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ABSTRACT 

Nematode infection is one of the major causes of disease in young sheep. Selective 

breeding of genetically nematode resistant sheep is an alternative method for 

controlling the nematode infection. This process could be simplified if loci that 

account for nematode resistance can be identified. MHC is one of the candidates and 

several studies have confirmed the association between MHC alleles and nematode 

resistance. The aim of this study is to establish the role of MHC class II genes in 

nematode resistance in Texel sheep. Thus, it can help endorse the usefulness of the 

MHC class II genes as a genetic marker of nematode resistance and extend the 

knowledge of the mechanism of resistance against nematodes. This study has been 

focused on three main areas; 1) description of MHC class II gene diversity, 2) 

description of haplotype and linkage disequilibrium pattern at MHC class II genes 

and 3) the association of MHC class II genes and nematode resistance. Sequence-

based typing was applied to characterise MHC class II allelic diversity in 235 Texel 

lambs. The haplotype and linkage disequilibrium patterns were deduced from 

pedigree information. Finally, the association between MHC class II haplotypes and 

nematode resistance (FEC and IgE activity against L3) were investigated using a 

MIXED model approach. MHC class IIa genes were diverse in Texel, consistent with 

previous studies reported in sheep. The most polymorphic locus among MHC class 

IIa genes was DRB1. A total of 21 distinct DR-DQ haplotypes were obtained and 

strong linkage disequilibrium exhibited between DR-DQ genes. There were also 

statistically significant associations of specific haplotypes and nematode resistance 

in this population. The work in this thesis confirms the likely  importance of MHC 

genes in regulating resistance against gastrointestinal nematodes, thus supporting 

the use of MHC as a genetic marker of nematode resistance in selective breeding. 

Sequence-based typing system for MHC class IIa has been established in this study. 
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CHAPTER 1  

LITERATURE REVIEW 

1.0 General Introduction 

The United Kingdom (UK) is the leading sheep producer among European Union (EU) 

countries as well as being one of the most important sheep producers in the world. In 

2012, the UK was recorded as having the largest sheep population in the EU with 

approximately 32.2 million animals, including 15.2 million breeding females (National 

Sheep Association, 2014). In terms of sheep meat exportation, UK is ranked the third 

largest after New Zealand and Australia, accounting for approximately 10% of the 

global sheep exports in the same year (Vipond, 2010). Thus, the economic importance 

of the sheep industry for the UK is undeniable. 

There is no doubt that gastrointestinal nematodes (GIN) adversely affect profitability  

of the livestock industries in the UK. To illustrate this, Nieuwhof & Bishop (2005) 

reported the impact of GIN with an estimated loss of £100 million per annum. Briefly, 

the losses derived from three primary  sources, the loss associated with performance 

of the animals, treatment costs and prophylaxis measures. They also reported that loss 

due to performance was considered the key contributor , which made up over three-

quarters of the total cost. 

The loss due to performance in sheep can be segregated into four contributing factors 

(reviewed by Nieuwhof & Bishop 2005). One of them is due to a reduction of live-

weight gain and alteration in body composition. The reduction in live-weight gain alone 

resulted in losses totalling £64 million. Secondly, there are also losses due to 

diminution in production of wool and milk. This is a consequence of loss of appetite 

among infected animals, causing a net movement of amino acid nitrogen to the liver 

and gastrointestinal tract (GIT) from muscle and skin, hence leading to the reduction 

in milk and wool production. Thirdly, infected sheep eventually loose the ability to 

reproduce; this is as a consequence that the host needs to pay for immune function. 

Finally, there is mortality or low survivability, observed especially in heavily 

parasitized ruminants. 
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Major losses in economic profit together with concern for animal welfare have initiated 

various approaches in control ling GIN problems. The traditional method of using 

anthelmintic drugs is still  popular option and majority farmers still rely heavily on 

these (Ellis et al. 2014). This usage of anthelmintic drugs has led to rapidly evolving 

resistance to multiple anthelmintic drugs (Papadopoulos et al. 2012). In addition, the 

ÁÎØÉÅÔÙ ÏÆ ÍÁÉÎÔÁÉÎÉÎÇ ȬÇÒÅÅÎȭ ÁÎÄ ÅÃÏÌÏÇÉÃÁÌ ÅÎÖÉÒÏÎÍÅÎÔÓ ÆÒÏÍ ÓÏÃÉÅÔÙ ÈÁÓ ÐÒÅÓÓÕÒÅÄ 

the search for alternative approaches (Waller & Thamsborg 2004). Alternative 

approaches for nematode control in ruminants have been researched and some 

approaches are promising (Chandrawathani et al. 2002; Karlsson & Greeff, 2006). One 

promising approach is to breed genetically nematode resistant animals (Stear et al. 

2006). 

The identification of genetically resistant animals could be facilitated if the loci which 

regulate resistance against GIN were known (Stear et al. 2007). In addition, it would 

aid understanding of the mechanism of the host immune system against parasites. The 

major histocompatibility complex (MHC) allele was found to be associated with 

nematode resistance in numerous studies (Schwaiger et al. 1995; Stear et al. 

1996;Paterson et al. 1998; Sayers et al. 2005b; Stear et al. 2005; Keane et al. 2005; 

2007; Castillo et al. 2011; Valilou et al. 2015). However, the question remains as to 

whether the observed effect was a direct or indirect influence (Stear et al. 2007; Keane 

et al. 2007). Identifying the causative mutations remains to be determined (Stear et al. 

2009). 

In this introductory chapter, the primary goal is to provide an in-depth understanding 

of these five major areas: 

a) Anthelmintic drug resistance and existing approaches for nematode control in 

the sheep industry with emphasis on boosting of the host immune response. 

b) Selective breeding of genetically nematode resistant sheep. 

c) Genes underlying nematode resistance. 

d) MHC structure and characterisation. 
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e) Existing and current knowledge on Ovar-MHC (Ovar-DR and DQ) genes and 

their association with disease resistance. 

1.1 Anthelmintic Resistance and a Desire for the Alternative Approach 

Sheep are infected with a wide array of GIN (Miller & Horohov, 2006). Based on 

predilection sites, these parasitic worms have been grouped into abomasum 

nematodes; Teladorsagia circumcincta (brown stomach worm) and Haemonchus 

contortus (barber pole worm), small intestine nematodes; Cooperia spp. (cÏÏÐÅÒȭÓ 

worm), Nematodirus spp. (threadneckworm), Trichostrongyluscolubriformis (bankrupt 

worm) and large intestine nematodes; Oesophagostomum spp. (nodular worm)  

(Urquhart et al. 1987). GIN such as T. circumcincta, T. vitrinus, T. axei, Nematodirus 

battus, Nematodirus filicolis, Nematodirus spathiger and Cooperia spp. are prevalent 

taxa that affect sheep (Stear et al. 1998). 

The most significant strongylid nematode in the UK is T. circumcincta (Stear et al. 1998; 

Stear et al. 2005;Venturina et al. 2013). Although T. circumcincta poses low fecundity 

compared with other members of the trichostrongylid nematodes (0-350 

eggs/female/day) (Stear & Bishop 1999), they are dominant and successful parasites 

in temperate areas of the world (Stear et al. 2011). To illustrate this point, more than 

80% of adult GIN were identified as T. circumcincta in the necropsy of over 500 sheep 

(Stear et al. 1997). The greater survivability of T. circumcincta is probably best 

explained by their survival strategy compared with other GIN (Stear et al. 1997). 

Traditionally, anthelmintic  drugs are being used by farmers globally to control GIN 

problems. Until today, they still rely heavily on these drugs (Ellis et al. 2014). The use 

of anthelmintic drugs to control nematodes started with the launch of phenothiazine 

in the late 1930s (Sayers & Sweeney 2007). Three main classes of chemical drugs are 

available for control of sheep GIN namely; benzimidazoles (BZs); levamisole and other 

imidazothiazoles (LEV) and macrocyclic lactones (MLs). Amino-acetonitrile 

derivatives (AADs) and derquantel-abamectin are the latest class of drugs which is 

suitable for a variety of species of livestock nematodes (Kaminsky et al. 2008; Little et 

al. 2010). The use of anthelmintic drugs is still popular because they are easy and handy 

to use and cost-effective (Ellis et al. 2014). Sargison (2011) argued that efforts to 

control nematodes are bound to be unsuccessful without the use of anthelmintic drugs. 
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The global issue in the usage of anthelmintic drugs is the rapidly evolving resistance to 

anthelmintic drugs in GIN of sheep and that resistance is a heritable trait (reviewed by 

Kaplan, 2004). The first suspicion of anthelmintic drug resistance was reported by 

Drudge et al. (1957), which was related to phenothiazine resistance. In temperate 

regions, the first indication of anthelmintic resistance in farms is usually the failure of 

lambs to reach finished weights by late autumn, scouring and mortality due to GIN 

infection despite having been given anthelmintic drugs (Sargison, 2011).  

In the UK, anthelmintic drug resistance has been well studied (Sargison et al. 2007; 

Taylor et al. 2009; Mitchell et al. 2010). The level of drug resistance to BZs is higher as 

compared to LEV and ML in the UK (Taylor et al. 2009). In addition, the three classes 

of drugs mentioned were associated with multidrug resistance (Sargison et al. 2007). 

Taylor et al. (2009) found that 97% of sheep farms incorporated in their  study had 

populations containing alleles conferring resistance to BZs. Thus, it is undeniable that 

anthelmintic drug resistance is a major problem in the UK and thus a search for an 

alternative approach is mandatory. It is also aggravated by the fact that the problems 

of acquired resistance to anthelmintic parasite is expected to continue (Mitrevaet al. 

2007). 

Alternative approaches were proposed to replace the use of anthelmintic drugs with a 

different strategy. These have been comprehensively reviewed by authors such Stear 

et al. (2006), Sayers & Sweeney (2007) and Torres-Acosta& Hoste (2008). Each of the 

alternative approaches has advantages and disadvantages, and the choice of 

implementation should consider conditions on farms and local epidemiology (Torres-

Acosta & Hoste 2008). Collectively, three main principles are applied in the alternative 

approach for GIN control. Firstly, to minimize the contact between host and infective 

larvae through grazing management. Secondly, to control the parasite with alternative 

treatment such as natural plants and minerals. Lastly, to boost host immunity (Torres-

Acosta & Hoste 2008). In this chapter, it is not intended to review all possible 

alternative approaches, but an approach based on boosting the host immune response 

by breeding nematode resistant sheep will be discussed and enhanced with up to date 

information. 
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1.2 Selective Breeding of Genetically Nematode Resistant Sheep 

Selective breeding for disease resistance is a common practice in the livestock industry. 

The evidence has been extensively reviewed (Bishop et al. 2011). Stear et al. (2001) 

asserted that breeding for disease resistance is not only sustainable; it is also a feasible 

and desirable approach. One example of selective breeding implemented in the sheep 

industry is breeding for nematode resistance. In richer countries such as Australia and 

New Zealand, sheep breeding companies have been breeding for nematode resistance 

for a long time (Gray, 1997).  

7ÈÅÎ ÃÏÎÓÉÄÅÒÉÎÇ ÎÅÍÁÔÏÄÅ ÒÅÓÉÓÔÁÎÃÅȟ ÆÉÒÓÔÌÙ ×Å ÒÅÑÕÉÒÅ Á ÄÅÆÉÎÉÔÉÏÎ ÏÆ ȬÒÅÓÉÓÔÁÎÃÅȭȢ 

Resistance is defined as the ability of the host to carry a reduced parasite burden (Stear 

et al. 2001). Sheep are classified as resistant animals if three consequences are 

observed after parasite entry into the host body: the parasite is unable to establish 

infection, even if they can establish infection they are incapable of completing their life 

cycle, and if they manage to become established and complete their life cycle but they 

are rejected from host (Stear & Wakelin 1998). Even though the exact and precise 

mechanism of resistance is not entirely understood for all GIN, the general principle 

applied is an increase in host resistance associated with a better immune resistance 

against parasite (Stear et al. 1999). 

Breeding of genetically resistant sheep is a better option compared to other alternative 

methods. Firstly, the effect is a permanent solution demanding no extra resources and 

is also an inexpensive method (Waller& Thamsborg 2004). Secondly, selecting 

resistant animals is not only able to slow down the development of anthelmintic 

resistance, but is meeting the demand for drug free residues in meat for customers 

(Stear et al. 2007). Thirdly, selection of resistance against one nematode also enhances 

resistance to other GIN (Gruner et al. 2004). Fourthly, a strong favourable genetic 

correlation between resistance (FEC) and growth rate (Bishop et al. 1996) and the 

heritabil ity of nematode resistance is one-third  (Bishop et al. 1996) suggesting that the 

breeding of nematode resistance is feasible (Stear et al. 2001). In addition to that, 

breeding nematode resistant sheep has been shown to have positive outcomes 

(Karlsson & Greeff 2006; Kemper et al. 2010). Karlsson & Greeff (2012) suggested that 

breeding for nematode resistancÅ ÉÓ ÔÈÅ ÕÌÔÉÍÁÔÅ ȬÉÎÓÔÒÕÍÅÎÔȭ ÆÏÒ ÃÏÎÔÒÏÌÌÉÎÇ ÐÁÒÁÓÉÔÅÓ 

in the long term.  
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Substantial debate exists as to whether selection should be based on resistance or 

resilience. Resilience is sometimes called tolerance (Kelly et al. 2013). In contrast to 

ÒÅÓÉÓÔÁÎÃÅȟ ȬÒÅÓÉÌÉÅÎÃÅȭ ÉÓ ×ÈÅÎ ÔÈÅ ÈÏÓÔ ÉÎÆÅÃÔÅÄ ÂÙ ÔÈÅ ÐÁÔÈÏÇÅÎ ÓÕÆÆÅÒÓ ÍÉÎÉÍÁÌ 

adverse effects and the animal is able to sustain a relatively undepressed production 

level during parasite infection (Kelly et al. 2013). Furthermore, there was evidence that 

there is negative genetic correlation between resistance and resilience (Rashidi et 

al.2013). The main benefit of resistance compared with resilience is to reduce 

contamination of larvae in the field, thus other non-resilient sheep have a lower risk of 

parasite challenge (McManus et al. 2014). Perhaps, selection of resistance in 

conjunction with other methods is the more attractive way to control nematodes (Stear 

et al. 2007). 

1.2.1 Selection among breeds 

There are more than one thousand different breeds of sheep in the world, and evidence 

of genetic variation in nematode resistance among breeds is well documented in 

different continents (Table 1). 

Differences in susceptibility among breeds have been observed especially towards the 

blood feeder, H. contortus. In the African continent, breeds such Red Masai, Sabi, 

Djallonke, Dorper and Menz (Mugambi et al. 1996; Goossens et al. 2000; Rege et 

al.2002; Matika et al. 2003) have been shown to be relatively resistant to H. contortus. 

Similarly, in Asia, breeds such Sumatra, Garole, Lohi and Local Kashmiri crosses 

(Nimbkar et al. 2000; Romjali et al. 2000; Tariq et al. 2008; Saddiqi et al. 2010) are also 

relatively resistant to same parasite. While, in the American continent, the St Croix, 

Blackbelly, Katahdin, Gulf Coast Native, Santa Ines and Criollo (Burke & Miller 2002; 

Amarante et al. 2005;Miller et al. 2006; Amarante et al. 2009; MacKinnon et al. 2009; 

Alba-Hurtado et al. 2010) were also established to be relatively resistant to H. 

contortus. Studies in European countries provide evidence that Canarian Hair Breed 

(CHB), Merinoland and Texel breed (Gruner et al. 2003; Good et al. 2006; Hielscher et 

al. 2006; González et al. 2008) are also relatively resistant to H. contortus. The 

differences in susceptibility between breeds toward H. contortus are obviously 

prominent in different geographical regions of the world. However, the fact that some 

of the breeds come from different countries should be taken into account. For example, 
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Criollo sheep which were brought to Mexico during colonial time (Alba-Hurtado et al. 

2010). 
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Table 1 Differences among breeds in resistance against GIN in different continents 

Region Relatively Resistant  Relatively 

Susceptible  

Reference 

Africa 

Djallonke Djallonke-Sahelian Goossens et al. 2000 

Menz Horro Rege et al. 2002 

 Red Masai Dorper Mugambi et al. 1996 

 Sabi Dorper Matika et al. 2003 

Asia 

Garole Decanni, Bannur Nimbkar et al. 2000 

Java Fat-tail x Sumatra Sumatra Romjali et al. 2000 

Lohi Kachhi, Thalli Saddiqi et al. 2010 

Local Kashmiri 
Crossbred Kashmir 

Merino 
Tariq et al. 2008 

St-Croix x Sumatra Sumatra Romjali et al. 2000 

North 

America 

Dorper, Katahdin, St-Croix Hampshire, Suffolk Burke & Miller 2002 

Florida Native  Rambouillet Amarante et al. 2005 

Gulf Coast Native Suffolk Miller et al. 2006 

   

South 

America 

Canarian Hair Canaria González et al.2008 

Criollo Suffolk Alba-Hurtado et al. 2010 

Santa Ines 
Ile de France and 

Suffolk 
Amarante et al. 2009 

European 

Blackbelly Romane Gruner et al. 2003 

Merinoland Rhoen Hielscher et al. 2006 

Texel Suffolk Good et al. 2006 
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The evidence for variation in genetic resistance among breeds to T. circumcincta is 

supported by previous studies. An early investigation on 29 sheep of five different 

breeds suggested differences in susceptibility to T. circumcincta (Stewart & Miller 

1938). Another research group has implied that the purebred Texel breed is more 

resistant than sheep of the purebred Suffolk breed to this organism in a natural 

challenge (Good et al. 2006) and experimental infection (Ahmed et al. 2015). 

1.2.2 Selection within Breeds 

Farmers can substitute susceptible breeds with resistant breeds in GIN endemic areas 

(Stear et al. 2006). Even though the use of a resistant breed that has already been 

adapted is simple, it comes with obstacles such as unfavourable response from sheep 

farmers and good performance in economic traits of the nematode susceptible breeds 

(Stear et al. 2006). Substitution of breeds is not a viable option in all farms. Thus, 

selection within a breed is to be adopted (Stear et al. 2006). Generally, if a breeder 

needs to set up a selection scheme, they are required to identify a selection objective, 

followed by a selection criterion and a selection index (Nicholas, 1987). In the big 

livestock producer countries such as Australia and New Zealand, nematode resistance 

is one of components of the selection objective in some commercial farms (Stear et al. 

2002). 

1.2.3 What Traits Reflect Resistance to GIN?  

Resistance to GIN is clearly a complex physiological characteristic (Dominik, 2005) and 

nematode resistance status can be described in terms of parasitological, immunological 

and/or pathological parameters (see Table 2). Low FEC is usually regarded as a sign 

of a nematode resistant animal. Typically, higher abilities of immunological and 

pathological responses are associated with low FEC, thus immunological and 

pathological parameters become the indicator of resistance. A review on parameters 

which reflect nematode resistance in the context of the small ruminant has been well 

provided by Saddiqi et al. (2012). 

 



 29 

Table 2 Three groups of indicator traits for host resistance to GIN (adapted from Dominik, 2005) 

Indicator Traits  

Parasitology  Immunology  Pathology  

FEC, number of 

adult, length of 

adult  

Serum (IgG1, IgA, IgE), 

peripheral eosinophil, 

mast cells, eosinophils, 

goblet cells 

Pepsinogen concentration, 

albumin concentration, 

fructosamine concentration, PCV, 

dag score, faecal consistency 

 

1.2.3.1 FEC as a Phenotypic Marker for Nematode Resistance: Advantages and 

Disadvantages 

FEC is a chosen parameter reflecting nematode resistance because: i) simple to 

measure (Raadsma 1998) and highly repeatable (Stear et al. 1995b), ii) the heritability 

of the single FEC ranging from 0.2 to 0.4, and this value is similar to heritability of milk 

production in dairy cattle (Bishop et al. 1996; Morris et al. 2000), iii) selection of low 

FEC is a part of breeding programmes and has been proven to be successful in Australia 

and New Zealand, without any adverse genetic correlation with important economical 

traits (Karlsson & Greeff, 2006). The test has been promoted in small ruminant 

production (Preston et al. 2014) and iv) a computer simulation model has shown that 

selection of resistance based on FEC is promising and should be useful for another 20 

years (Kemper et al. 2013).  

Even though FEC was successful in determining resistance animals, the drawbacks 

seemed to overshadow the advantages. The drawbacks of FEC include time-consuming 

and labour intensive processes and most importantly, the animal needs to have 

encountered the parasitic challenge.This compromises the health and welfare of the 

animal. In addition, with the less fecund GIN such T. circumcincta, the number of eggs 

and worm burden are poorly correlated (Lee et al. 2011). The fact that the density-

dependent relationship contributes to a low FEC even though the animal is heavily 

infected is another important concern (Bishop & Stear 2000). 
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1.2.3.2 Other Potential Phenotypic Markers? 

Other phenotypic pathological or immunological parameters could potentially  also be 

used as a marker or supplementary markers for nematode resistance (Saddiqi et al. 

2012). However, the markers could not be broadly applied to all nematodes species 

(Stear et al. 2007). A trait such as packed cell volume (PCV) by FAMACHA© was only 

important  with blood feeder nematodes, while pepsinogen may be appropriate for only 

abomasal parasites like T. circumcincta. For parameters to be applied, several 

considerations must be taken into account. The heritability of trait, is one of major 

determinant as it would affect the selection of response (Beh & Maddox, 1996). Besides 

heritability, a correlation with other production traits and cost of testing are important 

criteria for trait selection of nematode resistance (Preston et al. 2014). Even though 

there are several possible phenotypic markers that are good quality and potentially 

useful, problems such as uncertain exposure to parasite and variation of climatic 

conditions hinder the use of phenotypic markers to be used widely (Hunt et al. 2008). 

With these constraints, genetic markers have been suggested for identifying nematode 

resistance animal. 

1.2.3.3 Genetic Markers for Nematode Resistance? 

Genetic markers or DNA-based tests have been proposed as a marker for nematode 

resistance. Genetic markers were introduced in the 1970s, with the aim to detect 

quantitative trait loci (QTL) or loci that control genetic variation (Gibson & Bishop 

2005). Genetic markers can avoid problems encountered when phenotypic marker is 

not efficient anymore due to absent of parasite challenge in field (Hunt et al. 2008). 

Many studies attempted to find QTL for nematode resistance in sheep and will be 

elaborated further in the next section. 

1.3. Hunting Genes Underlying Nematode Resistance 

The identification of genes or QTL, which code for control nematode resistance, could 

aid selective breeding (Stear et al. 2007). Two methods are used in genetics to identify 

the gene associated nematode resistance; these include QTL mapping and candidate 

gene analysis. The main key difference between the two methods is illustrated in 

Figure 1. Both have advantages and disadvantages, and implementation depends on 
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the specific aims and available resources (Venturina et al. 2013). The important 

difference between the two approaches is that candidate gene analysis is able to detect 

a gene with a small effect (Venturina et al. 2013). Candidate gene analysis shall be 

focussed on the next subsection as this topic is relevant in this study. 

 

Figure 1 The work flow of two main approaches; QTL mapping and candidate gene analysis for 
identifying genes associated with traits. Adapted from Venturina (2012). The key points of QTL mapping 
and candidate gene analysis are listed. 
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1.3.1 Candidate Gene Analysis 

Testing or analysis of candidate genes is useful approach when there is prior 

knowledge of the genes or pathways in biological, physiological and functional of 

disease in question. The aim of the candidate gene analysis is to determine the relation 

between a particular phenotypic trait and mutation in a given gene. As illustrated in 

Figure 1, the advantage of candidate gene analysis compared to QTL mapping is 

powerful due to its ability to detect trait loci with even a small effect. From thousands 

of genes, two important  genes have been used for candidate gene analysis for 

identifying QTL underlying resistance to nematodes, predominantly T. circumcincta. 

These include interferon gamma (Sayers et al. 2005a) and MHC genes (Schwaiger et al. 

1995; Paterson et al. 1998; Sayers et al. 2005b; Stear et al. 2005; Stear et al. 2007). 

The biological and functional explanation of interferon gamma having been identified 

in association studies is that interferon gamma influences the variation in cytokines 

(Stear et al. 2007). The interferon gamma gene has been associated with  susceptibility 

of animals to nematode infections. Abuargob (2006) study has concluded that the 

interferon gamma F allele locus is associated with dominant susceptibility in young 

male sheep. Crawford and others performed investigations on free-living Soay sheep, 

and they found that the interferon gamma allele (o (IFN)-ɾτυωɊ ÁÌÌÅÌÅ was associated 

with reduced FEC in lambs and yearlings (Crawford et al. 2001). While the work of 

Davies and others has identified the chromosome 3 as being associated with IgA 

activity and is very close in the interferon gamma locus (Davies et al. 2006). 

On the other hand, MHC influences antigen presentation and the quality of immune 

response (Stear et al. 2007). The polymorphic MHC class II shows heterozygote 

advantage resistance to nematode infection (Stear et al. 2005). In particular, the G2 or 

Ovar-DRB1*1101 allele is associated with nematode resistance. The MHC and its 

association with nematode resistance will be elaborated later. 

1.4 Major Histocompatibility Complex (MHC) 

MHC has become one of the most widely studied regions in higher animal genomes in 

the fields of immunology, genetics and evolutionary biology (Horton et al. 2004). The 

discovery of MHC was initially from genet ic studies of transplant incompatibility  
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(Gorer, 1934), from its name derived. The MHC encodes glycoproteins that present 

antigen peptides on the cell surface to T cells and thus create histocompatibility or 

ȰÓÅÌÆȱ ÉÄÅÎÔification, for the immune response (Gorer et al. 1948). Tissue 

transplantation experiments first discovered an MHC in mice, the H-2 complex, and 

later, Dausset (1958) working on human leukocyte antigens discovered the Human 

Leucocyte Antigen system or HLA.  

MHC molecules play a central role in the adaptive immune system (Warner et al. 1987). 

The activation and differentiation of the T cell is prerequisite the interaction of MHC 

molecules present on antigen cells and T cell receptors (Ting et al. 2002). It is well 

known that MHC molecules on cell membrane bind to parasite peptides and display 

them on the cell surface, where they are later recognized by T cell receptors. The 

difference in resistance to the parasite could occur because of the failure of antigen 

presentation by MHC molecules to T cells (Stear & Wakelin 1998). It has been known 

that specific HLA alleles may significantly change the presentation of antigen derived 

peptides to T cells resulting in different outcomes in immunity (Racioppi et al. 1991). 

In order to further the understand the MHC, the review presented in the following 

section will focus on the MHC genes and their molecular structure. In addition, the 

essential basic concepts in the MHC area will also be discussed. 

1.4.1 Organization of MHC 

MHC is an organised cluster of tightly linked genes. Within the human MHC or HLA, 

nearly 10-20% of the genes are associated with the immune system (Trowsdale 2011). 

In humans, the MHC gene is located at the 6p21.3 band on chromosome 6 and contains 

about 224 genes spanning approximately 4Mbp equal to 0.1% of the human genome 

(Trowsdale, 2011). MHC is divided into three parts on the short arm of chromosome 6: 

MHC class I (telomeric class), II (centromeric class) and III (central class). HLA-A, -B 

and ɀC are located in MHC class I (refer to HLA class I) and HLA-DRB1, HLA-DQB1 or 

HLA-DPB1 are found in MHC class II (refer to HLA class II). The MHC class III is 

composed of immune-related genes (eg: TNF) and non-immunological genes and 

pseudogenes (Kelley et al. 2005). The class I has been identified as a paralogous gene 

(diverged after a duplication event) , while the class II and class III regions are 

orthologous genes (diverged after a speciation event) (Dukkipati et al. 2006b).  
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1.4.2 Three-dimensional Structure of the MHC Molecule 

MHC molecules are glycoproteins which are important for the capture of peptides from 

antigens on cell surface and their presentation to T cells. Therefore, there has been 

considerable interest to study the structure of MHC molecules especially the antigen-

biding site. The three-dimensional (3-D) structures of MHC molecules have been 

revealed by Bjorkman et al. (1987) and Brown et al. (1993). They used X-ray 

crystallography which revealed the site for antigen-biding and contact with the T cell 

receptor.  

Both class I and II molecules consist of alpha (ɖ) and beta (ɗ) glycoprotein chains 

(Figure 2). The class I molecules (encoded by HLA-A, -B, or -C genes) consist of 

multiple  domains includingɖ1, ɖ2 and ɖ3. The ɖ1 and ɖ2 are distal domain and ɖ

3 is proximal to the cell surface membrane. The ɖ1 and ɖ2 domains form the antigen 

binding cleft of class I molecule (Bjorkman et al. 1987). As illustrated in Figure 2 , Class 

I genes contain eight exons, and only exons 2 and 3 of Class I genes are important for 

encoding the polymorphic antigen-binding domains (Rajalingam et al. 2010). 

The Class II molecules (ɖencoded by DRA, DQA1 or DPA1 and ɗ encoded by DRB1, 

DQB1 or DPB1) consist of two external domains: ɖ1 and ɗ1 (distal domain), ɖ2 and 

ɗ2 (proximal domain) (Figure 2 ). It is well known that the distal domains ɖ1 and ɗ

1 form the antigen-binding cleft (Brown et al. 1988). The class II genes contain up to 

seven exons and only exon 2 of Class II genes encodes the antigen binding site 

(Rajalingam et al. 2010). 

The class I and II molecules differ in their expression and function (Dukkipati et al. 

2006a). The class I molecules are expressed on all nucleated cells and they present 

exogenous peptides to CD8+ T lymphocytes. Class II molecules, on the other hand are 

expressed on antigen presenting cells (APC). Example of APC includes dendritic cells, 

macrophages, B cells and the thymic epithelium. 
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Figure 2 A schematic picture of MHC molecules and genes for class I and II; adapted from Rajalingam 
et al. (2010). 
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1.4.3 Fundamental Features of MHC: Polymorphism 

The most important feature of MHC is extreme polymorphism. Polymorphism of MHC 

is characterised by extraordinarily large numbers of alleles and the nucleotide 

sequences between alleles can differat multiple sites (Apanius et al. 1997). In HLA, 

Immuno Polymorphism Database (IPD) has provided the most update information on 

the number of alleles, with more than 2000 alleles having been reported at class I, and 

more than 1000 at the class II (Robinson et al. 2013). MHC is recorded as the most 

polymorphic gene in the mammalian genome (Erlich, 2012), with exception of several 

wild animals such as moose and bison (Mikko et al. 1999). This might may be a 

consequence of genetic bottleneck (Ujvari & Belov 2011). 

MHC polymorphism is associated with diversity of antigen presentation and there is a 

believe that MHC polymorphism predates speciation and the polymorphisms are long-

lived (Figueroa et al. 1988). This mechanism is called trans-species polymorphism 

(Klein 1987). It is characterised by retention of alleles across species leading to 

discordance between species trees and alleles phylogenetically (Figueroa et al. 1988). 

However, it has been argued that the polymorphism of the HLA allele are of more 

recent origin (Bergstrom et al. 1998). 

MHC diversity has been thought to be due to recombination processes, resulting in 

exchange of segments between alleles or loci. Recombination includes gene conversion 

and crossing over (Adamek et al. 2015). Gene conversion is defined as transfer of 

genetic material from a donor to an acceptor gene without the donor being changed in 

the process (one chromosome to its homolog), while, crossing over involves 

bidirectional transfer of genetic material between homologous chromosomes. In 1991, 

Gyllensten & colleagues suggested that allelic diversity of DRB1 may have originated 

from different variant mixtures of two structural domains in primates. Recently, a 

study by Adamek et al. (2015) that used seven novel HLA alleles has supported the 

involvement with gene conversion in shaping diversity of MHC. In addition, the study 

also highlighted intralocus and interlocus gene conversion among HLA alleles. While, 

in a study of MHC diversity in a sheep, Schwaiger et al. (1993) advocate that the DRB 

polymorphism may be generated by double-recombination or/ and gene-conversion-

like events. Studies in other animals such as American bison and cattle also support the 
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importance of recombination process in shaping MHC diversity (Ohta, 1995; Mikko et 

al. 1997). 

MHC polymorphisms are believed to be maintained by pathogen-driven balancing 

selection. There are three types of pathogen-driven balancing selection; heterozygote 

advantage, negative frequency dependent selection and fluctuating selection 

(reviewed by Meyer & Thomson, 2001; Stefan et al. 2014). Heterozygote advantage is 

believed that cause of maintenance of MHC class II gene polymorphism in sheep (Stear 

et al. 2005). The divergent allele advantage is one of the heterozygote advantage form 

(Wakeland et al. 1990) and with divergent allele advantage as a selection mechanism 

in a model, several key features of MHC were well explained, thus supporting the idea 

of MHC polymorphisms are maintained by heterozygote advantage (Stefan et al. 2014). 

1.4.4 MHC Linkage Disequilibrium 

In humans and animals, there is growing interest in the diversity of the MHC in the 

genome. One interesting pattern of diversity in the MHC is linkage disequilibrium. 

Linkage disequilibrium is the non-random association between alleles at different loci 

(Ardlie et al. 2002). Linkage disequilibrium  is observed when a particular allele at one 

locus is inherited together on the same chromosome with a particular allele at a second 

locus more regularly than expected (Ardlie et al. 2002). The level of linkage 

disequilibrium between markers is influenced by molecular and genetic factors 

(Kauppi, 2003).  

Different measures are available for linkage disequilibrium and have been reviewed 

extensively (Slatkin, 2008). The first measurement of linkage disequilibrium was 

introduced by Lewontin (1964) who used coefficient of linkage disequilibrium (D) but 

had several weaknesses. The square of the correlation coefficient (r2) is an alternative 

which can be more robust and less prone to overestimate linkage disequilibrium 

(Ardlie et al. 2002; Lee et al. 2012). Recently, asymmetric linkage disequilibrium (ALD) 

measures have been developed by Thomson & Single (2014) which tend to be more 

appropriate and informative especially when there is an uneven number of alleles at 

each locus. 
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High linkage disequilibrium  is recorded in the MHC in humans as well as in animals. A 

previous study in 39 human families has revealed high LD across the DRB1, DQA1 and 

DQB1 regions (Begovich et al. 1992). In addition to that, they also detected a strong 

linkage disequilibrium  between the haplotype DRB1-DQA1-DQB1 and HLA-B. 

Interestingly, Klitz et al. (1995) found a strong linkage disequilibrium  present between 

DR-DQ and DPB1. In the cattle, Andersson & Rask (1986) provided the evidence of 

strong linkage disequilibrium  between DR-DQ genes. It was also evident that the 

linkage disequilibrium  occurred between the class I lymphocyte antigen G13br and the 

allele G2 in sheep (Stear et al. 1996). 

1.5 Sheep MHC or Ovar-Mhc 

The ovine MHC or Ovar-MHC ɉȬ/ÖÁÒȭ ÒÅÐÒÅÓÅÎÔÉÎÇ Ovis aries) was discovered from 

serological studies on sheep lymphocyte antigen. The Ovar-MHC previously known as 

ovine Lymphocyte Antigen (OLA) is located on the long arm of ovine chromosome 20 

(OAR 20q15-20q23) (Hediger et al. 1991). This organization distinguishes the Ovar-

MHC from the MHC of humans and rodents, which are located on chromosome 6 and 

chromosome 17 respectively (Kelly et al. 2005).  

Studies of the Ovar-MHC over several decades have revealed a reasonable picture of 

the genetic organisation and function of the genes. Like MHC in other mammals, Ovar-

MHC is mainly partitioned into three distinct regions, classes I, II and III with the class 

I region telomeric to the class II and class III regions (Figure 3 ). The physical mapping 

of Ovar-MHC region was accomplished by means of a 190,000 BAC clone by Liu et al. 

(2006). Later, a complete sequence of the Ovar-Mhc classes I, II and III was published 

by Gao et al. (2010) using DNA shotgun sequencing of overlapping 26 BAC clones. They 

have identified 177 protein-coding genes on the basis of open reading frames (ORF) 

with approximately 2,434, 000 nucleotides in length within Ovar-MHC. The complete 

MHC sequence obtained from this work and a comparison sequence analyses with 

human and cattle sequences revealed a high conservation in the MHC structure and loci 

order except for the class II. 

The class Iɀclass III  contig spans approximately 1.9 Mb on chromosome 20 (Dukkipati 

et al. 2006b). The Ovar-MHC class I contains 1.3 Mb and the Ovar-MHC class III region 

is 600 kb (Liu et al. 2006). The class IIa and class IIb contigs span approximately 400 
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and 300 kb respectively (Liu et al. 2006). The Ovar-MHC class I contains classical class 

I genes and other non-classical MHC genes (Miltiadou et al. 2005). The Ovar-MHC class 

II cluster comprises the classical class IIa genes (Ovar-DQ and -DR) and the class IIb 

genes (DNA, DOB, DYA, DYB, DMA and DMB) (Dukkipati et al. 2006b). While, the Ovar-

MHC class III contains a high density of genes includes several genes which have been 

identified as important in innate immunity, for example genes coding for C4 and TNF 

(Dukkipati et al. 2006b).  

 

Figure 3 A schematic picture of Ovar-MHC on chromosome 20. The Ovar-MHC class II is divided into 
class IIa and IIb by autosome insertion. This figure is adopted from Gao et al. (2010). 

 

1.5.2 Ovar-Mhc Class II Region 

The Ovar-MHC class II region is the area of special interest in this study. The class II 

region is the best-characterized region and associated with the development of the 
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specific immune response to parasites (Dukkipati et al. 2006b). A distinct feature of the 

sheep class II compared with other species is that class II splits into two clusters 

(Figure 3). These two clusters are called class IIa and class IIb, which are separated by 

an inversion. This division is similar to an observation in bovine MHC (BoLA) (Childers 

et al. 2006). Recently, the inversion region complete sequence has become available 

through the work of Li et al. (2012) using a BAC clone. They have revealed that the 

arrangement and genetic architecture of this inversion/ insertion is similar to cattle. 

Thus, their work gives further support to the previous hypothesis that ancient 

chromosome rearrangement occurs through chromosome looping and later crossover 

in the ancestor ruminant (Amills et al. 1998). 

1.5.3 Ovar-MHC class IIa: DR and DQ loci 

The schematic structure of the Ovar-MHC Class IIa region is illustrated in Figure 4. 

Unlike HLA, the Ovar-MHC class IIa consists of DR and DQ loci without DP loci (Chardon 

et al. 1985). A detailed ccount of the genomic organization of MHC class IIa was 

published by Herrmann-Hoesing et al. (2008a) who used genomic DNA from 

Rambouillet sheep. The DQA1 neighbouring DRB1 and two DQ loci each comprise one 

DQA and one DQB gene positioned in tail-to-tail orientation. The DQA1 neighbouring 

with DRB1 was also observed from a BAC library using genomic DNA from Merino 

sheep (Liu et al. 2006). The transcription direction is the same for DQA1 and DQA2, 

while DRB1, DQB1 and DQB2 loci are transcribed in the opposite way (Hermann-

Hoesing et al. 2008a). A previous report using 20 novel SNPs of class II provides the 

evidence that some region of class IIa in sheep is a Ȭ3.0 ÄÅÓÅÒÔͻ which characterized 

with low heterozygosity (Lee et al. 2012). The class IIa, IIb and III subregions are 

together creating the haplotypic block which showed low frequency of recombination 

wi thin these three sub regions (Lee et al. 2012). 
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Figure 4 Schematic picture of Ovar-Mhc class IIa loci in a Rambouillet ram; modified from Hermann-
Hoesing et al. (2008a). The red and blue arrows indicate of transcription process. 

1.6 Ovar-DR Genes 

DR molecules are made up of ɖandɗchains. The DRA gene encodes the ɖchain of the 

DR molecule.On the other hand, the DRB gene encodes the ɗchain of the same 

molecule. 

1.6.1 Ovar-DRA  

The existence of a single DRA gene has been demonstrated in a Southern hybridization 

study (Scott et al. 1987). The Ovar-DRA has been shown to have a low number of 

polymorphisms by RFLP (Fabb et al. 1993; Escayg et al. 1996). Low polymorphism or 

monomorphic DRA gene has also been reported in cattle (Gowane et al. 2013).  

1.6.2 Highly Polymorphic of Ovar-DRB1 

In contrast to DRA, the genes that encode the ɗ chain of the DR molecule or DRB gene 

are highly polymorphic. There are four DRB loci in sheep (Dukkipati et al. 2006b). 

However, only one of the four is a functional gene namely DRB1, and the remaining 

three are pseudogenes, DRB2, DRB3 and DRB4. The pseudogenes lack exon 1 and 2 
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(Dukkipati et al. 2006b). The polymorphisms of the DRB1 exon 2 have been focussed 

on in many studies as this region is important in encoding glycoprotein dimmers 

(Fremont et al. 1996).  

DRB1 is believed to be analogous to the first domain (ɗ1) in HLA-DR1 (Brown et al. 

1993). Among Ovar-MHC class II genes, the expressed DRB1 locus was the most 

polymorphic with more than 100 distinctive DRB1 alleles having been reported in 

Genbank (Ballingall et al. 2011). Based on the sequencing-based typing, 38 Ovar-DRB1 

exon 2 nucleotide sequences were recognised in a single study in sheep (Ballingall & 

Tassi 2010). Ovar-DRB1 contains six exons totalling 801 bp (Hermann-Hoesing et al. 

2008a).  

1.6.3 Database IPD-MHC and Standard Nomenclature of DRB1 locus 

The MHC sequences of multiple  species have been reported in the Immuno 

Polymorphism Database-MHC (IPD-MHC) website. The IPD-MHC website sequence 

submission tools provide continuous updating of new allele sequences. It offers the 

opportunity for investigators to submit new allele/alleles by submitting a novel 

complete sequence. The minimum requirement for submission to this database is a 

complete sequence of the second exon. For sheep, the IPD-MHC-OLA is the platform 

that provides the updated information on allelic diversity 

(http://www.ebi.ac.uk/ipd/mhc/ovar/index.html). There are more than 100 Ovar -

DRB1 sequences submitted in the website (Ballingall & Tassi, 2010). 

The allelic group assignments were based on regions that encode for the peptide-

binding domains. The region includes polymorphisms in the exon 2 and 3 sequences 

for class I alleles, and exon 2 sequence for class II alleles (Rajalingam et al. 2010). The 

Ovar-DRB1 allelic assignments are designated in accordance with the MHC 

nomenclature system. According to the MHC nomenclature, the Ovar class II alleles are 

designated by the prefix Ovar and their gene locus (e.g. Ovar-DR, Ovar-DQ), followed 

ÂÙ ÔÈÅ ÌÅÔÔÅÒ Ȱ!ȱ ÏÒ Ȱ"ȱ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÐÏÌÙÍÏÒÐÈÉÃ ɻ and ɼ chains of the Ovar-DR, 

Ovar-DQ (e.g. Ovar-DQA, Ovar-$2"Ɋ ÁÎÄ ÏÎÌÙ ÂÙ ÔÈÅ ÌÅÔÔÅÒ Ȱ"ȱ ÆÏÒ /ÖÁÒ-DR, as this is its 

only polymorphic chain (e.g. Ovar-DRB). As some regions have various genes, each 

locus is given number (e.g. Ovar-DRB1). The first two digits assigned after the species 

and locus designation represents the allelic family (e.g. Ovar-DRB1*01). The same 
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family alleles do not differ by more than four amino acids from the second exon. This 

is followed by the other set of digits representing coding change within the same family 

allele (e.g. Ovar-DRB1*0101). The next set of digits represents synonymous or silent 

substitution in a coding region (e.g. Ovar-DRB1*010102) (Ballingall et al. 2011). 

1.6.4 Multiple Techniques to Dissect Ovar-DRB1 Polymorphisms 

Multiple techniques have been used to dissect polymorphisms of the DRB1 locus, and 

different numbers of alleles amplified in different breeds (Table 3). RFLP was initially 

used to dissect polymorphisms of DRB1 using a DRB1 exon 2 specific probe (Blattman 

et al. 1993). However, this methodology is frequently problematic because of extensive 

cross hybridization between the DRB probe and the DQB locus (Escayg et al. 1996). In 

addition, high cost is involved in use of restriction enzymes with large numbers of 

samples, and the technique is not able to discriminate between a large number of 

alleles (Buitkamp& Epplen 1996).  

Single strand conformation polymorphism (SSCP), a technique which is based on the 

electrophoretic mobility of a single strand of DNA, also been described for typing of the 

DRB1 locus (Jugo & Vicario 2000). This technique is effective to capture 

polymorphisms and facilitate low cost genotyping (Gasser et al. 2006). However, SSCP 

suffers from technical problems such as high rate of reannealing of DNA strands and 

appearance of multiple bands from a double-stranded PCR product (Schwieger & 

Tebbe, 1998). 

An RNA-based approach has also been used to capture DRB1 polymorphisms. Reverse 

transcriptionɀPCR (RT-PCR) using the primers located on conserved regions of exons 

1 and 3 has enabled the identification of the diversity of DRB1 together with a 

functional of gene from cDNA fragments (Herrmann et al. 2005; Herrmann-Hoesing et 

al. 2008a).  

Another common technique is called sequence-based typing or direct sequencing. It is 

a simple method used to detect all MHC polymorphisms (Sayers et al. 2005b; Ballingall 

& Tassi, 2010). Sequence-based typing involves typing of specific coding regions of 

MHC genes, with  direct sequencing of the PCR amplicons. However, the challenge 

posed by this technique is the need to design the primer s that is able to detect all 

polymorphism (Ballingall & Tassi; Rajalingam et al. 2010). 
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Microsatellite or simple tandem repeat (STR) have been used to assess the diversity of 

Ovar-DRB1 (Schwaiger & Epplen 1995; Schwaiger et al. 1995). For example, Ovar-

DRB1 possesses a STR [(GT) n (GA) m] which exists in intron 2 (Schwaiger & Epplen 

1995) and sequencing of this STR together with exon 2 was able to capture 

polymorphisms of DRB1 (Schwaiger et al. 1995). Schwaiger et al. (1995) have shown a 

high correlation between PCR products and alleles. However, this technique fails to 

differentiate some of the alleles (Stear et al 2005). 

Different numbers of Ovar-DRB1 alleles amplified with different techniques are 

summarised in Table 3. One of the interesting observations from previous studies is 

that the number of alleles amplified in similar breeds is different. This could be 

explained due to different  number of samples or technique used. The difference may 

also be attributable in part to the different allele profile in different breeds. 



 45 

Table 3 Different numbers of alleles of the Ovar-DRB1 gene in multiple breeds of sheep. Adapted from 
Dukkipati et al. 2006a 

Breed Typing Met hod No of sheep No of alleles Reference 

Single Breed     

Arabi 1 111 8 Lotfi et al. 2012 

Blue Du Maine 2 1 2 Ballingall & Tassi (2010) 

Bluefaced Leicester 2 2 3 Ballingall & Tassi (2010) 

British Milk/ Suffolk cross 2 20 13 Ballingall & Tassi (2010) 

British Milk/ Texel cross 2 16 13 Ballingall & Tassi (2010) 

Cheviot 2 3 6 Ballingall & Tassi (2010) 

 2 20 14 Konnai et al. 2003b 

Chinese Merino 1 204 16 genotypes Shen et al.2014 

Columbia 3 9 6 
Hermann-Hoesing et al. 

2005 

 3 129 17 
Hermann-Hoesing et al. 

2008b 

Corriedale 2 6 9 Konnai et al. 2003b 

Greyface 2 9 11 Ballingall & Tassi (2010) 

Karakul Ram 2 33 24 Polat et al. 2014 

 2 156 40 Larruskain et al. 2010 

Karrantzar 4 17 4 Jugo & Vicario (2000) 

Laxta 4 83 8 Jugo & Vicario (2000) 

Lleyn 2 1 2 Ballingall & Tassi (2010) 

Merino 5 130 8 Outteridge et al. 1996 

 5 234 16 Bot et al. 2004 

 6 189 29 bands Blattman et al. 1993 

North Ronaldsey 2 1 2 Ballingall & Tassi(2010) 

Polish Heath 1 101 
65 

haplotypes 
Gruszczyďska et al. 2005 

Polish Lowland 1 99 
68 

haplotypes 
Gruszczyďska et al. 2005 

Prealpe 6 89 10* Grain et al. 1993 

 2 2 4 Ballingall & Tassi(2010) 

Polypay 3 8 5 
Hermann-Hoesing et al. 

2005 

 3 126 21 
Hermann-Hoesing et al. 

2008b 

Rambouillet 3 15 10 
Hermann-Hoesing et al. 

2005 

 3 128 26 
Hermann-Hoesing et al. 

2008b 
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Breed Typing Met hod No of sheep No of alleles Reference 

Scottish Blackface 7 21 8 McCririe et al. 1997 

 7 299 17 
Buitkamp & Epplen 

(1996) 

 7 179 19 
Schwaiger et al. 1995; 

Stear et al. 1996 

 2 64 18 Ballingall & Tassi (2010) 

Scottish Blackface cross 2 77 20 Ballingall & Tassi (2010) 

Scottish Mule 2 2 3 Ballingall & Tassi (2010) 

Soay 2 15 5 Paterson (1998) 

 5 1209 8 Paterson et al. 1998 

Suffolk 2 71 28 Konnai et al. 2003b 

 2 179 7 Sayers et al. 2005b 

 2 5 5 Ballingall & Tassi (2010) 

 1 52 
13 

haplotypes 
Konnai et al. 2003b 

Suffolk/Texel cross 2 9 7 Ballingall & Tassi (2010) 

Texel 2 155 8 Sayers et al. 2005b 

Texel/unknown cross 2 2 3 Ballingall & Tassi (2010) 

Mixed Breed      

Four different breeds 2 15 13 Schwaiger et al.1993 

Coopworth, Landrace, 

Merino, Perendale, 

Romney and Texel 

2 34 34 Schwaiger et al. 1994 

Finsheep and Russian 

Ramanov 
4 31 9 Kostia et al. 1998 

Lori-Bakhtiari, Shaul and 

Zandi 
1,2 92, 40,47  

14 

haplotypes 
Nikbakht et al. 2011 

Xinjiang Karakul Ram 

Bashibai populations and 

Bashibai/AltaiArgali  

2 116 42 Polat et al.2014 

 
1= PCR-RFLP of exon 2 
2= PCR amplification and sequencing of exon 2 either alone or together with a part of adjacent intron  
3= RT-PCR of exon 1and 3 from cDNA 
4= SSCP and sequence analysis of exon 2 
5= Length polymorphism of microsatellite in intron 2 
6= RFLP with exon 2 specific probe 
7= Length polymorphism of STRs in intron 2 plus hybridization of oligonucleotides within exon 2 
 
 
* Existence of more than one locus has been determined 
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The frequency distribution of Ovar-DRB1 alleles is of particular interest in Ovar-MHC 

research. The information aids in the understanding of the lineage of breed (Hermann-

Hoesing et al. 2005). Specifically, the Ovar-DRB1*1202, *0203, *0404, *0801 and *1101 

are possibly common alleles from Spanish and English descent sheep (Hermann-

Hoesing et al. 2005). The most frequent alleles in different breeds are reported in 

Table 4. From the table, it seems that DRB1*0702 has been reported frequently as the 

most common allele in previous studies.  

Table 4 Association of breeds and their common alleles reported in multiple studies 

Origin  Common allele  Frequency  Reference 

Asia    

Bashibai DRB1*2F10c8 and 

DRB1*0803 

13.2 Polat et al. 2014 

Bashibai/ Altai 

Argali cross: 
   

-F1 DRB1*2F16c2 17.6 Polat et al. 2014 

-F2 DRB1*1601 14.3  

-F3 DRB1*0803 20.0  

Karakul Ram DRB1*K18cC 21.2  

New Zealand    

Corriedale DRB1*0201 25.0 Konnai et al. 2003b 

    

Europe     

Cheviot DRB1*0203 27.5 Konnai et al. 2003b 

 DRB1*02032 8.7 Hermann-Hoesing et al. 2008a 

Rambouillet DRB1*1202 4.3 Hermann-Hoesing et al. 2008a 

Scottish Blackface DRB1*0101 35.0 
Schwaiger et al. 1995; Stear et 

al. 1996 

Suffolk DRB1*0702 23.9 Konnai et al. 2003b 

 DRB1*03411 NA Sayers et al. 2005b 

Texel DRB1*0203 NA Sayers et al. 2005b 

    

South America     

Karrantzar DRB1*0702 28.0 Jugo & Vicario (2000) 

Laxta DRB1*0702 32.0 Jugo & Vicario (2000) 

 DRB1*0702 11.5 Larruskain et al. 2010 
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1.6.5 Ovar-DRB1 Association Studies 

Studies on the association of Ovar-DRB1 with resistance to important veterinary 

diseases have also been undertaken (Table 5). In Scottish Blackface lambs, Ovar-DRB1 

G2 allele was found to be significantly associated with T. circumcincta infection 

(Schwaiger et al. 1995; Stear et al. 1996). In addition, the substitution of the prevalent 

allele I, with the allele G2 was found to be significantly associated with dramatic 

decreases of FEC (Stear et al. 2005). Further investigation in Suffolk sheep also 

suggested an association with the same allele and resistance to GIN (Sayers et al. 2005). 

Interestingly the other two alleles (OAMHC213 and Ovar-DRB10) also influenced 

susceptibility to GIN. In the free-living Soay population examined by Paterson et al. 

(1998), the OLADRB257 allele is associated with strongyle resistance.  

Ovar-DRB1 allele was also associated with resistance against specific viral diseases 

(Table 5). In Chinese Merino sheep, Shen et al. (2014) have investigated the 

relationship between DRB1/DQB1 gene polymorphism and cystic echinococcosis. 

They found that the DRB1-SacIab/DRB1-MvaIbb/DQB1-TaqIaa/DQB1-HaeIIInn 

haplotype is echinococcosis resistant. The other study involved three breeds; 

Columbia, Polypay and Rambouillet has shown that the specific expression of Ovar-

DRB1*0403 and DRB*07012 alleles was associated with low levels of the virus of OPPV 

(Herrmann-Hoesing et al. 2008a). While, another researchers have demonstrated that 

the DRB1*0325 allele was associated with susceptibility with the same virus 

(Larruskain et al. 2010). In addition, they have also identified the Ovar-DRB1*0702 as 

a resistant allele against ovine pulmonary adenocarcinoma (OPA), and alleles such 

DRB1*0143 and DRB1*0323 are considered as a susceptible allele against OPA 

(Larruskain et al. 2010; 2012). 
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Table 5 Association of Ovar-DRB1 with disease resistance reported in previous studies 

Disease Breed Allele  Type of association  Reference 

Parasite      

Nematode SBF DRB1*0203 Resistance Schwaiger et al. 1995; Stear et al. 2005 

 Soay OLADRB257 Susceptible Paterson et al. 1998 

 Suffolk OAMHC213 and DRB10 Susceptible Sayers et al. 2005b 

 Suffolk DRB1*0203 Resistance Sayers et al.2005b 

Cystic Echinococcosis Chinese Merino SRB1-SacIab/DRB1-MvaIbb/ DQB1-
TaqIaa/DQB-HaeIIInn (haplotype) 

Resistance Shen et al. 2014 

     

Virus      

Ovine progressive pneumonia virus 
(OPPV) or Maedi-Visna (Maedi) 

Columbia, Polypay 
and Rambouillet 

DRB1*0403 and DRB1*07012 Resistance (lower 
level of OPP) 

Hermann-Hoesing et al. 2008a 

 

 Laxta DRB1*0325 Susceptible Larruskain et al. 2010 

     

Ovine Pulmonary Adenocarcinoma 
(OPA) 

Laxta DRB1*0702  Resistance Larruskain et al. 2010; 2012 

 Laxta DRB1*0143, DRB1*0323 Susceptible Larruskain et al. 2010 
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Specific amino acid residues of the Ovar-DRB1 allele play a pivotal role in determining 

the type and magnitude of the T-lymphocyte response to specific diseases (Hermann-

Hoesing et al. 2008b; Larruskain et al. 2012). The studies have detailed the specific 

amino residues at the DRB1 locus association with several diseases is given in Table 6. 

Table 6 Association of specific of amino acid positions with resistance or susceptibility against 
several diseases 

Disease Association with  Amino Acid Position  Reference 

    

Ovine progressive 
pneumonia virus 
(OPPV) or Maedi-
Visna (Maedi) 

Susceptible H32, A38, I67 Hermann-Hoesing et al. 
2008a 

Resistance Y31, T32, T51, Q60, 
N74 

    

Bovine Leukaemia 
Virus (BLV) 

 

Resistance 

 

R70 and K71 

 

Nagaoka et al. 1999 

 

Susceptible S70 and R71 Konnai et al. 2003c 

    

 

Ovine Pulmonary 
Adenocarcinoma 
(OPA) 

 

Resistance 

 

Y31, T32, N37, T51, 
Q60, A74, S70, F86 

 

Larruskain et al. 2012 

Susceptible N42, T74, I86  

    

1.7 Ovar-DQ Genes 

OvarɀDQ genes encode the DQ molecules. In cattle, DQ molecules are known to be 

equally important as DR molecules for the presentation of peptide antigens to T cells 

(Norimine & Brown 2005). As sheep and cattle are closely related, it is likely that DQ 

molecules are important for the same function and there have been many attempts to 

characterise DQ genes in sheep which will be discussed in the next section. 

1.7.1 Ovar-DQ genes: Ovar-DQA and DQB 

The presence of DQ genes in sheep was confirmed by the work of Chardon et al. (1985). 

They used genomic Southern blot analysis using probes which bind to the HLA DQ 

region. In a later study, two DQA genes per haplotype were observed in Ovar-MHC from 
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sequences of DNA clones and cDNA clones (Scott et al. 1991a; Fabb et al. 1993). This is 

consistent with a genomic organization of the DQ sub-region reported by Wright & 

Ballingall (1994). As mentioned earlier, there are two DQ loci each containing two DQA 

and two DQB genes, organized in tail -to-tail orientation  (Hermann-Hoesing et al. 

2008b). The two loci are 22-25 kb apart and are linked on a linear tract of 130 kb and 

160 kb of DNA (Wright & Ballingall 1994; Hermann-Hoesing et al. 2008b). The DQA1 

and DQA2 loci transcribed in the opposite direction from DQB2 and DQB1, and they 

contain four exons both totalling 768 bp (Hermann-Hoesing et al. 2008b).  

1.7.2 Ovar-DQA: A Highly Polymorphic Gene 

The DQ molecules that are encoded by DQ genes are vital for antigen presentation 

(Hickford et al. 2004). One interesting feature of Ovar-DQA1 is that 10-18% of sheep 

are reported to completely lack of the DQA1 gene or referred to as DQA1-N, suggesting 

that the number of DQA genes varies among haplotypes in an earlier investigation 

(Snibson et al. 1998). However, the duplication at the DQA2 locus or DQA2-like 

sequences was associated with DQA1 null. Thus, it maintains two DQA loci per 

haplotype in sheep (Hickford et al. 2000). Interestingly, these DQA2-like sequences are 

characterised to be more closely related with cattle DQA3 and DQA4 sequences 

compared with sheep DQA2 sequences (Hickford et al. 2004). There is evidence of 

historical recombination at DQA (Hickford et al. 2007). The diversity of both DQA1 and 

DQA2 alleles has been well characterized in previous works (Table 7). Generally, DQA2 

seems to be more polymorphic than the DQA1. Common DQA2 alleles or haplotypes 

have been reported (Table 8). However, there were no specific patterns observed. 
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Table 7 Polymorphisms of the Ovar-DQA gene reported in multiple breeds of sheep 

Breed Typing Method  No of sheep No of alleles Reference 

DQA1     

Romney, Coopworth/Perendale, Corriedale and others RFLP 48, 19,222,50 8 Escayg et al. 1996 

Merino, Romney PCR-SSCP NA 6 Snibson et al. 1998 

Merino, Corriedale, Borderdale, Romney, Awassi and 
Finnish Landrace 

PCR-SSCP 300 14 Zhou& Hickford (2004) 

Merino, Corriedale, Romney and others (New Zealand 
crossbred sheep) 

PCR-SSCP 520 12 Hickford et al. 2007 

DQA2     

Romney, Coopworth/Perendale, Corriedale and others RFLP 48, 19,222,50 16 Escayg et al. 1996 

Merino, Romney PCR-SSCP NA 10 Snibson et al. 1998 

6 breeds; Merino, Corriedale, Borderdale, Romney, 
Awassi, Finish Landrace 

PCR-SSCP 2000 23 Hickford et al. 2004 

Variety of breeds PCR-SSCP 40,000 22 Hickford et al. 2007 

3 breeds: German Mutton Merino, German Merino and 
German Blackheaded Mutton  

PCR-SSCP 347,115, 175 21 Ennen et al. 2009 

Chios PCR-SSCP 400 20 Gelasakis et al. 2013 



 53 

Table 8 Common DQA2 alleles or haplotypes found in different breeds of sheep 

Breed 
Common allele/ 
haplotypes  

Frequency  
(%)  

Reference 

Merino, Corriedale, 
Borderdale, Romney, Awassi, 
Finish Landrace 

DQA2*0101-*1401  13.2 Hickford et al. 2004 

    

Variety of breeds DQA2*1201 and 
DQA2*0101-*1401  

15.8 and 
14.5 

Hickford et al. 2007 

    

German Mutton Merino, 
German Merino and German 
Blackheaded Mutton  

DQA2*0103 and 
DQA2*0601 

25.9 and 
15.9 

Ennen et al. 2009 

    

Chios DQA2*0301 31.7 Gelasakis et al.2013 

Bold indicate the Ovar-DQA2-like sequences 

1.7.3 Nomenclature of DQA genes 

Ovar-DQA1 and DQA2 gene nomenclature is based on those for bovine leukocyte 

antigen (BoLA) (Zhou & Hickford, 2004). Similarly, in Ovar-DRB1, the sequence is 

based on clones derived from PCR amplification; there must be at least three identical 

clone sequences. Names are constructed from the predicted amino acid sequences and 

comprised of four or five digits. The first two digits denote the major type, the third 

and fourth digits specify the subtype, whereas the fifth digit indicates silent 

substitutions. Alleles that differ by less than five amino acids in the first domain are 

considered as subtypes within a single major type. However, unlike Ovar-DRB1, the 

Ovar-DQA alleles have been not updated in the IPD-MHC-OLA.  

1.7.4 Ovar-DQA Alleles and Haplotypes  

Strong linkage disequilibrium shown in the MHC loci allows researchers to report 

findings in terms of haplotypes rather than by individual alleles (Rajalingam et al. 

2010). In addition, the haplotypes have been shown to be a good tool for identifying 

complex diseases (Clark, 2004). First, the statistical power of association tests with 

haplotype data is expected to be enhanced due to reduction in dimension. Second, the 

protein of the candidate genes occur in polypeptide chains whose physical properties 

may depend on specific amino acids combination. Third, genetic variation in 

populations is inherented as a haplotypes (Clark, 2004). 
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The MHC OLA Nomenclature Committee has not yet established a nomenclature 

system for Ovar-MHC class I and II haplotypes. However, DQA haplotypes in sheep have 

been reported by Hickford et al. (2007) (Table 9). 

Table 9 Haplotypes found in two DQA genes. Adapted from Hickford et al. 2007 

Breed  DQA1 DQA2 DQA2 like  

41 sires in New Zealand 0104 1201 - 

0402 0101 - 

0601 1101 - 

0101 0602 - 

0101 0103 - 

0103 0602 - 

0301 1201 - 

0401 08011 - 

0701 0901 - 

0302 1201 - 

0901 0901 - 

0301 0901 - 

0501 0601 - 

0103 1101 - 

0601 0602 - 

0501 1101 - 

0901 0601 - 

0103 0601 - 

0801 1001 - 

0104 0301 - 

0901 0301 - 

Null Null - 

Merino, Corriedale, 

Romney and Others New 

Zealand crossbred sheep 

 

 

- 0101 1401 

- 0102 1601 

- 0401 1501 

- 0102 1401 

- 0402 1701 

- 0702 1401 

- 0701 1401 

- 0401 1401 

- 0101 1601 

- 0701 1301 

- 0401 1601 

Merino and Others New 

Zealand crossbred sheep 

- 0702 1601 

- 0701 1601 
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1.7.5 Association of Ovar-DQA and Diseases 

In humans, the polymorphism of DQA has been linked with the development of several 

autoimmune diseases such insulin-dependent diabetes mellitus (Glass & Giannini, 

1999). In sheep, it has been reported that lack of Ovar-DQA1 is linked with 

susceptibility to GIN (Table 10). A microarray-based expression study has shown that 

in a susceptible selection line, more expression of Ovar-DQA1 null alleles was observed 

(Keane et al. 2007). The susceptibility was associated with the hypothesis of failure in 

presenting parasite peptides to T cells. However, this association was found in only one 

(Perendale) of three sheep breeds examined (Keane et al. 2007). This suggests that 

increased expression of Ovar-DQA1 null alleles or a lack of DQA1 alleles is not a cause 

of susceptibility itself (Keane et al. 2007). Other multipler  factors such as a mixture of 

susceptible alleles, linkage disequilibrium between non-MHC with Ovar-DQA1 and 

expression levels of Ovar-DQA1 on APCs or a mixture of these factors are possible 

influence (Keane et al. 2007). Forrest et al. (2010) has investigated further the role 

Ovar-DQA1 null allele in nematode resistant in four different breeds (NZ Merino, South 

Africa Meat Merino, Polwarth and Corriedale), however no universal association was 

found between the allele and FEC. They only found a significant association with the 

presence of Ovar-DQA1 null with low GIN in only one breed. 

On the other hand, the presence of specific Ovar-DQA2 allele was associated with 

higher susceptibility against ovine foot rot (see Table 10). Escayg et al. (1997) 

suggested that the presence of Ovar-DQA2*1101 increased the risk of susceptibility to 

foot rot infection. Later, Ennen et al. (2009) showed that the likelihood of a foot rot 

infection is less for ewes having one of the DQA2ɀDQA2-like haplotypes 0101ɀ1401 

(G) and 0702ɀ1401 (J2) than for ewes carrying the alleles Ovar-DQA2*1101(E). The 

study by Gelasakis et al. (2013) provides further evidence that Ovar-DQA2*1101 is 

associated with higher susceptibility to foot rot. 
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Table 10 List of associations of Ovar-DQA alleles with important diseases in sheep 

Disease Allele  Breed Examined  Type of 
association  

Reference 

Nematodes DQA1*N Perendale, Romney 
and Coopworth 

Susceptible (only 
in Perendale) 

Keane et al. 2007 

 

 

NZ Merino, South 
Africa Meat Merino, 
Polwarth and 
Corriedale 

Susceptible (only 
in South Africa 
Meat Merino) 

Forrest et al. 2010 

 

DQA2*1101 Corriedale 

 

Higher 
susceptibility 

 

Escayg et al. 1997 

     

Ovine foot 
rot  

DQA2*0101/ 
DQA2*1401  
or 
DQA2*0702/ 
DQA2*1401  

German Mutton 
Merino, German 
Merino and German 
Blackheaded Mutton 

Resistance 
compared with 
DQA2*1101/ 
DQA2*0501  

Ennen et al. 2009 

     

     

 DQA2*1101 Chios Higher 
susceptibility 

Gelasakis et al. 
2013 

     

Bold type indicates the DQA2-like sequence, the duplicated allele 

1.7.5 Ovar-DQB and Polymorphisms 

There is an indication that MHC class II loci are homologous with HLA-DQB in sheep 

(Deverson et al. 1991). Ovar-DQB region is a highly polymorphic gene (van Oorschot 

et al. 1994) with two DQB genes in sheep, namely DQB1 and DQB2 (Hermann-Hoesing 

et al. 2008b). The nucleotide sequences of Ovar-DQB1 and Ovar-DQB2 are similar with 

>90% similarity reported (Wright & Ballingall, 1994).  

Unlike DRB1, Ovar-DQB genes are less well characterized. Two typing systems have 

been developed for Ovar-DQB genes (Table 11). These include RFLP and reference-

strand-mediated conformation analysis (RSCA). The results obtained from RSCA so far 

are most promising, with the finding of 16 new Ovar-DQB sequence (Feichtlbauer-

Huber et al. 2000). In spite of these promising results, currently there is also a lack of 

information of DQB genes in sheep.  
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Table 11 Polymorphisms of the expressed Ovar-DQB gene in multiple breeds of sheep 

Breed Typing 
Method  

No of 
sheep 

No of 
alleles  

Reference 

Prealpe PCR-RFLP 89 9 Grain et al. 1993 

     

Romney, 
Coopworth/Peren
dale, Corriedale, 
Others 

PCR-RFLP 48, 
19,222,50 

6 Escayg et al. 1996 

     

Scottish Blackface RSCA 10 16 Feichtlbauer-Huber et al. 2000 

     

1.8 Thesis Objective 

The importance of the MHC molecules in the regulation of the immune response, 

together with the numerous associations of MHC alleles with nematode resistance, 

have shed light on the use of MHC as a genetic marker for nematode resistance. Thus, 

the main aim of this study is to establish the role of MHC genes and nematode 

resistance in Texel population. If a significant association between nematode 

resistance and MHC was found, this may have benefits in the selective breeding of 

sheep with nematode resistance. In addition, this study also will help in establishing 

molecular typing methods for characterizing MHC class IIa genes. 

This study has five specific objectives:  

1. To establish a sequence-based typing system for MHC class IIa genes. 

2. To characterize the Ovar-MHC class IIa diversity  profile in Texel population. 

3. To establish the haplotypes and extent of linkage disequilibrium in Texel 

population. 

4. To determine the association between MHC class IIa haplotypes and nematode 

resistance in Texel population. 

5. To investigate the evolutionary history of MHC class IIa genes. 
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CHAPTER 2  

GENERAL MATERIALS AND METHODS 

2.1 Introduction 

This chapter describes the general materials and methods used in this study. Exact 

details of the modifications of assays and changes are described in the relevant 

chapters.  

2.2 Previous Work 

This thesis project is a continuation of previous work, the aim of which is to acquire 

better understanding of the mechanism of nematode resistance to GIN in sheep. In this 

section, a brief description of previous work will be elaborated as some of the previous 

data has been incorporated in achieving the objective of this thesis. The animal 

sampling and parasitological tests (FEC) described in this thesis had been carried out 

previously prior the author commencing the study (Bishop et al. 2004). Methods not 

performed by the author are acknowledged in the acknowledgment section and the 

succeeding works elaborated in this thesis were carried out using previously stored 

biological samples.  

Briefly, Texel sheep were used in this thesis. A total of 235 Texel lambs from Roslin 

)ÎÓÔÉÔÕÔÅȭÓ "ÌÙÔÈÂÁÎË ÆÁÒÍ were involved in this study. The flock has a detailed 

pedigree record (Appendix 1 ) and producing approximately 70 lamb per year. All sires 

are purebred Texel originat ing from Texel Sire Reference, homebred and purchased 

rams. The lambs were sampled on three occasions, July, August and September (lambs 

were 5, 6 and 7 months olds) in 1998-2000.  
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2.2.1 Parasitological Data: FEC 

FECs were previously determined from the Texel breed using a modified saturated salt 

flotation technique described by Bishop et al. (2004). Eggs were assigned to 

Nematodirusspp. or Strongyle. The following genera are considered under Strongyle 

spp: Oesophagostomum, Chabertia, Bunostomum, Trichostrongylus, Cooperia, 

Ostertagia, Teladorsagia and Haemonchus (Bishop et al. 2004).  

2.2.2 Blood Sampling 

Blood samples were collected at the same time together with faecal sampling. The 

blood samples were obtained by jugular venepuncture into evacuated glass tubes 

containing 20mM disodium EDTA (Becton Dickinson UK Ltd, Oxford) as anticoagulant. 

Plasma and buffy coat were obtained by centrifugation at 1000xg for 20 minutes and 

stored at -20°C before use.  

2.2.3 Anti-L3 IgE Measurement 

The serologic specific for anti-L3 IgE was analysed previously by Murphy et al. (2010) 

using indirect ELISA. The transformation used was (IgE +0.001)0.25 in order to 

normalise the IgE value. 

2.3 MHC Class II Sequence-based Typing 

Figure 5 shows a simplified overview of the methods implemented in this thesis. This 

process was applied to the characterization of Ovar-DRB1, DQA1, DQA2 (DQA2-like) , 

DQB1 and DQB2. Some specific modifications shall be specified in the research 

chapters, where relevant. All the composition and preparation of methods for all 

solutions and media are explained in detail in Appendix 2 . 
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Figure 5 Main steps for sequencing-based typing in this study 
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2.3.1 DNA Extraction and Concentration Measurement 

QIAamp DNA Blood Maxi Kits (Qiagen, Germany) were used to extract genomic DNA 

from the buffy coat, following manufacturerȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎ. 500µl of QIAGEN 

proteinase K were mixed with a solution of 10ml thawed buffy coat (added phosphate 

buffered saline (PBS). 12ml of buffer AL was added and the solution mixed thoroughly. 

Next, the solution was incubated at 70°C for 10 min, followed by addition of 10ml of 

100% of ethanol to the sample. This was mixed again through vigorous shaking. The 

solution was then transferred into a QIAamp Maxi Column and centrifuged at 1850g 

for 3 min.  

Buffer AW1 (5ml) was added and the solution was centrifuged at 4500g for another 2 

min. Later, buffer AW2 (5ml) was then added and was centrifuged at 4500g for 20 min. 

The column was placed in a centrifuge tube and the collection tube containing filtrate 

discarded. Buffer AE (1ml)  was pipetted directly onto the membrane of the column, the 

cap closed and incubated at room temperature for 5 min and subsequently centrifuged 

at 4500g for 2 min. Buffer AE (1ml)  was again pipetted directly onto the membrane of 

the column, followed by incubation at room temperature for 5 min, subsequently 

centrifuged at 4500g for 5 min.  

DNA concentration was determined by pipetting 200 µl of mixture of each DNA sample 

and TBE buffer at a ratio 1:50, into a well of 96 well microtitre plate (Nunc, Denmark). 

A well containing 200 µl of water was used a reference standard. Results were obtained 

using a PowerWaveX Select Scanning Microplate Spectrophotometer and KC4 v3.0 

×ÉÔÈ 0Ï×ÅÒ2ÅÐÏÒÔÓΆ ÄÁÔÁ ÒÅÄÕÃÔÉÏÎ ÓÏÆÔ×ÁÒÅ ɉ")/-TEK (Vermont, USA).The DNA 

samples were stored at -20°C until further  used. Purity of DNA sample is indicated by 

the ratio of absorption values at 260nm and 280nm.  
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2.3.2 Polymerase Chain Reaction Amplification  

Polymerase Chain Reaction (PCR) is a common laboratory technique to make copies of 

specific fragments of DNA. The specific PCR primers used to amplify the genomic DNA 

are listed in Table 12. The forward and reverse primers of Ovar-DRB1, DQA1, DQA2, 

DQB1 and DQB2 (100pmol/ µl, Eurofins MWG Operon) were diluted with sterile water 

(Invi trogen, California, USA) to give a final concentration of 20 pmol/ µl for each primer. 

The details of each primer  design shall be discussed in the relevant research chapter. 

PCR amplification was carried out in 96-well plates on a thermal cycler(Gene Amp- PCR 

system2700 Version2.0-Bio systems A&B) using 0.5 U Taq DNA polymerase (Qiagen), 

0.5 µM of each primer, 25 mM of MgCl2 (Qiagen), 150 µM dNTP (dNTPs Invitrogens, 

Germany) ÁÎÄ ÇÅÎÏÍÉÃ $.! ÉÎ Á ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅ ÏÆ ςπ ʈ,. All PCR reactions included 

a negative control. The PCR conditions were adjusted for each gene after optimization 

trials to reach the best melting temperature (the specific PCR conditions for each gene 

are described in research chapters and also in Appendix 3). 

2.3.3 Agarose Gel Electrophoresis 

Agarose gel electroporesis was used for analysing DNA fragments. The gel sizes was 

made by melting agarose powder (Seakem® LE Agarose, Rockland, ME USA) in TBE 

buffer in a microwave oven. Gels were made routinely 1.5 % (w/vol ). The gels were 

cast with the addition of ethidium bromide (50µg/ml) and using plastic combs for wells 

into which samples could be loaded. Once set, gels were submerged in TBE buffer in 

the electrophoresis tank. Samples were mixed with 5x loading dye (Qiagen) and loaded 

into the wells of the gel. Samples were subjected to electrophoresis for approximately 

30min at 120 mV depending on the size and percentage of agarose of the gel. The DNA 

was visualized with a UV transilluminator. 
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Table 12 Primers used to amplify the second exon of the MHC class II gene 

Amplification 

region  

Primer Name  Primer Sequence  

DRB1 ERB3 υȭ-CTC TCT CTG CAG CAC ATT TCC T-σȭ 

 SRB3 υȭ-CGC TGC ACA GTG AAA CTC-σȭ 

 DRB1_27F υȭ-ATT AGC CTC TCC CCA GGA GTC-σȭ 

 DRB1_27R υȭ-CAC ACA CAC ACT GCT CCA CA-σȭ 

DQA1 DQA1up υȭ-ACC TGA CTC ACC TGA CCA CA -σȭ 

 DQA1down υȭ- AAC ACA TAC TGT TGG TAG CAG CA -σȭ 

 NikDQA1 F υȭ-ACT GGC CAC AAA TGA AGC CCA CAA-σȭ 

 NikDQA1 R υȭ-AGA AGG CAG AAG ATG AGG GTT CAG-σȭ 

 DQA1_92.y085F υȭ- CTC CGA CTC AGC TGA CCA -σȭ 

 DQA1_92.y085R υȭ-AAC ACT TAC TGT TGG TAG CAG CA -σȭ 

 DQA1_Z28518 F υȭ-CCC TGA CTC AGC TGA CCA CA-σȭ 

 DQA1_Z28518 R υȭ-AAC ACT TAC TGT TGG TAG CAG CA -σȭ 

DQA2/ 

DQA2like 

DQA2s-up υȭ-ACT ACC AAT CTC ATG GTC CCT CT-σȭ 

DQA2s-down υȭ- GGA GTA GAA TGG TGG ACA CTT ACC-σȭ 

DQB1 JM05  υȭ-TCT CCC CGC AGA GGA TTT CGT G -σȭ 

 JM06 υȭ-CTC GCC GCT GCC AGG TGA AGG- σȭ 

 991 υȭ-CTG ACC GAG CGG CTG T-σȭ 

 994 υȭ-CGG CTC TCT GTC CCA TCC-σȭ 

DQB2 JM05  υȭ-TCT CCC CGC AGA GGA TTT CGT G -σȭ 

 JM07 υȭ-GCC GCT GCA AGG AGG TGA TGA G - σȭ 

 1005 υȭ-CTG ACC GAG CGG CTG TCT-σȭ 

 1007 υȭ-CTC GCG CGC TGA GTC -σȭ 

 MJS05 υȭ-TCC CCG CAG AGG ATT TCC TG -σȭ 

 JM07 υȭ-GCC GCT GCA AGG AGG TGA TGA G - σȭ 
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2.3.4 PCR Purification 

The process of purification was undertaken using the QIAquick PCR Purification kit 

(Qiagen). Briefly, the genomic DNA adhered to the filter within the column, separating 

it from all other components of the PCR reaction, which were washed away with 

various buffer solutions. The genomic DNA was finally eluted with 30µl Elution buffer 

(EB). A gel was then prepared to determine banding strengths after purification. 

Samples with null and very weak bands were discarded at this stage. 

2.3.5 Sequencing Reactions 

Sequencing reaction master mix solution was prepared using primer, Sequencing 

Buffer (5X), sterile water and the Big Dye Terminator Cycle Sequencingv3.1 Ready 

Reaction Kit (ABI Prism) (Table 13). Two master mix solutions were made, one with 

the forward primer and one with the reverse primer. The concentration for each 

primer was 1pmol/ µl. The forward and reverse master mix solutions were plated out 

into AB gene 96 well plates. PCR products were added to wells containing the forward 

and reverse mix. The plate was then carefully sealed using thermal film and placed in 

ÔÈÅ 0#2 ÍÁÃÈÉÎÅȢ 4ÈÅ ÓÅÑÕÅÎÃÉÎÇ Ȭ"ÉÇ $ÙÅȭ ÐÒÏÇÒÁÍÍÅ ×ÁÓ ÒÕÎ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÐÒÏÔÏÃÏÌ 

in Table 14. 

 

Table 13 The reagent of master mix solution 
for sequencing reaction 

Reagent 
Volume 
required (µl)  

Sequencing primer 3.2 

5x Sequencing 
Buffer 

2 

Big Dye 1 

Water 1.8 

PCR product 2 

 

Table 14 The temperatures and times of 'Big 
Dye' program in the thermo cycler 

Temperature 
(°C) 

Time (min ) 

96 10 

50 5 

60 2 

4 Ð 
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2.4 Sequence Data Processing and Analysis 

Sequences were read and evaluated manually by use of CLC Genomic Workbench v6.1 

software (CLC bio, Denmark). Firstly, the sequences were trimmed and then followed 

with the assembling process of forward and reverse strand. The assembled sequence 

is called a consensus. The consensus was analysed and the polymorphisms in the 

sequence were then assigned a letter representing the appropriate substitution 

according to Table 15. This substitution is based on guidelines from the International 

Union of Biochemistry (IUB) ambiguity code (Nomenclature Committee of the 

International Union of Biochemistry (NC-IUB) 1984). 

Table 15 Appropriate letters to be assigned to possible bases 

Code Base Base Base 

R A G - 

W A T - 

M A C - 

Y C Y - 

S C G - 

K T G - 

|D A G T 

H A C T 

B C G T 

V A C G 

 

Secondly, Basic Local Alignment Search Tool (BLAST) searches were performed 

against a local allele database. The local database is a collection of alleles, which have 

been identified through National Centre for Biotechnology Information (NCBI) and 

European Bioinformatics Institute (EBI) databases (Appendix 4). NCBI is a resource 

for genetics and contain publicly available databases (http://www.ncbi.nlm.nih.gov/ ) 

and it is especially important for retrieving information such as nucleotide or protein 

sequence. EBI is another particularly useful web resource for the same function 

(http://www.ebi.ac.uk/ ). The BLAST gave a list of percentage similarities of known 

alleles to the consensus sequence. By a process of elimination, it was then possible to 

http://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/
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assign the alleles. The allele assignments were then made, relating these to existing 

sequences whenever possible. On occasions, where no complete match was obtained, 

it was suspected that a novel allele is present.  

Table 16 illustrates example of the assignment of the alleles in five Texel lambs. The 

lambs have AJ238935 in the first column and asterisk in second column (98t009, 

98t022 and 99t071). These animals were designated as homozygotes (only one DQB2 

allele found). On the contrary, 98t023 and 99t008 lambs clearly are heterozygous at 

DQB2 locus, as two alleles were found in a single sample. 

Table 16 A table shown the example of the DQB2 alleles found from five Texel lambs.The lambs found 
with one allele had an * in the second column. 

Lamb First Allele  Second Allele 

98t009 AJ238935 * 

98t022 AJ238935 * 

99t071 AJ238935 * 

98t023 AJ238935 AJ238937 

99t008 AJ238935 AJ238933 

 

2.5 Genotyping Quality Control 

A crucial step in typing process for this study is quality control. Once the genotype was 

determined for each sheep, several steps for the quality control of the assignment were 

taken to task. This includes three essential steps namely cloning of suspected novel 

alleles, checking with haplotype and pedigree inheritance and re-examination of the 

null alleles. 
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2.5.1 Cloning of Suspected Novel Alleles  

As mentioned earlier, in the typing process, novel alleles were discovered. These novel 

alleles were submitted to the European Bioinformatic Information (EBI) and the 

Immuno Polymorphism Database (IPD) database. However, suspected novel alleles 

sequence from heterozygous animals were checked by cloning. This cloning step is 

important for the validation and also to meet the requirement for inclusion in IPD-MHC 

database (Ballingall & Tassi, 2010; Ballingall et al. 2011).  

The PCR products were TOPO® cloned into One Shot ® Mach1TM -TlR Competent 

Cells (chemically competent E. coli cells) were transformed with the recombinant 

ÖÅÃÔÏÒ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎȢ 4ÈÅ ÒÅÁÃÔÉÏÎ ×ÁÓ ÍÉØÅÄ ÇÅÎÔÌÙ ÉÎ Á 

0.5ml tubes (without vortexing) and incubated at room temperature for 20 min. The 

reaction was then placed on ice. The cloning reaction (2µl) was added to a vial of One 

shot E. coli mixed gently and incubated on ice for 30 min. The cells were heat-shocked 

for 30s at 42°C in a water bath, then removed and transferred directly into ice. RT SOC 

(250µl) was added and shaken horizontally at 37°C for 1hr. Cells (40µl) were then 

spread onto a pre-warmed agar plate and incubated at 37°C overnight. White colonies 

were picked and grown in 5ml LB broth containing 50 ug/ml ampicillin . Plasmid DNA 

was purified following the QIAprep spin miniprep kit protocol (Qiagen). At least three 

clones representing each allele were sequenced in both directions for verification. 

2.5.2 Checking with Haplotype and Pedigree Inheritance 

The individual haplotype for sire, dam and lambs was deduced, followed with checking 

of pedigree inheritance. The histocompatibility genes are well known to be co-

dominantly expressed in an individual , one from each parent, and inherited as a 

haplotype (set of alleles) (Erlich 2012). By this concept, firstly we sorted the lambs by 

the same sire and dam by using the programme in the SAS (SORT BY). By using this 

means, all lambs from the same sire should possess similar haplotypes (except 

technical errors or recombination occurs) that they got from their sire and dam. 

Occasionally, we identified some of the lamb haplotypes which differed from its parent. 

We then, re-examined the particular gene sequence or repeated genotyping to 

eliminate technical errors (Table 17). 
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Table 17 Haplotype obtained from six lambs from the same sire, G173. An asterisk (*) symbol shows 
that there was suspected error for assignment of DQB2 allele for lamb, y006. The sequence was then 
re-examined. 

Sire Lamb DRB1 DQA1 DQA2 DQA2-like  DQB1 DQB2 

G173 y005 G2 Null AY312375 AY312394 Null AJ238946 

 y006 G2 Null AY312375 AY312394 Null AJ238941* 

 y019 G2 Null AY312375 AY312394 Null AJ238946 

 y020 G2 Null AY312375 AY312394 Null AJ238946 

 y023 G2 Null AY312375 AY312394 Null AJ238946 

 y030 G2 Null AY312375 AY312394 Null AJ238946 

 

2.5.3 Re-examination of Null Alleles 

Null allele can often result from PCR errors. To solve this problem the pedigree and 

haplotype data were used for confirmation. For example, Table 18 shows the problem, 

which indicates the sample 100t022 poses errors of a false positive null for DQA1 and 

DQB1 genes. Null alleles could also be due to a point mutation at a primer binding site 

(Mikko et al. 1999), this problem could be solved by using an additional set of primers 

(Ballingall & Tassi 2010). Examples of this problem shall be discussed in details in 

research chapters later. 
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Table 18 Lamb haplotypes obtained from the same sire, 8t055 by the SORT BY programme. An asterisk 
(*) symbol showed there was an error of null for DQA1 and DQB1 genes for lamb, 100t022.The DQA1 
and DQB1 retyping process were redone for that particular DNA sample (100t022). 

Sire Lambs DRB1 DQA1 DQB1 DQA2 DQB2 

8t055 100t022 GSF Null* Null* AY312387 N_all3 

 100t023 GSF HE574809 GU191460 AY312387 N_all3 

 100t032 GSF HE574809 GU191460 AY312387 N_all3 

 100t032 GSF HE574809 GU191460 AY312387 N_all3 

 100t034 GSF HE574809 GU191460 AY312387 N_all3 

 

2.6 Submission of Alleles to the Databases 

2.6.1 European Bioinformatics Information (EBI) 

Novel alleles were submitted to the EBI database. Firstly, the sequences were prepared 

according to the standard guidelines as described in the EBI website. Confirmation was 

required that primer sequences were not included in sequences submitted. The 

ÉÄÅÎÔÉÆÉÃÁÔÉÏÎ ÏÆ υȭ ÁÎÄ σȭ ÃÏÄÉÎÇ ÓÅÑÕÅÎÃÅ location numbers (start and stop codon) was 

determined from the sequences. All alleles submitted from this study are listed in 

Appendix  5. 

2.6.2 Immuno Polymorphism Database (IPD) 

The IPD is the specific databases for polymorphic genes related to immune system. One 

of specific databases in this system is IPD-MHC which consists of MHC sequences from 

different species. This database acts as a centralised resource for those working the 

same MHC area.  
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The requirements for submission of alleles in the sheep IPD-MHC are available in the 

IPD-MHC website (https://www.ebi.ac.uk/ipd/imgt/hla/subs/submit.html ). Briefly, 

prior to this submission, the novel sequences must be accepted in the EBI or NCBI 

database. In addition, only sequences that consist of the full sequence of exon 2 are 

acceptable. Thus, only selected sequences which amplified the whole exon 2 were 

submitted to IPD database in this study. 

2.7 Statistical Analysis 

The procedures on the SAS suite of statistical programs version 8.2 (SAS Institute, Cary, 

North Carolina) were used. 

2.7.1 Allele Frequencies 

Allele frequencies were computed using the ALLELE procedure on SAS/Genetics 

statistical package. This procedure has been chosen because it delivers maximum 

likelihood estimates of allele frequencies with the nonexistence of recessive genes 

(Stear et al. 2005). 

2.7.2 Association between MHC class II Haplotypes with FECs 

FECs were transformed to ln (FEC + 1) before the analysis. This is to correct 

heterogeneity of variance and also produce approximately normal distribution. The 

association between haplotypes and nematode resistance were made with  a MIXED 

procedure on the SAS. 

2.7.3 Linkage Disequilibrium  

Linkage disequilibrium was determined by the ALLELE procedure in SAS. In this study, 

two linkage disequilibrium measures for each pair of alleles at Ovar-DRB1, DQA1, 

DQA2 (DQA2-like), DQB1, DQB2 and DQB2 were determined. This measure includes 

the correlation coefficient (r) and Lewontinôs (Dô). 

https://www.ebi.ac.uk/ipd/imgt/hla/subs/submit.html
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2.8 Phylogenetic Analysis 

Neighbour-joining trees (Saitou & Nei, 1987) were built on the basis of genetic 

ÄÉÓÔÁÎÃÅȟ ÅÓÔÉÍÁÔÅÄ ÂÙ +ÉÍÕÒÁȭÓ ɉρωψπɊ Ô×Ï-parameter method, using Molecular 

Evolutionary Mega5 (http://www.megasoftware.net). The reliability of the trees was 

estimated by bootstrap confidence values (Felsenstein, 1985). 
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CHAPTER 3  

GENETIC DIVERSITY OF OVAR-DRB1 IN TEXEL 

3.0 Summary 

Ovar-DRB1 polymorphisms have been noted to influence resistance to infectious 

disease. Thus, many attempts have been made to characterize the genetic diversity of 

Ovar-DRB1 in different breeds of sheep. A population-based study in Ireland 

determined Ovar-DRB1 Texel profiles by using sequence-based typing. We aimed to 

extend the characterization of the genetic diversity Ovar-DRB1 using the same 

approach on another flock. A total of 235 Texel DNA samples were tested. 18 distinct 

Ovar-DRB1 different alleles were detected in this study. The alignment of 18 exon 2 of 

Ovar-DRB1 revealed the existence of 27 amino acid polymorphic sites, eleven of which 

ɉɼρςȟ ɼςφȟ ɼσχȟ ɼσψȟ ɼυφȟ ɼφπȟ ɼφφȟ ɼφχȟ ɼχπȟ ɼχτȟ ɼψφ) are highly polymorphic with 

three amino acid substitutions. Four amino acid substitutions were found at the two 

ÁÍÉÎÏ ÁÃÉÄ ÓÉÔÅÓ ɉɼυχ ÁÎÄ ɼχρɊȢ !Ô ÏÎÅ of the sites, ɼρρȟ five amino acid substitutions 

were observed. The most prevalent alleles were M and G2 in Texel. The ȬAȭ allele was 

found distinct from the rest of Texel DRB1 alleles. The high level of sequence 

polymorphisms detected from this study demonstrates the extensive diversity of Ovar-

DRB1. The results also supported the fact that sequence-based typing with multiple 

primers is an efficient typing method of Ovar-DRB1 in sheep. 
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3.1 Introduction 

DR molecules are made up of ɖandɗchains. The DRA gene encodes theɖ chain of the 

DR molecule. On the other hand, the DRB gene encodes the ɗchain of the same 

molecule. There are four DRB loci in sheep (Dukkipati et al. 2006b). However, only one 

of the four is a functional gene namely DRB1, and the remaining three are pseudogenes, 

DRB2, DRB3 and DRB4. The pseudogenes lack exon 1 and 2 (Dukkipati et al. 2006b). 

Ovar-DRB1 is one of the MHC class II genes that are polymorphic (Ballingall et al. 

2011). 

Characterizing diversity of DRB1 exon 2 is an area of particular interest for many 

researchers as this region is important in encoding glycoprotein dimers (Fremont et 

al. 1996). Earlier studies have sequenced DRB1 exon 2 in Scottish Blackface (Schwaiger 

et al. 1995), Latxa and Karrantzar(Jugo & Vicario, 2000) Finnish and Russian (Kostia et 

al. 1998), Texel (Sayers et al. 2005b), Coopworth, Suffolk, and Cheviot (Konnai et al. 

2003). Today, there are more than 100 catalogued sheep DRB1 allele sequences in the 

GenBank database. Multiple approaches have been reported to describe the diversity 

of the DRB1 locus in sheep. These include PCR-RFLP, PCR-SSCP, length polymorphisms 

of microsatellite in intron 2 together within exon 2 and sequence-based typing 

(reviewed by Dukkipati et al. 2006). Sequence-based typing is thought to be efficient 

compared with other methods because it is sufficiently sensitive to capture single-base 

mutations (Ballingall & Tassi 2010). 

Texel is one of the most important sheep breeds in the UK and are known to be 

resistant against nematodes (Bishop et al. 2004). A previous study by Sayers et al. 

(2005) has examined the genetic diversity of DRB1 in a Texel flock in Ireland. Their 

work  showed extensive polymorphisms of DRB1 by means of sequence-based typing. 

Although Texel sheep have been characterized from that previous study, it is 

interesting to determine the variation of DRB1 in other populations. This study 

therefore, explores the genetic diversity of DRB1 with approximately 235 samples 

from Texel breed using sequence-based typing. 
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3.2 Materials and Methods 

3.2.1 Sheep and DNA Source 

! ÔÏÔÁÌ ÏÆ ςσυ 4ÅØÅÌ ÌÁÍÂÓ ×ÅÒÅ ÓÔÕÄÉÅÄ ÆÒÏÍ 2ÏÓÌÉÎ )ÎÓÔÉÔÕÔÅȭÓ "ÌÙÔÈÂÁÎË ÆÁÒÍ in the 

Scottish Border region. The flock has consistent pedigree records. They had been 

collected for a previous study by Bishop et al. (2004). The lambs were sampled (blood 

and faeces) on three occasions each, July, August and September (lambs were 5, 6 and 

7 months old) in 1998-2000 (Bishop et al. 2004). Genomic DNA for use in PCR 

amplification was isolated from the buffy coat using a DNA extraction kit (Qiagen, 

Germany) as was described in Chapter 2. 

3.2.3. Primers 

Genomic DNA amplification of Ovar-DRB1 alleles was performed using two sets of 

locus-specific primers (see Table 19 ). The primers and their positions relative to the 

second exon are illustrated in Figure 6 . The first set of primers, ERB3 and SRB3 

(Konnai et al. 2003) was positioned in the flanking regions of the exon 2, while the 

second set of primers, DRB1_27F and DRB1_27R (Ballingall et al. 2008) was positioned 

in intron s 1 and 2 respectively. The use of the second set of primers was to cover the 

whole of exon 2, to validate alleles amplified by the first set of primers and to check 

homozygotes or null allele. 

3.3.4 Amplification and Sequencing of Ovar-DRB1 gene 

For the PCR reaction, 1µl of the DNA containing solution was added to 20µl of the PCR 

master mix as described in Chapter 2 (using 0.5UTaq DNA polymerase (Qiagen), 0.5 

µM of each primer, 25 mM of MgCl2 (Qiagen), 150 µM dNTP (dNTPs Invitrogens). PCR 

amplification was carried out on a thermal cycler (Gene Amp-PCR system2700 

Version2.0- Bio systems A&B). Negative controls consisting of samples without DNA 

were run in for each PCR. The PCR reaction used and the band sizes amplified by 

ERB3/SRB3 and DRB1_27F/DRB1_27R are shown in Table 19. 
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Table 19 PCR primers for amplification of the second exon of the Ovar-DRB1 gene. Amplicon size includes the primer sequences. 

Primer Name  Primer 

Position*  

Direction  Primer Sequence  Amplicons 

sizes (bp)  

Number 

of Cycle 

Reaction conditions  

ERB3 6677-
6698 

F υȭ-CTC TCT CTG CAG CAC ATT TCC T-σȭ 276 32 94°C for2 min, then 94°C for 30 s, 
61°Cfor 30 s, 72°C for 30s, 72°C for 5 
min 

SRB3 6936-
6953 

R υȭ-CGC TGC ACA GTG AAA CTC -σȭ   

DRB1_27F 6634-
6953 

F υȭ-ATT AGC CTC TCC CCA GGA GTC-σȭ 368 32 95°C for2 min, then 95°C for 60 s, 
60°Cfor 60 s, 72°C for 60 s, 72°C for 5 
min 

DRB1_27R 6983-
7002 

R υȭ-CAC ACA CAC ACT GCT CCA CA-σȭ   

*Primer position refer to AM884913 sequence reported by Ballingall et al. (2008) 
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Figure 6 Diagrammatic representation of the second exon and immediate intronic flanking regions of 
the Ovar-DRB1 gene (AM884913) showing the location and direction of primers detailed in Table 19. 

3.3.5 Nomenclature 

Allele assignment is usually reported as a local name, gene accession number and IPD 

name. Throughout this chapter, the combination of gene accession name and local 

name was adopted for convenience. In several cases, there were several identical 

alleles with different accession numbers in GenBank. On these occasions, one accession 

number was arbitrarily chosen for clarity. 

3.3.6 Phylogenetic Analysis  

A neighbour-joining tree (Saitou & Nei, 1987) was constructed on the basis of genetic 

distances, estimated by the Kimura (1980) two-parameter method, using the MEGA 

program. GenBank sequences were trimmed to the length corresponding to the PCR 

amplimers before generating the neighbour-joining tree.  
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3.3 Results 

3.3.1 Sequence Polymorphism of the Exon 2 Ovar-DRB1 

The sequencing was initially performed with ERB3 and SRB3 primers by which 276 bp 

were amplified. The amplification did not cover the whole of exon 2. Using the second 

primer set (DRB1_27F and DRB1_27R), the whole exon 2 and adjacent intron 

sequences were amplified (368bp). 18 distinct sequences were identified from the 235 

Texel sheep (Table 20 ) and no novel alleles were determined as all alleles had already 

been reported in the database.  

Table 20 Nomenclature of Ovar-DRB1 alleles detected in Texel 

Local name Accession number  IPD name 

A FN543119 DRB1*0901 

B2 FN543117 DRB1*0601 

C2 AM884914 DRB1*0401 

D2 FM209040 DRB1*1601 

DQ659115 DQ659115 DRB1*1501 

FM998807 FM998807 DRB1*0308 

FN393738 FN393738 DRB1*1202 

FN543114 FN543114 DRB1*0201 

FN870432 FN870432 DRB1*0805 

FR686849 FR686849 DRB1*2202 

G2 AB017206 DRB1*1101 

GSF AY227049 DRB1*1401 

H3 AM885929 DRB1*0102 

HG515541 HG515541 DRB1*0406 

L AM884913 DRB1*0302 

M U00212 DRB1*0201 

TUV KC733423 DRB1*0701 

U00219 U00219 DRB1*2002 
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There were considerable nucleotide variations and corresponding amino acid 

variation among DRB1 alleles found in Texel sheep. 55 of the 237-nucleotide sites (23.2 

%) analysed in this study showed variability ( Figure 7 ). An alignment of the deduced 

amino acid sequence encoded by exon 2 is shown in Figure 8 . Twenty-six (33.3%) 

amino acid polymorphic sites were identified. Most variables were found in amino acid 

residues ɼ12 (K, R, T), ɼ26 (F, L, Y), ɼ37 (F, T, Y), ɼ38 (A, L, V), ɼ56 (P, Q, R), ɼ60 (H, Q, 

Y), ɼ66 (D, E, N), ɼ67 (I, L, F), ɼ70 (Q, R,S), ɼ74 (A, E, N) and ɼ86 (F, G, I) with three 

different amino acids per site, and in residues ɼ57 (A, D, E, S) and ɼ71 (A, K, T, R) with 

four, and five different amino acid per site at ɼ11 (A, H, S, T, Y) was observed. All 

polymorphic amino acid sites that were included in the peptide-binding region were 

polymorphic (Table 21). 
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Figure 7 Nucleotide sequences of the second exon of Ovar-DRB1 alleles found in Texel. 

 














































































































































































































































































































































































































































































































