

DJ 16 
38,969,273-
39,028,126 

PRLR Reproduction (Kijas et al., 2012) 

DJ 17 
18,131,831-
18,226,233 

ELF2 Regulation of transcription (Kim et al., 2016) 

DJ 17 
29,240,707-
29,257,289 

PGRMC2 Reproduction (Kim et al., 2016) 

DJ 18 
19,723,286-
19,802,578 

ABHD2 Wound healing (Kijas et al., 2012) 

DJ 18 
4,690,980-
4,728,935 

ALDH1A3 
Energy, digestive 

Metabolism 
(Kim et al., 2016) 

Both 18 
38,107,388-
38,110,333 

FOXG1 Regulation of transcription (Kijas et al., 2012) 

Both 19 
31,583,789-
31,811,540 

MITF Melanogenesis (Kijas et al., 2012) 

DJ 19 
7,255,507-
7,331,066 

GLB1 Cellular metabolism (Kijas et al., 2012) 

DJ 19 
33,852,131-
34,140,194 

SUCLG2 Cellular metabolism (Kim et al., 2016) 

DJ 20 
26,649,266-
26,651,191 

HSPA1A Homeostasis 
(Kadarmideen, 

Watson-Haigh, & 
Andronicos, 2011) 

Both 21 
49,011,232-
49,012,130 

IFITM10 Immune functions 
(Roffler et al., 

2016) 

DJ 21 
42,526,284-
42,531,851 

BATF2 Immune functions 
(Roffler et al., 

2016) 
 

3.4 Discussion 

3.4.1 Signatures of Selection in Djallonke and Sahelian Sheep 

The scan of the genome (using HomSI with a sliding window of 10,000 base pairs) permitted 

the identification of selection signatures in greater detail than other sliding window algorithms 

such as the “Integrated haplotype homozygosity score (iHS)” (Gautier et al., 2013; Lee et al., 

2013) and “the composite of likelihood ratio (CLR)” statistics (Boitard et al., 2016; Qanbari et 

al., 2014). Furthermore, it has been shown that the iHS only detects “ongoing sweeps” and 

CLR only detects “completed sweeps” within the target genome (Qanbari et al., 2014). 

Additionally, potential selection sweeps identified using HomSI have a higher resolution (with 

sliding windows of 10 kb) in comparison with other methods (with sliding windows of 50kb 
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to 100kb) (Ai et al., 2015; Gautier & Naves, 2011; Kardos et al., 2015). This higher resolution 

facilitates a more detailed analysis of the selective sweep characteristics, and identification of 

the specific genomic coordinates for each swept region across the genome (Gormez et al., 

2014). Conversely, large detection sliding windows are prone to an overestimation of the sweep 

outliers, resulting in increased false positives (Fuentes-Pardo & Ruzzante, 2017). However, the 

HomSI algorithm, cannot distinguish between completed and ongoing sweeps. Nevertheless, 

potential signatures of selection were identified in known QTL and non-QTL regions (genic 

and intergenic) within both breeds. Some of the non-QTL genic regions show similar sweep 

characteristics and these may explain some of the interesting and common traits of these two 

under-studied sheep breeds: e.g. the 20 kb and 79 kb swept regions co-localised with the 

CDKAL1 and BTBD3 genes on chromosomes 20 and 13, respectively (Figure 3.2). 

Interestingly, the gene ontology terms for the CDKAL1 and BTBD3 genes revealed a range of 

key biological and molecular functions including; dendrite morphogenesis, cerebral cortex 

development, as well as the maintenance of translational fidelity (Aken et al., 2016). 

Furthermore, there are three interesting regions of contrasting sweeps between the two sheep 

genomes at chromosome 20 that have close proximity (<1MB) to many known associated QTL 

for immune response (including the MHC genes) (Figure 3.4). In particular, one of these three 

swept regions (chromosome 20: 25,655,000-25,670,000) partially overlaps with the DQA2 

gene (chromosome 20: 25,666,699-25,676,792), and could be of potential relevance in 

understanding the genetic basis of important contrasting resistance to parasitic infection in 

these sheep breeds. This is because, in sheep, variations within the DQA2 gene have been 

associated with resistance or susceptibility to gastrointestinal nematode infection (Hickford et 

al., 2011) and footrot infections (Ennen et al., 2009; Gelasakis et al., 2013). The remaining two 

swept regions on chromosome 20 (20: 46,021,000-46,027,000 & 20: 43,948,000-43,949,000) 

are located within approximately 1Mb of the SLC35B3 gene (20: 46,139,978-46,160,425) and 

the MAK-201 gene (20: 44,348,622-44,349,634), respectively, and their relevance is not 

immediately apparent. Although in general, LD decay is reported to be high over shorter 

physical distances in sheep (< 300 kb) than in other domesticates (Al-Mamun et al., 2015; Kijas 

et al., 2014), LD has been found to persist over longer physical distances (1 mb to 50 mb) in 

some sheep breeds (Chitneedi et al., 2017; García-Gámez et al., 2012). Furthermore, it is 

expected that mutations within these swept regions, which are a consequence of natural 

selection over time, will most likely be beneficial rather than deleterious due to the purifying 

effect of natural selection (Andersson, 2001; Gibson, 2012).  
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3.4.2 Genomic evidence for trypanotolerance in Djallonke and Sahelian sheep 

Of the eight candidate trypanotolerance genes observed to be within selective sweeps in this 

study (Table 3.1), five (STX7, SCAMP1, RAB35, CD19, CTSS) were also previously identified 

in a gene expression study using peripheral blood mononuclear cells from trypanotolerant 

Ndama cattle experimentally infected with the parasite (O'Gorman et al., 2009). Whereas four 

of these five candidate genes were shown to be co-localised within selection signatures for the 

Djallonke genome only (Figure 3.5    Figure 3.6 & Figure 3.7), the fifth (SCAMP1), was co-

localised with sweeps in both sheep breeds (Figure 3.5). The similar sweep observation at the 

SCAMP1 region could be explained by two different hypotheses. Firstly, the Sahelian genomes 

might also be undergoing trypanosome mediated selection, albeit to a lesser degree in 

comparison to the Djallonke, and this is consistent with the theory of pathogen mediated 

selection (Hedrick, 1998). Secondly, this observation could also be attributed to a degree of 

historical admixture between these two breeds as indicated by a recent mitogenomic study 

(Brahi et al., 2015). Indeed, a recent study of trypanotolerant and non trypanotolerant cattle 

breeds from West Africa has shown significant admixture within trypanotolerance loci (Smetko 

et al., 2015). Furthermore, the currently reported trypanotolerant associated QTL in the animal 

QTL database cannot be considered to be exhaustive in the light of the limitations of the 

detection methods used, and given the peculiar genetics of complex quantitative traits (as 

reviewed in chapter 1.2). In particular, trypanotolerance is thought to be a complex polygenic 

trait (Gautier et al., 2009; Hanotte et al., 2003; Noyes et al., 2011). QTL’s identified in the past 

could suffer from the “Beavis effect” due to an over-estimation of the effect of a few significant 

markers, resulting in a lowered repeatability of results (Meuwissen et al., 2016). This effect is 

similar to the “missing heritability” phenomenon encountered in the early mapping of disease 

associated variants in humans (Eichler et al., 2010; Zuk et al., 2012). This limitation was 

generalised for most of the early quantitative trait mapping studies performed on livestock, and 

is the main reason why these studies have not led to widespread applications such as marker 

assisted selection (Crawford et al., 2006; Meuwissen et al., 2016).  However, the continuous 

advancement in molecular tools over recent years offers increased opportunities to refine these 

reported QTL, and then use them for agricultural applications. For example, the high resolution 

of genomic sweeps characteristic of HomSI outputs observed in this study will facilitate higher 

precision QTL mapping in structured association studies as demonstrated by Gormez et al. 

(2014). 
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Interestingly, a sixth candidate trypanotolerance gene, the INHBA gene (Figure 3.5), was found 

within swept regions but only within the Djallonke dataset. It is the most significant potential 

trypanotolerance QTL in the Animal QTL database so far identified (Hu et al., 2016). The 

INHBA gene was previously identified through a fine mapping analysis of four a priori 

trypanotolerance associated QTLs in 360 Ndama cattle infected under natural infection 

conditions (Dayo et al., 2012). The INHBA gene regulates the differentiation of hematopoietic 

cells in mammals (Bult et al., 2015; Eppig et al., 2015; Johansson & Wiles, 1995; Smith et al., 

2014). This is consistent with a hypothesised mechanism of trypanotolerance, and 

demonstrated that the trait is strongly associated with the host’s capacity to efficiently control 

anaemia (Dayo et al., 2012; Naessens, 2006; Trail et al., 1991).  

The last two of the eight trypanotolerance candidate genes that fall within the selection regions 

identified in this study are ARHGAP15 and TICAM1 (Figure 3.5 & Table 3.1). These two genes 

were also previously identified in a combined transcriptomic and selective sweep study of 

infected trypanotolerant Ndama and Boran cattle (Noyes et al., 2011). Both genes co-localise 

with signatures of selection within the Djallonke dataset (Figure 3.5 & Table 3.1), whereas 

only the TICAM1 gene (Figure 3.5) was observed within the selection signatures identified 

within the Sahelian dataset.  

Most of the previously reported trypanotolerance associated QTL studies have used a lower 

density of molecular markers than was used in this study (Dayo et al., 2012; Dayo et al., 2009; 

Hanotte et al., 2003; O'Gorman et al., 2009), and therefore are of lower resolution, so the sizes 

of the reported QTL are quite large and not always suitable for downstream molecular 

applications. However, the very high density of genomic SNPs in this study permitted further 

insight into the genomic architecture within these previously reported trypanotolerance 

associated QTL. Comparative analysis of sweep characteristics of the Djallonke and Sahelian 

datasets for some of the previously reported trypanotolerance associated QTL revealed several 

co-localised selective sweeps of varying sizes (as small as 2 Kilo base resolution). This 

resolution permits detailed analysis of the swept regions that include shared, unshared or 

completely contrasting sweeps between the two genomes. This revelation supports an assertion 

that previously reported QTL require refinement to enhance the identification of actual 

causative mutations for this trait. Furthermore, although trypanotolerance is a complex 

quantitative trait, and is controlled by many genes, it is highly unlikely that all of the variants 

captured in these regions are causative variants. It is more likely that some variants are in 

linkage disequilibrium (LD) with the actual causal variants, and are selected by the hitch-hiking 

effect of the positive selection sweep over time (Qanbari et al., 2014). The high resolution of 
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sweep regions suggests that fine-mapping of causative variants could be possible. The 

identification of causative mutations will simplify a wide variety of downstream applications 

such as marker assisted breeding or genomic selection. We hypothesise that identification of 

causative trypanotolerance variants will require a more comprehensive approach with a larger 

number of animals than used in this study, and one that integrates these results with phenotypic 

data (such as actual infection state) from the two breeds. Other current genomic techniques that 

could complement this approach include Genotyping by Sequencing (GBS) (of a priori 

identified candidate genes) (Dodds et al., 2015; Zhan et al., 2011), as well as highly sensitive 

epigenomic analysis such as ATAC-seq (Buenrostro et al., 2015). 

3.4.3 Genomic Evidence for resistance to Haemonchosis in Djallonke and 
Sahelian sheep 

Gene ontology terms analysis revealed that the 25 haemonchosis and other GIT parasite 

associated QTL regions (Table 3.2) are involved in multiple molecular functions and biological 

processes, such as immune response and chemotaxis (IL20RA, IL17RB, FCER2, HRH1), 

response to pain and tissue homeostasis (RELN, SOX9), and protein coding, binding, 

methylation and phosphorylation (ATP2B1, SOX9, MUC15, UBE2N, LRP8, RELN, NSUN2, 

LAMC1, ABCB9, PIK3CD, SUGTI, PAK4) (Cunningham et al., 2015; Yates et al., 2016).  

Other functions of the identified candidate genes include calcium binding and transport (LRP8, 

LAMC1) and carbohydrate metabolism (CHI3L2, CHIA) (Cunningham et al., 2015; Yates et 

al., 2016).  

Six of the genes that fell within the selection regions identified in this study (LRP8, ATP2B1, 

LAMC1, SOX9, MUC15, UBE2N) were among the genes associated with resistance to H. 

contortus infection in a recent GWAS study of a backcross population of Red Maasai and 

Dorper sheep under natural infection conditions (Benavides et al., 2015). A further six genes 

(CHI3L2, CHIA, DENND2D, RELN, NSUN2, and HRH1) were among the top 1% of candidate 

genes for resistance and susceptibility to gastrointestinal nematodes in divergent populations 

of Romney and Perendale sheep breeds (McRae et al., 2014). Two of the genes (IL20RA, 

PIK3CD) are associated with resistance to experimental challenge with H. contortus 

(Periasamy et al., 2014).  In a gene expression study using deliberately infected Chinese Hu 

sheep, four of the genes (ABCB9, SUGT1, PAK4, FCER2) were found to contribute to the key 

immunological response (Yang et al., 2015). More recently, five of the genes (AREG, KIT, 

IL17RB, CXCL12, CLCR6)(Table 3.2) were also found to be expressed in H. contortus resistant 

Canarian hair sheep (Guo et al., 2016). A recent study has also attributed the inherent resistance 
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to gastrointestinal parasites in the Caribbean hair sheep to an historical admixture with the 

Djallonke sheep from West Africa (Spangler et al., 2017). 

3.4.4 Genomic evidence for adaptation to tropical climatic conditions in 
Djallonke and Sahelian sheep breeds 

The 37 genome regions identified to have low heterozygosity, and which lie within regions 

previously shown to be associated with adaptive responses (Table 3.3) contained the following 

genes involved in immune functions (e.g. IL12RB2, ALCAM, APC2, IL1R, 1IL7), homeostasis 

(e.g. HSPA1A, ATP12A, PDK2, NF1, ABCG2), melanogenesis/ thermotolerance (GNAI3, 

LMLN, PLB1, MITF) and cellular and digestive metabolism (GLB1, SUCLG2, TRHDE, OLR1) 

(Kijas et al., 2012; Kim et al., 2016; Roffler et al., 2016). These could be due to chance or as a 

consequence of natural selection for resistance to disease, heat tolerance and the ability to exist 

on poor quality diets within the harsh, hot and humid climatic conditions faced by these sheep 

breeds.  

Twelve of the 37 regions (NPR2, ABCG2, FGF5, MSRB3, PDK2, NF1, NFATC2, OR2AG1, 

PRLR, ABHD2, MITF, GLB1) were also reported in the top 0.1% of candidate genes identified 

in a genome-wide study for signatures of recent adaptive selection in 74 different sheep breeds 

that had been selected from various regions of the world, (Kijas et al., 2012).  

Fourteen of the 37 genes (GNAI3, LMLN, BMP4, TRHDE, ALK, IL1R1, IL7, ATP12A, PCDH9, 

PLCB1, ELF2, PGRMC2, ALDH1A3, and SUCLG2) were also among those reported as 

possible candidate adaptive genes in the indigenous Egyptian sheep and goat breeds (Kim et 

al., 2016). The regions included genes for thermotolerance (GNAI3, PLCB1), energy and 

digestive metabolism (TRHDE, ALDH1A3), body size and development (BMP4) and immune 

responses (IL1R1, IL7) (Kim et al., 2016).  Ghana and Egypt have a similar mean annual 

temperature of 28oC. In addition, the main sheep production systems in Ghana and Egypt have 

been the “low input extensive” type, with virtually no artificial selection for any specific 

production trait. Typically, sheep are grazed on low quality fodder or crop residues and are at 

the mercy of the harsh climate throughout the year. Therefore, the Djallonke and Sahelian 

sheep breeds in Ghana are likely to have remained quite primitive and are largely unimproved. 

Hence the shared adaptive candidate genes possibly under selection in these livestock breeds 

are likely due to natural adaption to similar environmental selective forces that prevail within 

these two countries.  

More recently, in a study of natural local environmental adaptation, 10 of the genes within the 

sweep regions in this study (IL12RBB2, ALCAM, SYNJ1, KRIT1, TSPAN12, APC, OLR1, 



 

89 

IFITM10, and BATF2) were reported as being important for adaptation in Dall sheep (Ovis 

dalli dalli) (Roffler et al., 2016). Roffler and colleagues’ approach combined targeted 

resequencing of a priori identified candidate adaptive genes of immunity and metabolism in 

domestic sheep (Ovis aries) and bighorn sheep (Ovis canadensis) to develop a panel of SNP 

markers (Roffler et al., 2016). The SNP markers were then used to test a population of 476 Dall 

sheep using three different methods, including SNP chip genotyping to identify the candidate 

genes. Similar to the case of the Djallonke sheep, the Dall sheep had been subjected to many 

centuries of natural selection in the wild with limited human intervention. In contrast to the 

tropical climatic conditions for Djallonke and Sahelian sheep, the Dall sheep breed evolved 

under Arctic and sub Arctic climatic challenges, which explains why the common swept 

regions contained genes mainly associated with immune function and not heat tolerance (Table 

3.3). 

Some of the suggested common signatures of selection observed between the Djallonke and 

Sahelian sheep in this study (Table 3.3) could be attributed to exposure to similar 

environmental selection pressures over several centuries. Historical admixture has been 

reported in Djallonke sheep populations in different regions of SSA (Alvarez, Traore, et al., 

2012; Alvarez et al., 2009; Brahi et al., 2015; Wafula et al., 2005). Brahi and colleagues (2015) 

identified historical admixture between the Djallonke and Sahelian sheep breeds using 

mitogenomic analysis. The high number of shared autosomal SNPs (~10.8 million) between 

the Djallonke and Sahelian sheep breeds observed in this study supports this earlier report. In 

contrast, both breeds differ by more than 10 million autosomal SNPs when compared to the 

reference assembly (Oar v3.1) derived from the Texel breed, which has a different demographic 

history to the two sheep breeds in this study (The International Sheep Genomics et al., 2010). 

3.5 Conclusions 

This study provides the first support to putative regions harbouring possible QTL for 

trypanotolerance, resistance to H. contortus infection and adaptation to a harsh tropical climate 

in these two sheep breeds. The genomic evidence of trypanotolerance, inferred from conserved 

orthologues of trypanotolerant N’Dama cattle, showcases evidence of similar adaptive 

selection response for a common disease in two different ruminant species. These similar 

effects observed in common gene regions of both cattle and sheep strongly suggest that the 

effects are real, and an expanded study for both species will help to refine these results. Given 

that both the Djallonke and Sahelian breeds are of high socioeconomic importance in more 
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than 14 countries within the SSA, a regionally coordinated action plan to preserve their genetic 

diversity is needed for their sustainable utilisation. 
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Chapter 4 Molecular characterisation of Ovar-
MHC class II region reveals novel 
alleles in the Djallonke and Sahelian 
sheep breeds of Ghana 

This chapter presents a comparative analysis of the MHC class IIa genes in a population of 100 

Djallonke and 100 Sahelian sheep. Variation within the genes from the class IIa region in sheep have 

previously been associated with host resistance to parasites. Historically, the Djallonke sheep is known 

to be more resistant to parasitic infection compared to the Sahelian. These contrasting resistance traits 

have been demonstrated via many parasitological and haematological studies, but no genetic analysis 

of the MHC region for either breed has been performed. Therefore, the rationale for this study was to 

analyse and determine, for the first time, the allelic variations within some MHC class II genes in these 

two breeds. Sequencing-based genotyping of three polymorphic class II genes in the two sheep 

populations revealed high numbers of new alleles at two of these loci. Evolutionary distance analysis 

shows that the Djallonke has higher allele diversity at all three loci studied. It has been suggested that 

higher diversity at the class II region is associated with increased resistance to parasitic infection. This 

analysis presents an initial characterisation of the class II MHC genes in these two breeds, and provides 

valuable baseline information for future association studies in these breeds with respect to parasitic 

diseases. Furthermore, the finding of alleles in one breed that are not present the other gives a 

possibility of a breed identification system and, when applied alongside information described from 

whole genome analysis, will enable molecular breed delineation. The information presented also offers 

new research opportunities in these breeds such as the application of molecular tools for the sustainable 

management of these two important indigenous sheep breeds.  

 

4.1 Introduction 

The Djallonke and the Sahelian sheep breeds are of high socio-economic and cultural 

significance in at least 14 countries within the sub Saharan Africa (SSA) (Geerts et al., 2009; 

Muigai & Hanotte, 2013). The Djallonke sheep breed is the most ancient African sheep breed, 

and is known for resistance against most livestock diseases in the region, particularly African 

Animal trypanosomiasis and haemonchosis (Geerts et al., 2001; Goossens et al., 1997; 

Goossens et al., 1999). In contrast, the Sahelian breed lacks this disease resistance 
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characteristic, but has a body size about twice that of the Djallonke. This dichotomy has been 

the basis of conflicting interests for small holder livestock farmers within the SSA region. The 

conflicting interests resulted in a long history of indiscriminate crossbreeding, and its 

consequent excessive genetic introgression is threatening the unique diversity of most African 

indigenous livestock breeds (Mwai et al., 2015).  For example, significant levels of admixture 

have recently been reported in the candidate regions for trypanosomiasis in trypanotolerant and 

non trypanotolerant indigenous African cattle breeds (Smetko et al., 2015). In the light of these 

challenges, it has become imperative to characterise not only the Djallonke sheep, but also the 

Sahelian sheep at the molecular level as a fundamental step for sustainable breeding and 

conservation of the two breeds. This is because molecular characterisation is fundamental to 

the elucidation of the underlying genetic basis of the unique characteristics of the breeds, 

including the differential resistance to disease. In SSA, two major diseases that are known to 

significantly affect ruminant livestock are African animal trypanosomiasis and nematode 

infections (Reviewed in Chapter 1.2). Nematode infections and trypanosomiasis have remained 

the main disease challenge to livestock due to multiple factors discussed in the literature 

review. The predominantly free range (pastoral, agro-pastoral & integrated crop-livestock) 

systems of production (Kosgey & Okeyo, 2007; Tano et al., 2003; Teweldmehidin & Conroy, 

2010), also means that livestock, including sheep, are continuously exposed to nematode 

infection. Furthermore, due to the agrarian nature of the farming systems, farmers lack the 

capacity to manage complex diseases including haemonchosis (Geerts et al., 2001; Murray et 

al., 1984). Exploring the natural resistance to diseases, including nematode infection, is 

compatible with the low input type of farming systems, and will provide a more economically 

sustainable control option for the disease control. Although the challenges of alternative 

nematode control measures in livestock, such as resistance to anti-helminthic drugs, have 

become more apparent, such alternatives are neither available nor affordable to the majority of 

resource poor smallholder farmers in SSA. As reviewed in chapter 1.2, breeding for enhanced 

disease resistance in livestock is an established concept, and has been well documented in cattle 

and sheep globally. 

Variation within MHC class II genes has been associated with resistance to parasitic diseases 

in sheep (Davies et al., 2006; Hassan et al., 2011; Hickford et al., 2007). The sheep class II 

region has been shown to be subdivided into class IIa and class IIb (Lee et al., 2012). Several 

genes in the MHC class IIa region in sheep encode glycoprotein molecules that present 

exogenous and endogenous antigens to circulating CD4+ T cells to elicit immune responses 
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(Dukkipati et al., 2006; Fremont et al., 1996). The DRB1, DQA2 and DQA1 MHC class IIa 

genes are known to be hypervariable in sheep (Dukkipati et al., 2006; Herrmann-Hoesing et 

al., 2008). Furthermore, within each of these class II MHC loci, the second exon has been 

reported to be the most polymorphic, making these loci the primary region of interest in MHC 

class II studies (Ballingall et al., 2010; Konnai, Nagaoka, et al., 2003).  

In this context, the complete exon II for each of the DRB1, DQA2 and DQA1 loci were 

genotyped in populations of Djallonke and Sahelian sheep with the main aim of characterising 

the allele diversity at the three loci. This is the first characterisation study of MHC class II 

genes in these two sheep breeds, and the information gained will be valuable for future 

association studies with respect to MHC determined susceptibility or resistance to disease.  

4.2 Methods 

4.2.1 Blood collection and white blood cell isolation 

Approximately 9 mL blood was sampled from 100 Djallonke sheep and 100 Sahelian from the 

same populations described in section 2.2.1 of chapter 2, using the same blood cell isolation 

protocol described in section 2.2.2. 

4.2.2 Purification of sheep genomic DNA from buffy coats  

Genomic DNA was extracted from sheep buffy coats (prepared as described in chapter 2.2) 

using the Zymo Quick-gDNATM MiniPrep KIT (Catalogue number D3025; Zymo Research 

Corporation, Australia) according to the manufacturer’s protocol, with one modification aimed 

at increasing the yield of DNA. For each sample, 200 μL of buffy coat (instead of 100 μL as 

prescribed by the manufacturer) was mixed with 400 μL genomic lysis buffer and left overnight 

(instead of 10 minutes as prescribed by the manufacturer) at room temperature to allow for 

efficient lysis of blood cells. The rest of the extraction procedure was done according to the 

manufacturer’s protocol. The quantity and quality of extracted DNA was analysed using the 

NanoDrop 1000 spectrophotometer version 3.1.8 (Thermo SCIENTIFIC), per the 

manufacturer’s guidelines. The purified DNA was stored at -20°C. 
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4.2.3 Preparation of Media, Buffers and solutions 

The methods used to prepare isopropyl-β-D thiogalactopyranoside (IPTG), 5-bromo-4-

chloro-3-indolyl-β -D-galactoside (X-GAL), ampicillin sodium salt, super optimal broth with 

catabolite repression (SOC) medium, TAE buffer, and Luria Bertani (LB) agar and broth 

medium are shown in Appendix Table B.1. X-GAL, ampicillin and IPTG were used to identify 

transformed E coli cells via blue-white colony screening. LB broth was used for sub-culturing 

individual transformed competent cells from single colonies. TAE at 1X concentration was 

used as the buffer for agarose gel electrophoresis. 

4.2.3.1 Preparation of LB agar plates with Ampicillin, IPTG and X-GAL 

Agar plates were prepared under aseptic conditions within a class II biosafety cabinet 

(Catalogue number 212524, GELAIRE, AUSTRALA). Approximately 15 ml of warm molten 

LB agar was poured into a standard plastic petri-dish, and allowed to solidify with the UV light 

on. When solidified, 120 μl of master mix, composed of 40 μl ampicillin (50 mg/mL), 20 μl of 

IPTG (50 mg/mL) and 60 μl of X-GAL (20 mg/mL) was spread on the surface of each agar 

plate using a sterile Lazy-L spreader (catalogue number Z376779PAK, SIGMA ALDRICH, 

Australia). The plates were dried briefly at room temperature, then stored at 4°C. 

4.2.4 Agarose gel electrophoresis  

Purified genomic DNA, plasmid DNA and PCR amplicons were visualised by agarose gel 

electrophoresis to assess for degradation, transformed plasmid and amplification, respectively. 

All electrophoresis was performed using a Bio Rad PowerPac basic electrophoresis system as 

described by Brody et al. (2004). Briefly, 1% agarose (Bioline, Australia; for genomic and 

plasmid DNA) or 2% agarose (for PCR amplicons) with Gel Green nucleic acid stain (Fisher 

Biotec, Australia) and a final concentration of 1X Bromophenol blue DNA loading buffer 

(Catalogue number: R0611, ThermoFisher Scientific, Australia) was used. A 100-base pair 

ladder (Promega, USA) was used for quantification of all PCR amplicons because the product 

sizes ranged between 250 bp to 1 kb. Electrophoresis results were visualized using a UV 

Transilluminator (Fisher Biotec-Australia).  
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4.2.5 Polymerase chain reaction (PCR)  

PCR amplification was performed for the three MHC class IIa loci (DRB1, DQA1 and DQA2) 

using genomic DNA isolated from Djallonke and Sahelian sheep white blood cells. The MHC 

primers used, as described by Hickford et al. (2004), Ballingall et al. (2010) and Ali et al. 

(2017) are listed in Table 4.1 (GeneWorks, Australia). MyTaqTM HS DNA Polymerase 

(catalogue number BIO-21111, Bioline, Australia) and the Applied Biosystems Thermocycler 

Veriti (Thermo Fisher Scientific) were used for all PCR reactions.  

 

Table 4.1 The Oligonucleotide(Oligo) primers used for genotyping the exon2 DRB1, 
DQA1 and DQA2 loci 

Primer name Sequence 5’ to 3’ Target region Amplicon size (bp) 

DRB1 Forward attagcctctccccaggagtc Intron 1 368 

DRB1 Reverse cacacacacaactgctccaca Intron 2 

DQA1 Forward actggccacaaatgaagcccacaa Intron 1 525 

DQA1 Reverse agaaggcagaagatgagggttcag Intron 2 

DQA2 Forward cacatgttacagtgcaaaarcagc Intron 1 831 

DQA2 Reverse ccctcycaccaacgtttcccag Intron 2 

 

4.2.6 Optimised PCR conditions for DRB1, DQA1, and DQA2  

The optimised PCR cycling conditions for DRB1, DQA1 (NiKDQA1) and DQA2 are described 

in appendix Table B3. PCR cycling conditions were same for the three loci, except that 38 

cycles at an annealing temperature of 62oC was used for the DQA1 and DQA2 compared to 36 

cycles at 58oC for the DRB1. The optimised volumes of the MyTaq reaction buffer, primers 

and of the MyTaq Polymerase enzyme for DQA1 and DQA2 were the same as for the DRB1 

master-mix described in appendix Table B2. The strategy applied to determine the quantities 

of DNA and Ultrapure water required were the same as for the DRB1 primers.  
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4.2.7 Clean up of PCR amplicons  

PCR amplicons intended for direct sequencing were purified to remove excess dNTPs and 

unused primers prior to sequencing. The FavorPrep PCR clean-up kit (Catalogue number 

FAPCK 001-1; Favorgen Biotec Corporation, Fisher Biotec, Australia) and the EXOSAP PCR 

clean-up kit (BioLabs, New England, Australia) were used as per the manufacturers’ guidelines 

and as described in sections (appendix B2 & B3). PCR amplicons to be cloned were not subject 

to this clean-up process.  

4.2.8 Ligation and Transformation of PCR amplicons  

4.2.8.1 Ligation of PCR amplicons  

The pGEM-T Easy Vector System I (Promega Corporation, Australia) was used to clone PCR 

amplicons according to the manufacturer’s protocol. Briefly, a 10 μL ligation reaction mix 

containing 5 μl of 2x rapid ligation buffer, 1 μl of pGEM-T Easy Vector, 1 μl of T4 DNA 

ligase, the required amount of each DNA amplicon based on a computed metrics using the 

Biomath calculator (www.promega.com/biomath) was added, and where required, the 

remaining volume was made up to 10 μl with ultrapure water. All reaction mixtures were 

prepared on ice. A positive control was prepared using 2 μl of the pGEM-T control DNA insert 

provided, 5 μl of 2x rapid ligation buffer, 1 μl of the pGEM-T Easy vector, 1 μl of T4 ligase 

and 2 μl of ultrapure water. All reaction mixes were incubated at 4oC overnight. 

4.2.8.2  Transformation of Ligation products  

High efficiency competent E. coli cells (transformation efficiency approximately 1x108 colony 

forming units per microgram of DNA) were used for the transformation reaction. A standard 

heat-shock transformation procedure was used as per the Promega transformation protocol. 

Briefly, plates of LB media agar with ampicillin, X-Gal and IPTG were prepared according to 

the method used by Inoue, Nojima, and Okayama (1990) and were pre-incubated at 37oC for 

20 minutes prior to inoculation. Ligation reactions were centrifuged for approximately 5 

seconds, then 2 μl of each sample or 0.1 ng of uncut pGEM plasmid (positive control), was 

mixed with 50 μl of E. coli competent cells (Promega, Australia) on ice for 20 minutes. Then 

the mixtures were heat-shocked for 45-50 seconds in a 42oC water bath, followed by incubation 

on ice for 2 minutes. Room temperature SOC broth (600-900 μl) was added to all reactions. 

The mixtures were incubated at 37oC for 90 minutes with shaking at 150 rpm. Then 100 μl of 
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each transformation mixture was plated on duplicate LB agar plates. The inoculated plates were 

incubated at 37oC for 18 hours. 

4.2.8.3  Screening, selection and purification of recombinant plasmid 
containing E. coli colonies 

For each plate of transformed colonies, 5 white colonies were separately sub-cultured in 5 mL 

of Luria Bertani (LB) media in 50 mL Falcon tubes, and incubated at 37oC with shaking at 180 

revolutions per minute (rpm) for 18 hours on a multi-functional orbital shaker (Catalogue 

number PSU-20i; Fisher Biotec, Australia). For each sample, 1 mL of culture was aliquoted 

into a 1.5 mL graduated microfuge tube and centrifuged at 10,000 rcf for 60 seconds to separate 

the cells from the residual media. Supernatants were discarded, and any residual supernatant 

aspirated using a clean sterile pipette. Plasmids were then extracted from the cell pellets using 

a FavorPrepTM Plasmid extraction mini kit (catalogue number FAPDE 100; Favorgen Biotech 

Corp., Australia) using the manufacturer’s protocol, except that ultrapure water was used for 

the DNA elution step. The quality and quantity of plasmids were checked with agarose gel 

electrophoresis and NanoDrop analyses as described in appendix B1.  

4.2.9 Sequencing of DNA amplicons and Plasmids 

All the plasmid DNA products and un-cloned PCR products were prepared according to the 

sequencing requirements of Macrogen Incorporated (South Korea) available at 

http://dna.macrogen.com/eng/support/ces/guide/ces_sample_submission.jsp. Sequencing of 

PCR amplicons and of cloned amplicons was performed using 3730XL sequencers (Applied 

Biosystems) at Macrogen Incorporated. The pUC/M13 forward and reverse universal 

sequencing primers were used for sequencing all pGEM-T Easy Plasmid vector cloned 

amplicons, whereas the specific primers for template amplification were used for the 

sequencing of respective PCR amplicons.  

4.2.9.1 Analyses of sequenced PCR amplicon data 

Sequenced data from both cloned and un-cloned amplicons were classified using NCBI 

nucleotide blast search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the Immuno-

polymorphism database for major histocompatibility complex (IPD-MHC) 

(www.ebi.ac.uk/ipd/mhc/). De novo assembly implemented in Geneious v8.1.2 was used to 

separately group the cloned nucleotide sequences for each of the three MHC class IIa genes 
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(Kearse et al., 2012). Grouped sequences for each of the MHC class II genes were manually 

examined using the Geneious software display and each sequence within a group subjected to 

nucleotide blast against the NCBI database to obtain the best GenBank matched accession 

number (Morgulis et al., 2008; Zhang et al., 2000). Annotation information of the best matched 

GenBank accession was then used to assign the sequences to specific alleles. The nucleotide 

sequences were translated to amino acid sequences and examined for variations. Translated 

amino acid sequences are referred to with the respective GenBank nucleotide accession 

numbers for clarity. New alleles were determined using the criteria set out in the IPD-MHC 

(Maccari et al., 2017; Robinson et al., 2015) 

4.2.10 Phylogenetic analysis 

Multiple sequence alignments of coding region for each locus were obtained separately using 

SEAVIEW software version 4.0. (Gouy, Guindon, & Gascuel, 2010) and MUSCLE (Edgar, 

2004). Multiple sequence alignments for all DRB1, DQA2 and DQA2 exon 2 alleles were 

performed using the translation frame of the respective GenBank and IPD reference accessions. 

For each locus, a representative sequence per allele group and the respective standard NCBI 

accession as reference were included in the alignment. A second translation frame 

(codon_start=3), presumed to be correct, was then used to re-translate the DRB1*0401 allele 

group including an additional multiple alignment with remaining DRB1 alleles for comparison. 

Phylogenetic trees were constructed for each locus using three models of phylogeny namely; 

Maximum Likelihood (ML), Maximum Parsimony (MP) and Poisson’s Neighbour-Joining 

Tree (PNJT) in MEGA7 (Jones, Taylor, & Thornton, 1992; Kumar, Stecher, & Tamura, 2016). 

Best protein model analysis for ML tree in MEGA was used to determine the best tree model 

for each locus. The tree model with lowest Akaike’s Information Criterion (AIC) and Bayesian 

Information Criterion (BIC) scores was selected for each of the loci. Trees were also 

constructed in SEAVIEW software for comparison. To determine the reliability of branches in 

the trees, bootstrap analysis with 500 replicates was used as the default parameter in the 

constructions. All the trees were constructed to scale and the units of evolutionary distance 

were computed with the Poisson correction method (Zuckerkandl, 1965). Evolutionary 

distances for each sheep population were then computed from the NJT phylogeny. 
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4.2.11 Genotype discovery curves 

To assess if the number of sheep sampled was adequate for finding all the genotypic diversity 

in the populations, genotype discovery curves were constructed for all three loci for the two 

populations. Plots of the cumulative number of new genotypes sampled for each locus (y-axis) 

and the total number of sampled sheep (x-axis) were constructed using Microsoft excel version 

2010. The genotype discovery curves are based on a random sampling procedure that was used 

to sample from the sheep populations.  

4.3 Results 

4.3.1 Diversity of MHC Class IIa DRB1, DQA1 and DQA2 genes in Djallonke 
and Sahelian sheep of Ghana 

A total of 1,381 (913 clones) MHC class IIa curated nucleotide sequences were obtained, 

comprising 553 (380 clones) from DRB1 (369bp), 336 (257 clones) from DQA2 (821bp) and 

492 (276 clones) from DQA1 (525bp), from 100 Djallonke and 100 Sahelian sheep. 

Comparison of the putative sequences to the respective standard accessions from GenBank 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the MHC-IPD (www.ebi.ac.uk/ipd/mhc/) 

revealed high numbers of sequence variations (nucleotides & amino acids) between the two 

breeds (Maccari et al., 2017; Robinson et al., 2015). On the basis of the numbers and positions 

of CDS mutations in the amino acid sequences, 85 putative unique DRB1 alleles were 

identified, of which two alleles contained premature stop codons, and are therefore presumed 

to be non functional (Table 4.2). Similarly, 41 putative unique DQA2 sequences were 

identified, although none contained a premature stop codon (Table 4.3). The DQA1 sequences 

included 55 putative unique alleles, 52 of which were presumed functional, and the remaining 

3 alleles had premature stop codons (Table 4.4). 

4.3.1.1 Availabilty of data 

A total of 151 GenBank accession numbers comprising of a first batch of 72 GenBank 

accession numbers for DRB1 alleles and second batch of 81 GenBank accession numbers for 

the DRB1 alleles produced from this work are listed in appendix E 
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4.3.2 Genotype Discovery Curve for Sampling of Djallonke and Sahelian 
Sheep Populations 

Having determined the genotypes for all the individual samples, the genotype data for the three 

loci DRB1, DQA2 and DQA1 were used to plot genotype discovery curves for the 100 

Djallonke sheep (Figure 4.2) and the 100 Sahelian sheep (Figure 4.1). The curves constructed 

for all three loci from the two sheep populations show similar trends with an initial steep 

gradient that begins plateauing towards the end of the plot. The discovery curves for DRB1 

genotypes in both sheep breeds showed the steepest gradient. The curve for DQA1 showed the 

lowest gradient for the Djallonke breed, but the one for DQA2 had the lowest gradient for the 

Sahelian breed. The Djallonke DRB1 curve begins to plateau at approximately the 95th sample 

compared to approximately the 80th sample for the Sahelian. Interestingly, the curves for DQA2 

plateaued at the same point (approximately the 70th sample) for both sheep breeds. The curves 

for DQA1 showed greater between breed differences, with the Djallonke plateauing at the 45th 

sample compared to the 85th sample within the Sahelian population. With the exception of the 

Djallonke DRB1 discovery curve, which plateaued at 95% of sample size, all of the discovery 

curves plateaued within 85% of the sample size studied.  
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Figure 4.1 Genotype discovery curve for DRB1, DQA2 and DQA1 alleles for 100 

randomly sampled individual Sahelian sheep 
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Figure 4.2 Genotype discovery curve for DRB1, DQA2 and DQA1 alleles for 100 

randomly sampled Djallonke sheep 
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clustering; mixed clusters of the Djallonke and Sahelian, Djallonke-only clusters and Sahelian-

only clusters. The population-specific ML JTT phylogeny at each locus more clearly 

demonstrates an evolutionary history of alleles for each population (Figure 4.4, Figure 4.5, 

Figure 4.7, Figure 4.8, Figure 4.10 & Figure 4.11). This is because, in the contructed phylogeny 

of the combined loci, unique alleles that were common for the two populations were only 

represented by one sequence in the tree. That step was taken to avoid redundacy of sequences 

so as to make the tree clearer. 

A re-constructed phylogeny based on the Neighbour Joining (NJT) method (Felsenstein, 1985; 

Jones et al., 1992; Kumar et al., 2016; Saitou & Nei, 1987) for the the same population-specific 

sequences showed that the clustering characteristic of alleles was generally conserved between 

the two models (ML JTT and ML NJT), albeit bootstrap values varied (Appendix D Figure 1 

to Appendix D Figure 6). A total of 89, 82 and 82 amino acid substitution sites were observed 

in the DRB1, DQA2 and DQA1 datasets respectively, and used for the evolutionary distance 

analysis. Evolutionary distance analysis using the combined population functional loci 

revealed that the combined population unique DRB1 exon 2 sequences were the most variable 

with a total branch length of approximately 1.90 units (Figure 4.3), followed by the DQA2 

locus with a total of 1.72 units (Figure 4.6), and the DQA1 locus was the least variable with a 

total of 1.26 units (Figure 4.9). Population specific evolutionary distance analyses showed that 

the Djallonke population had higher variation at the DRB1 locus, with approximte total branch 

length of approximately 1.62 units (Figure 4.4) in comparison to 1.36 units (Figure 4.5) for the 

Sahelian population.  At the DQA2 locus, the evolutionary distance for the Djallonke 

population was 1.44 units (Figure 4.7), again higher than the 0.81 units (Figure 4.8) obtained 

for the Sahelian population. The DQA1 locus showed the least variation in both sheep 

populations with the Djallonke and Sahelian recording a total evolutionary distance of 0.97 

units (Figure 4.10) and 0.77 units (Figure 4.11) respectively. 
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Table 4.2 Unique DRB1 exon 2 amino acid sequences identified in Djallonke and Sahelian sheep populations (Presumed functional 
coding sequences (n= 83) with non functional coding sequences containing premature stop codons highlighted in yellow 
(n =2);  Prefix: DJ and SA denote Djallonke and Sahelian samples respectively) 
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Figure 4.3 Best model Maximum likelihood phylogenetic tree for combined 

functional and unique DRB1 exon 2 coding sequences in the two sheep 
populations. Tree was constructed to scale with 85 amino acid sequences. 
The tree shows the topograpy of evolutinary relationship of all unique 
sequences. The numbers at the nodes represent bootstrap confidence 
based on 500 replications 
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Figure 4.4 Best model Maximum likelihood phylogenetic tree for functional and 

unique DRB1 exon 2 coding sequences in the Djallonke sheep population. 
Tree was constructed to scale with 58 amino acid long sequences. The 
IPD name was used for unique sequences that matched previous 
publications. The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications. 
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Figure 4.5 Best model Maximum likelihood phylogenetic tree for functional and 

unique DRB1 exon 2 coding sequences in the Sahelian sheep population. 
Tree was constructed to scale with 40 amino acid long sequences. The 
IPD name was used for unique sequences that matched previous 
publications. The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications  
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Table 4.3 Unique DQA2 exon 2 amino acid sequences identified in Djallonke and Sahelian sheep populations (n= 41)   
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Figure 4.6 Best model Maximum likelihood phylogenetic tree for combined 

functional and unique DQA2 exon 2 coding sequences in the two sheep 
populations. Tree was constructed to scale with 41 amino acid long 
sequences. The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications. 
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Figure 4.7 Best model Maximum likelihood phylogenetic tree for functional and 

unique DQA2 exon 2 coding sequences in the Djallonke sheep population. 
Tree was constructed to scale with 38 amino acid long sequences. The 
IPD name was used for unique sequences that matched previous 
publications. The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications  
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Figure 4.8 Best model Maximum likelihood phylogenetic tree for functional and 

unique DQA2 exon 2 coding sequences in the Sahelian sheep population. 
The IPD name was used for unique sequences that matched previous 
publications. Tree was constructed to scale with 34 amino acid long 
sequences. The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications 
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Table 4.4 Unique DQA1 exon 2 amino acid sequences identified in Djallonke and Sahelian sheep populations (Presumed functional coding 
sequences (n= 52) with non functional coding sequences containing premature stop codons highlighted in yellow (n =3)) 
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Figure 4.9 Best model Maximum likelihood phylogenetic tree for combined 

functional and unique DQA1 exon 2 coding sequences in the two sheep 
populations. Tree was constructed to scale with 55 amino acid long 
sequences. The IPD name was used for unique sequences that matched 
previous publications. The branch lengths are equivalent to the amino 
acid substitutions per site and the numbers at the nodes represent 
bootstrap confidence based on 500 replications. 
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Figure 4.10 Best model Maximum likelihood phylogenetic tree for functional and 
unique DQA1 exon 2 coding sequences in the Djallonke sheep population. 
Tree was constructed to scale with 42 amino acid long sequences. The 
GenBank name was used for unique sequences that matched previous 
publications.  The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications 
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Figure 4.11 Best model Maximum likelihood phylogenetic tree for functional and 

unique DQA1 exon 2 coding sequences in the Sahelian sheep population. 
Tree was constructed to scale with 22 amino acid long sequences. The 
GenBank name was used for unique sequences that matched previous 
publications. The branch lengths are equivalent to the amino acid 
substitutions per site and the numbers at the nodes represent bootstrap 
confidence based on 500 replications 
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4.3.3 Classification of MHC class IIa alleles in Djallonke and Sahelian sheep 
using the MHC-IPD Nomenclature guidelines 

Using the MHC-IPD nomenclature guidelines in association with GenBank reference 

sequences (Maccari et al., 2017; Robinson et al., 2015), an assignment of the amino acid 

sequences generated in this study to generate a putative allele designation, yielded 26 DRB1 

alleles, 13 DQA2 alleles and 13 DQA1 alleles from the Djallonke and Sahelian sheep breeds.  

Of the 26 DRB1 allele groups observed (Table 4.5), seven matched previously published ovine 

DRB1 sequences and therefore can be referred to by their MHC-IPD accession numbers, or 

their respective GenBank accession number where applicable. Each of the remaining 19 alleles 

differed within the CDS, having at least five amino acid differences compared to the best NCBI 

blast match, and therefore were described as “variants” of their respective matched allele at the 

MHC-IPD accession and/or the GenBank ID. These 19 alleles have not been previously 

described, and may possibly represent breed specific alleles. Interestingly, one of the allele 

“variant” groups appeared to best match the BoLA-DRB3 (BTU78548.1) of cattle, and differed 

only by 8 CDS amino acid substitutions. Equal numbers of DRB1 alleles (21) were found 

within each of the two sheep breeds. Five of the DRB1 alleles (Ovar-DRB1*0901, Ovar-

DRB1*1303 variant-2, Ovar-DRB1*0302 variant-4, Ovar-DRB1*0302 variant-5 and Ovar-

DRB1*0401 variant-2) were found only in the Djallonke population; whereas five other alleles 

(Ovar-DRB1*0302 variant-7, Ovar-DRB1*0302 variant-8, Ovar-DRB1*0401 variant-3, DRB1 

EU176819.1 variant-2 and DRB1 EU176819.1 variant-3) were present in the Sahelian 

population. The allele group DRB1*0401 was interesting because it had a different translation 

frame (codon_start=1) for the 270-nucleotide sequence. Furthermore, unlike all the other DRB1 

allele groups that are 89 amino acids long, this codon_start=1 translated DRB1*0401 allele has 

a 90-amino acid long predicted protein. A presumed correct translation frame with codon 

starting at position 3 was used to re-translate all the DRB1*0401 sequences for comparison. 

The two groups of the differently translated DRB1*0401 amino acids sequences were analysed 

further to ascertain the correct DRB1*0401 amino acid sequence using multiple sequence 

alignments (Table 4.8 &Table 4.9) and phylogeny (Figure 4.12, Figure 4.13, Figure 4.14 & 

Figure 4.15).  

The 13 DQA2 alleles matched previously reported sheep DQA2 alleles, and were denoted by 

their IPD or GenBank ID numbers (Table 4.6). The number of non-synonymous CDS 

mutations for each of the DQA2 alleles in both sheep populations when compared to the 

previously published versions was less than five amino acids, hence no new DQA2 alleles were 
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found, as per the IPD nomenclature criteria. Of the 13 DQA2 alleles identified, 12 were found 

to occur within the Djallonke breed, whereas only 8 were found within the Sahelian breed. The 

allele OLA-DQA2*1501 was identified only in the Sahelian population while four other alleles 

were found only in the Djallonke population (OLA-DQA2*1001, OLA-DQA2*0103, OLA-

DQA2*0812, and OLA-DQA2-EU176819.1). The allele OLA-DQA2*1401, unlike all the other 

DQA2 alleles is only 81 amino acids in length. 

For the 13 DQA1 alleles (Table 4.7) amplified using the DQA1 primer set, eight have been 

designated according to their GenBank ID. The remaining five alleles differ by five or more 

non-synonymous mutations with respect to the best BLAST matches, and were labelled as 

variants of their respective closest matched accession within the database (as listed in Table 

4.7). An equal number of DQA1 alleles (11) were found in both sheep populations. Two of the 

DQA1 alleles (M33304.1 variant-2 and LN827895.1 variant-1) were identified only in the 

Djallonke, and two other alleles (LN827893.1 and LN827894.1 variant-3) were identified only 

in the Sahelian. 

For some samples, DRB1, DQA2, and/or DQA1 PCR did not produce any detectable product 

despite optimisation attempts, and were therefore defined as possible null alleles.  

 

Table 4.5 Twenty six DRB1 allele groups in Djallonke and Sahelian sheep 
populations based on IPD-MHC nomenclature 

DRB1 
Allele 

number 
Official name/ 

designated name Accession number Designated code 
Number of 

Amino acids 

1 Ovar-DRB1*0901 FN543119.1 A 89 

2 *0901 variant 1  Z 89 

3 Ovar-DRB1*1303 FR751085.1 B 89 

4 *1303 variant 1  C 89 

5 *1303 variant 2  D 89 

6 Ovar-DRB1*0302 AM884913.1 E 89 

7 *0302 variant 1  F 89 

8 *0302 variant 2  G 89 

9 *0302 variant 3  H 89 

10 *0302 variant 4  I 89 
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DRB1 
Allele 

number 
Official name/ 

designated name Accession number Designated code 
Number of 

Amino acids 

11 *0302 variant 5  J 89 

12 *0302 variant 6  K 89 

13 *0302 variant 7  L 89 

14 *0302 variant 8  M 89 

15 Ovar-DRB1*0401 AM884914.1 N 90/89* 

16 *0401 variant 1  O 90/89* 

17 *0401 variant 2  P 90/89* 

18 *0401 variant 3  Q 90/89* 

19 Ovar-DRB1*0501 FN543116.1 R 89 

- Ovar-DRB1*0601 FN543117.1 No sample - 

20 *0601 variant 1  S 89 

21 Ovar-DRB1*1402 FN393733.1 T 89 

- BOLA-DRB3 BTU78548.1 No Sample - 

22 BOLA-DRB3 Variant 1  U 89 

23 EU176819.1 DRB1 EU176819.1 V 89 

24 EU176819.1 variant 1  W 89 

25 EU176819.1 variant 2  X 89 

26 EU176819.1 variant 3  Y 89 
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Table 4.6 DQA2 allele groups in Djallonke and Sahelian sheep populations based 
on IPD-MHC nomenclature 

DQA2 Allele 
number Official allele name 

Accession 
number Designated code 

Number of 
Amino acids 

1 OLA-DQA2*1401 AY312392.1 A 81 

2 OLA-DQA2*0601 AY312381.1 B 82 

3 OLA-DQA2*08011 AY312385.1 C 82 

4 OLA-DQA2*0901 AY312387.1 D 82 

5 OLA-DQA2*0501 AY312380.1 E 82 

6 OLA-DQA2*1001 AY312388.1 F 82 

7 OLA-DQA2*1201 AY312390.1 G 82 

8 OLA-DQA2*0103 AY312377.1 H 82 

9 EU176819.1 DQA2 EU176819.1 I 82 

10 OLA-DQA2*1701 AY312395.1 J 82 

11 OLA-DQA2*0701 AY312383.1 K 82 

12 OLA-DQA2*1501 AY312393.1 L 82 

13 OLA-DQA2*08012 AY312386.1 M 82 
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Table 4.7 DQA1 allele groups in Djallonke and Sahelian sheep populations based 
on IPD-MHC nomenclature 

DQA1 Allele number 
Official Allele name 

/designated name Designated code 
Number of Amino 

acids 

1 LN827890.1 A 82 

2 M33304.1 B 82 

3 M33304.1 variant 1 C 82 

4 M33304.1 variant 2 D 82 

5 LN827891.1 E 82 

6 LN827893.1 F 82 

7 LN827893.1 variant 1 G 82 

8 LN827893.1 variant 2 H 82 

9 LN827895.1 I 82 

10 LN827895.1 variant 1 J 82 

11 LN736359.1 K 82 

12 LN827892.1 L 82 

13 LN827894.1 M 82 
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Table 4.8 Muscle alignment of the 26 DRB1 Alleles (A to Z) in Djallonke and Sahelian sheep using codon_start 1 translation 
frame for DRB1*0401 showing misalignment with the remaining DRB1 alleles 

 
 



 

125 
 

Table 4.9 Muscle alignment of the 26 DRB1 Alleles using one member per group with (A to Z) in the two sheep populations using 
codon_start 3 translated DRB1*0401 showing alignment with all the remaining DRB1 alleles 
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4.3.3.1 Phylogenetics of the DRB1, DQA2  and DQA1 alleles in Djallonke and 
Sahelian sheep populations based on MHC-IPD nomenclature 
classification 

4.3.3.1.1 OLA-DRB1 coding sequence alignment  

One amino acid sequence from each of the 26 classsified DRB1 alleles (A to Z alleles) 

identified within the two sheep populations was used for the group alignment to estimate the 

number of polymorphic sites. The product of the codon_start 1 (used for the GenBank 

reference) translated DRB1*0401 allele group (Prefixed N, O, P & Q) completely misaligned 

with the remaining DRB1 allele groups (Table 4.8). However, the codon_start =3 translation 

frame for the DRB1*0401 allele (Table 4.9) aligned well with the rest of the DRB1 alleles, and 

produced an 89-amino acid sequence. For either translation frame, applying the IPD-MHC 

allele nomenclature yielded an equal number (three) of DRB1*0401 allele variants (O, P, and 

Q). There were 33 polymorphic amino acid sites identified within the CDS sequences of the 

DRB1 alleles of the two sheep populations. Analysis of the evolutionary relationships “within 

allele” of all three loci using three different phylogenetic models (ML, MP & PNJ) showed that 

the clustering charactersistics of allele group members were generally conserved in all three 

models. 

Constructed phylogenetic trees for the 26 classified DRB1 alleles in the two sheep populations 

(Figure 4.12 & Figure 4.13) revealed that the codon_start=1 translated DRB1*0401 allele and 

it’s variants cluster significantly (100% bootstap support for 100 replicates) distantly from all 

the other DRB1 allele groups. The extent of deviation of the codon_start=1 translated 

DRB1*0401 allele is evident with respect to the position of the BOLA-DRB3 (NCBI accession) 

allele higlighted in orange, which is derived from a different ruminant species, but clusters 

more closely to the group of remaining DRB1 alleles. Conversely, the same analysis for a re-

constructed tree using the codon_start=3 translated DRB1*0401 allele showed that the group 

clustered closer to the other DRB1 alleles (Figure 4.14 & Figure 4.15).  Analysis of 

evolutionary distance using the Poisson correction method revealed that the sum of the length 

of tree branches of the codon_start=1 translated DRB1*0401 allele was approximately 2.64 

evolutionary units, compared to only 1.51 evolutionary units for the codon_start=3 translated 

DRB1*0401 version. 

In the re-constructed DRB1 allele trees (Figure 4.14 & Figure 4.15), the clustering 

characteristics of the majority of the 26 DRB1 allele sequences (prefixed A to Z) show 
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clustering with like group members, with one minor deviation (Figure 4.14). Three alleles 

(DJ_04_DRB1_2F, SA_27A_DRB1_4F & DJ_53_DRB1_4F) belonging to three different 

allele groupings (O, L & W) respectively, clustered on the same internal node with high 

bootstrap support of 90% (Figure 4.14).  The DRB1*0901 allele is the most distinct allele, out 

of the 26 classified DRB1 alleles and supported by the highest bootstrap value (100%) (Figure 

4.14).  The tree also revealed two main embranchments at the innermost node, one branch (the 

smaller one) supporting only six of the DRB1 alleles (A, B, C, D,  M & Z) and the bigger 

branch supporting all the remaining 20 DRB1 alleles (Figure 4.14). 

4.3.3.1.2 OLA-DQA2 coding sequence alignment 

Multiple sequence alignment of the OLA-DQA2 alleles in the two sheep populations using one 

representative per group (A-M alleles) revealed that 42 (greater than half) of the amino acid 

sites of the 81 possible positions of CDS had polymorphic variants (Table 4.10). The OLA-

DQA2*1401 allele is 81 amino acids in length, one less than all the other observed OLA_DQA2 

alleles. A phylogenetic tree constructed using the 13 DQA2 alleles revealed two main internal 

node embranchments; one node supporting the DQA2 alleles A, B, E, H, I, J & L, and the other 

supporting alleles C, D, F, G, K and M.  This observation suggests that the DQA2 alleles in this 

population may have possibly evolved from two main ancestral alleles. Analysis of the 

evolutionary relationships among these alleles using the Poisson’s correction method revealed 

that the sum of all branch lengths in the tree is approximately, 1.23 evolutionary units. 

Phylogenetic analysis using MP, ML & PNJ for OLA-DQA2 alleles showed that allele group 

members belonging to OLA-DQA2*08011 (C) and OLA-DQA2*08012 (M) cluster together on 

the same node (Figure 4.16) . Also, the OLA-DQA2*0103 allele (H) and the EU176819.1 allele 

(I) cluster on the same external node. However, alleles belonging to each of the two groups (C 

& M and H & I), differ by the number of intronic non-synonymous substitutions. Alleles 

belonging to groups OLA-DQA2*0601 (B) and OLA-DQA2*0701 (K) are the most distinctive, 

sharing the highest bootstrap value of 100 each. The phlylogenetic relationship between the 

different DQA2 alleles were generally conserved across the three phylogenetic models.  

4.3.3.1.3 OLA-DQA1 coding sequence alignment 

Multiple sequence alignment of the 13 groups of DQA1 allleles (A-M) obtained using the 

MHC-IPD nomenclature revealed a total of 37 polymorphic amino acid sites, less than half of 

the total (Table 4.11). Phylogenetic analysis of the DQA1 alleles revealed two broad internal 
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node enbranchments; one supporting allele groups A, B, C, D, E, K, L & M and the other 

supporting allele groups F, G, H, I, & J (Figure 4.17). As with the DQA2 locus, this analysis 

also suggests that all the DQA1 alleles in these two breeds may have evolved from two main 

ancestral alleles. The phylogeny showed that most of the 13 different DQA1 allele groups 

generally clustered by group, except for the M3304.1 group (B, C, & D) and the LN736359.1 

group (K). All three M3304.1 allele group variants clustered on different branches. The 

M3304.1 variant-1 (C), in particular, clustered on the same internal node with the LN827894.1 

allele group (M) (Figure 4.17). The LN736359.1 (K) group clustered on the same external node 

as the LN827892.1 group (L). Boostrapping analysis with 1000 replicates revealed that the two 

alleles have an equally high level of bootstrap support (100%). Although the two alleles (L & 

K) are similar at the CDS, they do differ significantly in the intronic regions by eight nucleotide 

substitutions. The intronic differences, however, are of lesser relevance in the MHC 

nomenclature classification. The values obtained for the alleles by boostrapping with 1000 

replicates indicates that none of the DQA1 alleles can be considered to be distinct from the rest 

of the members. The sum of the length of the tree branches for all the DQA1 alleles computed 

with the Poisson correction method is approximately 0.81 evolutionary units.  
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Figure 4.12 Phylogenetic Tree of 26 DRB1 Alleles (A-Z) in Djallonke and Sahelian sheep using a codon_start=1 translation frame for the 

DRB1*0401_1 allele. The numbers at the nodes of each cluster denote the percentage support for that cluster in the constructed 
evolutionary relationship per 100 bootstrap replicates. The codon_start=1 translated allele group are highlighted in yellow 
showing very significant deviation (100% bootstrap support) from all other DRB1 alleles and the BoLA-DRB3 (outgroup) is 
highlighted in orange.  
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Figure 4.13 Poisson Neighbour joining tree of DRB1 exon 2 CDS (A to Z) in Djallonke and Sahelian sheep using a codon_start=1 translation 

frame for the DRB1*0401 allele (highlighted in yellow). The cattle BoLA-DRB3 (NCBI accession BTU78548.1) as an outgroup 
(orange), clusters with the Ovar-DRB1 alleles. The scaled evolutionary distance tree revealed a very prominent deviation of the 
*0401 group from remaining Ovar-DRB1 alleles  
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Figure 4.14 Reconstructed phylogenetic Tree of the 26 DRB1 Alleles (A to Z) in Djallonke and Sahelian sheep showing the codon_start=3 

translation of DRB1*0401 alleles (prefixed with letters N, O, P,& Q). The numbers at the nodes of each cluster denote the 
percentage support for that cluster per 100 bootstrap replicates. The Ovar-DRB1*0901 is shown as the most distinctive allele. 
The outgroup BoLA-DRB3 is prefixed with the letter U. 
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Figure 4.15 Poisson Neighbour joining tree of DRB1 exon 2 CDS (A to Z) in Djallonke and Sahelian sheep using a codon_start=3 translation 

frame for the DRB1*0401 allele (highlighted in yellow). The cattle BoLA-DRB3 (NCBI accession BTU78548.1) as an outgroup 
(orange), clusters with the Ovar-DRB1 alleles. The scaled evolutionary distance tree revealed that the *0401 group now clusters 
with all other Ovar-DRB1 alleles. The ovar-DRB1*0901 group (highlighted in yellow and orange) is now the most distinct allele 
in the tree  
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Table 4.10 Muscle alignment of the 13 DQA2 Alleles (A to M) in Djallonke and Sahelian sheep populations with respective 
GenBank references 
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Figure 4.16 Poisson Phylogenetic Tree of the 13 DQA2 Alleles (A to M) in Djallonke and Sahelian sheep with respective GenBank 

references. The numbers at the nodes of each cluster denote the percentage support for that cluster in the re-
constructed evolutionary relationship per 100 bootstrapped replicates. The OLA-DQA2*08011 (C) and OLA-
DQA2*08012 (M) alleles cluster on the same node and two other alleles (H & I) also cluster on the same node. Bootstrap 
support is variable (23 to 100%), but is predominantly very high. 
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Table 4.11 Muscle alignment of the 13 DQA1 Alleles (A to M) in Djallonke and Sahelian sheep populations with respective 
GenBank references 
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Figure 4.17 Neighbour Joining Phylogenetic Tree of DQA1 Alleles (A to M) in Djallonke and Sahelian sheep with respective 

GenBank references. The numbers at the nodes of each cluster denote the percentage support for that cluster in the 
re-constructed evolutionary relationship per 100 bootstrapped replicates. Two alleles (K&L) cluster on the same note 
with very high (100%) bootstrap support, and two other alleles (M &C) cluster with moderately high (66%) bootstrap 
support. 
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4.4 Discussion 

The multiple sequence analysis of all the DRB1 (Table 4.2), DQA2 (Table 4.3) and the DQA1 

(Table 4.4) putative amino acid sequences derived from the two sheep populations suggests 

that the DRB1 locus (83 different sequences) is the most diverse and the DQA2 locus (41 

different sequences) is the least diverse for these two sheep breeds. Furthermore, an 

evolutionary distance analysis of the unique amino acid sequences for the three loci of the two 

sheep populations confirmed the DRB1 locus as being the most diverse, as shown by it having 

the highest sum of evolutionary distance (1.90 evolutionary units) (Figure 4.3). In contrast, the 

DQA1 allele tree showed the lowest diversity (Figure 4.9) with the smallest sum of evolutionary 

distance (1.26) compared to 1.72 for the DQA2 allele tree (Figure 4.6). This observation agrees 

with previous reports suggesting that the DRB1 locus is the most diverse of all the sheep MHC 

loci (Ballingall et al., 2011; Charon, 2004). Inter-population comparison of the evolutionary 

distance showed that the Djallonke sheep overall had a higher diversity at all three loci when 

compared to the Sahelian population. Greater diversity at the MHC has been suggested as being 

associated with higher population resistance to diseases and general fitness (Aguilar et al., 

2004). The observation in this study supports the reported differential resistance to parasitic 

diseases between these two sheep breeds. Specifically, the Djallonke sheep generally have 

higher resistant to parasitic diseases than the Sahelian sheep (Goossens et al., 1999; Traoré et 

al., 2017). 

The classification of all of the alleles identified in this study, using the IPD-MHC 

nomenclature, revealed that the DRB1*0401 allele sequence group in the multiple sequence 

alignment of the DRB1 alleles showed a distinctly pronounced frame shift (Table 4.8). The 

large magnitude of the deviation for this group of alleles (codon_start=1 translated frame) from 

the other Ovar-DRB1 alleles, as determined using Poisson’s evolutionary distance method, 

clearly suggests that the translation frame is incorrect for the Ovar-DRB1*0401 alleles (Figure 

4.12 & Figure 4.13). A proposed translation frame using codon_start=3 for Ovar-DRB1*0401 

alleles appeared to conform with all other DRB1 alleles as represented in Table 4.9. 

Comparison of the Poisson’s evolutionary distance analyses for these two translations of the 

DRB1*0401 alleles (codon_start=3 & codon_start=1) clearly showed that the codon_start=3 

translation is probably the correct translation frame (Figure 4.14 & Figure 4.15). Furthermore, 

this conclusion is supported by the congruent clustering characteristics observed with the cattle 

BoLA-DRB3 allele (GenBank accession) used as an outgroup in relation to the remaining Ovar-
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DRB1 alleles in the phylogenetic trees (Figure 4.12, Figure 4.13, Figure 4.14 & Figure 4.15). 

Although, it is not uncommon for ovine MHC class II genes to share similar polymorphisms 

that precede speciation with that of the bovine (Bryja et al., 2006; Zhou & Hickford, 2004), the 

Bola-DRB3 position on the trees (Figure 4.12 Figure 4.13 Figure 4.14 & Figure 4.15) brings 

evolutionary perspective to the magnitude of the deviation of the codon_start=1 translated 

*0401 allele group. These analyses have demonstrated that the codon_start=1 translation frame 

used for the Ovar-DRB1*0401 allele (GenBank Accession AM884914.1) in the NCBI database 

may be wrong. Therefore, the codon_start=3 translated DRB1*0401 alleles were used for all 

subsequent analyses in this study. Interestingly, a recent study has associated variations within 

BoLA-DRB3 with the infection levels of bovine leukaemia virus in two dairy cattle breeds 

(Carignano et al., 2017). 

The rationale for construction of genotype discovery curves (Figure 4.1 &Figure 4.1Figure 4.2) 

was to assess if the sample size of 100 sheep for each of the two breeds was adequate for 

sampling the majority, if not all, of the possible MHC class IIa genotypes present in the 

populations. The genotype discovery curves for all three loci plateaued within the range of the 

sampled population, which implies that most of the alleles within the population of the two 

breeds have been accounted for in this study. However, the presence of null alleles in all three 

loci suggests that potentially more alleles could be discovered. Also, the general characteristic 

of the genotype curve for the Djallonke DRB1 locus in terms of steepness of slope and 

plateauing at the 95th sample suggests a possibility of the presence more DRB1 alleles at this 

locus in the population. 

In terms of allele novelty, based on MHC-IPD allele standard classification guidelines 

(http://www.ebi.ac.uk/ipd/mhc/group/OLA/) a very high percentage (73%) of the DRB1 alleles 

are new, compared to 38% new alleles for DQA1 and none for DQA2. A recent study of the 

same class II region in 235 Texel sheep found only 11% new DRB1 alleles and none for either 

the DQA2 or the DQA1 loci (Ali et al., 2017). The computed evolutionary relationships based 

on the MHC-IPD classified allele grouping also showed the same trend in locus diversity; the 

DRB1 being the most diverse for the Djallonke and Sahelian populations and the DQA1 being 

the least diverse (Figure 4.14, Figure 4.16 & Figure 4.17). The total evolutionary distance 

obtained for the DQA1 locus was 0.81 units compared 1.23 units at the DQA2 locus. The 

differences in the evolutionary distances obtained for the three loci in this latter classification 

compared to that obtained for all unique sequences per locus (Figure 4.3, Figure 4.6 & Figure 

4.9) were to be expected because only one representative sequence of the re-classified allele 

group was used to perform this analysis. Although, the use of one sequence from each classified 
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allele group within each locus might not be an adequate representation of all possible variation, 

the trees are informative and permitted a standardised comparison with published literature to 

be performed. 

This high number of new alleles for DRB1 and DQA1 is not unexpected because most of the 

MHC alleles within the MHC-IPD and GenBank databases are derived from different domestic 

sheep breeds to the ones studied here. Furthermore, most of these sheep breeds have evolved 

in different regions of the world, and have different demographic history of diseases and 

environmental challenges.  

An earlier report of the DRB1 genotyping of flocks of 105 Texel and 71 Suffolk sheep identified 

a total of only 8 and 7 DRB1 alleles, respectively (Sayers et al., 2005). A recent study using the 

same markers in a flock of 235 British Texel sheep identified fewer DRB1 (18), DQA2 (8) and 

DQA1 (7) alleles (Ali et al., 2017) than were observed in this study. Although, some individuals 

in the Texel sheep study were known to be related, probably contributing to a lower observed 

allelic diversity, the difference in numbers of alleles found between the two studies is quite 

remarkable. Only three Ovar-DRB1 alleles were found to be common between the two studies 

(*0901, *0401 & *0302). These three common DRB1 alleles were also identified in the 

Djallonke population, although only two were present in the Sahelian population (*0401& 

*0302).  

The DRB1*0901 allele is common in the British Texel and the Djallonke sheep. Given that, 

unlike the Sahelian, these two breeds are known for their higher resistance to gastrointestinal 

nematodes. These observations may suggest that the DRB1*0901 allele contributes to 

resistance to nematodes in sheep. However, a previous study (Table 4.12) identified the 

DRB1*0901 allele in flocks of Scottish Blackface, Greyface, and Suffolk sheep breeds 

(Ballingall & Tassi, 2010). The Suffolk and Greyface sheep, unlike the Texel breed, have been 

shown to be more susceptible to GIT nematode infections (Good et al., 2006, Sayers et al 2005), 

thus discounting any proposition of direct association of the DRB1*0901 allele with resistance 

to nematode infections. However, an association of specific mutations derived from the 

DRB1*0901 allele and resistance to nematode infection cannot be ruled out.  

All the MHC gene studies in sheep so far have shown that the DRB1 gene is the most 

polymorphic (Charon, 2004; Davies et al., 2006; Hassan et al., 2011; Sayers et al., 2005). 

Similarly, three of the 13 DQA1 allele types identified in this study (*0901, *0401, & *0302) 

(Table 4.12), were in common with those identified by Ali et al. (2017). However, all these 

three DQA1 alleles are present within both the Djallonke and Sahelian populations.  
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The OLA-DQA2*1401 allele, also referred to as the “DQA2-like” sequence (Ali et al., 2017; 

Ballingall et al., 2015; Hickford et al., 2004), was identified in this study. This “DQA2-like” 

allele has only 81 exon 2 CDS amino acids as compared to 82 in the normal sheep DQA2 allele, 

and was reported to have low functionality (Hickford et al., 2004). The “DQA2-like” alleles 

have been the subject of conjecture regarding the continuous evolution of the MHC (Ali et al., 

2017; Hickford et al., 2004). In a recent study, orthologues of the “DQA2-like” allele were 

reported to be present in both cattle and goats, and it was suggested that the allele resulted from 

a possible recombination event that pre-dated speciation, and it was suggested that it is 

functional in sheep (Ballingall et al., 2015). Interestingly, whereas one report has suggested 

that “DQA2-like” alleles are usually found in a DQA1 null MHC class II haplotype (Ballingall 

et al., 2015), a later study has shown an MHC class II haplotype containing both the “DQA2-

like” allele and DQA1 allele (Ali et al., 2017). This study has identified both types of 

haplotypes, and it is clear that, as more breeds are genotyped, our understanding of the diversity 

of the ovine MHC will be greatly expanded. Interestingly, in a footrot vaccine study in sheep, 

specific MHC class II haplotypes containing the “DQA2-like” alleles have been shown to 

significantly ameliorate the disease outcomes (Ennen et al., 2009). In a more recent study using 

dairy sheep, a variety of DQA2 alleles and haplotypes were shown to be significantly associated 

with either lower or higher susceptibility to foot rot infection (Gelasakis et al., 2013). However, 

foot rot is known to be a more significant constraint to production in temperate livestock 

production systems in comparison to tropical production systems (Raadsma & Egerton, 2013). 

Another study has indicated a more complex “DQA2-like” allele association with 

gastrointestinal parasitic infections in sheep, affected by both the age of the sheep as well as 

the species of parasite(s) studied (Hickford et al., 2011). The conclusion of this study suggested 

doubt as to the potential effectiveness of markers based on a single MHC gene in their use for 

disease control. This conclusion is not unexpected given that resistance to gastrointestinal 

parasites is known to be a complex quantitative trait. Such complex traits in livestock are 

thought to be controlled by a combination of many genomic mutations, each having a small 

effect, together with the presence of a few mutations with larger effects. It has been reported 

that this is a major constraint to the widespread application of marker assisted breeding 

(Georges, 2007; McRae et al., 2014; Meuwissen et al., 2016). Nonetheless, a DQA2 allele 

marker based diagnostic test has been used commercially for evaluating and selection of 

tolerance for foot rot in sheep (Dukkipati et al., 2006). The differences in the DQA2 alleles 

between the Djallonke and Sahelian sheep, particularly the four breed-specific DQA2 alleles 

found in this study, will provide a valuable resource for studying the differential resistance to 
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gastrointestinal parasitic infection in these two sheep breeds. Twelve of the 13 DQA2 alleles 

identified in this study, including the “DQA2-like” allele (Table 4.12), were also reported in 

six New Zealand sheep breeds (Hickford et al., 2004). All these 12 DQA2 alleles were found 

in the Djallonke population, and 8 were found in the Sahelian population (Table 4.12). Another 

study involving 16 different New Zealand sheep breeds also reported five of the DQA2 alleles 

found in this study (Hickford et al., 2007). All five were present in the Djallonke, whereas only 

four were present in the Sahelian (Table 4.12). Six of the DQA2 alleles identified in this study 

have also been reported in the British Texel sheep (Table 4.12). All these six DQA2 alleles 

were present in the Djallonke, but only three (*0901, *1401 & *0601) were present in the 

Sahelian sheep, including the DQA2-like (*1401) allele. Again, this suggests that the Djallonke 

sheep share three DQA2 alleles exclusively with the British Texel sheep. However, more 

meaningful comparisons of these variations, both the shared and unshared MHC class II alleles, 

between breeds can be made when future disease association studies are undertaken in the 

Djallonke and Sahelian sheep populations. 

 

Table 4.12 Comparison of the known MHC Class IIa alleles in the Djallonke and 
Sahelian with reports from other sheep breeds  

Sheep Breed MHC class IIa alleles 

Reference  DRB1 DQA2 DQA1 

Djallonke *0901, 
*1303, 
*0302, 
*0401, 

*0501, 1402, 
BoLA DRB3 

*1401, 
*0601, 

*08011, 
*0901, 
*0501, 
*1001, 
*1201, 
*0103, 
*1701, 
*0701, 

*08012, 
EU176819.1 

LN736359, 
LN827890, 
LN827891, 
LN827892, 
LN823893, 
LN823895, 

M33304 

This study 

Sahelian *1303, 
*0302, 
*0401, 

*0501, 1402, 
BoLA DRB3 

*1401, 
*0601, 

*08011, 
*0901, 
*0501, 
*1201, 

*1701, *1501 

LN736359, 
LN827890, 
LN827891, 
LN827892, 
LN823894, 
LN823893, 
LN823895, 

M33304 

This study 
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Sheep Breed MHC class IIa alleles 

Reference  DRB1 DQA2 DQA1 

British Texel *0901, 
*0401, 
*0302, 

*08012 
*1001, 
*0103, 
*0601, 

*0901, *1401 

LN736359, 
LN827890, 

M33304 

(Ali et al., 2017) 

Suffolk *0501, 
*0901 

  (Ballingall & Tassi, 
2010) 

Scottish 
Blackface 

*0302, 
*0501, 
*0901 

  (Ballingall & Tassi, 
2010) 

Greyface *0302, 
*0501, 
*0901 

  (Ballingall & Tassi, 
2010) 

Six New Zealand 
sheep breeds 

 *1401, 
*0601, 

*08011, 
*0901, 
*0501, 
*1001, 
*1201, 
*0103, 
*1701, 
*0701, 

*08012, 
*1501 

 (Hickford et al., 
2004) 

16 New Zealand 
sheep breeds 

 *1201, 
*0301, 

*08011, 
*0901, *0601 

 (Hickford et al., 
2007) 

 

The fundamental mechanism for diversity at the MHC is thought to be a consequence of the 

accumulation of many point mutations over time (Andersson & Mikko, 1995), together with 

“non-reciprocal” type intra genic recombination (gene conversion) events occurring between 

alleles at different loci (Hedrick, 1998). Furthermore, mutations arising at the MHC are known 

to be maintained through balancing selection via the interplay of maternal-foetal interactions, 

pathogen-mediated selection and negative assortative mating (Aguilar et al., 2004; Charbonnel 

& Pemberton, 2005; Edwards & Hedrick, 1998). Historically, due to the agrarian nature of the 
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production system, livestock species within the SSA region are known to face many challenges, 

including high temperature, feed scarcity and diseases (Kosgey et al., 2006; Kosgey & Okeyo, 

2007). These demographic factors have exerted strong natural selection pressures which have 

shaped the genomic architecture of these livestock species, and this may be reflected in the 

MHC genes. For example, African animal trypanosomiasis has remained an endemic disease 

in SSA for a millennium despite all the remedial efforts directed at its eradication (as reviewed 

in chapter .1 2). However, the magnitude of MHC allele novelty identified in this study 

provides a quantifiable measure as to the extent of genetic diversity and uniqueness of these 

two breeds with respect to reported information on sheep breeds from other regions of the 

world. These results provide the first molecular evidence of the diversity of these MHC loci in 

the Djallonke and the Sahelian sheep breeds.  

Evidence of breed specificity of some of the alleles was observed for all the three MHC class 

IIa loci in this study. Equal numbers of breed specific DRB1 alleles (5) were identified in the 

Djallonke and Sahelian breeds. Although, the two breeds have 21 DRB1 alleles in common, 

the combined differences in terms of breed- specific alleles (total of 10 alleles) is quite 

significant. In comparison, a total of three breed specific alleles were identified in the Polypay 

and the Columbia sheep breeds (Herrmann et al., 2005). These observations become more 

interesting given that specific variations within DRB1 alleles have been linked with resistance 

to parasitic nematode infection (Davies et al., 2006; Hassan et al., 2011; Schwaiger et al., 1995). 

The Djallonke sheep is known to be more resistant to nematode infection in comparison to 

Sahelian sheep (Goossens 1997, 1999, Alvarez et al., 2017). These differences in allele 

diversity might hold the key for unravelling the differences in resistance to nematodes between 

these two sheep breeds. Because this is the first report of the new alleles in these sheep breeds, 

these novel variations can be referred to as variants of unknown significance (VUS). The VUS 

will serve as valuable information for future association studies, such as for elucidation of the 

basis for disease resistance or other important adaptive traits in the two populations.  

Interestingly, the Ovar-DRB1*1303 allele (GenBank Accession FR751085.1) identified in 

both the Djallonke and Sahelian in this study had previously been reported only in the Red 

Maasai sheep from Kenya (East African), suggesting a possible genetic relationship between 

all three of these indigenous African sheep breeds. A recent mitogenomic study indicated a 

common maternal co-ancestry for in the Djallonke and Sahelian sheep (Brahi et al., 2015). 

However, the presence of DRB1*1303 could have resulted from convergent evolution in 

response to a common adaptive selection pressure faced by these three sheep breeds within the 

SSA region rather than resulting from a common ancestry. This is because the Red Maasai, 
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unlike the Djallonke and Sahelian sheep (both are thin tailed sheep type), is a fat tailed-sheep 

type, and a previous report has indicated distinctly different genetic histories for sheep with 

different tail-types (Muigai & Hanotte, 2013). 

4.5  Conclusions 

Analyses of the class II DRBI, DQA2 and DQA1 loci in Djallonke and Sahelian sheep 

populations revealed commonality as well as breed specific alleles. The Djallonke population 

showed more diversity at all three MHC loci than the Sahelian population, suggestive of 

increased population fitness. This result is consistent with the observed phenotypes in the 

Djallonke and Sahelian breeds as revealed by previous parasitological and haematological 

studies. The large number of novel alleles identified at the DRB1 and DQA2 alleles in both 

breeds is suggestive of the unique demographic factors shaping the MHC architecture in these 

two breeds in comparison to sheep from other parts of the world. This MHC evidence illustrates 

that the Djallonke and Sahelian sheep breeds are important genetic resources that can contribute 

to maintaining global sheep diversity. 

 

 

 

 

 

 

 

 

 



 

145 
 

Chapter 5 Genetic diversity of MHC class II 
region in Djallonke and Sahelian 
sheep populations 

This chapter presents a comparative population genetic analysis of 100 Djallonke and 100 

Sahelian sheep from Ghana. Allelic frequencies, heterozygosity, linkage disequilibrium, genic 

differentiation, and departure from Hardy Weinberg equilibrium were determined in the two breeds. 

To understand the demographic factors shaping the MHC class II region in these two sheep 

populations, the Nei-Gojobori codon-based selection test was conducted for all three class II loci. This 

is the first study to provide information using a population genetic approach for the analysis of the 

MHC class II region in the Djallonke and Sahelian sheep. The results offer some valuable insights as 

to the type and extent to which demographic factors may have shaped these two sheep populations. 

5.1 Introduction 

The Djallonke has been shown to be more resistant to many livestock diseases, including 

haemonchosis and trypanosomosis, than the Sahelian sheep described in chapter 1. These 

trypanotolerance and helminth resistance attributes of the Djallonke sheep have enabled the 

predominantly small-scale farmers to successfully rear, and continue to derive their sustenance 

from, these animals without recourse to the use of trypanocides and anthelmintics. Although 

other studies have demonstrated the differences in disease resistance for the two sheep breeds 

as described in chapter, the genetic basis for the different phenotypes has not been reported so 

far.  

As described in chapter 1, resistance to both nematode infections and trypanosomiasis have 

been reported to be heritable in livestock (Hanotte et al., 2003; Trail et al., 1991). Furthermore, 

effective response to trypanosomiasis has been linked to both adaptive and innate components 

of the immune system of the host (Namangala, 2012). Therefore, the genetic region of the host 

that is most likely contributing to the acquired immunity is the MHC. In sheep, resistance to 

infections, including nematodes, has been associated with variation within genes in the MHC 

class II region (Hickford et al., 2011; Paterson, Wilson, & Pemberton, 1998; Sayers et al., 2005; 

Schwaiger et al., 1995). The genes in this region encode glycoproteins that present antigens to 

circulating CD4+ T cells, and the most polymorphic ones are reported to be DRB1, DQA1 and 
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DQA2 (Ballingall & Tassi, 2010). Therefore, contrasting molecular variation at these class II 

MHC genes is expected for the Djallonke and Sahelian breeds. 

As the first investigation of the genetic basis for the difference in resistance between these 

two sheep, this study focused on sequencing-based genotyping and analysis of the 

hypervariable MHC class II- DRB1, DQA1 and DQA2 loci in a population of 200 sheep from 

the Djallonke and Sahelian breeds from Ghana.The information on the genetic diversity at these 

loci for the two populations will facilitate disease association studies, and the efficient 

management, in terms of sustainable improvement programs for the two breeds. 

 

5.2 Methods 

Blood was collected from 100 Djallonke and 100 Sahelian sheep, and genomic DNA was 

extracted and genotyped at three loci (DRB1, DQA2 & DQA1) as described in chapter 4. 

Sequence data was analysed for all three loci as described in chapter 4. Population genetic 

analysis for the identified alleles in the two sheep populations was done using GENEPOP 

statistical software (Rousset, 2008). Multi-locus frequency statistics for allele and genotype 

frequencies were computed for the functional exon 2 CDS in the three MHC class II loci in the 

two sheep populations using the Expectation Maximisation (EM) algorithm in GENEPOP 

statistical software v4.2 (Rousset, 2008). The EM algorithm is used to compute the maximum 

likelihood frequency statistics for the two populations (Dempster, Laird, & Rubin, 1977; 

Kalinowski & Taper, 2006). The average coefficient of inbreeding at each locus for the two 

populations was estimated as in Weir and Cockerham (1984) as implemented in GENEPOP. 

The Hardy-Weinberg exact test for the genotypic equilibrium for each of the loci in the two 

populations was computed with Fisher’s probability in GENEPOP. The expected and observed 

numbers of heterozygotes at each locus for each sheep population was estimated using the 

Levene’s correction method, and Chi square analysis was used to test for significant differences 

(p < 0.05) between observed and expected heterozygosity at all three loci for the two 

populations. The Markov chain parameters used for all the tests for estimation of the exact 

probability values (P-values) for all the population genetic indices; include 1000 

dememorization, 100 batches and 1000 iterations per batch. Fisher’s exact probability test and 

the exact-G test were used to compute genic differentiation (Fst) for all the loci genotyped 

between the Djallonke and Sahelian populations as in Weir and Cockerham (1984). Genotypic 
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linkage disequilibrium was computed for all three loci in the two populations using the log 

likelihood ratio statistic (G-test) as implemented in GENEPOP. 

5.2.1 Test for Signatures of Selection 

The two populations were tested for selection signatures at each of the three MHC class II 

loci using the Codon-based Test of Selection in MEGA (Nei and Gojobori, 1986; Kumar et al., 

2016). This method is based on the ratio of non-synonymous (dN) to synonymous (dS) 

substitution rates at the CDS for each locus. Each locus was tested for three alternative 

hypotheses; dN ≠ dS, dN < dS and dN > dS with significance level of 5% (p < 0.05). The Nei-

Gojobori method (Nei and Gojobori 1986) was used to compute the variance of the differences 

between the dN and dS. 

5.3 Results 

As previously reported in chapter 4, 26 DRB1, 13 DQA2 and 13 DQA1 alleles were 

identified in the Djallonke and Sahelian populations (Tables 4.5, 4.6, & 4.7). Samples that did 

not amplify at a locus were considered as null alleles. The EM maximum likelihood estimated 

allele frequencies for the DRB1, DQA2 and DQA1 loci in the two sheep populations are 

presented in Tables 5.1, 5.2 & 5.3. The two sheep populations showed remarkable variability 

in frequency of alleles at all three loci genotyped (Figures 5.1, 5.2, & 5.3). The computed allele 

frequencies obtained for the DQA1 and DQA2 loci showed a higher proportion of null alleles 

for the Sahelian than for the Djallonke sheep. Conversely, the Djallonke had higher DRB1 null 

allele frequency than the Sahelian. 

At the DRB1 locus, the ovar-DRB1*0901 allele is the most frequently amplified allele 

(16.67%) in the Djallonke population. Four other alleles (*1303 variant-1, *0501, EU176819.1, 

& BoLA-DRB3-variant 1) recorded the lowest frequencies (0.51%) in the Djallonke population. 

These four DRB1 alleles are also present in the Sahelian population, but at higher frequencies. 

The DRB1*1303 allele had the highest frequency (19.59%) for the Sahelian population, and 

eight other alleles recorded the lowest frequency of 0.67% (Table 5.1). Five of these eight 

DRB1 alleles were also present in the Djallonke, but at marginally higher frequencies (Table 

5.1). Four out of the five DRB1 alleles were present at only 1.52%, whereas the remaining one 

(DRB1*0401) was present at 4.55% frequency. Interestingly, while the DRB1*0901 allele (the 

most frequent allele in the Djallonke population) was not detected in the Sahelian sheep 
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population, a high frequency (12.71%) of DRB1*1303 allele (the most frequent in the Sahelian 

population) was also found in the Djallonke sheep population (13.64%). The null allele 

frequency at the DRB1 locus in the Djallonke population was 18.18%, whereas the Sahelian 

population recorded 12% null allele frequency. 

For the DQA2 locus (Table 5.2), the EM maximum likelihood analysis showed that the 

OLA-DQA2 alleles *0901 and *0103 had the highest (12.63%) and lowest (0.51%) frequencies 

respectively, in the Djallonke sheep population. The least frequent allele (*0103) in the 

Djallonke population was absent in the Sahelian population. The *1401 allele is the most 

frequent (13.33%) in the Sahelian population, and two other DQA2 alleles (*1201 & *1701) 

had the lowest frequency of 0.67% each. Both of these DQA2 alleles show contrasting 

frequencies for the two populations, and at higher frequencies in the Djallonke population 

(Table 5.2). The frequency of OLA-DQA2*1201 and OLA-DQA2*1701 in the Djallonke 

population was 8.08 and 9.09% respectively.  However, a very high (73.33%) frequency 

estimate for DQA2 null alleles was obtained for the Sahelian population compared to the 

12.12% for the Djallonke population. 

In the Djallonke population, the DQA1 locus (Table 5.3) M33304.1 allele was the most 

frequently observed allele (23.23%), whereas the LN827890.1 was the most frequent within 

the Sahelian population (18%). With a frequency estimate of 0.51%, the LN827892.1 allele 

was the least frequent DQA1 allele in the Djallonke, whereas two other alleles (LN827894.1 & 

LN8278913.1 variant 1) were the least frequent alleles for the Sahelian population (Table 5.3). 

Two DQA1 alleles (M33304 variant 2 & LN827895.1 variant 1) in the Djallonke population 

were not detected in the Sahelian population, and similarly, two other alleles (LN827894.1 

&LN827893.1-2) that were present in the Sahelian population were not detected in the 

Djallonke population. The frequency of null alleles at the DQA1 locus was 24.24% and 42.67% 

for the Djallonke and Sahelian populations, respectively. 
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Table 5.1 Maximum likelihood estimates of allele frequencies of DRB1 in 100 
Djallonke and 100 Sahelian sheep from Ghana  

DRB1 Allele Allele Frequency (%) 

Official Name/ Assigned ID Allele code Djallonke Sahelian 

DRB1*0901 A 16.67 0 

*0901 variant 1 Z 1.52 0.67 

DRB1*1303 B 13.64 19.59 

*1303 variant 1 C 0.51 9.33 

*1303 variant 2 D 5.05 0 

DRB1*0302 E 1.52 0.67 

*0302 variant 1 
F 8.08 1.33 

*0302 variant 2 
G 3.54 2 

*0302 variant 3 
H 6.57 14 

*0302 variant 4 
I 2.02 0 

*0302 variant 5 
J 5.05 0 

*0302 variant 6 K 2.53 6.67 

*0302 variant 7 L 0 0.67 

*0302 variant 8 M 0 2 

DRB1*0401 N 4.55 0.67 

*0401 variant 1 O 1.52 0.67 

*0401 variant 2 P 1.52 0 

*0401 variant 3 Q 0 8 

DRB1*0501 R 0.51 9.33 

*0601 variant 1 S 2.02 1.33 
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DRB1 Allele Allele Frequency (%) 

DRB1*1402 T 1.52 0.67 

BOLA-DRB3 Variant 1 U 0.51 1.33 

EU176819.1 DRB1 V 0.51 5.33 

EU176819.1 variant 1 W 2.53 0.67 

EU176819.1 variant 2 X 0 0.67 

EU176819.1 variant 3 Y 0 2.67 

Null alleles N_U 18.18 12 
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Figure 5.1 Comparison of the Ovar-DRB1 Allele frequency in Djallonke and Sahelian 

sheep populations 
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Table 5.2 Maximum likelihood Estimates of Allele frequencies of DQA2 in 100 
Djallonke and 100 Sahelian sheep from Ghana 

OLA-DQA2 Alleles 

 Allele frequency (%) 

Accession number Allele code Djallonke Sahelian 

OLA-DQA2*1401 A 10.1 13.33 

OLA-DQA2*0601 B 9.09 1.33 

OLA-DQA2*08011 C 3.54 6 

OLA-DQA2*0901 D 12.63 1.33 

OLA-DQA2*0501 E 11.62 2 

OLA-DQA2*1001 F 5.56 0 

OLA-DQA2*1201 G 8.08 0.67 

OLA-DQA2*0103 H 0.51 0 

EU176819.1 DQA2 I 4.55 0 

OLA-DQA2*1701 J 9.09 0.67 

OLA-DQA2*0701 K 8.08 0 

OLA-DQA2*1501 L 0 1.33 

OLA-DQA2*08012 M 5.05 0 

Null alleles N_U 12.12 73.33 
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Figure 5.2 Comparison of the OLA-DQA2 Allele frequency in Djallonke and 

Sahelian sheep populations 
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Table 5.3 Maximum likelihood Estimates of Allele frequencies of DQA1 in 100 
Djallonke and 100 Sahelian sheep from Ghana  

DQA1 Alleles Allele frequencies (%) 

Accession Number/Assigned 
ID 

Allele code Djallonke Sahelian 

LN827890.1 A 10.6 18 

M33304.1  B 23.23 6.67 

M33304.1 variant 1 C 1.01 2.67 

M33304.1 variant 2 D 3.03 0 

LN827891.1 E 4.55 2 

LN827893.1 F 12.12 4.67 

LN827893.1 variant 1 G 6.06 1.33 

LN827893.1 variant 2 H 0 3.33 

LN827895.1 I 1.01 2.67 

LN827895.1 variant 1 J 10.10 0 

LN736359.1 K 3.54 6.67 

LN827892.1 L 0.51 8 

LN827894.1 M 0 1.33 

Null alleles N_U 24.24 42.67 
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Figure 5.3 Comparison of the DQA1 Allele frequency in Djallonke and Sahelian 

sheep populations 
 

5.3.1 Heterozygosity, Inbreeding, Hardy Weinberg Equilibrium and Linkage 
disequilibrium in the Djallonke and Sahelian populations 

The Levene’s correction estimates for the detected alleles showed that the observed 

number of heterozygotes was lower than the expected number of heterozygotes at all three loci 

for both the Djallonke and Sahelian sheep populations (Table 5.4). However, Chi square 

probability was only significant for the DQA2 locus (p < 0.05) in the two populations.  
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Table 5.4 The Levene's correction estimates for number of observed and expected 
heterozygotes in the Djallonke and Sahelian populations 

Locus 

Djallonke Population Sahelian Population 

P-value Expected Observed Expected Observed 

DRB1 89.35 69 66.71 64 0.379 

DQA2 90.26 66 33.11 10 0.023* 

DQA1 83.88 55 57.36 30 0.442 

* denotes significant Chi square test at p < 0.05 
 
 

Table 5.5 Weir & Cockerham estimates of population average coefficient of 
Inbreeding (Fis) at all loci for Djallonke and Sahelian sheep 

Locus Djallonke Population P-value Sahelian Population P-value 

DRB1 0.2287 <0.001** 0.0534 <0.001** 

DQA2 0.2698 <0.001** 0.7003 <0.001** 

DQA1 0.3454 <0.001** 0.4822 <0.001** 

** denoted significant Fisher’s statistics test at p < 0.001 
 

The Weir & Cockerham estimated inbreeding coefficients (Fis) were very high for all 

MHC loci genotyped, with the DQA2 loci in the Sahelian population showing the highest 

estimation (Table 5.5). Analysis of these estimates using the Fishers method showed highly 

significant Fis (p < 0.001) at all three loci for both the Djallonke and Sahelian populations. 

Further analysis using Fisher’s method detected highly significant deviations from Hardy-

Weinberg equilibrium at all three loci for both sheep populations (p < 0.001). Interestingly, 

pairwise analysis at each locus between the two sheep populations using the Fisher’s exact 

probability test showed a highly significant (p < 0.01) genic differentiation. Similarly, a highly 

significant genotypic differentiation was also obtained using the exact-G test method for the 

two sheep populations (p < 0.01). 

Pairwise genotypic LD estimates as per Markov parameters for the three loci showed 

highly significant levels of LD between the DRB1 and DQA2 loci across the two sheep 

populations (p < 0.01). Significant population LD was observed between the DRB1 and the 
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DQA2 loci (p < 0.05), but not between the DQA2 and DQA1 loci in the two sheep breeds (p > 

0.05). However, per population analysis showed that genotypic LD between the DRB1 and 

DQA2 loci in the Sahelian population had a higher level of significance (p < 0.001) than the 

corresponding LD (p < 0.01) in the Djallonke population.  

5.3.2 Selection Signature at the MHC class II in Djallonke and Sahelian sheep 
populations 

At the DRB1 locus, significant positive selection signatures (p < 0.05) were detected at 

four and five different DRB1 alleles in the Djallonke and Sahelian populations, respectively 

(Table 5.6). Three of the DRB1 alleles appear to be under positive selection (*0401, *0501, 

*0302) and these were common for the two populations. No significant signatures of purifying 

or neutral selection (p > 0.05) were detected at the DRB1 locus in either population. Similarly, 

five and four DQA1 alleles in the Djallonke and Sahelian populations, respectively, show 

significant signatures of positive selection (p < 0.05). However, only one of the DQA1 alleles 

under positive selection (LN827895.1) occurred in both populations. Conversely, at the DQA2 

locus, significant purifying selection was detected for both populations, with five DQA2 alleles 

within the Djallonke and only two DQA2 alleles within the Sahelian populations being under 

purifying selection. One of the DQA2 alleles (*08011) appears to be under purifying selection 

within both populations. No significant positive or neutral selection was detected at the DQA2 

locus in either population. 
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Table 5.6 Class II MHC alleles under selection in Djallonke and Sahelian 
populations 

Population 
Locus 

Nei-Gojobori codon based Z-test for 
selection (p < 0.05) 

Djallonke Sahelian 

DRB1 *0401 

*0501 

*0302 

BoLA-DRB3 variant 

*0401 

*0501 

*0302 

*0601 

*1303 

DQA2 *08011 

*08012 

*1201 

EU176819.1_ 

*08011 

*1701 

DQA1 LN827890.1 

LN827891.1 

LN827893.1 

LN827895.1 

M33304.1 

LN736359.1 

LN827892.1 

LN827894.1 

LN827895.1 

Alleles in bold text showed significant purifying selection 
Alleles in italics showed significant positive selection 

 

5.4 Discussion 

The EM maximum likelihood estimates for allele frequency for the two sheep populations 

revealed the remarkable level of contrasting frequencies at the three class II MHC loci. This 

observation agrees with the general hypothesis of this study, given the documented differences 

in the phenotypic characteristics of the two sheep breeds (Geerts et al., 2009; Goossens et al., 

1999; Mwai et al., 2015; Okaiyeto et al., 2010; Traoré et al., 2017). The total number of 

detected class II MHC alleles of 26, 13, and 13 at the DRB1, DQA2, and DQA1 loci, 

respectively, in this study are higher than what was detected in recent study of 235 of Texel 

sheep (18 DRB1, 8 DQA2,7 DQA1), using the same primers (Ali et al., 2017). However, while 
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the Texel population studied was known to contain some related individuals, there is no such 

information for the Djallonke or Sahelian populations in this study.  

At The DRB1 locus, which is the principally transcribed sheep MHC locus, the numbers 

of detected alleles per breed (21 DRB1 alleles each) are comparable to that obtained (18 DRB1 

alleles) in a population of 64 Scottish blackface sheep (Ballingall & Tassi, 2010). There was a 

higher frequency of DQA1 null alleles detected for the Sahelian population compared with the 

Djallonke population at all three loci. In an earlier comparative epigenetic study of nematode 

resistant and susceptible sheep breeds in New Zealand, higher levels of DQA1 null alleles were 

found in the nematode susceptible sheep (Keane et al., 2007). Although, the study did not 

conclude that the null alleles were the direct cause of the susceptibility, it intimated that the 

null alleles were most probably in linkage with the causal MHC alleles for the nematode 

susceptibility. 

The consistently lower than expected levels of observed heterozygotes across all three loci 

in both the Djallonke and Sahelian sheep populations could be attributable to a range of factors. 

Notably, the high frequencies of null alleles at all loci across the two populations (Figure 5.1 

to 5.3), significant levels of inbreeding (p < 0.01), and/or pathogen mediated selection in the 

two sheep breeds. Pinpointing the exact dynamics of the contribution of each of these factors 

to the observed levels of heterozygote deficiency in these two populations is not possible 

without full information on the specific demographic histories. Particularly as pedigree records 

are not available for these sampled populations, and this appears to be a common problem for 

many indigenous African livestock breeds (Asamoah-Boaheng & Sam, 2016).  

It is important to note that the genepop software allows a maximum likelihood estimation 

of null allele frequency (Brookfield 1996; Kalinowski &Taper 2006). This is because 

consistent non- amplification of a sample or “apparent null” could either be due to a true null 

genotype or due to a range of PCR technical failures caused by factors such as the presence of 

SNPs at one or both priming sites. In addition to these polymorphisms, the MHC diversity if 

further enhanced by gene duplications, conversions and copy number variation (Ballingall et 

al., 2011; Ujvari & Belov, 2011; Yang et al., 2005). In the specific case for the ungulate MHC 

class II genes, codon deletions have often been reported (Cai et al., 2015; Mikko, Lewin, & 

Andersson, 1997). For example, deleted codons of the BoLA-DRB3 (Mikko et al., 1997) and 

the Mobe-DRB (Cai et al., 2015) genes were reported in cattle and Musk deer respectively. The 

extraordinary complexity of the genomic organisation often complicates the MHC genotyping 
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process with one set of marker. In any case, an estimate of the “apparent null” homozygous 

frequency in this study is informative and of statistical relevance, even if not all are actually 

true null genotypes (Kalinowski &Taper 2006). Given that the MHC primers used in this study 

were designed in different sheep breeds with different demographic histories (Ali et al., 2017; 

Ballingall & Tassi, 2010; Hickford et al., 2004), ascertainment bias is likely to have contributed 

to the frequency of null homozygotes observed (Table 5.1, 5.2 & 5.3). Particularly, when there 

is no prior information on the MHC architecture of these two indigenous African sheep. 

Therefore, in order avoid skewing of the results, the computations for the other population 

genetic parameters (inbreeding coefficients, departure from Hardy Weinberg, linkage 

disequilibrium and population heterozygosity) in this study were performed by excluding null 

homozygotes from the dataset. However, the presence of null alleles in the heterozygote state 

could still inflate some of the computed population genetic parameters to some extent. A panel 

of specifically designed MHC primers Djallonke and Sahelian sheep might help to clarify these 

issues. 

A significant contribution of inbreeding to the low heterozygosities is plausible for these 

populations, given the documented history of indiscriminate breeding of indigenous African 

livestock (Alvarez, Traore, et al., 2012; Berthier et al., 2016; Geerts et al., 2009; Kosgey & 

Okeyo, 2007). Consequences of such panmictic populations include; the reduction of effective 

population size, high inbreeding coefficients and genetic drift (Barker et al. 2001). In an earlier 

study in cattle breeds, Wahlund effects have been associated with the occurrence of 

heterozygote deficiencies (Loftus et al., 1999). Although no evidence of sub population 

structure was identified for these two sheep populations at the point of sampling, a contribution 

of Wahlund effect to this observation cannot be completely ruled out because of poor record 

keeping on farm.  

It could be hypothesised that the lower observed heterozygosity for the Djallonke 

population at the DRB1 loci and higher for both the DQA2 and DQA1 in comparison with the 

Sahelian sheep could also be ascribed to a direct response to pathogen-mediated selection. As 

the two sheep breeds are known for their difference in resistance to disease, some differences 

are expected in their respective immuno-genetics dynamics, which may be evident by the 

presence of breed specific variants within the MHC genes. This is corroborated by the presence 

of significant levels of signatures of positive selection, particularly in the breed specific MHC 

class II alleles, but also in common alleles found in these two populations (Table 5.6).  
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For classical MHC genes, such high variations at the coding regions are thought to 

facilitate recognition of a wider range of pathogens (Meyer-Lucht & Sommer, 2005).  

Furthermore, it has been reported that the presence of positive selection signatures at immune 

genes are generally a result of host parasite co-evolution (Hurst, 2009). The predominant 

disease causing pathogens in the host’s environment (Haemonchus contortus and several 

species of Trypanosomes) are possibly crucial in shaping the genomic variation observed at 

the MHC through direct pathogen driven selection mechanisms (Hedrick, 1998, 2001). Two 

mechanisms reported for pathogen driven selection at the MHC are the rare allele advantage 

(Takahata & Nei, 1990) and the heterozygous advantage (Doherty & Zinkernagel, 1975). In 

this study, high levels of new alleles (38% at DQA1 & 73% at DRB1) were found within the 

two populations and many of these alleles have not been identified in any other sheep 

population studies. In the largely extensive systems of animal production found within 

developing countries, including Ghana (Asamoah-Boaheng & Sam, 2016), accumulated 

favourable rare alleles or mutations within farm animals are more likely to have been 

favourably selected due to the intense environmental challenges the animals face. Furthermore, 

it is probable that most of these rare variants would be expected to be associated with beneficial 

rather than detrimental host phenotypes (Andersson, 2001). This is because, in these types of 

low input animal production systems, individuals with accumulated deleterious variants are 

likely to be eliminated naturally over time due to the environmental selective forces they face. 

Therefore, this probably supports a rare allele advantage MHC mechanism for the differences 

observed in the DRB1 and DQA1 loci at the class II MHC of Djallonke and Sahelian sheep 

populations. Conversely, for the DQA2 locus, a combination of the absence of novel alleles 

and the significant level of purifying selection detected is suggestive of a heterozygote allele 

advantage driven selection mechanism. 

Significant population genotypic differentiation (p < 0.01) at all three loci in both sheep 

breeds, coupled with the significant deviation from Hardy Weinberg equilibrium (p < 0.01), 

suggests a contrasting adaptivity at the coding MHC class IIa within these two sheep 

populations. This is evident by the presence of 19 breed-specific alleles at three MHC class II 

loci (10 at DRB1, 5 at DQA2 & 4 at DQA1) between the two populations, with some at 

significantly high frequencies (Table 5.1). The genomic architecture of the MHC class II 

dictates how a host recognises and responds to disease challenge, and consequently, determines 

the host’s resistance or susceptibility (Ali et al., 2016). These observed differences at the MHC 

class II loci, for these two populations, were hypothesised given the evidence that the two 
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breeds differ in disease resistance (Geerts et al., 2009; Osaer et al., 1994). Evidence of 

generalised resistance to trypanosomiasis and haemonchosis in Djallonke sheep, and the 

opposite in Sahelian sheep (more susceptibility), has been reported in many studies (Goossens 

et al., 1997; Goossens et al., 1999; Okaiyeto et al., 2010; Traoré et al., 2017).  

While the high LD observed between the three loci in both sheep populations will facilitate 

future disease association investigations, it also poses a challenge in distinguishing which 

mutations are actual disease-causing candidates from those which are linked non-causal 

variants or hitch-hikers. Mapping of complex traits in domestic animals is reported to be 

particularly problematic when some of the linked mutations have neutral or even opposite 

effects (Goddard & Hayes, 2009). In domestic animals LD is generally known to extend over 

wider genomic distance (Goddard & Hayes, 2009), but in comparison, the LD in sheep is 

reported to be less extensive over short genomic distance (Kijas et al., 2014). The observed 

higher LD between DRB1 and DQA2 in the Sahelian population compared with the Djallonke 

population is consistent with the expectation that the greater the genetic diversity of a 

population, the lower the LD within that population (Kijas et al., 2014). This deduction agrees 

with the higher estimates of genetic diversity of obtained at for the Djallonke population over 

the Sahelian populations at these MHC class II loci via Poisson’s correction algorithm, as 

described in chapter 4.  

While the identified differences in allelic diversity in the two breeds are important for the 

obvious reasons discussed above, the observed similarities are also of key importance for 

complete understanding of the complexity of the genetic basis of the differences in resistance 

to diseases in the two sheep breeds. A total of 33 MHC class II alleles (16 at DRB1, 8 at DQA2 

& 9 at DQA1) are common between the two sheep populations, with some at similar 

frequencies (Tables 5.1 to 5.3). These observations could also be ascribed to several potential 

factors, ranging from admixture to ongoing co-evolution of the MHC class II regions of the 

two breeds because of shared recent demographic history. Again, it is difficult to pinpoint the 

contribution of all the genetic factors to this observation without accurate pedigree records of 

the two populations. However, elucidation of the basis of these substantial variant similarities 

will provide complementary information that would enhance our understanding of the genetic 

basis of the differences in disease resistance in the two breeds. 

In recent years, a shifting focus from the theory that genetic variation (rare allele mode or 

common allele mode) is considered causal for a given phenotype, to the overall molecular 
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mechanism of interplay of many genes that leads to the expressed phenotypes has been 

suggested (Gibson, 2012). This broader approach encapsulates not only the genetics, but also 

possible epigenetic mechanisms as an important aspect of a comprehensive elucidation of the 

occurrence a phenotype, particularly, for complex diseases such as trypanosomiasis and 

haemonchosis.  

The understanding of the overall underlying molecular mechanisms for these breed 

phenotypes will offer new opportunities for breed improvement strategies such as the 

application of novel marker assisted selective breeding for the desirable traits in both the 

Djallonke and the Sahelian sheep. This knowledge will contribute to the sustainable 

management of these two important genetic resources. Furthermore, identification of genes 

responsible for conferring resistance (or susceptibility) has applications in other non African 

breeds. 

5.5 Conclusions 

The genetic analysis of the class IIa region of the MHC in Djallonke and Sahelian sheep 

showed high levels of allelic similarities between the two breeds, but also notable differences. 

Evidence of a rare allele advantage selection mechanism was identified as the basis of the 

observed phenotypic differences between the two breed populations at the DRB1 and DQA2 

loci, and of heterozygote advantage mechanism at the DQA1 locus. This is the first report on 

the genomic analysis of the MHC in these sheep breeds, and the observed differences support 

the hypothesis of the existence of molecular evidence for the differences in disease resistance 

in these two sheep breeds.  These differences will provide important resources and new 

opportunity for disease association studies between the two sheep breeds.   
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Chapter 6 General Discussion 

The main aim of this study: to characterise the Djallonke sheep breed of Ghana using 

molecular makers, was accomplished, and additionally the Sahelian sheep was similarly 

characterised. The genetic information obtained from these two indigenous Ghanaian and 

African sheep breeds with contrasting phenotypic traits facilitated a wide range of comparative 

analyses to be performed.  

At the whole genome level, described in chapter 2, the two sheep breeds showed 

substantial similarities in both the numbers and types of variants observed (approximately, 96% 

of SNPs & indels were in common). However, more importantly, significant differences were 

also present, particularly with respect to potential breed specific SNP alleles occurring between 

the Djallonke and Sahelian sheep breeds. These findings are consistent with the general 

hypothesis of this study; “NGS sequencing of a small representative number of unrelated 

individuals from a target population can permit the identification of informative breed specific 

SNPs” is well supported by these findings. The high numbers of similarities observed are also 

consistent with past reports describing the practice of indiscriminate breeding and genetic 

introgression between the two sheep breeds (Geerts et al., 2009; Goossens et al., 1999), and of 

post domestication admixture in these two sheep (Brahi et al., 2015). These potential breed 

specific variants will provide important targets for the development of breed specific markers 

that in the future can be applied to assist in the sustainable management of these two sheep 

breeds. The main advantage of any breed specific SNPs for designing a breed identification 

panel for the Djallonke and sahelian breeds is that are unlikely to suffer from ascertainment 

bias as might be the case with the use of commercially available SNP panels such as the 

Illumina Ovine 50KSNP BeadChip (Albrechtsen et al., 2010). 

The whole genome analysis of the Djallonke and Sahelian genomes against previously 

published variants at the Ensembl dbSNP (release 85) also revealed many new variants 

(approximately, two million in each breed). This finding supports the concept that the 

Djallonke and Sahelian sheep breeds are a valuable and unique genetic resource and these 

breeds have many genetic differences that can contribute to global sheep diversity.  
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6.1 Molecular adaptive signatures of Selection in Djallonke and 
Sahelian Sheep 

Given that the contrasting adaptive phenotypic traits of the Djallonke and Sahelian sheep 

arose as a consequence of a millennia of natural selection (Brahi et al., 2015; Murray & Black, 

1985; Mwai et al., 2015), a key hypothesis of this study was that there should be differential 

molecular selection signatures within the respective genomes that possibly correspond to these 

observed differences in the adaptive characteristics of the two sheep  breeds (chapter 2.1) . To 

this end, selection signature analysis using a multiplexed-genome sequencing strategy was 

proposed as a method of identifying selection sweeps (chapter 2).  The hallmark of selection 

signature analysis is that it can be implemented for elucidating evidence of past selection, even 

without prior information on the pedigree of the target population (Qanbari & Simianer, 2014). 

Any molecular evidence identified can then be mapped back to the phenotypic traits in the 

target population. Therefore, the strategy of selection signature analysis of genomes from a 

small representative group of unrelated trypanotolerant Djallonke and trypanosusceptible 

Sahelian sheep for the identification of trypanotolerance associated loci was performed (see 

chapter 2.1). The analyses of the whole genome variants in the Djallonke and Sahelian sheep 

did reveal genomic regions of extended high homozygosity (or reduced heterozygosity), also 

referred to as selective sweeps, that were co-localised with adaptive genes, including 

previously identified QTL regions shown to be associated with trypanotolerance and resistance 

to Haemonchosis (see chapter 3). Therefore, these findings supported the hypothesis for this 

study. Although, the molecular determinants of adaptation to various ecological niches and of 

resistance to gastrointestinal parasites have been reported in other sheep breeds (Kijas et al., 

2012; Roffler et al., 2016), this study provides the first report of the molecular support to 

putative regions harbouring possible QTL for trypanotolerance in any sheep breed. This finding 

is significant and provides the impetus needed for more focus and support for research 

programs aimed at sustainable management of these two sheep breeds.   
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6.2 Molecular characterisation of Ovar-MHC class II region reveals 
novel alleles in the Djallonke and Sahelian sheep breeds of 
Ghana 

The contrasting resistance against parasite infections between the Djallonke and Sahelian 

sheep breeds has been demonstrated via many parasitological and haematological studies 

(Goossens et al., 1998; Goossens et al., 1999; Traoré et al., 2017). However, molecular genetic 

analyses for the determinism of these differential responses has not previously been reported. 

Resistance to parasite infection in sheep has been predominantly associated with variations 

within genes in the MHC class II region (Gelasakis et al., 2013; Hickford et al., 2011; Keane 

et al., 2007). These class II genes encode glycoproteins that present antigens to circulating 

CD4+ T cells, and the most polymorphic ones are reported to be the DRB1, DQA1 and DQA2 

(Ballingall et al., 2008; Dukkipati et al., 2006; Herrmann-Hoesing et al., 2008). 

Therefore, this study conducted a comparative analysis of the MHC class II region in a 

population of 100 Djallonke and 100 Sahelian sheep from two sheep breeding stations in 

Ghana. The allelic variations within the three most polymorphic MHC class II genes (DRB1, 

DQA1 & DQA2) were analysed in the two breeds using sequencing-based genotyping. The 

classification of sequences, according to the Immuno-polymorphism-MHC nomenclature 

(Maccari et al., 2017), revealed a high number of novel alleles at the DRB1 (73%) and the 

DQA1 (38%) loci, but none at DQA2 locus in the two populations. Of the three loci, the DRB1 

locus showed the highest amount of variation, an observation that supports earlier reports that 

the DRB1 locus is the most diverse (Ballingall et al., 2011; Charon, 2004). The Djallonke breed 

showed higher diversity at all the three loci. Higher diversity at the MHC region in a target 

population connotes higher resistance to infection and population fitness (Aguilar et al., 2004). 

The higher diversity observed at the class II region of the Djallonke sheep as compared with 

the Sahelian sheep is consistent with the higher resistance to infection reported for the 

Djallonke breed. A total of 18 breed specific alleles were identified between the two sheep 

populations. These breed specific alleles present prime targets for studies to elucidate the causal 

variants for resistance and susceptibility to the parasitic infections in these two sheep breeds.  

Interestingly, the ovar-DRB1*1303 allele (GenBank id FR751085.1) that was present in both 

the Djallonke and Sahelian sheep populations, was previously identified in the red Maasai 

sheep breed from Kenya (unpublished). This is suggestive of an ancestral relationship between 

these three indigenous African sheep breeds. However, an earlier report had indicated different 
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ancestry for the Red Maasai sheep breed (Muigai & Hanotte, 2013). Therefore, the presence of 

ovar-DRB1*1303 allele in these three sheep breeds is probably due to similar adaptive 

responses to common demographic selection factors within the SSA region in these three 

breeds. 

 A potential application of breed-specific MHC alleles is for molecular identification of pure 

breeds of each of these two sheep populations. A panel of SNP markers based on the highly 

informative polymorphisms within the breed specific alleles could be used for distinguishing 

pure individuals of Djallonke and Sahelian sheep from mixed populations. This is particularly 

important in the context of the mainly extensive systems of sheep production in SSA. Typical 

features of these extensive systems are that sheep of different breeds flock together on 

communal grazing field, and breeding is largely uncontrolled (Asamoah-Boaheng & Sam, 

2016). These types of management systems have contributed to the high levels of admixture 

between the Djallonke and Sahelian, making it a significant threat to each of these two genetic 

resources (Alvarez et al., 2009). Indeed, evidence of introgression-mediated genetic dilution of 

the unique adaptive traits in other indigenous African ruminants has recently been reported 

(Mwai et al., 2015), indicating an even more widespread problem. However, the use of breed-

specific markers generated from non-neutral loci such as the MHC class IIa alleles are prone 

to loss of efficiency over time, due to the dynamics of selection, or hitchhiking at such loci. 

This shortcoming will potentially undermine the long-term use of such markers for 

conservation programmes. Nonetheless, such markers will be an ideal predictor of the 

evolutionary potential of a target population (fitness or loss of it, over time). The measure of 

the evolutionary potential of a target population provides probably the best indicator of the 

resilience potential or the extinction risk for that population.  

Identification of livestock breeds at the molecular level will provide an objective and reliable 

option for these two sheep breeds. The existing phenotypic methods of identification, as 

described by Birteeb et al. (2012), are inadequate markers of genetic diversity, but could 

complement the molecular methods. This is because breed identification at the phenotypic level 

does not always correspond to the identification at the molecular level (Felius et al., 2014). 

Reliable identification of livestock breeds will facilitate sustainable livestock utilisation and 

conservation programmes in SSA. 

This work is the first analysis of MHC architecture and allelic diversity in either of these 

breeds of sheep. This information also offers a new opportunity for the application of molecular 
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tools for sustainable management aimed at maintaining MHC diversity in these two indigenous 

African sheep breeds.  

6.3 Genetic diversity of MHC class II region in Djallonke and 
Sahelian populations  

A comparative assessment of the levels of diversity in the two sheep populations was 

conducted primarily to understand the richness of the gene pool and the demographic factors 

that are shaping the genomic architecture of the MHC class II region in the two sheep 

populations. To this end, population genetic parameters including; the frequency of alleles and 

genotypes, departure from Hardy Weinberg equilibrium, coefficient of inbreeding, 

heterozygosity as well as signatures of selection were analysed for the Djallonke and Sahelian 

sheep populations.  Substantial differences in allelic frequency were identified at all the loci 

analysed in the two population. Strikingly, the DRB1* 0901 allele, which had the highest 

frequency (16.67%) in the Djallonke populations, was completely absent in the Sahelian 

population. Conversely, the most frequent allele (ovar-DRB1*1303) in the Sahelian population 

(19.59%), was present at moderately high frequency (13.64%) in the Djallonke. The high 

frequency of this common allele in both Djallonke and Sahelian breed, which is also shared 

with the red Maasai suggests an important adaptive role to the indigenous sheep breeds in SSA 

region. A higher frequency of null alleles was found at DRB1 for the Djallonke sheep than the 

Sahelian sheep, but they had a lower null allele frequency for the other two (DQA2 & DQA1) 

loci. Interestingly, a high frequency of null alleles at the DQA1 locus has been associated with 

susceptibility to nematode infection in sheep (Keane et al., 2007).  The observed higher 

frequency of DQA1 null allele in the Sahelian sheep in this study supports this earlier report. 

The test of heterozygosity revealed reduced heterozygosity at all the three MHC class II loci, 

but was only statistically significant (p<0.05) at the DQA2 locus in the two populations. 

Furthermore, the fact that significant deviation from Hardy Weinberg equilibrium coupled with 

significant inbreeding were detected in all three loci for both sheep populations is suggestive 

of management challenges at the breeding stations.  

To understand the types and extent to which demographic factors have influenced the 

genomic architecture of the MHC class II regions in both sheep populations, the codon-based 

selection test was conducted for all the three loci in each of the two populations. Significant 

signatures of positive selection were detected at the DRB1 and DQA1 loci, and significant 

purifying selection was detected at the DQA2 locus for the two populations. A total of 13 alleles 
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were under significant selection in the Djallonke population as compared to 11 in the Sahelian 

sheep population. Interestingly, four of these alleles were under same direction of selection in 

the two sheep populations, suggestive of a similar response to a common demographic 

selection pressure. 

Evidence of a rare allele advantage mode of balancing selection mechanism was identified 

at the DRB1 and DQA1 loci, and of heterozygote advantage mode of balancing selection 

mechanism for the DQA1 locus. This observation represents the first genomic analysis of the 

MHC in these sheep breeds, and support the hypothesis of the existence of molecular evidence 

for the contrasting phenotypes in these two sheep breeds. Collectively, these results will 

provide valuable resources and offer new opportunity for disease mechanism studies for the 

two sheep breeds. 

Overall, this research has identified, for the first time, whole genome variant characteristics 

of Djallonke and Sahelian sheep from Ghana, and provided a comprehensive comparative 

analysis of these variant types between the two breeds. This information has increase our 

understanding of the unique diversity of these two sheep breeds in relation to global sheep 

diversity. Furthermore, the findings also provide, for the first time, an observation of the 

genetic basis for phenotypes, in particular resistance to parasitic infection, that are of huge 

economic importance to the SSA region. This is important not only for the research community 

and livestock farmers, but also for policy makers in all the host countries for these two sheep 

breeds. 

6.4 Future directions 

Immediate future study should focus on constructing a panel of breed-specific markers for the 

Djallonke and Sahelian breeds, to enable the analysis of different populations of Djallonke and 

Sahelian sheep from Ghana. Such a panel could be derived from highly informative breed-

specific SNPs or indels identified from the considerable number of breed-specific variants 

found between these two sheep breeds (Accession number PRJEB15642 at EMBL European 

variant archive & GenBank accession for identified MHC class II alleles see appendix E table 

1 for complete list). As a precaution, it is important to select informative variants that are in 

neutral genomic regions or that are not under any form of adaptive selection. This will guard 

against the loss of efficiency of the marker panel over a few generations of selection. Variants 

that are fixed in a given breed have been recommended for the construction of a more robust 
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breed-specific panel (as described in chapter 2). When developed, a breed specific panel could 

provide reliable breed identification tool for the accurate assessment of the conservation status 

of these sheep breeds.  

In the past panels of breed-specific SNPs derived from lower density markers such as the ovine 

SNP50BeadChip (Dodd et al 2014) and bovine 50K SNP BeadChip (Suekana et al 2010; 

Bertolini et al 2015; Wilkinson et al 2011) have been used for assignment of individuals to 

respective breeds with some limited success due to ascertainment bias. However, the 

methodology used in the current study was designed to minimise this drawback for the 

Djallonke and Sahelian breed-specific markers. Given the general lack of biotechnology 

infrastructure within SSA, a panel of breed-specific markers that can be used to resolve breed 

differences using PCR band size (e.g. indels) rather than at the level of sequence (e.g. SNPs) 

will be more practical. Sustainable management of these sheep breeds is dependent on the 

ability to reliably and simply differentiate between pure Djallonke and Sahelian animals, as 

well as composite animals. 

Given that the Djallonke and Sahelian sheep are present in at least 14 countries (transboundary 

sheep breeds per the FAO classification), coupled with the predominantly extensive production 

systems of management of sheep within the SSA region, future molecular characterisation 

should be conducted on populations from different countries. Comparisons of multiple 

genomes from different populations will provide a bigger picture of the overall diversity of 

these sheep breeds across the region, will increase understanding of the population structure of 

the breeds, and will inform a regional approach to the management of these important genetic 

resources. Host countries could then pool resources to set up a regional centre for Djallonke 

and Sahelian sheep improvement. Such a centre could form collaborations with already existing 

global livestock management organisations like the ILRI, EFABIS and the DAGRIS to help 

deliver its mandate. 

Equally important for future studies is to investigate further the genomic evidence for resistance 

to gastrointestinal parasites and trypanosomiasis in larger numbers of both Djallonke and 

Sahelian sheep. Although, the samples used in the current studies were from infected areas for 

these diseases, phenotypic data relating to infection and response to infection was not available. 

The evidence obtained about possible QTL for tolerance/ resistance in this current work, which 

corresponds with similar regions in other livestock, strongly suggest that they are real, and 

therefore future studies should include comparison of infected and uninfected animals to 
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strengthen the data. In addition, future work should integrate targeted sequencing and 

epigenetics of the candidate regions to facilitate the identification of more refined QTL 

(pinpointing of causal variants) for these traits. Identification of more refined QTL for these 

traits will facilitate the use of genomic applications such as marker assisted breeding for rapid 

genetic gain.  Given the absolute reliance of the predominantly smallholder farmers within the 

SSA region on the disease resistance traits of the Djallonke breed, carrying out these objectives 

has the potential not only for sustainable management of these two sheep breeds, but also for 

sustainable livelihoods for the farmers. It is therefore, clear that the scientific and socio-

economic benefits expected to be derived will be worth whatever the investments needed for 

this undertaking. 
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APPENDICES 

Appendix A Images of sampling regions and 
animals 

 

Appendix Figure 1 Sampling location for the Djallonke (Ejura) and Sahelian(Pong 
Tamale) sheep cohorts 

(adapted from http://www.lib.utexas.edu/maps/ghana.html University of Texas, 
Austin) 
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Appendix Figure 2 Adult female (left) and male (right) Djallonke Sheep breed 
(http://www.fao.org/wairdocs/ilri/x5468e/x5468e04.htm accessed on 
21.10.2014) 

 

Appendix Figure 3 Adult Male (left) and female (right) Sahelian sheep breed 
(http://www.ansi.okstate.edu/breeds/sheep/saheltype) 

 



 

204 

Appendix B Protocols for preparing media, 
buffers and solutions 

Appendix Table B.1 Recipes and protocols for reagents used for ligation and 
transformation 

Reagent name Preparation Protocol 

IPTG 0.1 M 

Sigma-Aldrich 

IPTG was prepared as a 50 mg/ml stock solution by dissolving 2.38 g of 

IPTG powder (catalogue number 367-93-1) in 10 ml of ultra-pure water, and 

stored at -20°C. 

X-GAL 

Fisher-Biotec 

X-GAL was prepared as a 20 mg/ml stock solution by dissolving 0.4 g of X-

GAL (catalogue number 1758-0300-1) in 20 ml DMSO (catalogue number 

9326410026999, CHEM-SUPPLY, Australia), and stored at -20°C, 

protected from light. 

Ampicillin sodium 

salt 

Amresco 

Ampicillin was prepared as a 50 mg/ml stock solution by dissolving 2 g of 

Ampicillin (catalogue number 3590C218, Ohio, USA) in 5 ml of absolute 

ethanol (catalogue number 1407175240, Thermo Fisher Scientific) and 5 ml 

of ultra-pure water, and stored at -20°C. 

SOC medium 

Sigma-Aldrich 

SOC medium was commercially prepared and purchased from Sigma-

Aldrich, Australia (catalogue number S1797-10X5ML) and stored at 4°C. 

50X TAE buffer For 1 L of 50X TAE buffer, 242 g of Tris Base ultrapure grade (catalogue 

number 77-86-1, Astral, Australia), 57.1 mL acetic acid (catalogue number: 

64-19-7, Sigma-Aldrich), and 100 ml of 0.5 M EDTA at pH 8 (catalogue 

number: 60-00-4, Sigma-Aldrich) were added to per 1 L of double deionized 

water (ddH2O), and stored at room temperature. To prepare working 

solutions of TAE, the 50X stock was diluted to 1X using ddH2O. 

LB agar medium Per 2 L of LB agar medium, 20 g of Bacto-Tryptone (catalogue number 

211705, Becton, Dickson and Co. USA), 10 g of Bacto-yeast extract 

(catalogue number 212750, Becton, Dickson and Co.) and 20 g of NaCl 

(catalogue number 7647-14-5, Ajax Finechem, Australia) were dissolved in 

1700 ml ddH2O and the pH adjusted to 7.5, followed by addition of 30g of 
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Bacto Agar (catalogue number 214010 Becton, Dickson and Co.) and the 

final volume made up to 2 litres with ddH2O. The solution was sterilized by, 

then allowed to cool to 55-60°C before pouring into sterile petri dishes in a 

Class II biosafety cabinet. 

LB broth medium Commercially prepared LB broth (Catalogue number 10855-001, GIBCO, 

Life technologies) and in-house prepared LB broth were used. The in-house 

preparation was like that of LB agar described above, except that no Bacto 

Agar medium was added and LB broth was cooled to room temperature and 

stored at 4°C. 

 

Appendix Table B.2 Optimised PCR master mix for DRB1, DQA1 and DQA2 for 
HS MyTaq polymerase 50 μl PCR reaction 

MyTaq components Volume used 

5x MyTaq Reaction Buffer 10 μl 

Template 1-5 μl (depending on template concentration) 

Primers (Forward and Reverse) 20μM each 1 μl 

MyTaq DNA Polymerase 0.5 μl 

Molecular grade water from 33.5 μl -37.5 μl (depending on template 
volume used) 

 

Appendix Table B.3 Optimised DRB1 PCR cycling conditions for MyTaq HS 

Step Temperature (oC) Time Number of Cycles 

Initial denaturation 95 1 minute 1 

Denaturation 95 15 seconds  

Annealing 58 15 seconds 36 

Extension 72 10 seconds  

Final extension 72 7 minutes 1 

Hold 4 Hold indefinite Nil 
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B.1 NanoDrop DNA analysis 

The NanoDrop analyser was decontaminated by wiping the upper and lower pedestal with 0.5% 

sodium hypochlorite solution (Catalogue number SH-5L; Hurst Scientific PTY Ltd, Australia) before 

each use to ensure that there were no active biological agents on the pedestals. To measure the 

concentration of DNA, the software was set at DNA50. Measurement was initialized using 1 μL of 

ultra-pure water, then another 1 μL of ultra-pure water was used to record a “blank” measurement. DNA 

samples (1 μL) were then measured. After each measurement, sample pedestals were wiped with sterile 

blotting paper to prevent residual sample carryover. To ensure accuracy of measured DNA 

concentrations, measurements were performed in duplicate. 

B.2 ExoSAP PCR clean up protocol  

For the ExoSAP protocol, each PCR amplicon required 10 μl of master mix containing 0.025 μl of 

Exonuclease I, 0.250 μl of Shrimp Alkaline Phosphatase (rSAP) and 9.725 μl of Ultrapure water was 

prepared. For each approximately 46 μl of PCR amplicon (representing original 50 μl minus 4μl used 

for gel electrophoresis, 10 μl of 1x ExoSAP mix was added.  Samples were incubated at 37˚C for 30 

minutes, then 80˚C for 20 minutes on a thermocycler to de-activate the enzyme. 4 μl of cleaned PCR 

amplicons were analysed using 1% agarose gel electrophoresis to check for success of the process 

before cloning. A clean DNA band of the expected size of amplicon indicated a successful clean-up. 

B.3 Favorgen PCR clean up Protocol  

At room, temperature, FAPC wash buffer was activated by adding 180 ml of absolute ethanol 

(Fisher Biotec, Australia). 230 μl of FAPC buffer was added to each 46 μl of PCR amplicon, vortexed, 

then transferred to an FAPC column, centrifuged at 11,000 rcf for 30 seconds and the flow-through 

discarded. 600 μl of FAPC wash buffer was added, centrifuged at 11,000 rcf for 30 seconds, the flow-

through discarded, then the sample centrifuged at 18,000 rcf for 3 minutes (aka dry spin) to remove 

residual FAPC wash buffer. 40 μL of pre-heated ultra-pure water at 60˚C was added, incubated for 60 

seconds, centrifuged at 18,000 rcf for 60 seconds, and the flow analysed by agarose gel electrophoresis.  
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Appendix Table B.4 Template requirement for Macrogen Incoporation standard 
sequencing 

Template (size) 
Required concentration

ng/μL 
Required 

Sample Volume 
Primer Volume + 

Concentration 

Plasmid (below 4 kb) 100-150 5 μL per reaction 5 μL + 5 pmol/μL 

Plasmid (over 4 kb) 200 5 μL per reaction 5 μL + 5 pmol/μL 

PCR product (below 200 bp) 10 5 μL per reaction 5 μL + 5 pmol/μL 

PCR product (201 bp-500 bp) 20 5 μL per reaction 5 μL + 5 pmol/μL 

PCR product (over 500 bp) Over 25 5 μL per reaction 5 μL + 5 pmol/μL 

PCR product (over 1000 bp) 30-60 5 μL per reaction 5 μL + 5 pmol/μL 

Bacterial Artificial Chromosome Over 500 5 μL per reaction 5 μL + 10 pmol/μL 
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Appendix C Additional results for chapter 3 

C.1 HomSI images of genomic regions associated with resistance to 
H. contortus and other GIT parasites in Djallonke and Sahelian 
sheep breeds 

C.1.1 Contrasting signatures of selection in genetic regions associated with 
resistance to Haemonchosis and other GIT parasite the Djallonke (high 
ROH) and Sahelian (low ROH) sheep breeds 

 

 

Appendix Figure 4 HomSI analysis adjacent to MHC II-DRB1, CHI3L2, LRP8 and 
DENND2D genes showing contrasting sweeps in Djallonke (high ROH) 
and Sahelian (low ROH) 
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Appendix Figure 5 HomSI analysis adjacent to LAMC1, RELN and FCER2 genes 
showing contrasting sweeps in Djallonke (high ROH) and Sahelian (low 
ROH) 

 

 

Appendix Figure 6. HomSI analysis adjacent to NSUN2, CXCL12, ABCB9, SOX9 
and AREG genes showing contrasting sweeps in Djallonke (high ROH) 
and Sahelian (low ROH) 
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Appendix Figure 7 HomSI region adjacent to PAK4, CXCR6, HRH1, UBE2N and 
KIT genes showing contrasting sweeps in Djallonke (high ROH) and 
Sahelian (low ROH) 

 

 

C.1.2 Similar signatures of selection in genetic regions associated with 
resistance to Haemonchosis and other GIT parasite the Djallonke (high 
ROH) and Sahelian (high ROH) sheep breeds 

 

 

Appendix Figure 8 HomSI analysis adjacent to PIK3CD, IL17RB & MUC15 genes 
showing similar sweeps in Djallonke (high ROH) and Sahelian (high 
ROH). 
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C.2 HomSI analyses of genomic regions associated with adaptive 
selection in Djallonke and Sahelian sheep breeds 

C.2.1 Contrasting signatures of adaptive selection in genomic regions associated 
with the Djallonke (high ROH) and Sahelian (low ROH) sheep breeds 

 

Appendix Figure 9 HomSI analysis adjacent to ALCAM, GNAI3 & IL7 genes showing 
contrasting sweeps in Djallonke (high ROH) and Sahelian (low ROH). 

 

 

Appendix Figure 10 HomSI analysis adjacent to FGF5, TSAPAN12, HSPAIA & 
KRIT1 genes showing contrasting sweeps in Djallonke (high ROH) and 
Sahelian (low ROH). 



 

212 

 

Appendix Figure 11 HomSI analysis adjacent to IL12RB2, LMLN, ABHD2 & 
PGRMC2 genes showing contrasting sweeps in Djallonke (high ROH) 
and Sahelian (low ROH). 

 

 

Appendix Figure 12 HomSI analysis adjacent to GLB1, OR2AG1 PRLR & PCDH9 
genes showing contrasting sweeps in Djallonke (high ROH) and 
Sahelian (low ROH). 
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Appendix Figure 13 HomSI analysis adjacent to ALDH1A3, PLCB1, BATF2 & 
ELF2 genes showing contrasting sweeps in Djallonke (high ROH) and 
Sahelian (low ROH). 

 

 

 

Appendix Figure 14 HomSI analysis adjacent to SUCLG2, OLR1, SYNJ1 & 
OR2AG1 genes showing contrasting sweeps in Djallonke (high ROH) 
and Sahelian (low ROH). 
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C.2.2 Similar signatures of selection in genomic regions associated with 
adaptation in both the Djallonke (high ROH) and Sahelian (high ROH) 
sheep breeds 

 

Appendix Figure 15 HomSI analysis adjacent to MITF, NFATC2 & IL1R1 genes 
showing similar sweeps in Djallonke (high ROH) and Sahelian (low 
ROH). 
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Appendix Figure 16 HomSI analysis adjacent to ALK, NPR2, IFITMO, PDK2, 
ATP12A & BMP4 genes showing similar sweeps in Djallonke (high 
ROH) and Sahelian (low ROH). 

 

 

 

 

Appendix Figure 17 HomSI analysis adjacent to NF1, ABCG2, FOXG1 & APC2 
genes showing similar sweeps in Djallonke (high ROH) and Sahelian 
(low ROH). 
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Appendix D Additional results for Chapter 4 

D.1 Maximum Likelihood Neighbour Joining Tree (ML-NJT) Model 
for Djallonke the sheep   

 

Appendix Figure 18 Re-constructed Neighbour Joining Tree (NJT) Model for the 
functional and unique DRB1 exon 2 coding sequences in the Djallonke 
sheep population showing conserved clustering characteristic as the 
ML JJT tree Model (chapter 4 Figure 4.2) 
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Appendix Figure 19 Re-constructed Neighbour Joining Tree (NJT) Model for the 
functional and unique DRB1 exon 2 coding sequences in the Sahelian 
sheep population showing conserved clustering characteristic as the 
ML JJT tree Model (chapter 4 Figure 4.3) 
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Appendix Figure 20 Re-constructed Neighbour Joining Tree (NJT) Model for the 
functional and unique DQA2 exon 2 coding sequences in the Djallonke 
sheep population showing conserved clustering characteristic as the 
ML JJT tree Model (chapter 4 Figure 4.5) 
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Appendix Figure 21 Re-constructed Neighbour Joining Tree (NJT) Model for the 
functional and unique DQA2 exon 2 coding sequences in the Sahelian 
sheep population showing conserved clustering characteristic as the 
ML JJT tree Model (chapter 4 Figure 4.6) 
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Appendix Figure 22 Re-constructed Neighbour Joining Tree (NJT) Model for the 
functional and unique DQA1 exon 2 coding sequences in the Djallonke 
sheep population showing conserved clustering characteristic as the 
ML JJT tree Model (chapter 4 Figure 4.8) 
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Appendix Figure 23 Re-constructed Neighbour Joining Tree (NJT) Model for the 
functional and unique DQA2 exon 2 coding sequences in the Sahelian 
sheep population showing conserved clustering characteristic as the 
ML JJT tree Model (chapter 4 Figure 4.9) 
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Appendix E GenBank accessions for MHC class 
II genes generated in this study 

 
Appendix Table E 1 GenBank accession for first batch of 72 DRB1 alleles for 

Djallonke and Sahelian sheep breeds 

 Accession  Accession  Accession 

1 MF682546 25 MF682570 49 MF682594 

2 MF682547 26 MF682571 50 MF682595 

3 MF682548 27 MF682572 51 MF682596 

4 MF682549 28 MF682573 52 MF682597 

5 MF682550 29 MF682574 53 MF682598 

6 MF682551 30 MF682575 54 MF682599 

7 MF682552 31 MF682576 55 MF682600 

8 MF682553 32 MF682577 56 MF682601 

9 MF682554 33 MF682578 57 MF682602 

10 MF682555 34 MF682579 58 MF682603 

11 MF682556 35 MF682580 59 MF682604 
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12 MF682557 36 MF682581 60 MF682605 

13 MF682558 37 MF682582 61 MF682606 

14 MF682559 38 MF682583 62 MF682607 

15 MF682560 39 MF682584 63 MF682608 

16 MF682561 40 MF682585 64 MF682609 

17 MF682562 41 MF682586 65 MF682610 

18 MF682563 42 MF682587 66 MF682611 

19 MF682564 43 MF682588 67 MF682612 

20 MF682565 44 MF682589 68 MF682613 

21 MF682566 45 MF682590 69 MF682614 

22 MF682567 46 MF682591 70 MF682615 

23 MF682568 47 MF682592 71 MF682616 

24 MF682569 48 MF682593 72 MF682617 
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Appendix Table E 2 GenBank accession for second batch of 81 DRB1 alleles for 
Djallonke and Sahelian sheep breeds  

 Accession  Accession  Accession 

1 MG000506 28 MG000533 55 MG000560 

2 MG000507 29 MG000534 56 MG000561 

3 MG000508 30 MG000535 57 MG000562 

4 MG000509 31 MG000536 58 MG000563 

5 MG000510 32 MG000537 59 MG000564 

6 MG000511 33 MG000538 60 MG000565 

7 MG000512 34 MG000539 61 MG000566 

8 MG000513 35 MG000540 62 MG000567 

9 MG000514 36 MG000541 63 MG000568 

10 MG000515 37 MG000542 64 MG000569 

11 MG000516 38 MG000543 65 MG000570 

12 MG000517 39 MG000544 66 MG000571 

13 MG000518 40 MG000545 67 MG000572 

14 MG000519 41 MG000546 68 MG000573 
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15 MG000520 42 MG000547 69 MG000574 

16 MG000521 43 MG000548 70 MG000575 

17 MG000522 44 MG000549 71 MG000576 

18 MG000523 45 MG000550 72 MG000577 

19 MG000524 46 MG000551 73 MG000578 

20 MG000525 47 MG000552 74 MG000579 

21 MG000526 48 MG000553 75 MG000580 

22 MG000527 49 MG000554 76 MG000581 

23 MG000528 50 MG000555 77 MG000582 

24 MG000529 51 MG000556 78 MG000583 

25 MG000530 52 MG000557 79 MG000584 

26 MG000531 53 MG000558 80 MG000585 

27 MG000532 54 MG000559 81 MG000586 
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Appendix F Principal Component analysis for 
ten individuals of Djallonke and 
Sahelian sheep breeds 

 

 
Appendix Figure F 1 PCA of chromosome 20 for 5 Djallonke (black) vrs 5 Sahelian 

sheep (red) shows clear distinct clustering of the two breeds 
 
 
 
 
 
 

 
Appendix Figure F 2 PCA of chromosome 23 for 5 Djallonke (black) vrs 5 Sahelian 

(red) sheep shows clear distinct clustering of the two breeds  
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Appendix G Genomic relationship matrix for all 
ten individuals of Djallonke and 
Sahelian sheep (1 to 10) 

 
Appendix Table G 1 GRM conforming that the ten individual animals sampled (1 

to 10) for this study were unrelated 

Sample ID     No. of non‐missing SNPs  Genetic relationship matrix 

1  1  9.30E+06  1.61E+00 

2  1  8.37E+06  ‐1.99E‐01 

2  2  9.64E+06  1.65E+00 

3  1  7.48E+06  ‐2.49E‐01 

3  2  7.72E+06  ‐2.51E‐01 

3  3  8.52E+06  1.55E+00 

4  1  8.04E+06  ‐2.05E‐01 

4  2  8.28E+06  ‐2.23E‐01 

4  3  7.41E+06  ‐2.51E‐01 

4  4  9.19E+06  1.60E+00 

5  1  7.87E+06  ‐2.35E‐01 

5  2  8.12E+06  ‐2.41E‐01 

5  3  7.28E+06  ‐1.31E‐01 

5  4  7.78E+06  ‐2.23E‐01 

5  5  8.99E+06  1.54E+00 

6  1  5.27E+06  ‐2.71E‐01 

6  2  5.39E+06  ‐2.79E‐01 

6  3  4.95E+06  ‐2.72E‐01 

6  4  5.22E+06  ‐2.76E‐01 

6  5  5.14E+06  ‐2.83E‐01 

6  6  7.79E+06  1.68E+00 

7  1  5.26E+06  ‐3.23E‐01 

7  2  5.38E+06  ‐3.16E‐01 

7  3  4.94E+06  ‐3.10E‐01 
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7  4  5.21E+06  ‐3.17E‐01 

7  5  5.13E+06  ‐3.14E‐01 

7  6  6.86E+06  ‐2.55E‐01 

7  7  7.75E+06  1.53E+00 

8  1  4.20E+06  ‐3.58E‐01 

8  2  4.25E+06  ‐4.07E‐01 

8  3  3.98E+06  ‐2.59E‐01 

8  4  4.17E+06  ‐3.31E‐01 

8  5  4.09E+06  ‐3.14E‐01 

8  6  5.17E+06  ‐2.72E‐01 

8  7  5.13E+06  ‐1.57E‐01 

8  8  5.71E+06  1.68E+00 

9  1  4.79E+06  ‐3.44E‐01 

9  2  4.88E+06  ‐3.62E‐01 

9  3  4.52E+06  ‐2.95E‐01 

9  4  4.75E+06  ‐3.32E‐01 

9  5  4.67E+06  ‐3.22E‐01 

9  6  6.10E+06  ‐1.75E‐01 

9  7  6.07E+06  ‐7.65E‐02 

9  8  4.72E+06  ‐4.83E‐02 

9  9  6.83E+06  1.52E+00 

10  1  4.91E+06  ‐3.35E‐01 

10  2  5.01E+06  ‐3.47E‐01 

10  3  4.63E+06  ‐2.92E‐01 

10  4  4.86E+06  ‐3.20E‐01 

10  5  4.80E+06  ‐3.11E‐01 

10  6  6.31E+06  ‐2.68E‐01 

10  7  6.29E+06  ‐1.09E‐01 

10  8  4.80E+06  ‐4.30E‐02 

10  9  5.63E+06  ‐1.40E‐01 

10  10  7.09E+06  1.57E+00 
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Appendix H Detailed chromosomal homozygosity 
profile map for the Djallonke and 
Sahelian sheep 

HomHet predictive signal for the Trypanotolerance CTSS candidate loci (Djallonke (high ROH) and 
Sahelian (low ROH)) and HomHet profile of the CTSS loci for each of the 10 individual samples. The 
homhet predictive signal maps is the normalised homozygous to heterozygous variants ratio 
across the genome for the Djallonke relative to the Sahelian samples.  
 
 

 
Appendix Figure H 1 HomHet predictive signal for chromosome 1 showing the 

Trypanotolerance CTSS candidate loci   
 
 

 
Appendix Figure H 2 Homozygosity profile signal for chromosome 1 of DJ1 

showing the Trypanotolerance CTSS candidate loci 
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Appendix Figure H 3 Homozygosity profile signal for chromosome 1 of DJ2 

showing the Trypanotolerance CTSS candidate loci 
 
 

 
Appendix Figure H 4 Homozygosity profile signal for chromosome 1 of DJ3 

showing the Trypanotolerance CTSS candidate loci 
 
 

 
Appendix Figure H 5 Homozygosity profile signal for chromosome 1 of DJ4 

showing the Trypanotolerance CTSS candidate loci 
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Appendix Figure H 6 Homozygosity profile signal for chromosome 1 of DJ5 

showing the Trypanotolerance CTSS candidate loci 
 
 

 
Appendix Figure H 7 Homozygosity profile signal for chromosome 1 of S1 showing 

the Trypanotolerance CTSS candidate loci 
 
 

 
Appendix Figure H 8 Homozygosity profile signal for chromosome 1 of S2 showing 

the Trypanotolerance CTSS candidate loci 
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Appendix Figure H 9 Homozygosity profile signal for chromosome 1 of S3 showing 

the Trypanotolerance CTSS candidate loci 
 
 

 
Appendix Figure H 10 Homozygosity profile signal for chromosome 1 of S4 

showing the Trypanotolerance CTSS candidate loci 
 
 



 

233 

 
Appendix Figure H 11 Homozygosity profile signal for chromosome 1 of S5 

showing the Trypanotolerance CTSS candidate loci 
 
 
 
HomHet predictive signal for the Trypanotolerance ARHGAP15 candidate loci (Djallonke (high 
ROH) and Sahelian (low ROH)) and HomHet analysis of the loci for all 10 individual samples 
 

 
Appendix Figure H 12 HomHet predictive signal for chromosome 2 showing the 

Trypanotolerance ARHGAP15 candidate loci   
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Appendix Figure H 13 Homozygosity profile signal for chromosome 2 of DJ1 

showing the Trypanotolerance ARHGAP15 candidate loci 
  
 
 
 

 

 
Appendix Figure H 14 Homozygosity profile signal for chromosome 2 of DJ2 

showing the Trypanotolerance ARHGAP15 candidate loci 
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Appendix Figure H 15 Homozygosity profile signal for chromosome 2 of DJ3 

showing the Trypanotolerance ARHGAP15 candidate loci 
 

 

 
Appendix Figure H 16 Homozygosity profile signal for chromosome 2 of DJ4 

showing the Trypanotolerance ARHGAP15 candidate loci 
  



 

236 

 
Appendix Figure H 17 Homozygosity profile signal for chromosome 2 of DJ5 

showing the Trypanotolerance ARHGAP15 candidate loci 

 

  

 
Appendix Figure H 18 Homozygosity profile signal for chromosome 2 of S1 

showing the Trypanotolerance ARHGAP15 candidate loci 
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Appendix Figure H 19 Homozygosity profile signal for chromosome 2 of S2 

showing the Trypanotolerance ARHGAP15 candidate loci 
 
 

 
Appendix Figure H 20 Homozygosity profile signal for chromosome 2 of S3 

showing the Trypanotolerance ARHGAP15 candidate loci 
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Appendix Figure H 21 Homozygosity profile signal for chromosome 2 of S4 

showing the Trypanotolerance ARHGAP15 candidate loci 
 

 
Appendix Figure H 22 Homozygosity profile signal for chromosome 2 of S5 

showing the Trypanotolerance ARHGAP15 candidate loci 
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HomHet predictive signal for the Trypanotolerance INHBA candidate loci  (Djallonke (high 
ROH) and Sahelian (low ROH)) and HomHet analysis of the loci for all 10 individual samples 
 

 
Appendix Figure H 23 HomHet predictive signal for chromosome 4 showing the 

Trypanotolerance INHBA candidate loci   
 

 
Appendix Figure H 24 Homozygosity profile signal for chromosome 4 of DJ1 

showing the Trypanotolerance INHBA candidate loci 
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Appendix Figure H 25 Homozygosity profile signal for chromosome 4 of DJ2 

showing the Trypanotolerance INHBA candidate loci 
 
  

 
Appendix Figure H 26 Homozygosity profile signal for chromosome 4 of DJ3 

showing the Trypanotolerance INHBA candidate loci 
 
  
 
 
 

 
Appendix Figure H 27 Homozygosity profile signal for chromosome 4 of DJ4 

showing the Trypanotolerance INHBA candidate loci 
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Appendix Figure H 28 Homozygosity profile signal for chromosome 4 of DJ5 

showing the Trypanotolerance INHBA candidate loci 
 
 

 
Appendix Figure H 29 Homozygosity profile signal for chromosome 4 of S1 

showing the Trypanotolerance INHBA candidate loci 
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Appendix Figure H 30 Homozygosity profile signal for chromosome 4 of S2 

showing the Trypanotolerance INHBA candidate loci 
 
 

 
Appendix Figure H 31Homozygosity profile signal for chromosome 4 of S3 showing 

the Trypanotolerance INHBA candidate loci 
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Appendix Figure H 32 Homozygosity profile signal for chromosome 4 of S4 

showing the Trypanotolerance INHBA candidate loci 
 
 

 
Appendix Figure H 33 Homozygosity profile signal for chromosome 4 of S5 

showing the Trypanotolerance INHBA candidate loci 
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HomHet predictive signal for the Trypanotolerance SCAMP1 candidate loci  (Djallonke (high 
ROH) and Sahelian (high ROH)) and HomHet analysis of the loci for all 10 individual samples 
 

 
Appendix Figure H 34 HomHet predictive signal for chromosome 7 showing the 

Trypanotolerance SCAMP1candidate loci   
 

 
Appendix Figure H 35 Homozygosity profile signal for chromosome 7 of DJ1 

showing the Trypanotolerance SCAMP1 candidate loci 
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Appendix Figure H 36 Homozygosity profile signal for chromosome 7 of DJ2 

showing the Trypanotolerance SCAMP1 candidate loci 
 
 

 
Appendix Figure H 37 Homozygosity profile signal for chromosome 7 of DJ3 

showing the Trypanotolerance SCAMP1 candidate loci 
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Appendix Figure H 38 Homozygosity profile signal for chromosome 7 of DJ4 

showing the Trypanotolerance SCAMP1 candidate loci 
 
 
 

 
Appendix Figure H 39 Homozygosity profile signal for chromosome 7 of DJ5 

showing the Trypanotolerance SCAMP1 candidate loci 
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Appendix Figure H 40 Homozygosity profile signal for chromosome 7 of S1 

showing the Trypanotolerance SCAMP1 candidate loci 
 
 
 

 
Appendix Figure H 41 Homozygosity profile signal for chromosome 7 of S2 

showing the Trypanotolerance SCAMP1 candidate loci 
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Appendix Figure H 42 Homozygosity profile signal for chromosome 7 of S3 

showing the Trypanotolerance SCAMP1 candidate loci 
 
 
 

 
Appendix Figure H 43 Homozygosity profile signal for chromosome 7 of S4 

showing the Trypanotolerance SCAMP1 candidate loci 
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Appendix Figure H 44 Homozygosity profile signal for chromosome 7 of S5 

showing the Trypanotolerance SCAMP1 candidate loci 
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HomHet predictive signal for the Trypanotolerance TICAM1 candidate loci  (Djallonke (high 
ROH) and Sahelian (high ROH)) and HomHet analysis of the loci for all 10 individual samples 
 

 
Appendix Figure H 45 HomHet predictive signal for chromosome 5 showing the 

Trypanotolerance TICAM1candidate loci   

 

 

 
Appendix Figure H 46 Homozygosity profile signal for chromosome 5 of DJ1 

showing the Trypanotolerance TICAM1 candidate loci 
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Appendix Figure H 47 Homozygosity profile signal for chromosome 5 of DJ2 

showing the Trypanotolerance TICAM1 candidate loci  
 

 
Appendix Figure H 48 Homozygosity profile signal for chromosome 5 of DJ3 

showing the Trypanotolerance TICAM1 candidate loci 
 

 
Appendix Figure H 49 Homozygosity profile signal for chromosome 5 of DJ4 

showing the Trypanotolerance TICAM1 candidate loci 
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Appendix Figure H 50 Homozygosity profile signal for chromosome 5 of DJ5 

showing the Trypanotolerance TICAM1 candidate loci 
 

 
Appendix Figure H 51 Homozygosity profile signal for chromosome 5 of S1 

showing the Trypanotolerance TICAM1 candidate loci 
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Appendix Figure H 52 Homozygosity profile signal for chromosome 5 of S2 

showing the Trypanotolerance TICAM1 candidate loci 
 

 
Appendix Figure H 53 Homozygosity profile signal for chromosome 5 of S3 

showing the Trypanotolerance TICAM1 candidate loci 
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Appendix Figure H 54 Homozygosity profile signal for chromosome 5 of S4 

showing the Trypanotolerance TICAM1 candidate loci 
 

 
Appendix Figure H 55 Homozygosity profile signal for chromosome 5 of S5 

showing the Trypanotolerance TICAM1 candidate loci 
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HomHet predictive signal for the Trypanotolerance STX7 candidate loci  (Djallonke (high ROH) 
and Sahelian (low ROH)) and HomHet analysis of the loci for all 10 individual samples 
 

 
Appendix Figure H 56 HomHet predictive signal for chromosome 8 showing the 

Trypanotolerance STX7 candidate loci   

 
Appendix Figure H 57 Homozygosity profile signal for chromosome 8 of DJ1 

showing the Trypanotolerance STX7 candidate loci 
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Appendix Figure H 58 Homozygosity profile signal for chromosome 8 of DJ2 

showing the Trypanotolerance STX7 candidate loci 
 

 
Appendix Figure H 59 Homozygosity profile signal for chromosome 8 of DJ3 

showing the Trypanotolerance STX7 candidate loci 
 

 
Appendix Figure H 60 Homozygosity profile signal for chromosome 8 of DJ4 

showing the Trypanotolerance STX7 candidate loci 
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Appendix Figure H 61 Homozygosity profile signal for chromosome 8 of DJ5 

showing the Trypanotolerance STX7 candidate loci 
 

 
Appendix Figure H 62 Homozygosity profile signal for chromosome 8 of S1 

showing the Trypanotolerance STX7 candidate loci 
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Appendix Figure H 63 Homozygosity profile signal for chromosome 8 of S2 

showing the Trypanotolerance STX7 candidate loci 
 

 
Appendix Figure H 64 Homozygosity profile signal for chromosome 8 of S3 

showing the Trypanotolerance STX7 candidate loci 
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Appendix Figure H 65 Homozygosity profile signal for chromosome 8 of S4 

showing the Trypanotolerance STX7 candidate loci 
 
 

 
Appendix Figure H 66 Homozygosity profile signal for chromosome 8 of S5 

showing the Trypanotolerance STX7 candidate loci 
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HomHet predictive signal for the Trypanotolerance RAB35 candidate loci  (Djallonke (high 
ROH) and Sahelian (low ROH)) and HomHet analysis of the loci for all 10 individual samples 
 

 
Appendix Figure H 67 HomHet predictive signal for chromosome 17 showing the 

Trypanotolerance RAB35 candidate loci   

 
Appendix Figure H 68 Homozygosity profile signal for chromosome 17 of DJ1 

showing the Trypanotolerance RAB35 candidate loci 
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Appendix Figure H 69 Homozygosity profile signal for chromosome 17 of DJ2 

showing the Trypanotolerance RAB35 candidate loci 
 
 

 
Appendix Figure H 70 Homozygosity profile signal for chromosome 17 of DJ3 

showing the Trypanotolerance RAB35 candidate loci 
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Appendix Figure H 71 Homozygosity profile signal for chromosome 17 of DJ4 

showing the Trypanotolerance RAB35 candidate loci 
 

 
Appendix Figure H 72 Homozygosity profile signal for chromosome 17 of DJ5 

showing the Trypanotolerance RAB35 candidate loci 
 

 
Appendix Figure H 73 Homozygosity profile signal for chromosome 17 of S1 

showing the Trypanotolerance RAB35 candidate loci 
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Appendix Figure H 74 Homozygosity profile signal for chromosome 17 of S2 

showing the Trypanotolerance RAB35 candidate loci 
 

 
Appendix Figure H 75 Homozygosity profile signal for chromosome 17 of S3 

showing the Trypanotolerance RAB35 candidate loci 
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Appendix Figure H 76 Homozygosity profile signal for chromosome 17 of S4 

showing the Trypanotolerance RAB35 candidate loci 
 

 
Appendix Figure H 77 Homozygosity profile signal for chromosome 17 of S5 

showing the Trypanotolerance RAB35 candidate loci 
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HomHet predictive signal for the Trypanotolerance CD19 candidate loci (Djallonke (high ROH) 
and Sahelian (low ROH)) and HomHet analysis of the loci for all 10 individual samples 

 
Appendix Figure H 78 HomHet predictive signal for chromosome 24 showing the 

Trypanotolerance CD19 candidate loci   
 

 
Appendix Figure H 79 Homozygosity profile signal for chromosome 24 of DJ1 

showing the Trypanotolerance CD19 candidate loci 
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Appendix Figure H 80 Homozygosity profile signal for chromosome 24 of DJ2 

showing the Trypanotolerance CD19 candidate loci 

 
Appendix Figure H 81 Homozygosity profile signal for chromosome 24 of DJ3 

showing the Trypanotolerance CD19 candidate loci 

 
Appendix Figure H 82 Homozygosity profile signal for chromosome 24 of DJ4 

showing the Trypanotolerance CD19 candidate loci 
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Appendix Figure H 83 Homozygosity profile signal for chromosome 24 of DJ5 

showing the Trypanotolerance CD19 candidate loci 
 

 
Appendix Figure H 84 Homozygosity profile signal for chromosome 24 of S1 

showing the Trypanotolerance CD19 candidate loci 
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Appendix Figure H 85 Homozygosity profile signal for chromosome 24 of S2 

showing the Trypanotolerance CD19 candidate loci 
 

 
Appendix Figure H 86 Homozygosity profile signal for chromosome 24 of S3 

showing the Trypanotolerance CD19 candidate loci 
 

 
Appendix Figure H 87 Homozygosity profile signal for chromosome 24 of S4 

showing the Trypanotolerance CD19 candidate loci 
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Appendix Figure H 88 Homozygosity profile signal for chromosome 24 of S5 

showing the Trypanotolerance CD19 candidate loci 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HomHet predictive signal for the MSRB3 candidate gene (Djallonke (high ROH) and Sahelian 
(low ROH)) associated with adaptive selection for all the Djallonke individuals relative to all the 
Sahelian individuals  

 
Appendix Figure H 89 HomHet predictive signal for chromosome 3 showing peak 

signal at the MSRB3 candidate loci   
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HomHet analysis for chromosome 20 showing homozygosity profile for pooled Djallonke sheep and 
pooled Sahelian sheep 
 
 
 

 
Appendix Figure H 90 Homozygosity profile signal for chromosome 20 of pooled 

Djallonke samples showing the decreased homozygosity over the entire 
region (containing the MHC) 

 
 

 
Appendix Figure H 91 Homozygosity profile signal for chromosome 20 of pooled 

Sahelian samples showing the increase homozygosity over the entire 
region (containing the MHC) 
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