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Lay Summary 
 

Teladorsagia circumcincta is a common species of parasitic worm that infects sheep 

in the UK. The parasite causes an estimated £84 million per annum in production 

loss to UK farmers, through loss of appetite and growth impairment in young stock. 

Animals are treated regularly with anthelmintic (wormer) throughout spring and 

summer to reduce the worm burden. However, the overuse of these drugs has led to 

the evolution of drug-resistant parasites which are extremely difficult to kill. This has 

led to research into other ways to manage the infection, with the aim to limit the 

development of drug resistance whilst maintaining flock health.  

Sheep naturally acquire immunity to the worms with repeated exposure to small 

numbers of the parasite. This immunity is also heritable, so lambs can be bred to 

naturally develop resistance to the parasite. The aims of this project were; 1) 

understand how sheep respond to worm infection, 2) understand and identify genes 

associated with the response and 3) identify variation within those genes which may 

contribute to resistance.  

A number of immune response genes were sequenced within this project which led to 

the identification of several mutations within these genes. Quantifying the expression 

levels of the genes in resistant and susceptible lambs illustrated associations between 

the genes and the development of resistance. Therefore, the genes investigated in this 

project have the potential to aid genetic selection of worm-resistant sheep in the 

future.  
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Abstract  

Teladorsagia circumcincta is a common parasitic nematode of the sheep abomasum, 

causing reduced growth in young lambs. The widespread development of 

anthelmintic resistant parasites has driven the need for alternative control strategies. 

Resistant immunity is acquired through repeated exposure to the parasite. The 

immune response and clinical outcome vary greatly between animals, but resistance 

is heritable. The aims of this project were: 1) understand how sheep respond to 

nematode infection; 2) understand and identify genes associated with the response; 3) 

identify variation within those genes which may contribute to resistance. Using an 

artificially infected animal model, transcriptomic analysis in resistant and susceptible 

lambs identified genes involved in T helper cell polarization as integral to disease 

outcome. T helper cell (Th)1 and Th17 activation was associated with susceptibility 

(low antibody, high worm numbers) while a Th2 response was associated with 

resistance (high antibody levels and clearance of infection). The Th cell transcription 

factors (GATA3, TBX21, RORC2 and RORA) were sequenced with splice variants 

and SNPs identified. Analysis of gene expression in the abomasal lymph node 

identified RORAv2 as associated with susceptibility and RORAv5 as associated with 

resistance. In the abomasal mucosa, GATA3 expression was linked to resistance. 

Expression analysis of cytokine receptors expressed by Th cells identified IL17RB 

and IL17RBv2 as associated with resistance in the abomasal mucosa. Analysis of the 

SNPs within these genes in 3 naturally infected populations identified a significant 

association between SNPs in IL23R with weight and FEC. This project has provided 

an in-depth analysis of the ovine transcriptome and identified several genes 

associated with the development of resistance to nematodes. 
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Chapter 1 
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1.1 Gastrointestinal parasites of sheep in the UK 

Infection of sheep with parasitic nematodes is estimated to cost ~£5 per lamb in 

production loss to farmers in England through growth impairment in young stock and 

the cost of prevention (Wright, 2013). There are numerous species of parasitic 

nematode that infect sheep in the UK. Teladorsagia circumcincta is one of the most 

common species in the UK and temperate countries, and one of the most important in 

terms of host morbidity. Other common species include the Tricostronglyids 

(Trichostrongylus axei, Tr. colubriformis, and Tr. vitrinus) and the invading 

nematode species Haemonchus contortus (a tropical blood-feeding nematode), which 

is now common in southern England in part due to climate change (Rose et al., 

2016). All these nematode species share similar morphological and epidemiological 

characteristics. 

The life cycle of these parasitic nematodes is direct, involving only one host. The 

parasite eggs are shed in sheep faeces where free-living first-stage larvae (L1) hatch 

then develop into the second larval stage (L2) before developing into infective third-

stage larvae (L3) which migrate out of the faeces and onto pasture within 7-10 days 

after excretion of eggs. The infective L3 are ingested by the host, whereupon they 

shed their protective sheath and infiltrate the gastric glands of the abomasum, at 

which point they are described as L4 (McKellar, 1993). Larvae develop through a 

final stage (L5 or immature adults) before emerging into the abomasal lumen and 

maturing into adult worms. Once in the lumen, the adult parasites consume mucosal 

tissues and cellular secretions and undergo sexual reproduction for egg production, 

leading to an outbred population of parasites (Dunn, 1969).  
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In times of sub-optimal climatic conditions, i.e. during winter or high summer, larvae 

can arrest their development within the gastric glands at the fourth larval stage (L4) 

until such times as the external climate improves, thereby reducing the production of 

eggs when their survival is uncertain. Figure 1.1 illustrates the parasite life cycle.  

The pathology that is caused by T. circumcincta is predominantly associated with the 

larval stages rather than the adult worm stage. The presence of the larvae in the 

gastric gland causes a loss of function of the damaged cells as well as neighbouring 

cells, resulting in disruption to the secretion of acid and pepsinogen, especially so on 

emergence of larvae into the lumen (Ahmed et al., 2015). This is accompanied by 

reduced integrity of tight junctions between cells increasing the permeability of the 

gut wall causing diarrhoea, mal-absorption of nutrients and loss of appetite in the 

host, leading to reduced weight gain (McKellar, 1993). Young lambs grazing pasture 

for the first time are particularly susceptible to nematode infection due to the naivety 

of their immune system and display the greatest clinical signs through impaired 

growth (Stear et al., 1999).  

  



4 
 

 

Figure 1.1 T. circumcincta life cycle. Adapted from Sustainable Control of 

Parasites in Sheep (SCOPS) (http://www.scops.org.uk/).  

  

http://www.scops.org.uk/
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1.2 Anthelmintic resistance 

Animals are treated regularly with anthelmintic (drench) throughout the year to 

reduce their worm burden. There are four different classes of anthelminthic currently 

licensed for use in sheep in the UK. The benzimidazoles were the first class to be 

licensed and the first class in which resistance was reported (Bartley et al., 2003). 

The other classes, the imidazothiazoles and the macrocyclic lactones, were 

introduced but subsequently found to have markedly reduced efficacy against the 

parasites (Bartley et al., 2004). Drug resistance is believed to have developed 

through the regular untargeted ‘blanket’ treatment of all animals in the flock, which 

was initially advised to farmers in an attempt to eradicate the parasites from farms. 

However, this practice placed great selective pressure on the parasites as the 

treatments only affect the parasites within the host – leaving around 95% of the 

parasite population on pasture untreated and able to adapt to the selective pressure 

and re-infect the hosts (Kenyon et al., 2009). The practice of ‘drench and move’ 

(whereby sheep were treated with anthelmintic then moved to ‘clean’ parasite-free 

pasture) ensured that only drug-resistant parasites survived the move and infected the 

new pasture (Sargison et al., 2007). New guidelines (SCOPS; 

http://www.scops.org.uk/) to treat only the animals with the most severe burden, as 

determined by faecal egg count, weight loss, dag score (soiling around the breech 

area) and/or body condition score, ensure a refugia of drug-susceptible parasites 

remains in the population able to dilute any drug-resistant genes (van Wyk, 2001). 

The release of these guidelines coincided with the introduction of the newest class of 

anthelminthic, the amino-acetonitrile derivatives (Monepantel), which has been 

found to be highly effective against already drug-resistant parasites (Kaminsky et al., 

http://www.scops.org.uk/
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2011). However, resistance to Monepantel has already been described in New 

Zealand due to over use of the new product (Scott et al., 2013). It is now clear that 

solely relying on pharmaceutical methods to control worm burdens is unsustainable 

in the long-term.  

1.3 Alternative control strategies  

1.3.1 Pasture management 

Research into other ways to manage the nematode infection continues with the aim to 

limit the use of drugs whilst maintaining flock health. One of the most commonly 

applied methods on farms is pasture rotation (i.e. resting pastures for months at a 

time before moving stock onto them, thereby naturally reducing the number of L3 

present on pasture being consumed by the sheep). The eggs and free-living stages of 

the parasite life cycle are heavily climate dependent with distinct development and 

mortality rates intricately adapted to their climate; UV radiation (van Dijk et al., 

2009), freezing temperatures and drought (O'Connor et al., 2006) can be fatal to the 

eggs and developing larvae, while humidity, air and soil temperatures can enhance 

larval development when optimal (van Dijk and Morgan, 2011). However, the 

infective L3 are very resistant to temperature changes and can survive for months on 

pasture, even over winter (Pandey et al., 1993). The effects of climate change on the 

epidemiology of the parasites are hard to predict (Rose et al., 2015). Due to the 

changes in seasonality and moisture availability it is difficult to know how long it 

takes to clear a pasture of parasites (van Dijk et al., 2010), thus the use of pasture 

management to control the nematode infection is best complemented with another 
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management approach (e.g. the use of targeted treatment with anthelmintics) for 

optimal control (Kenyon et al., 2009).  

1.3.2 Increased dietary protein 

After a few weeks-months of exposure, sheep naturally develop an immune response 

to the parasitic challenge; research has illustrated that sheep produce distinct 

antibodies against each life cycle stage (L3-adult) within the gut (Nisbet et al., 2009; 

Smith et al., 2009; Nisbet et al., 2010). However, breeding ewes naturally become 

immune-suppressed during parturition and lactation, which is hypothesised to be due 

to the hierarchal use of protein within the host, thus, when protein is limited, non-

essential functions (like immunity) are reduced in order to compensate for the 

reproductive effort (Coop and Kyriazakis, 1999). This leads to a subsequent increase 

is faecal egg shedding thereby contaminating the pasture with worms in time for 

young lambs to ingest them (Crofton, 1954). Research shows feeding a high protein 

diet to ewes during lactation can partly overcome this immune-suppression and can 

reduce faecal egg shedding (Jones et al., 2009). These approaches to parasite 

management are attractive alternatives to anthelmintic use as they have long-term 

potential and reduce the level of pharmaceuticals potentially entering the human food 

chain. However, these methods also require farmer knowledge of the epidemiology 

and biology of the nematodes infecting their livestock and are complicated messages 

to communicate to the wider farming industry. 

1.3.3 Vaccination 

Research into vaccination of livestock against nematode parasites is an active area of 

study. A subunit vaccine against H. contortus recently became the first vaccine of its 
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kind to be commercially available for sheep (Barbervax; http://barbervax.com.au/). 

Due to the blood-feeding requirement of H. contortus, heavy infections can result in 

rapid fatalities and are of huge economic importance to sheep production in tropical 

and sub-tropical regions (Albers et al., 1987). Sheep develop immunity to this 

nematode following persistent exposure and it was subsequently found that a 

preparation of the parasite gut extract injected intramuscularly could provide 

considerable protection against H. contortus  (Smith, 1993). Further investigation 

and characterisation of the parasite intestine extract revealed three immunogenic 

components that provide protection for the host; H11 (an aminopeptidase family), H-

gal-GP (a glycoprotein complex), and a thiol Sepharose-binding fraction with 

cysteine proteinase activity (Newlands et al., 2001). Both H-gal-GP and H11 

antigens in their native form reduce faecal egg output by 90% and reduce adult worm 

burden by 70% compared to controls (Smith, 1993; Munn et al., 1997). However, 

investigations into the development of a recombinant antigen to induce protection 

has been disappointingly mixed (Redmond and Knox, 2004; Knox et al., 2005). It 

was thought that the expression system used to culture the antigens may be affecting 

their antigenicity so a new method using the free-living nematode Caenorhabditis 

elegans was developed as this nematode produces proteins with a similar structure to 

its parasitic counterparts (Redmond et al., 2001). However, this too has proved 

disappointing in vaccination trials (Redmond et al., 2004). The adjuvant used in the 

vaccine preparation could also be contributing to the antibody levels being produced. 

A vaccination trial in goats using recombinant H. contortus proteins in complete 

Freund’s adjuvant reduced faecal egg output by 37.25% compared to non-vaccinated 

controls (Yanming et al., 2007). Redmond et al. (2004) used Con-A adjuvant with 

http://barbervax.com.au/


9 
 

their native protein in sheep and saw no improvement in faecal egg output despite 

increased immunoglobulin (Ig)G levels in vaccinates.  

An economically viable way to produce recombinant proteins that elicit the same 

level of protection as native antigen is urgently needed for the development of further 

nematode vaccines.    

Work has also been progressing on the development of a vaccine against T. 

circumcincta. Currently, isolation and characterisation of the antigens in the 

excretory/secretory (ES) products of the 3rd (Smith et al., 2009), 4th (Nisbet et al., 

2009), and 5th (Nisbet et al., 2010) larval stages of the parasite has led to 

identification of antigens able to elicit antibody responses. These antigens were 

subsequently trialled in a vaccine ‘cocktail’ and were found to reduce faecal worm 

egg count by 70% through the production of IgG antibodies (Nisbet et al., 2013). 

Further work to improve the efficacy in younger lambs continues.  

A confounding factor in vaccine development against these nematodes is that the 

immunity that does develop is not complete and therefore sheep have to be 

repeatedly exposed to the worms to maintain the immune response (Emery, 1996). 

As a result, vaccines would potentially require boosting to maintain their efficacy 

which could be expensive for the farmer. Furthermore, the ovine antibody response 

to nematodes requires induction of several Ig types (discussed in more detail later), 

therefore the most effective vaccine should be able to activate more than just one 

type of antibody, the relative abundances of which can differ in magnitude depending 

on the age of the animal (Halliday et al., 2010). For optimal immune induction 

detailed, possibly complicated, schedules of when to vaccinate and when to booster 
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would be required, such as that of Barbervax; when the strict 5-dose schedule is not 

adhered to, animals become susceptible to infection, invalidating the vaccine 

(Barbervax; http://barbervax.com.au/). This could be due to the fact that the antigens 

are ‘hidden’ from the lamb immune system, so lambs do not naturally develop 

antibodies to these proteins and therefore require regular boosting (Newton and 

Munn, 1999). This approach is therefore still useful to farmers dealing with drug-

resistant nematodes on their farms.    

1.3.4 Resistance, resilience or tolerance? 

To avoid the use of pharmaceuticals in management systems, it is possible to take 

advantage of the host’s natural ability to develop resistance to the parasitic infection. 

Although this response is variable between individuals and across breeds, it is 

heritable (ranging from 0.13 – 0.57) (Stear et al., 1999; Davies et al., 2005; Beraldi 

et al., 2007). Resistance can be defined as the ability of the host to stop gut 

colonisation by the parasite (Bishop, 2012). Resistant animals can be identified 

phenotypically as having lower faecal egg count (FEC), increased body condition 

and weight gain and/or lower occurrence of diarrhoea when compared to susceptible 

or naïve animals (Beraldi et al., 2008). Sheep can be selectively bred to have low 

faecal worm egg counts (Bisset et al., 2001) and IgA activity (Davies et al., 2005) 

and IgE activity (Murphy et al., 2010) are heritable traits. This is attractive to farmers 

as they can use these resistant animals to keep pasture larval levels low from year to 

year and resistant animals require less anthelmintic treatments than susceptible 

lambs. Regular or over use of anthelmintics leads to drug-resistant parasites, whereas 

breeding for resistance has been found to have very little  impact on H. contortus or 

Tr. colubriformis evolution over 10 years (Kemper et al., 2009), therefore 

http://barbervax.com.au/
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demonstrating the long-term stability of this approach. However, one way to limit the 

selection pressure even further would be to use resistant sheep as ‘sacrificial lambs’ 

on pasture to reduce the pasture larval burden for their susceptible counterparts. This 

strategy might be appealing to commercial farms that do not breed their own 

replacement stock but buy in lambs and feed them up for profit. Therefore resistance 

breeding, in combination with vaccine use and/or pasture management, represents a 

sustainable method of parasite control without the reliance on anthelmintics. 

Resistance breeding would require moderation; if only markers of a Type 2 response 

(discussed below) are used to select resistant lambs for breeding, it is conceivable 

that sheep would then develop a strong Type 2 response against any pathogen. While 

this would enable clearance of parasitic infections, it would be detrimental to 

bacterial or viral infections that require a Type 1 or Type 3 response (discussed 

below) for resolution. Therefore, markers of resistance from all T helper cell 

pathways should be included in the selection process to avoid this scenario. Since 

resistance is a highly complex response, the likelihood is that genes within multiple 

pathways will be required for resistance, thereby limiting the potential for Type 2-

restricted sheep. A potential disadvantage of a resistant flock would be that once all 

parasites have been removed from pasture, the sheep lose their ability to maintain 

their resistance and would be susceptible to future infections (i.e. if new parasite 

populations emerge). However, this scenario would only be possible if the entire 

flock achieved complete resistance, which is highly unlikely in a large farm setting, 

especially since the heritability of resistance is less than one (Stear et al., 2009). 

Furthermore, this paradigm would require the sheep to be restricted to a limited 

number of pastures as movement would increase their exposure. In addition, it would 
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only be possible if the flock was completely closed, with no introduced individuals to 

bring in new parasite populations. This unique situation is present within the Soay 

sheep on the remote island of St. Kilda, however, they still have susceptible 

individuals within their population, despite almost a century of feral life on a 

restricted area with no new imported stock and a high parasite selection pressure 

(Craig et al., 2008). This is hypothesised to be due to the presence of tolerant 

individuals within the population as well (Hayward et al., 2014). 

Tolerance can be defined as the net impact of infection level on performance, 

(Bishop, 2012). Tolerance and resistance can therefore be measured in individuals 

and across flocks at different parasite infection levels (Doeschl-Wilson and Lough, 

2014). It is argued that tolerance is controlled by genes involved in 

immunosuppression and/or genes involved in preventing damage by the pathogen 

without a direct effect on pathogen expulsion, e.g. wound healing genes in the case 

of nematode infection (Glass, 2012). The hypothesised difference between tolerant 

(regulatory) and resistant (Type 2) related genes may explain why in experimentally 

infected resistant Blackface ewe lambs, there is no significant difference in 

(interleukin) IL10 levels between infected and uninfected lambs (Gossner et al., 

2012), because these lambs are resistant not tolerant. However, wound healing genes 

(such as ALOX15) are differentially expressed in the resistant lambs (Wilkie et al., 

2015) and by the above definition this would indicate tolerance mechanisms acting in 

parallel with resistance. This would suggest that using the aforementioned 

definitions, tolerance and resistance mechanisms can be active within the same 

animal during infection. It is the interplay between these two responses that is 

believed to be behind the responses to nematodes seen in the Soay sheep (Hayward 
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et al., 2014). During population crashes the cost of resistance is too great, hence 

tolerant animals are evolutionarily fitter, but when parasite populations increase after 

a host crash the benefit of resistance is greater, therefore more resistant animals 

reproduce than tolerant sheep (Hayward et al., 2014). Previous work on the Soay 

sheep has identified a benefit to the development of nematode-specific antibodies 

(Nussey et al., 2014), therefore it is possible for development of resistance to be 

favourable in this population at certain times. This trade-off between tolerance and 

resistance could almost be likened to the human-malaria population dynamics in 

which humans heterozygous for sickle-cell anaemia (who express both haemoglobin 

A and its S variant) are somewhat protected from Plasmodium spp. but this 

protection increases the potential for homozygous diseased patients within the 

population (Williams and Obaro, 2011). For sheep infected with nematodes, ‘too 

much’ resistance could result in an overactive immune response and subsequent 

pathology but it is beneficial on a population level for a flock to contain these 

resistance genes.  

The cycling between traits is possibly one of the reasons why a completely resistant 

host population has not evolved within this environment on Soay. It is arguably for 

this reason that breeding for resistant animals should not be thought of as a 

mechanism by which nematode populations can be eradicated. Exterminating a 

parasite population is an extremely difficult and unrealistic exercise. Taking Guinea 

worm as an example, a parasite with a simple life cycle in which basic intervention 

can inhibit infection, is still not eradicated despite decades of research and funding 

(Sutton and Canyon, 2015). It could also be argued that maintaining a small 
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population of nematodes within a flock could be beneficial to animal health (Maizels 

and Yazdanbakhsh, 2003).   

Another phenotype of sheep infected with worms is resilience. Resilience 

encompasses many pathways that result in reduced treatment requirements (Doeschl-

Wilson and Lough, 2014). Resilience is attractive to farmers as it is believed resilient 

lambs grow faster than resistant animals because they are not using protein reserves 

on their immune response, furthermore they require fewer drenches than susceptible 

animals also keeping production costs down (Morris et al., 2010). However, 

resilience is a measure of the productivity of an animal in the presence of a fixed 

level of infection (Bishop, 2012), which is unlikely in a field settling as nematodes 

have a negative binomial distribution in the host population (van Dijk and Morgan, 

2011). Furthermore, new research suggests that some resilient sheep are only 

clinically unaffected until a high threshold of infection; once a heavy burden is 

acquired the animals become susceptible and develop pathology (Greer, 2008). 

Epidemiologically, resilient animals produce high levels of eggs, also known as 

super-shedders, ensuring high levels of pasture contamination for lambs the 

following year, perpetuating the worm burden on farms (Graham et al., 2011). The 

benefits of resistance vs. resilience are also dependent on the predominant nematode 

species infecting a farm; in highly virulent H. contortus infections, where heavy 

worm burdens are fatal, resistance is necessary to ensure survival, whereas with less 

pathological species (such as T. circumcincta) resilience may be more feasible as 

sheep can survive despite high adult worm counts. However, parasite populations are 

subject to climatic factors and movement of livestock, which will affect the 

nematode burden on farm from year to year, and is hard to predict with accuracy 
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(van Dijk et al., 2010; Rose et al., 2015). Furthermore, once effective immunity is 

established, resistant animals can also be defined as resilient, therefore determining 

true resilience compared to apparent resilience can be challenging (Bishop, 2012).  

An often-quoted disadvantage of breeding for resistance is the potential for reduced 

weight gain in resistant lambs due to their immunological protein requirements 

(Bisset et al., 2001; Morris et al., 2010). However, within experimentally infected 

Blackface lambs, resistant lambs had increased weight compared to susceptible 

lambs (Beraldi et al., 2008). Furthermore, susceptible lambs do respond 

immunologically to their infection but the result is inflammation rather than 

resolution of infection (Gossner et al., 2012; Ahmed et al., 2015). Therefore, since 

the immune response is a necessary functional requirement, it would seem more 

logical to breed for increased resistance rather than susceptibility.  

Whether resistance, resilience and tolerance are definitive states or a progression that 

occurs during infection is debatable and largely unproven. It is hypothesised that 

within a population a mixture of these traits is present, with the environment 

influencing the most advantageous response at any time (Hayward et al., 2014).  

Measuring and distinguishing tolerance and resilience is challenging, hence this 

project focused on parasite resistance as the phenotypic markers are well defined and 

characterised (Bishop, 2012). However, one of the main drawbacks of using 

phenotypic traits, other than their variability, is the time required for them to 

develop, be recorded and quantified. A far faster and more robust approach would be 

for farmers to be able to genetically identify their resistant animals through the use of 

a single nucleotide polymorphism (SNP) chip or genetic screening assay. These 
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technologies are still in their infancy in sheep (McRae et al., 2014) as the genes 

underlying resistance are still being identified (as discussed later in this chapter), but 

the eventual goal for the work conducted in this project would be to contribute to 

such technologies. A further difficulty comes from knowing which genes to look at 

first. This project focused on genes within the immune response. However, 

knowledge of the ovine immune response to nematodes is considerably behind that 

of mice and humans, therefore the next sections describe the mammalian immune 

response as elucidated primarily from mice models.   

1.4 Mammalian Immune System  

Mice models are often used to investigate the intricate details of the mammalian 

immune system. While model systems can provide detailed functional mechanisms, 

it should be noted that there are caveats to consider when using the murine immune 

response as a model for the ovine system. Firstly, the parasitic nematodes used in 

mice are often the hookworm Nippostrongylus brasiliensis and the roundworm 

Heligmosomoides polygyrus (Herbert et al., 2009). These parasites reside in the small 

intestine of the rodent. However, T. circumcincta inhabits the sheep abomasum (4th 

stomach) which is an entirely different organ with distinct structure and function to 

the small intestine (McNeilly et al., 2009). Furthermore, although there is likely to be 

conservation of immune pathways between mammals, many of the details as to how 

particular cell populations behave have not been experimentally confirmed in sheep. 
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1.4.1 Murine Type 2 immune response to helminths  

In mice models it is known that upon parasitisation the ‘Type 2’ immune response is 

activated to initiate clearance of the infection and tissue repair (Figure 1.2) (Allen 

and Sutherland, 2014). Intestinal epithelial cells (IECs) express numerous Pattern 

Recognition Receptors such as Toll-like receptors, NOD-like receptors and C-type 

lectin receptors, which they use to detect pathogens and provide intracellular 

activation signals (Murphy and Weaver, 2016). Damaged or activated IECs produce 

many chemokines able to recruit mast cells, eosinophils and basophils to the site of 

infection (Anthony et al., 2007). These cells express receptors for the antibody IgE 

(FcεR1). When these receptors are cross-linked by IgE bound to the nematode, the 

cells are activated to release cytotoxic granules that damage the parasite (Klion and 

Nutman, 2004). Eosinophils can also bind IgA, the most abundant antibody isotype 

in mucus, which can also bind to the parasites and induce release of granules from 

eosinophils (Murphy and Weaver, 2016). IECs also produce the alarmins IL25, IL33 

and thymic stromal lymphopoietin (TSLP) (Allen and Maizels, 2011). IL33 enhances 

mast cell production of proteases that damage the epithelial tight junctions allowing 

increased fluid secretion into the gut (Allen and Maizels, 2011). IL33 also increases 

IEC turnover and crypt length, contributing to the flushing of the parasites from the 

gut lumen (Humphreys et al., 2008).  

IL25, IL33 and TSPL production by IECs causes activation of dendritic cells (DCs), 

enhancing their ability to present helminth antigens. IL25 and IL33 also act together 

to activate group 2 innate lymphoid cells (ILC2) to produce IL5 and IL13 (Fallon et 

al., 2006). IL5 increases eosinophil differentiation while IL13 acts to enhance the 

cellular turnover of IECs (Cliffe et al., 2005); results in alternative activation of 
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macrophages (AAMs); and enhances the Type 2 phenotype of DCs (Spits et al., 

2013). Combined with the IL4 produced by active mast cells, eosinophils and 

basophils, DCs move into the draining lymph node and induce the differentiation of 

T helper type 2 (Th2) cells. 

DCs present helminth antigens via the major histocompatibility complex class two 

(MHC II) molecule to the T cell receptor on naïve T cells in the draining lymph node 

(Abbas et al., 2007). This signal is confirmed by co-stimulatory signals in the 

immune synapse, which triggers a cascade of intercellular signalling molecules 

within the T cell (Bromley et al., 2001). The signalling cascade culminates in the 

phosphorylation of signal transducer and activator of transcription (STAT)6 which 

binds to its ligand GATA3 (Ho et al., 2009), the archetypal transcription factor of the 

Th2 cell (Figure 1.3). GATA3 then initiates the production of several cytokines 

giving Th2 cells their distinct function.  

Activated Th2 cells migrate to the site of infection and secrete cytokines that enhance 

and sustain the innate cell populations. IL5 increases eosinophil activity (Klion and 

Nutman, 2004), IL3 and IL9 increase mast cell activity, IL13 further enhances goblet 

cell differentiation (Moro et al., 2010), mucus production and smooth muscle 

contractions (Zhao et al., 2003) and IL4 sustains AAM functions (Allen and 

Sutherland, 2014). AAMs produce multiple proteins that function in tissue repair 

(RELMα), amplification of Th2 responses by suppressing inflammation (Arginase1) 

and production of chitinases (YM1), enzymes that degrade chitin, the protein found 

in the external structure of nematodes (Anthony et al., 2007). Arginase1 is also 

associated with tissue repair due to its roles in collagen synthesis and cell 

proliferation (Allen and Sutherland, 2014).  
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Differentiated T follicular helper cells (TFH) in the lymph node induce the 

differentiation of B cells into antibody secreting plasma cells (Murphy and Weaver, 

2016). Antibodies of the IgA, IgE and IgG1 classes are produced with greater 

pathogen specificity than those initially present in the mucosa. These can bind to 

their receptors on activated eosinophils (IgA and IgE), basophils and mast cells (IgE) 

and AAMs (IgG1), increasing their specificity, causing further damage to the parasite 

(Murphy and Weaver, 2016). The overall result is expulsion of the parasites from the 

gut (Figure 1.2).   

Another consequence of antigen presentation and IL4 production combined with 

transforming growth factor (TGF)β, is the induction of Th9 cells, which express the 

transcription factor PU.1 and secrete IL9 and IL21 (Goswami et al., 2012). IL9 

activates mast cells to release proteases, while IL21 increases IgE production from B 

cells (Murphy and Weaver, 2016), resulting in increased Type 1 immediate 

hypersensitivity reactions that cause asthma in humans (Wong et al., 2010) and  

enhanced worm expulsion in mice (Angkasekwinai et al., 2013). Immediate 

hypersensitivity reactions in sheep are also linked with causing damage to nematodes 

and enhancing clearance of the worms (Stear et al., 2009). However, the mechanisms 

behind these responses are still being investigated.  
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Figure 1.2 Murine Type 2 immune response to intestinal helminths. 

Black arrows; early innate responses of PAMPs binding to PRRs (FcεR) 

expressed on eosinophils, basophils and mast cells, activation of Dendritic 

Cells (DC) and Innate Lymphoid Cell type 2 (ILC2) by alarmins (IL25, IL33, 

TSLP) produced by damaged/activated epithelial cells, increased fluid flow 

(caused by proteases) into gut lumen. Orange arrows; IL13 produced by 

ILC2s enhances Type 2 phenotype of DCs, increases mucus secretion from 

goblet cells and smooth muscle contractions, causes differentiation of 

alternatively activated macrophages (AAMs) and increases eosinophil 

function (IL5). Blue arrows; signals required for T helper type 2 (Th2) 

activation in the lymph node. Green arrows; Activation and class switching of 

B cells by Th2 cells. Red and yellow stripped arrow; Th2 cell migration to site 

of infection. Red arrows; cytokines produced by Th2 cells enhance 

differentiation and parasite killing by eosinophils (IL5) and mast cells (IL3 and 

IL9), sustain activation of AAMs (IL4) and increase epithelial cell turnover and 

smooth muscle contractions (IL13). Pink arrows; effector functions of AAMs. 

Purple arrows; increased antibodies (IgA, IgE, IgG) bind to Fc Receptors on 

innate cells to enhance their function and specificity. The result is damage to 

the parasites and their expulsion from the gut.  
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During parasitic infection, the immune response must be carefully regulated to 

prevent immunopathology or activation of inflammatory T cells. T regulatory (Treg) 

cells express the transcription factor forkhead box P3 (FOXP3) and secrete IL10 and 

TGFβ (Huehn et al., 2009). These cells can differentiate ‘naturally’ in the thymus 

(nTreg cells) or can be induced in the periphery (iTreg cells) by antigen presentation 

by DCs and TGFβ signalling for activation of FOXP3 (Figure 1.3) (Couper et al., 

2008). These cells differentiate early in the immune response to limit inflammation 

through various mechanisms (Belkaid et al., 2006). For example, IL10 reduces the 

expression of co-stimulatory molecules on macrophages and DCs thereby inhibiting 

T cell activation (Abbas et al., 2007). IL10 also suppresses the effects of IL6-

mediated activation of macrophages (Yasukawa et al., 2003). TGFβ can inhibit T cell 

proliferation and the IL2 receptor (CD25) expressed on Tregs can sequester IL2 from 

the environment, reducing the survival signal needed for activation of naïve T cells 

(Murphy and Weaver, 2016). Treg cells have been found to regulate the immune 

response in nematode infections (Maizels et al., 2009). In a Trichuris muris mouse 

model, mice deficient in IL10 succumbed to parasitic infection, partially through 

colonisation of the gut with pathogenic bacteria (Schopf et al., 2002). This regulatory 

pathway can be hijacked by the parasite. The excretory-secretory (ES) products from 

H. polygyrus (HES) induced FOXP3 expression in naïve CD4+ T cells by mimicking 

TGFβ activity, producing iTreg cells that suppressed T effector cell function 

(Grainger et al., 2010).  
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Figure 1.3 T helper cell subsets of mice and humans. Explanation within 

the text. Adapted from Jetten (2009). Thp; naïve T helper cell progenitor.   
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1.4.2 Ovine Type 2 immune response to helminths 

As mentioned above, the murine studies were performed in mice infected with 

intestinal nematodes, therefore there are many differences between this response and 

the response that occurs in sheep infected with abomasal nematodes. This section 

provides an overview of immunological analyses conducted in sheep.   

A study that used H. contortus primary infection in sheep, found that CD4+ T cells 

and B cells increased in the abomasal lymph node 3 days post infection, while 

eosinophils, CD4+ T cells and B cells increased in the abomasal mucosa 5 days post 

infection, furthermore, once adult worms had developed, mast cell numbers were 

increased in the abomasum (Balic et al., 2000). Further work showed that IL13 and 

IL4 influence other effector cells such as eosinophils and mast cells, contributing to 

expulsion and resistance to H. contortus (Meeusen et al., 2005). Eosinophils have 

been shown to locate to the surface of the nematodes in the tissue mucosa (Balic et 

al., 2002) and scanning electron microscope images showed the larvae to be severely 

damaged by the innate cells (Balic et al., 2006). IECs and IL4 were thought to be 

involved in this response too, as these can attract eosinophils into the tissue and 

activate them. Eosinophils were also found to be increased in the abomasal mucosa 

after challenge in sheep infected with T. circumcincta; although in this study, there 

was no observable change in mast cell numbers after challenge (Balic et al., 2003). 

Histopathology of the abomasum of resistant lambs that cleared a T. circumcincta 

infection had low numbers of eosinophils and neutrophils present in the mucosa and 

sub-mucosa but increased numbers of lymphocytes, while the mucosal and sub-

mucosal layers were extensively infiltrated by lymphocytes, eosinophils and 

neutrophils in susceptible lambs compared to uninfected controls (Gossner et al., 
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2012). Furthermore, in the susceptible lambs oedema and vacuolation in the 

abomasal mucosa was indicative of larval migration; these lambs also expressed high 

levels of IL6 and TGFβ in their abomasal mucosa (Gossner et al., 2012). 

Craig et al. (2007) showed initial inflammatory cytokine production (IL1β, IL2 and 

IL6) in the abomasal lymph node which gave way to increased Th2 type cytokines 

(IL4, IL5 and IL13) later in T. circumcincta infected sheep. French et al. (2008) 

found increased expression of mast cell protease-1 and IL4 within the abomasal 

mucosa of T. circumcincta infected Blackface-cross lambs compared to uninfected 

controls, indicating the induction of a Th2 response. Further evidence of Type 2 

immune induction was documented in H. contortus infected INRA 401 lambs; 

animals undergoing secondary infection had increased expression of IL4, IL13 and 

IgA in their mucosa as well as recruitment of eosinophils, mast cells and globule 

leukocytes to the abomasum with corresponding reduction in faecal egg count 

compared to naïve controls (Lacroux et al., 2006). Treg cells have also been 

identified in early ovine immune responses to parasites. In T. circumcincta infected 

resistant lambs, IL10 and FOXP3 were increased compared to susceptible lambs by 7 

days post infection (Hassan et al., 2011). The ES products of T. circumcincta have 

been found to be suppressive of T lymphocyte activation through IL10 (McNeilly et 

al., 2013) and TGFβ signalling pathways (Grainger et al., 2010).  

The initiation of antibody production has been well studied in naïve mice responding 

for the first time to an experimental challenge. However, the majority of sheep 

studies have focused on secondary infection as this is more representative of the ‘real 

life’ situation and it is during the secondary infection that the resistant phenotype 

develops. Both IgA activity (Davies et al., 2005) and IgE activity (Murphy et al., 
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2010) are correlated with genetic resistance so research continues in sheep to fully 

characterise the mechanisms behind the antibody response, which could contribute to 

elucidating the mechanisms underlying resistance. Work in lambs and older sheep 

has led to the hypothesis that ovine immunity to T. circumcincta develops in two 

stages: the first stage, achieved in young lambs, reduces worm growth and fecundity 

through production of parasite-specific IgA antibodies to adult-stage nematodes; 

once older, sheep are able to control worm numbers by stopping establishment of 

infection by producing IgE antibodies to L3 nematodes (Stear et al., 1999; Shaw et 

al., 2009; Murphy et al., 2010).  

New data from Ahmed et al. (2015) identified the resistant phenotype of Texel lambs 

as associated with early (14 days post-secondary infection) IgA levels in the 

abomasum, while the susceptible phenotype of Suffolk lambs was associated with 

high levels of plasma pepsinogen indicative of gut damage at this time point. There is 

also evidence of IgG type antibodies acting in a protective capacity to feral Soay 

sheep undergoing natural worm infection (Nussey et al., 2014). Further analysis in 

this population found significant correlations between IgG and IgA with FEC (Watt 

et al., 2016). As already mentioned, IgG responses were elevated in lambs 

vaccinated with a preliminary T. circumcincta vaccine (Nisbet et al., 2013). However 

the mechanism behind IgG function in worm clearance is still unclear. The ovine 

immune response against nematodes was recently reviewed by McRae et al. (2015).   

Although the mechanisms of immune induction have been far less extensively 

studied in sheep compared to mice, the above results indicate similar responses are 

activated during nematode infection in the two host species. 
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1.4.3 Inflammatory immune response   

Evidence from parasite susceptible sheep corroborates data collected from mice 

models, implicating similar pathways of inflammation occurring in sheep and mice 

(Gossner et al., 2012). Furthermore, some of these pathways are implicated in human 

inflammatory bowel disease (IBD) (Ahern et al., 2008), a chronic disease of humans 

the mechanism of which, could elucidate relevant pathways in nematode-infected 

sheep.   

Type 1 innate immunity is mediated by natural killer (NK) cells recognising 

microbe-infected cells and producing interferon (IFN)γ causing activation of CD8+ 

cytotoxic T lymphocytes, which act to induce cell death in infected cells (Murphy 

and Weaver, 2016). Pathogen recognition by macrophages results in their increased 

expression of IL12 and synthesis of nitric oxide and reactive oxygen intermediates to 

enable degradation of phagocytosed microbes. These classically activated 

macrophages secrete IL12 and IL18 which activates innate lymphoid class 1 cells 

(ILC1) to produce IFNγ (Murphy and Reiner, 2002; Sacks and Noben-Trauth, 2002; 

Kapsenberg, 2003; Trinchieri, 2003; Spits and Cupedo, 2012).  

The Type 1 acquired inflammatory response is initiated by DC presentation of 

antigen (from intracellular bacteria and viruses) to naïve T lymphocytes when the 

surrounding environment is primed by IL12 produced by macrophages, and IFNγ 

produced by ILC1s (Murphy and Weaver, 2016). DCs then provide stimulatory 

signals to naïve T cells, causing activation of STAT4 and subsequently T-bet 

(TBX21), the lineage-specific transcription factor of Th1 cells (Figure 1.3). This 
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activation triggers production of IFNγ, which acts in a feedback mechanism to 

increase production of T-bet.  

B cells are induced by IFNγ to produce antibodies of the IgG2a (murine only) 

isotype, which together with complement particles, opsonise microbes (Abbas et al., 

2007). These responses have evolved to stop intracellular pathogens so are not able 

to control an extracellular parasitic infection. There is a genetic link between IFNG 

and parasite resistance in sheep, but it is hypothesised that this is actually a mutation 

in IFNG which affects the efficacy or expression of IFNγ thereby contributing to a 

Th2 response (Coltman et al., 2001).   

The other immune response pathway described in mice is the Type 3 pathway. This 

response has evolved to detect extracellular bacteria and fungi most commonly 

encountered in the gastro-intestinal tract (Murphy and Weaver, 2016). TGFβ 

produced by monocytes and IL6 produced by macrophages contribute to the 

differentiation of Th17 cells, with IL23 produced by DCs, required for sustained 

Th17 response (Lee et al., 2012). In the absence of IL6 (i.e. absence of pathogens), 

iTreg cells are differentiated which maintain gut homeostasis (Murphy and Weaver, 

2016). Innate lymphoid class 3 cells (ILC3) are also activated by IL23 and IL1β 

produced by DCs and macrophages, and these cells can secrete IL17 and IL22, 

contributing to the Th17 cell priming environment (Spits and Cupedo, 2012).     

Once antigen and co-stimulatory signals are received by naïve Th cells from DCs, 

STAT3 is phosphorylated leading to the expression of the transcription factors 

retinoic acid related orphan receptor (ROR)γt and RORα (RORC2 and RORA, 

respectively) (Yang et al., 2008). Co-expression of these transcription factors leads 
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to production of cytokines in the IL17 family (e.g. IL17A, IL17F) as well as IL21 

and IL22 which are the archetypal transcription factors and cytokines respectively of 

the Th17 cell subset (Wilson et al., 2007) (Figure 1.3). The primary functions of 

Th17-produced IL17 is neutrophil and monocyte recruitment to the site of infection 

(Kolls and Linden, 2004).  

The inflammatory properties of Th17 and ILC3 cells have been well documented in 

mice and humans. In humans, Th17 cells are involved in the pathology of numerous 

autoimmune diseases such as rheumatoid arthritis, multiple sclerosis (MS) and IBD 

(Brand, 2009; Codarri et al., 2011). Due to the inflammatory actions of the cytokines 

produced by ILC3s, most noticeably IL23 which induces pathogenic Th17 cells, 

these cells are also associated with IBD pathology (Buonocore et al., 2010). TBX21+ 

ILC1 cells have also been identified in the gut mucosal tissue of patients with 

Crohn’s disease (Bernink et al., 2013). In human in vitro studies, IL17A was able to 

activate certain monocyte cells to secrete IL1β and tumour necrosis factor (TNF)α 

(Jovanovic et al., 1998), which increased production of IL6 perpetuating the 

inflammatory cycle (Abbas et al., 2007). Th17 cells that co-express IL17 and T-bet 

(induced by IL23 signalling) are suggested to be the most pathogenic type of Th17 

cells (Lee et al., 2012), with mice deficient in T-bet being protected from many 

autoimmune diseases (Bettelli et al., 2004). Th17 associated cytokines (IL6, IL21 

and IL23) were increased in susceptible lambs chronically infected with T. 

circumcincta compared to resistant lambs (Gossner et al., 2012), thus indicating 

there could be conserved pathways between this chronic inflammatory disease of 

humans and chronic worm infection of sheep.  



29 
 

However, Hepworth et al. (2013), identified a population of ILC3s in mice that were 

MHCII+ that influenced gut homeostasis by limiting the T effector cell response to 

commensal bacteria; in the absence of these cells systemic inflammation resulted. 

This was corroborated in human intestinal mucosa, where Mizuno et al. (2014), 

found that IL22 production from ILC3s, induced by macrophages, improved 

epithelial barrier function, which was impaired in patients with Crohn’s disease. 

While ILC3s are required for initial production of IL22, Th17 cells are necessary to 

maintain production indicating a gut-protective function of these cells as well 

(Murphy and Weaver, 2016).  

1.5 Inflammatory bowel disease of humans 

Th17 cells have been found to be involved in human autoimmune disorders, such as 

inflammatory bowel disease (IBD) (Bogaert et al., 2010), which has some similar 

immunological features to the immunopathology caused in reaction to worm 

infection in the sheep gut (Gossner et al., 2012). Furthermore, a mouse model of 

colitis uses helminth infection (T. muris) to induce colitis in mice as a model of 

human IBD (Levison et al., 2010). Therefore, pathways within this disease of 

humans may give some insight into potential mechanisms behind the development of 

resistance or susceptibility in sheep.  

IBD is the collective term for two distinct types of colitis in humans, namely 

Ulcerative Colitis (UC) and Crohn’s Disease (CD). Incidence of these diseases has 

been on the rise in the last few decades in developed countries, with no cure as yet 

available, and research into the cause of IBD still ongoing (Molodecky et al., 2012).   
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Symptoms of IBD are chronic and include abdominal pain and diarrhoea, rectal 

bleeding and malnutrition with often relapsing periods of inflammation (Abraham 

and Cho, 2009). CD and UC can be differentiated by the location of the 

inflammation within the gastrointestinal tract; inflammation in CD commonly occurs 

in the ileum and colon but can be found throughout the gut, whereas UC always 

affects the rectum and may continue all the way to the cecum. UC inflammation 

usually only involves the superficial mucosa and submucosa, while CD is usually 

transmural, affecting the full depth of the intestinal wall (Khor et al., 2011).  

Histopathology from UC lesions show micro-abscesses formed by neutrophils, 

whereas CD is often characterised by granulomata formed by macrophages and 

lymphocytes (Xavier and Podolsky, 2007).  

There is a strong familial association with IBD, where first-degree relatives of a 

patient have considerably greater risk of developing disease than the general 

population, with CD posing a greater risk than UC (Abraham and Cho, 2009). The 

rapid increase in incidence of IBD over a short period implies that the environment, 

including commensal bacteria and their products, could have considerable influence 

on the development of disease (Maloy and Powrie, 2011).  

The current paradigm is that UC is associated with a Th2 inflammatory response, 

while CD is caused by Th1/17 inflammation (Brand, 2009). However, roughly 30% 

of genetic loci associated with IBD are common to both UC and CD (Khor et al., 

2011). Genes such as IL23R, IL12A and STAT3 are associated with both CD and UC 

suggesting common pathways in both disease aetiologies – particularly incriminating 

the IL23 axis as a central pathway in disease occurrence (Ahern et al., 2008). Genes 
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and their variants within this pathway are also under investigation in the current 

study, due to their association with susceptibility to nematode infection in sheep.  

1.6 Genetic markers of resistance      

For several decades, it has been known that sheep can be bred to have low faecal egg 

counts (Albers et al., 1987). Since those initial experiments, numerous studies have 

investigated the heritability of genetic resistance (detailed below). The heritability of 

a trait is the proportion of phenotypic variance that is accounted for by additive 

genetics (Goddard and Hayes, 2009). Thus unless heritability equals one, the 

environment will always influence the phenotype to some degree. Therefore, the 

heritability of a trait will have a different value in different populations and 

environments. Breeding programs in dairy cattle depend on the additive genetic 

effect of multiple SNPs to identify superior sires for breeding (Khatkar et al., 2004). 

This requires a large reference population to identify the relevant SNPs and is 

possible in dairy cattle because of the relatively few breeds involved (Hayes et al., 

2009). However, in sheep, this approach is currently limited due to the lack of a 

reference population and the large number of sheep breeds used commercially for 

different purposes (Swan et al., 2009). Therefore individual loci are still being 

investigated for their association with nematode resistance. Of the studies 

summarised below, numerous sheep breeds, countries and parasite species have been 

used to identify loci related to resistance. Despite the different environments in 

which the studies have been conducted, there is still an overall agreement between 

them, suggesting that certain loci are common between different sheep breeds 

infected with different parasite species.  
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1.6.1 Genotyping studies  

Investigations into the genes involved in the development of resistance are on-going 

with numerous candidate genes under study. Research has either focused on natural 

mixed nematode infections or experimentally limited infections, with ‘resistance’ 

defined as low FEC and worm burden and/or high IgA levels, while ‘susceptibility’ 

is defined by high FEC and worm burden often accompanied with pathology.  

Coltman et al. (2001) reported an association between low FEC and a microsatellite 

marker in the IFNγ gene (chromosome 3) in feral Soay lambs and yearlings; the 

same allele was associated with high parasite-specific IgA antibody levels in lambs. 

This was hypothesised to indicate a variant within IFNγ that may affect the function 

of the cytokine leading to associations with resistance rather than susceptibility. The 

QTL on chromosome 3 was also found to be significantly associated with resistance 

in other sheep breeds including Texel and Suffolk (Matika et al., 2011). Numerous 

SNPs within the QTL on chromosome 3 have been associated with reduced faecal 

egg count in naturally infected sheep samples collected across the globe (Periasamy 

et al., 2014). QTL were also identified in Romney x Merino parasite resistant sheep 

infected with Tr. colubriformis and H. contortus associated with FEC (chromosome 

22) and eosinophils (chromosome 3), corroborating these loci as important in 

different nematode infections (Dominik et al., 2010).  

Davies et al. (2006) found QTLs on chromosomes 3 (IFNγ) and 20 (MHCII) 

associated with resistance to strongylid nematodes in Scottish Blackface lambs. 

Work by Keane et al. (2007) identified a null mutation in the MHCII Ovar-DQA1 

locus (chromosome 20) in susceptible sheep, which was hypothesised to be 
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important in susceptibility, but could not be identified as the root cause. Moreover, 

Hickford et al. (2011) identified twenty one alleles at the MHC-DQA2 locus 

(chromosome 20) in sheep undergoing natural parasite infection, which varied with 

host age and parasite burden. Thus the authors concluded that the development of a 

single gene marker for resistance was unlikely at this locus. Schwaiger et al. (1995) 

identified the Ovar-DRB1 locus as being strongly associated with FEC reduction in 

T. circumcincta infected 6-month old lambs. This result was confirmed by Stear et 

al. (1996) who studied a different population of lambs from the same farm. Further 

work on the DRB1 allele in Suffolk sheep found lambs carrying the DRB1*1101 

allele had significantly lower worm burden than controls (Hassan et al., 2011).  

The genome wide association study (GWAS) conducted by Riggio et al. (2013) into 

nematode resistance in Scottish Blackface lambs, detected an association between 

strongyle FEC and chromosome 6 in 16 week old lambs, which they believed is an 

area near to a gene involved in the immune response. A cluster of SNPs on ovine 

chromosome 6 were significantly associated with average faecal egg count in H. 

contortus infected Red Maasai x Dorper backcross sheep (Benavides et al., 2015). 

Beh et al. (2002) identified a possible QTL associated with FEC on chromosome 6 in 

Merino lambs infected with Tr. colubriformis, although the association was not 

significant at the genome-wide level. Atlija et al. (2016) utilised the Illumina Ovine 

SNP50 BeadChip to identify QTLs on chromosome 6 (containing the IFNγ-inducible 

gene CXCL10 among others) and chromosome 8 significantly associated with FEC in 

Churra ewes infected with T. circumcincta. Crawford et al. (2006), found only one 

QTL on chromosome 8 associated with resistance to Trichostrongylus spp. The 

authors concluded that resistance to nematodes is a complex trait controlled by 
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numerous genes with only small individual effect, which is why few significant 

associations are found across the whole genome (Crawford et al., 2006).  

McRae et al. (2014) used the Illumina Ovine SNP50 BeadChip to identify 16 regions 

associated with resistance in Romney and Perendale sheep. This included regions on 

chromosomes 7 and 25 already identified as resistance QTLs, plus 14 novel regions 

within the ovine genome associated with resistance; genes within these novel regions 

function in the cytokine response and chitinase activity (McRae et al., 2014). QTL 

were also found on chromosomes 2 and 26 associated with resistance in Red Maasai 

and Dorper sheep artificially infected with H. contortus (Marshall et al., 2013). 

Marshall et al. (2009) identified 11 QTLs associated with FEC in H. contortus 

infected Merino lambs. The authors concluded that a panel of multiple QTLs may be 

required for selection of parasite resistant animals.  

The use of faecal egg count as a trait for resistance is potentially misleading as this 

trait is a cumulative effect of numerous biological pathways, which could be 

contributing to the results seen by Crawford et al. (2006) for example, who argued 

that many genes are involved in the development of resistance, each with a small 

individual effect. This was also a conclusion of work conducted by Brown et al. 

(2013), who found no significant difference between the proportion of SNPs in 

candidate and control genes in resistant and susceptible Soay sheep. The authors 

hypothesised that this may due to the fact that a few genes are crucial for 

development of resistance but numerous other genes may be involved in a breed-

specific manner.       
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1.6.2 Gene expression studies 

Although genotyping studies have identified critical regions of the sheep genome 

involved in the development of resistance, they do not detail all the specific genes 

involved in the response, or their levels of expression. For this purpose, other 

techniques are required such as RNAseq and microarray analysis which quantify the 

levels of individual RNA transcripts present in a sample. Andronicos et al. (2010), 

used RNA from lymph node and abomasal tissue from artificially infected resistant 

and susceptible Merino sheep. The resistant animals had low FEC and high parasite-

specific antibody levels, whereas sheep from the susceptible line had up-regulation 

of the IFNγ-inducible gene CXCL10, indicating the presence of a pathological 

inflammatory immune response. However, in these experiments sheep were infected 

with two different species of nematode. It was concluded that the genes involved in 

resistance differ between parasite species, but that there is similarity in the 

susceptibility genotype.  

Work by Diez-Tascon et al. (2005), used a bovine microarray to analyse gene 

expression in duodenum tissue from resistant and susceptible Perendale sheep. The 

microarray was based on 5’ expressed sequence tags (ESTs) from numerous tissues 

from beef and dairy animals, allowing identification of over 10,000 unique gene 

coding regions. Genes up-regulated in the resistant animals included the MHC class 

II gene Ovar-DRA, and the processes identified by gene ontology (GO) annotation in 

this group included antigen processing and presentation. The down-regulated genes 

were involved in the process of ion transport. This corroborates the genotyping work 

described above, implicating the MHC locus in development of nematode resistance 

and highlighted differences between resistance and susceptibility. This work also 
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showed that a bovine array can be a useful tool in closely related species (Diez-

Tascon et al., 2005).  

Knight et al. (2011) used an ovine microarray to measure gene expression in the 

abomasal mucosa of sheep before and after infection with T. circumcincta and found 

differential expression of genes involved in anti-parasite responses, immune 

modulation and tissue repair in immune animals compared to the naïve group. 

Another study used an immune-based ovine microarray, validated by RT-qPCR, to 

investigate the differential expression of genes in the afferent lymph draining from 

the small intestine in sheep infected with Tr. colubriformis (Knight et al., 2010). The 

authors reported that the majority of transcripts significantly differentially-expressed 

were down-regulated, which was suggested to be due to the slow development of the 

host immune response and the suppressive effects of some parasite-secreted 

molecules.  

Ingham et al. (2008) investigated resistant and susceptible responses to Tr. 

colubriformis and H. contortus separately and identified some conserved pathways 

across the immune response; namely, susceptible animals produced a prolonged 

inflammatory response defined by increased expression of NF-κB signalling 

molecules and delayed expression of IL10 and CD25 (markers of Treg cells). The 

authors concluded that the use of conserved pathways by the ovine immune response 

against different parasite species indicates that breeding for resistance is a viable 

option to control natural parasite burdens (Ingham et al., 2008).   

Using RNAseq technology Guo et al. (2016), identified pathways involved in the 

acute inflammatory response, complement activation, increased cellular proliferation 
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and tissue repair to be significantly increased in a H. contortus resistant breed 

compared to a susceptible breed of sheep.  

Work by Beraldi et al. (2008) described the phenotype of lambs bred to have a range 

of resistance to nematodes, which were then artificially infected with T. circumcincta 

larvae for 12 weeks, producing a spectrum of clinical symptoms in the 45 infected 

Blackface lambs. Digital gene expression (DGE) analysis conducted on abomasal 

lymph node tissue from these animals demonstrated that susceptible lambs had 

increased expression of genes involved in inflammation compared to resistant lambs 

(Pemberton et al., 2011). The DGE data was verified using RT-qPCR, showing IL6, 

IL21 and IL23A were significantly positively correlated to adult worm count and 

faecal egg count, and that IL23A correlated negatively with IgA levels, thus 

implicating inflammatory Th17 cells in susceptibility to the nematodes (Gossner et 

al., 2012).  

The broad number of genes and pathways involved in the ovine immune response to 

nematode infection could be further confounded by variation within the genes thus 

far identified. Therefore, it is important to take alternative splice forms of genes into 

account, since this can affect gene expression and protein function (Ip et al., 2007).   

1.7 Methods of alternative splicing 

It has long been understood that one way to produce more than one protein per gene 

is through alternative splicing (AS). During the process of transcription, the pre-

mRNA molecule is processed by the spliceosome, a complex of ribonucleoproteins 

and accessory proteins that cleave the non-coding introns from the molecule by 

identifying the 5’ donor and 3’ acceptor sites on each exon (Black, 2003). Initial 
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work into how AS is regulated demonstrated that there is no particular 5’ to 3’ 

direction to the splicing process but that certain donor and acceptor sites are more 

compatible than others, possibly through RNA secondary structure, kinetics or 

thermodynamics of the reaction rather than RNA sequence (Breitbart et al., 1987). 

There are splicing enhancer and silencer sequences that regulate the initial binding of 

the spliceosome complex to the pre-mRNA causing the inclusion or exclusion of 

particular exons/introns in an mRNA molecule (Lynch, 2004). There is now 

understood to be a splicing code which consists of several layers of cis-acting 

elements that communicate to distinguish exons from introns, that also function in 

spliceosome positioning and form binding sites for auxiliary proteins for the 

regulation of AS (Wang and Cooper, 2007). Intronic SNPs within the splicing code 

around exons could also affect the results of AS.    

AS leads to either the exclusion of exons or the inclusion of introns in the final 

transcript; this challenges the classical definition of ‘exons’ and ‘introns’ as coding 

and non-coding sections of the genome, respectively, causing instead potentially 

several protein isoforms from a single gene. Figure 1.4 illustrates the various 

mechanisms by which exons and introns can be spliced into or out of the final 

transcript. When an entire exon is spliced out of the transcript it represents a cassette 

of information that is lost from the final product (Figure 1.4A). Certain exon pairs 

are spliced in a mutually exclusive manor, such that one or other of the pair is always 

present but simultaneous inclusion or exclusion of both exons does not happen 

(Figure 1.4B). There are numerous donor and acceptor sequence sites throughout a 

gene, some of which appear within ‘exons’ leading to loss of part of the exon from 

the final product (Figure 1.4C and D). Another type of AS occurs when donor-
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acceptor pairs are not spliced together, causing retention of the intron, creating a 

larger transcript and potentially adding extra domains to the protein isoform (Figure 

1.4E). The use of different sites of transcription initiation or termination can result in 

downstream AS of the mRNA, and is another method by which variation can be 

introduced into a protein (Figure 1.4F and G).  

The advancement of high-throughput technologies has led to estimates of the 

regularity of AS in human genes, with > 90% of human genes believed to be 

subjected to AS (Pan et al., 2008). Furthermore, Xu et al. (2002) found that 10 – 

30% of AS human genes produced tissue-specific isoforms. Focusing more 

specifically on the human immune system, many studies have identified AS in 

various immune cell types exposed to different conditions [as reviewed by (Martinez 

and Lynch, 2013)]. Work by Ip et al. (2007), using an AS array in activated human 

(Jurkat) T cells found that the genes that had different AS levels had different 

functions from those genes that had different transcriptional expression; notably, AS 

genes were associated with cell-cycle regulation while genes with different 

transcription levels were associated with immune defence. Another group used the 

Affymetrix Human Exon 1.0ST microarray with probes designed for each predicted 

exon to investigate AS in activated T and B lymphocytes (Grigoryev et al., 2009). 

They found three discrete classes of genes in T and B cells (differentially expressed 

and alternatively spliced; constitutively expressed and alternatively spliced; 

differentially expressed without AS) that changed with activation of the lymphocytes 

and had functions associated with both metabolism and immune/inflammation; this 

highlights the considerable loss of information in gene expression studies if only 

differentially expressed genes are investigated (Grigoryev et al., 2009).  
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In sheep infected with Tr. colubriformis, a significant association was found between 

a polymorphism in IgE and parasite resistance (Clarke et al., 2001). In addition, 

variation within the IFNγ gene was identified in three sheep breeds, and haplotype B 

was significantly associated with nematode resistance in Texel sheep (Sayers et al., 

2005). Differential exon usage of IL13 has also been documented in T. circumcincta 

resistant Blackface lambs (Wilkie et al., 2015). These findings indicate the value of 

investigating variation within genes and not just whole gene expression for 

associations with disease outcome.   
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Figure 1.4 Methods of alternative splicing. Explanation in the text. 

Adapted from Breitbart et al. (1987). 

 

Figure 1.5 Human GATA3 zinc-finger DNA-binding domains. The arrow 

indicates E260. Adapted from Gaynor et al. (2009). 
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1.8 Genes of interest 

Previous studies have clearly linked the genetics of resistance to the adaptive 

immune response. As discussed above, the immune response is a complicated, 

intricately controlled, cascade of pathways resulting in either clearance of infection 

or pathology. In the case of nematode infection in mice and humans, the Th2 

response has been shown to be protective, while the Th1/Th17 response has been 

found to instigate pathology. Therefore, this project focuses on some of the genes 

involved in initiating either the Th2 or Th1/Th17 response. A hypothesis of this 

thesis is that variation within these genes may be key to the development of 

resistance or susceptibility in sheep. Due to the lack of annotation in the available 

ovine genome (Oar v3.1), the sequence of these transcription factors was not 

available at the beginning of this project, and splice variants within these genes had 

not previously been investigated in sheep before. However, there is evidence from 

mice and human studies that splice variants within the transcription factors exist and 

these can affect phenotype and disease outcome (described below).   

1.8.1 Transcription Factors 

Transcription factors are proteins that bind to DNA and initiate expression and/or 

regulation of the target gene(s). Once translated into protein, the transcription factors 

must traverse the nuclear envelope to bind their target gene. Nuclear import is 

accomplished through the use of nuclear localisation signals (NLS), short amino acid 

sequences that contain predominantly positively charged amino acids such as lysine 

and arginine usually orientated to be on the protein surface (Alberts et al., 2002). The 

NLS are recognised by nuclear import receptors (NIR) which chaperone the protein 
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through the nuclear envelope pore, sometimes with the help of adapter proteins. The 

NLS sequence is located within the A and B domains of the gene, loss of the A/B 

domains results in cytoplasmic restriction of the transcription factor (Aschrafi et al., 

2006). The NLS, NIR and the adaptor proteins precise sequences vary considerably, 

allowing for the recognition of many different NLS on nuclear proteins (Alberts et 

al., 2002).      

Binding of transcription factors to their target gene is facilitated by a zinc finger 

binding motif, a structure within the protein that is stabilised by the presence of a 

zinc atom. The α-helix of the zinc finger interacts with the major groove of the target 

DNA. There are several distinct structures of zinc finger motifs, however, the 

structure used by the T helper cell transcription factors [also known as the master 

regulators (Zhu et al., 2010)] is one of the simplest – an α-helix and β-sheet 

structurally supported by a zinc atom – of the Cys-Cys-Cys-Cys family of zinc 

motifs, so named due to the amino acids that bind to the zinc atom (Alberts et al., 

2002). The transcription factors of T helper cells contain multiple zinc fingers to 

enhance the binding specificity of the protein-DNA interaction.  

1.8.1a GATA3  

There are six known GATA transcription factors in vertebrates (Patient and McGhee, 

2002). GATA3 is the transcription factor that defines the Th2 cell lineage, and 

induces production of IL4, IL5 and IL13 and clearance of extracellular parasites in 

mice (as described above). The GATA proteins bind to a conserved sequence on 

DNA, known as the GATA motif, located in the promoter region of the target gene. 

The motif sequence is classically defined as WGATAR, where ‘W’ is either an 
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adenine or thymine base, and ‘R’ is either an adenine or guanine; although there can 

be some variation around this in some of the GATA proteins, GATA3 is reported to 

tolerate the least variation in target sequence (Merika and Orkin, 1993). GATA3 has 

two zinc-finger binding motifs (Figure 1.5 above), each of which binds DNA with 

different affinity (Gaynor et al., 2009).  

Humans have two variants of GATA3; GATA3v1 (NM_001002295.1) and GATA3v2 

(NM_002051.2). The difference between these splice variants is the loss of a single 

codon in the join between exon 3 and 4 (encoding glutamic acid at position 260 

(E260) in the protein sequence) in GATA3v2. E260 is situated 4 amino acids 

upstream of the first cysteine residue in the N-terminal zinc finger of the protein 

(Figure 1.5 above). Whether the close proximity of E260 to a critical structure of the 

protein affects structure or function when E260 is lost is unknown. It has been 

demonstrated that mutation or truncation of the N-terminal zinc-finger of GATA3 

causes loss of expression of IL5 and inability of the gene to perpetuate its own 

expression, without affecting production of IL4 and IL13 (Takemoto et al., 2002). 

Diseases associated with mutations in GATA3 include hypothyroidism, sensorineural 

deafness and renal anomalies (HDR) syndrome which is caused by 

haploinsufficiency of GATA3, whereby patients suffer from cardiac malformations 

and immune deficiencies (van Esch et al., 2000). This autosomal dominant disease is 

relatively rare and has only been characterised in a handful of families (van Esch and 

Devriendt, 2001). GATA3 has also been linked to inflammatory diseases such as 

ulcerative colitis (Brand, 2009) allergy and asthma (Pykäläinen et al., 2005). In mice, 

complete loss of GATA3 is embryonic lethal, although heterozygotes appear healthy 

(Pandolfi et al., 1995).  
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1.8.1b RORA 

The transcription factors responsible for the differentiation of Th17 cells are part of 

the nuclear receptor superfamily, which is a diverse group of receptors with some 

conserved protein structures. The subfamily of retinoic acid related orphan receptors 

(ROR) contains three genes: α, β and γ. Nuclear receptors contain certain structurally 

conserved functional domains; the DNA-binding domain with two zinc-fingers, is the 

most highly conserved structure within the protein family, while the ligand-binding 

domain is poorly conserved (Medvedev et al., 1997).  

Although RORA was believed to have a redundant function in Th17 cell 

differentiation, Yang et al. (2008) showed that even when RORC2 was deficient, 

Th17 cytokine expression was not totally abolished. Furthermore, they reported that 

co-expression of RORC2 and RORA led to greater Th17 differentiation than when 

either gene worked alone. Work by Dzhagalov et al. (2004) demonstrated that RORA 

indirectly affects T and B cell development by regulating the microenvironment in 

which they develop. Solt et al. (2011), published work on a new synthetic ligand that 

binds specifically to RORα and RORγt, causing structural changes to the proteins 

and loss of IL17 production, which alleviated the symptoms in a mouse model of 

MS.   

Numerous splice variants of RORA have so far been sequenced in both humans and 

cattle. There are four known transcript variants of RORA in humans, only two of 

which have been associated with the immune response (Migita et al., 2004). The 

different isoforms of human RORα bind DNA with different affinities and 

furthermore, each isoform binds to closely related but distinct targets (Giguere et al., 
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1994). The variation allows for tissue-specific functions for each isoform (Migita et 

al., 2004). A meta-genome analysis by Torgerson et al. (2011) identified SNPs in 

RORA to be associated with asthma in certain (European) populations. Staggerer 

mice have a mutation in the RORα ligand binding domain (Hamilton et al., 1996) 

and display tremor, loss of balance, hypotonia, small size and thin bones, and usually 

die three to four weeks after birth (Dzhagalov et al., 2004). As already mentioned, 

work in mice infected with N. brasiliensis found a protective function for ILC2 cells 

that co-express GATA3 and RORA (Wong et al., 2012), possibly indicating that 

different variants of RORA may have different functions in different cells, although 

the sequence of RORA was not determined in the above study.    

1.8.1c RORC2 

There are two known human transcript variants of RORγ (RORC1 [NM_005060.3] 

and RORC2 [NM_001001523.1]), which differ in their 5’ untranslated regions 

(UTR) and stop sites through alternative polyadenylation sites (Medvedev et al., 

1997). Despite the different start and stop sites, the variants have conserved ligand-

binding and DNA-binding sites. RORC1 has many functions including metabolism, 

embryo development (humans) and fat deposition (cattle), with expression of this 

variant most noticeable in the liver and kidneys (Medvedev et al., 1996). In cattle, 

Barendse et al. (2007) identified a SNP in RORC1 as being associated with 

deposition of fat in muscle tissue. The role of RORC1 in the host metabolism has led 

some to question its role in cellular metabolism and how this might impact the 

function of the immune cell (Jetten, 2009).  
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RORC2 (also known as RORγt in mice) is immune-cell specific with expression 

limited to Th17 cells (Villey et al., 1999; Crome et al., 2009) and ILC3s (Spits et al 

2013). A novel isoform of RORC2 has been identified in humans that represses IL17 

and IL21 production in T cells. It was hypothesised that the mutant form, which 

lacks exons in the hinge region connecting the ligand-binding domain to the DNA-

binding domain, acts in a dominant-negative mechanism to suppress downstream 

gene expression (Rauen et al., 2012). RORC negative mice do not develop any gut-

associated lymphoid tissue and develop severe colitis and epithelial pathology in 

certain models of IBD (Kanai et al., 2012).  

1.8.1d TBX21 

The archetypal transcription factor for the Th1 cell lineage is the T-box transcription 

factor T-bet (TBX21), which regulates the expression of IFNγ (Szabo et al., 2000). T-

bet is believed to be evolutionarily the oldest T helper transcription factor, variants of 

which have been identified in Callorhinchus milii (Elephant Shark) which diverged 

around 450 million years ago and is the slowest evolving known vertebrate 

(Venkatesh et al., 2014). TBX21 is located on ovine chromosome 11 negative strand, 

and its predicted coding region is highly conserved between mammalian species. 

Unlike the other master regulators, T-bet does not bind to DNA through zinc-fingers 

but through a T-box, a short (~20 nucleotide) palindromic sequence that 

preferentially recognises pyrimidines and binds as a monomer to its DNA target 

(Kispert and Herrman, 1993). 

Most T-box genes were originally characterised for their roles in embryogenesis 

(Papaioannou and Silver, 1998), for this reason, mutations in TBX21 can be 



48 
 

embryonic lethal. Polymorphisms in the promoter region of TBX21 have been 

associated with an increased risk of asthma in humans (Suttner et al., 2009). T-bet 

polymorphisms have also been linked to the pathogenesis of type 1 diabetes in 

Japanese populations (Sasaki et al., 2004).    

Due to the requirement of the master regulators for T helper cell differentiation and 

the occurrence of disease-causing variants already associated with these genes in 

humans, it is hypothesised that the transcription factors and their variants could 

impact disease outcome in nematode infected sheep. Furthermore, the cytokine 

signalling pathways that activate the transcription factors are also hypothesised to 

play a role in disease outcome.  

1.8.2 Cytokine receptors 

Cytokines released in response to infection bind to their receptors on naïve T cells in 

the lymph nodes. Binding of the ligand to its receptor causes an intracellular cascade 

of activating phosphorylation. First, phosphorylation of the intracellular ITAM 

(immunoreceptor tyrosine activation motif) domain of the cytokine receptor leads to 

phosphorylation of Janus kinases (Jaks), a group of cytoplasmic tyrosine kinases. 

These phosphorylate tyrosines further down the receptor molecule, allowing 

attachment of STAT proteins and the subsequent phosphorylation of the STAT 

proteins by the Jaks. The activated STAT proteins then detach from the receptor and 

dimerise, after which they locate to the nucleus and bind to their target gene as 

depicted in Figure 1.6 (Shuai and Liu, 2003).   

There are four known Jak enzymes, which bind in particular combinations to 

different cytokine receptors, and seven STAT proteins in humans. The Jak proteins 
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are already bound to the intracellular domain of the cytokine receptor. Ligand 

binding to the receptor causes a conformational change to the receptor enabling the 

Jak proteins to cross-phosphorylate each other. The specificity of the STAT proteins 

is attributed to their Src homology region 2 (SH2) domain (Alberts et al., 2002). The 

Jak and STAT proteins used by the different cytokine receptors on the T helper cell 

subsets are described in Table 1.1.   

1.8.2a IL23R and IL12RB1 (IL23 receptor) 

The cytokine IL23 is a member of the IL12 family of regulatory cytokines 

predominantly produced by macrophages and DCs. The cytokine is made up of two 

subunits, IL23A and IL12B (p19 and IL12p40), which are made within the same cell 

to produce active IL23. The IL12B subunit is common to IL23 and IL12 and these 

two cytokines activate similar intracellular pathways in their target cell (Jak2, Tyk2 

and STAT1, STAT3 and STAT4; Table 1.1) but to different expression levels 

resulting in Th2 induction by IL12 and Th17 differentiation by IL23 (Langrish et al., 

2004).  

The IL23 receptor is composed of the subunits IL23R (expressed on Th17 cells) and 

IL12Rβ1 (expressed on Th1 and Th17 cells). These subunits contain several 

functional domains within their sequence; a ‘WSxWS’ motif (where ‘x’ is any amino 

acid) in the extracellular domain of the protein, which is required for ligand binding 

and receptor activation (Dagil et al., 2012); a transmembrane domain required for 

expression of the receptor on the cell surface, without which a soluble form of the 

receptor is sometimes produced (Kan et al., 2008); and an intracellular domain 
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containing binding sites for the Jak proteins, required for downstream signal 

transduction (Alberts et al., 2002).   

Interaction of the receptor with IL23 results in the stabilisation of the expression of 

RORC2 (Jones et al., 2012). Expression of IL23 has been previously shown to be 

significantly raised in susceptible sheep infected with T. circumcincta compared to 

uninfected controls (Gossner et al., 2012), but the receptor and its variants have not 

been investigated previously in this infection model.     

The IL23R subunit has been found to be highly polymorphic in humans, with 24 

splice variants so far identified in mRNA (Kan et al., 2008). One particular variant 

with an exon 9 deletion encodes a truncated receptor subunit that lacks the 

intracellular region, producing instead a soluble receptor that competes for 

extracellular IL23, inhibiting Th17 maturation (Yu and Gallagher, 2010). An 

insertion variant of IL23R has also been identified in which an extra 162 nucleotides 

are present between exons 9 and 10; the extra sequence produces an early stop and 

was hypothesised to be a mechanism by which IL23R production could be controlled 

(Mancini et al., 2008). Numerous SNPs within IL23R have also been identified and 

associated with inflammatory diseases such as IBD (Yang et al., 2009; Kim et al., 

2011; Rivas et al., 2011; Sarin et al., 2011), and psoriasis (Di Meglio et al., 2011; 

Eiris et al., 2014). However, a study in early-onset Crohn’s disease found that an 

IL23R SNP associated with CD was not significantly associated with the childhood 

disease (Gazouli et al., 2010).   

Numerous splice variants of IL12RB1 have also been identified in humans and mice; 

at least 13 isoforms have been identified in humans so far, with several of these 
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variants producing functional proteins (Ford et al., 2012). As with IL23R, a splice 

variant of IL12RB1 has been identified that lacks the transmembrane coding domain, 

however, rather than acting as a decoy receptor, this isoform has been found to 

enhance IL12Rβ1-dependent DC function in Mycobacterium tuberculosis infection 

in mice (Robinson et al., 2010). It was later confirmed that this shorter variant of 

IL12Rβ1 functions as a secreted protein to augment Th1 cell response to IL12 (Ray 

et al., 2015). Numerous splice variants in IL12RB1 and IL23R have also been 

identified and quantified in sheep infected with Mycobacterium avium subspecies 

paratuberculosis (MAP) which were differentially expressed in different disease 

pathologies (Nicol et al., 2016a).   
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Figure 1.6 Jak-STAT pathway. Adapted from Shuai and Liu (2003). 

Explanation within the text.       

 

 

Table 1.1 Jak-STAT upstream and downstream signalling molecules. 

Cell 

Type 

Activating 

cytokine 

Cytokine 

receptor 

subunits 

Jak 

proteins 

STAT 

proteins 

Transcription 

factor 

Cytokines 

produced 

Th1 IL12 
IL12Rβ1 

IL12Rβ2 

JAK2 

TYK2 

STAT4 

STAT1 
T-bet IFNγ 

Th2 IL4 
IL4Rα 

γc 

JAK1 

JAK3 
STAT6 GATA3 

IL4, IL5, 

IL13 

Th17 IL23 
IL12Rβ1 

IL23R 

JAK2 

TYK2 
STAT3 

RORγt 

RORα 
IL17 
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1.8.2b IL17RA and IL17RB (IL25 receptor)  

The IL17 cytokines (named A-F) are largely inflammatory cytokines expressed by 

Th17 cells that signal through various IL17 receptors (IL17R) denoted A-E, 

expressed on various cell types. IL25 (IL17E) is unique among the IL17 family as it 

is not inflammatory and is not expressed by Th17 cells; it is expressed by epithelial 

cells, Th2 cells and ILC2s (Weaver et al., 2007). IL25 signals through the IL17RA-

IL17RB heterodimer receptor (Rickel et al., 2008) and signal transduction after 

ligand-binding is by a different mechanism than the Jak-STAT pathway. The 

intracellular active site of the IL17RB molecule is a SEFIR (similar expression to 

FGF/IL17R) domain (Ho et al., 2010). Upon ligand binding, the SEFIR domain on 

IL17RB binds to the SEFIR domain on Act1 (transcription factor NF-κB activator 1) 

adaptor protein, recruiting the kinase TAK1 (TGFβ-activated kinase) and TRAF6 

(TNF receptor-associated factor 6), which activates the NF-κB signalling pathway 

leading to the activation of the target cell (Liu et al., 2009). The NF-κB transcription 

factor family play an integral role in the activation of many genes in the innate and 

adaptive immune response. In the case of Th2 and ILC2 cells which express IL17RB, 

activation by IL25 causes up-regulation of IL4 expression (Gaffen, 2008). Th9 cells 

can also be activated by IL25 binding to IL17RB on their surface (Angkasekwinai et 

al., 2010).   

The IL17RA receptor subunit is shared between IL25 and IL17A and has a Toll/IL1 

receptor-like loop (TILL) motif within its intracellular domain, unique to this 

subunit, which when mutated, renders the protein non-functional (Gaffen, 2009). 

IL17RA is linked to both activation of Th2 cells and IL17-mediated inflammation 
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and could be central to the resistant/susceptible dichotomy. The variants within these 

two receptor subunits are therefore worthy of further investigation. 

Full length, fully functioning IL17RB and IL17RA encode several functional domains 

including the extracellular ligand-binding domain, transmembrane domain and 

intracellular signalling (SEFIR) domain (Gaffen, 2009). SNPs in IL17RB have been 

associated with reduced asthma (Jung et al., 2009), while the same group identified 

SNPs in IL17RA as associated with an inflammatory sub-phenotype in asthmatics 

(Park et al., 2013). IL17RB shows considerable differential slicing in the 

extracellular domain (Moseley et al., 2003), although functions have not been 

assigned to these variants. Soluble isoforms of IL17 like-receptors are hypothesised 

to arise from these variants which could act as decoy receptors for IL25, affecting the 

availability of this cytokine in disease (Haudenschild et al., 2002). Recently, a 

soluble form of spliced IL17RA was also discovered, which may antagonise IL17A 

signalling although this is yet to be proven (Sohda et al., 2013). Several splice 

variants of ovine IL17RB have been identified and quantified in sheep infected with 

MAP, with different splice variants associated with different pathological outcomes 

(Nicol et al., 2016a).     
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1.9 Focus of this project 

As discussed above, numerous studies have used various methods and large sample 

sizes to investigate the genes associated with the development of resistance or 

susceptibility to nematode infection in sheep. Although there is some overall 

agreement between studies (such as the critical need for a Th2 response in 

resistance), the specific variants involved are yet to be elucidated. This in an innate 

problem with whole genome analysis studies; variants must have a large effect in 

many animals to be detected, which relies on the theory that one common variant 

leads to a common disease. However, there is now considerable evidence that many 

rare genes with relatively small individual influence have a cumulative effect on 

disease outcome (Suh and Vijg, 2005; Kemper et al., 2011; McRae et al., 2014). For 

sheep breeding to reach the same efficiency as dairy cattle breeding, the effect of 

individual SNPs and variants on phenotype might not be as important as the 

cumulative effect of multiple SNPs and variants on phenotype or disease outcome. 

As already discussed, the loci involved in determining disease outcome are still being 

elucidated in sheep. Therefore, my project uses a candidate gene approach to 

investigate the effects of a few variants in biologically relevant genes on the 

development of resistance in a small cohort with quantified phenotypes and then 

expands to look at verified SNPs in several breeds undergoing natural nematode 

infection.   
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1.10 Aims of this project 

1. To understand how sheep respond to nematode infection and to identify genes 

associated with the response:  

 - achieved by: quantifying the expression of genes in the 

transcriptome of experimentally infected sheep with known 

resistant/susceptible phenotypes 

 - method: re-analysis of DGE data (supplemental to microarray data, 

validated by RT-qPCR) and Ingenuity Pathway Analysis.  

2. To identify variation with those genes which may contribute to resistance: 

 - achieved by: sequencing the candidate genes (namely the T helper 

cell master regulator transcription factors) in the experimental resistant and 

susceptible animals to identify variants and SNPs 

 - method: PCR and RACE PCR. 

3. To quantify the expression of the candidate genes and their transcript variants 

in the experimental sheep for correlation to phenotypes: 

 - achieved by: developing and validating RT-qPCR assays for the 

transcription factors and cytokine receptors 

 - method: RT-qPCR and statistical analysis.  

4. To identify potential genetic markers that identify nematode-resistant sheep 

 - achieved by: investigating SNPs in the candidate genes in genomic 

DNA collected from naturally infected lambs 

 - method: PCR and KASPTM genotyping, statistical analysis of 

associations between genotypes and phenotypes.  
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Chapter 2 

Transcriptome analysis of the 

abomasal lymph node 
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 2.1 Introduction  

The first broad objective of my project was to understand the ovine immune response 

to nematode infection and to identify genes associated with that response. The 

hypothesis was that genes involved in differential T helper cell activation may be key 

to determining disease outcome. Analysis of the transcriptome of parasite-infected 

lambs was used to investigate this hypothesis.  

Genes involved in Th2 cell pathways have previously been associated with worm 

damage and expulsion in mice (Allen and Sutherland, 2014) and in sheep (Lacroux et 

al., 2006) infected with nematodes. Antibody production (Nussey et al., 2014) and 

early Treg cell activation (Hassan et al., 2011) have also been associated with ovine 

resistance to nematodes. Susceptible sheep infected with T. circumcincta have been 

found to have increased Th17 cell-associated cytokine production (Gossner et al., 

2012). These pathways were hypothesised to be dysregulated in the model sheep in 

the current study.  

Experimentally infected Blackface ewe lambs with recorded phenotypes (Chapter 7, 

Table 7.1) were used for this analysis. Previous work on this infection model defined 

the ‘resistant’ lambs as having low abomasal adult worm counts (AWC), low faecal 

egg counts (FEC), high body weight (BW) and high relative IgA antibody levels. The 

‘susceptible’ lambs had high AWC, high FEC, low BW and low relative IgA levels 

(Beraldi et al., 2008).  

Previously published reads obtained from Digital Gene Expression (DGE) analysis 

(Pemberton et al., 2011) of these lambs were reanalysed using the newest available 

draft of the ovine genome (Oar v3.1). This enabled tissue-wide analysis of the 
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transcriptome of nematode resistant and susceptible sheep for investigation of 

differentially expressed genes and pathways associated with the development of 

resistance.  

These data were published as a supplement to the results from (Gossner et al. (2013) 

included in Appendix A). A summary of the Gossner et al. (2013) results is included 

for information (Table 2.4).  

2.2 Materials and Methods 

Blackface ewe lambs bred to have a range of resistance to nematodes were utilised 

for this work. The lambs underwent artificial trickle T. circumcincta infection for 12 

weeks then were phenotypically analysed to determine the most resistant (no FEC or 

AWC, high IgA and BW) and most susceptible (high FEC and AWC, low IgA and 

BW) individuals [(Beraldi et al., 2008) and Section 7.1]. Abomasal lymph node 

(ALN) tissue from the 5 most resistant (R group), 5 most susceptible (S group) and 5 

uninfected controls (C group) were analysed by DGE analysis for significantly 

differentially expressed genes. The reads from this analysis were originally aligned 

to the bovine genome Btau4.0 [(Section 7.2) and (Pemberton et al., 2011)].  

In the current experiment, these reads were aligned to the ovine genome Oar v3.1 

and were statistically analysed for differential expression of genes in R vs. C 

(resistant group expression relative to control group expression), S vs. C and R vs. S 

comparisons (Section 7.3). Significantly differentially expressed genes (Fold change 

≥ 1.5, q value ≤ 0.09) were then analysed by IPA for identification of significant 

pathways and biological functions (Section 7.4). ALN tissue from these lambs was 
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concurrently analysed by Affymetrix Ovine Gene 1.1 ST whole-genome microarray 

and IPA performed Dr Anton Gossner [(Gossner et al., 2013) and Table 2.4].   

2.3 Results 

2.3.1 DGE reanalysis and IPA results 

Realigning the DGE reads to Oar v3.1 identified 865,844 reads that aligned to the 

genome compared to 288,753 reads that aligned in the original analysis. In the R vs. 

C comparison the number of significant genes identified increased from 131 genes 

originally to 229 genes in Oar v3.1, while in the S vs. C comparison the number of 

significant genes increased from 37 to 150 genes in Oar v3.1. The R vs. S 

comparison increased from 83 genes in Btau4.0 to 146 in Oar v3.1.   

Tables with all significantly differentially expressed genes in all comparisons are 

detailed in Appendix C (Tables 1 – 3). The gene encoding IgA (IGHA1) was 

significantly increased in all three comparisons (R vs. C 11.83 fold; S vs. C 3.16 

fold; R vs. S 3.75 fold).  

In the R vs. C analysis, IL1R1 was reduced -2.97 fold (q value 0.046), STAT4 was 

increased 1.90 fold (q value 0.070) and IFI6 was increased 10.21 fold (q value 

0.070; Table 2.1). In the S vs. C analysis, TGFB1 was reduced -1.61 fold (q value 

0.067), CTLA4 was increased 2.81 fold (q value 0.064) and IL1R1 was reduced -

2.44 fold (q value 0.067; Table 2.1). In the R vs. S comparison, TLR10 was 

reduced -1.52 fold (q value 0.056), CD19 was increased 1.54 fold (q value 0.089), 

CCL21 was increased 1.54 fold (0.079), CXCL12 was increased 1.80 fold (q value 

0.088) and CD84 was reduced -2.42 fold (0.056; Table 2.1).  
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The IPA top networks for each comparison are detailed in Table 2.2. The most 

significant pathways in the R vs. C comparison are Cellular Growth and 

Proliferation, Cell Morphology, Cell Mediated Immune Response, P-score 56 and 

Post-Translational Modification, Haematological Disease, Cell Cycle, P-score 52. 

The pathway with the highest P-score in the S vs. C comparison is Post-

Translational Modification, Cell Signalling, DNA Replication, Recombination and 

Repair with a P-score of 54. In the R vs. S comparison, the top pathway was 

Cellular Assembly and Organisation, Cellular Function and Maintenance, Cellular 

Movement, P-score 35. The related biological functions include gastrointestinal 

disease, inflammatory disease, inflammatory response, cell-mediated immune 

response and humoral immune response (Table 2.3). However, none of these 

biological functions attained the significant p value ≤ 10-10 threshold. The 

biological functions of the significantly differentially expressed genes are also 

included in Table 2.1. The differentially expressed genes within these pathways 

are detailed in Appendix C (Tables 4 – 6). A table detailing the GO terms of the 

original DGE analysis is included in Appendix C (Table 7) for information.     
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Table 2.1 Significantly differentially expressed genes with 

immunological functions from DGE reanalysis and IPA. 

Gene Fold change Q value Biological functions1 

R vs. C comparison 

IL1R1 -2.97 0.0463 
Cancer; Gastro-intestinal disease; 
Infectious disease 

STAT4 1.90 0.0703 
Infectious disease; Cell death and survival; 

Cellular development; Cell growth and 
proliferation; Gene expression 

IFI6 10.21 0.0703 
Dermatological diseases and conditions; 
Infectious disease; Cell death and survival 

S vs. C comparison 

TGFB1 -1.61 0.0672 

Dermatological diseases and conditions; 
Cardiovascular disease; Inflammatory 
disease; Cancer; Inflammatory response; 

Haematological system development and 
function; Haematopoiesis; Lymphoid tissue 
structure and development; Tissue 
morphology; Connective tissue development 
and function 

CTLA4 2.81 0.0641 

Dermatological diseases and conditions; 
Cardiovascular disease; Inflammatory 
disease; Cancer; Inflammatory response; 

Haematological system development and 
function; Haematopoiesis; Lymphoid tissue 
structure and development; Tissue morphology 

IL1R1 -2.44 0.0672 

Dermatological diseases and conditions; 
Cardiovascular disease; Inflammatory 
disease; Inflammatory response; 

Haematological system development and 
function; Haematopoiesis; Lymphoid tissue 
structure and development; Tissue morphology 

IGHA1 3.16 0.0641 
Inflammatory response; Haematological 

system development and function 

R vs. S comparison 

TLR10 -1.52 0.0562 
Gastro-intestinal disease; Inflammatory 
disease 

CD19 1.54 0.0894 

Immunological disease; Inflammatory 
disease; Inflammatory response; 

Haematological system development and 
function; Haematopoiesis; Immune cell 
trafficking; Humoral immune response 

CCL21 1.54 0.0791 

Gastro-intestinal disease; Immunological 
disease; Inflammatory disease; 
Inflammatory response; Ophthalmic disease; 
Cell-mediated immune response; 

Haematological system development and 
function; Haematopoiesis; Immune cell 
trafficking; Humoral immune response 

CXCL12 1.80 0.0881 

Gastro-intestinal disease; Immunological 
disease; Inflammatory disease; 
Inflammatory response; Ophthalmic disease; 
Cell-mediated immune response; 

Haematological system development and 
function; Haematopoiesis; Immune cell 
trafficking; Humoral immune response 

CD84 -2.42 0.0562 
Haematological system development and 
function; Humoral immune response 

1 Biological functions did not reach the threshold for significance. 
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Table 2.2 Top biological networks identified by Ingenuity Pathway 

Analysis of DGE significant genes.  

Resistant vs. Control P-Score 
Cellular Growth and Proliferation, Cell Morphology, Cell-mediated 
Immune Response 

56 

Post-Translational Modification, Haematological Disease, Cell Cycle 52 

Infectious Disease, Neurological Disease, Antimicrobial Response 28 

Developmental Disorder, Endocrine System Disorders, 
Gastrointestinal Disease 

28 

Post-Translational Modification, Developmental Disorder, Hereditary 
Disorder 

28 

Susceptible vs. Control  

Post-Translational Modification, Cell Signalling, DNA Replication, 
Recombination, and Repair 

54 

Developmental Disorder, Hereditary Disorder, Metabolic Disease 32 

Cell Morphology, Cellular Assembly and Organization, Cellular 
Function and Maintenance  

28 

Molecular Transport, Protein Trafficking, Post-Translational 
Modification  

28 

Cell Morphology, Haematological System Development and Function, 
Haematopoiesis 

24 

Resistant vs. Susceptible  

Cellular Assembly and Organization, Cellular Function and 
Maintenance, Cellular Movement 

35 

Cellular Development, Cellular Growth and Proliferation, 
Haematological System Development and Function 

33 

Carbohydrate Metabolism, Connective Tissue Disorders, 
Developmental Disorder 

29 

Hereditary Disorder, Metabolic Disease, Cardiovascular Disease 29 

Hereditary Disorder, Neurological Disease, Cell Death and Survival 27 
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Table 2.3 Top biological functions identified by Ingenuity Pathway 

Analysis of DGE significant genes.     

Resistant vs. Control p value 

Cancer 1.19x10-04 - 4.81x10-02 

Gastrointestinal Disease 1.19x10-04 - 4.46x10-02 

Dermatological Diseases and Conditions 1.46x10-04 - 4.15x10-02 

Reproductive System Disease 3.47x10-04 - 3.13x10-02 

Infectious Disease 6.53x10-04 - 4.86x10-02 

Cell Death and Survival 7.45x10-06 - 4.97x10-02 

Cellular Development 3.04x10-04 - 4.46x10-02 

Cellular Growth and Proliferation 3.04x10-04 - 4.46x10-02 

Gene Expression 5.32x10-04 - 3.13x10-02 

DNA Replication, Recombination, and Repair 1.08x10-03 - 4.15x10-02 

Susceptible vs. Control  

Dermatological Diseases and Conditions 3.42x10-05 - 1.57x10-02 

Cardiovascular Disease 4.68x10-04 - 1.42x10-02 

Inflammatory Disease 4.68x10-04 - 1.57x10-02 

Cancer 7.37x10-04 - 1.87x10-02 

Inflammatory Response 9.03x10-04 - 1.77x10-02 

Haematological System Development and Function 5.01x10-05 - 1.77x10-02 

Haematopoiesis 5.01x10-05 - 1.52x10-02 

Lymphoid Tissue Structure and Development 5.01x10-05 - 1.79x10-02 

Tissue Morphology 5.01x10-05 - 1.64x10-02 

Connective Tissue Development and Function 2.94x10-04 - 1.42x10-02 

Resistant vs. Susceptible  

Gastrointestinal Disease 1.37x10-04 - 1.34x10-02 

Immunological Disease 1.37x10-04 - 2.69x10-02 

Inflammatory Disease 1.37x10-04 - 2.69x10-02 

Inflammatory Response 1.37x10-04 - 2.89x10-02 

Ophthalmic Disease 1.37x10-04 - 2.69x10-02 

Cell-mediated Immune Response 1.37x10-04 - 3.31x10-02 

Haematological System Development and Function 1.37x10-04 - 3.31x10-02 

Haematopoiesis 1.37x10-04 - 2.69x10-02 

Immune Cell Trafficking 1.37x10-04 - 3.31x10-02 

Humoral Immune Response 1.99x10-03 - 2.69x10-02 
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2.3.2 Affymetrix Ovine Gene Microarray and IPA results summary. 

Adapted from Gossner et al. (2013). 

The microarray identified 43 significantly (fold change ≥ 1.5, adjusted p value ≤ 

0.05) differentially expressed genes in the R vs. C comparison, the majority of 

which were increased in the resistant lambs. The genes encoding IL13 (4.76 fold), 

IL17RB (4.73 fold), IgE (17.21 fold), IL5RA (3.15 fold), ALOX15 (10.68 fold) 

and IgA (2.01 fold) were all significantly increased in resistant lambs compared to 

controls. In the S vs. C comparison, only 4 genes including IGHE (13.25 fold) and 

FCER2 (1.87 fold) were significantly differentially expressed. Finally, in the R vs. 

S comparison only 3 genes [IL13 (3.17 fold), COL6A5 (8.69 fold) and ACTG2 

(3.12 fold)] were significantly differentially expressed (Gossner et al., 2013).  

For comparison, the IPA results from the Affymetrix array produced by Gossner et 

al. (2013) are presented in Table 2.4. The Humoral Immune Response, Protein 

Synthesis, Inflammatory Pathway is the top network in R vs. C lambs (P-score 

48), while in the S vs. C comparison Cell-To-Cell Signalling and Interaction, 

Haematological System Development and Function, Immune Cell Trafficking (P-

score 24) is the top pathway and Antigen Presentation, Lipid Metabolism, Small 

Molecule Biochemistry (P-score 18) is the top network in the R vs. S comparison.  
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Table 2.4 Top biological networks identified by IPA from Affymetrix 

ovine gene array. (Gossner et al., 2013).  

Resistant vs. Control P-Score 

Humoral Immune Response, Protein Synthesis, Inflammatory 
Response 

48 

Haematological System Development and Function, 
Haematopoiesis, Tissue Morphology 

28 

Cardiovascular System Development and Function, Cellular 
Movement, Gene Expression 

22 

Hereditary Disorder, Skeletal and Muscular Disorders, Tissue 
Morphology 

21 

Cell Signalling, Molecular Transport, Vitamin and Mineral 
Metabolism  

20 

Susceptible vs. Control  

Cell-To-Cell Signalling and Interaction, Haematological System 
Development and Function, Immune Cell Trafficking 

24 

Resistant vs. Susceptible  

Antigen Presentation, Lipid Metabolism, Small Molecule 
Biochemistry  

18 
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2.4 Discussion 

The aim of this experiment was to investigate the ovine immune response to 

nematode infection and identify genes associated with that response. Previous work 

on these lambs had already implicated the Type 2 immune response (IgA and 

eosinophils) in the development of resistance (Beraldi et al., 2008), while the Th17 

cell response had been associated with susceptibility (Gossner et al., 2012). The 

hypothesis was that genes within these pathways, associated with T helper cell 

differentiation, may be linked to either the development of resistance or 

susceptibility.  

DGE reanalysis 

In the reanalysis of the DGE data, considerably more genes were identified in all 

comparisons compared to the original analysis, despite the loss of roughly 84% of 

reads through multiple mapping. The short read length is one of the main caveats of 

this methodology with so few nucleotides in each read, the chances of reads aligning 

to more than one gene are substantial, therefore, only reads that matched uniquely to 

the genome were retained for further analysis. This is why so many reads were 

discarded from the reanalysis. Were this experiment to be repeated, more conclusive 

results may be obtained using the next generation of this technology; RNAseq. 

Although both techniques require total RNA to be extracted from the tissue of 

interest then digested with restriction enzymes, DGE uses only probes that bind to 

the poly A tail of the digested mRNA, ensuring the probe binds to mRNA but the 

extension stage only produces a unique read 18 – 20 nucleotides long (Brenner et al., 

2000). RNAseq, however, uses probes that bind to the restriction enzyme cut sight, 
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providing full coverage of all the sections of mRNA, and the extension of the probe 

is far greater, producing reads between 80 – 90 nucleotides long. These reads often 

span exons, highlighting exon-exon junctions and alternative splicing sites thus 

giving a more complete picture of the location of the coding region in the genome 

(Wang et al., 2009). An up-dated version of the ovine genome was recently released 

(Oar v4.0), therefore combining these resources may elucidate more biologically 

significant results. Guo et al. (2016) used RNAseq to identify differentially 

expressed genes in resistant and susceptible breeds of sheep infected with H. 

contortus. They found up-regulation of genes encoding IL10, IL13, IL5, IL17RB and 

ALOX15 in infected male sheep compared to controls, indicative of induction of a 

Type 2 immune response (Guo et al., 2016).    

Despite the more stringent criteria, the new analysis produced substantially more 

significant data than the original analysis. However, very few of the genes identified 

function solely in the immune response. This could be due to the level of annotation 

in Oar v3.1, which although improved from Oar v1.0, is still incomplete, and will be 

compounded by using such short reads.    

Genes with immunological function determined by IPA that were significantly 

differentially expressed included inflammatory genes and B cell markers. A gene that 

was down-regulated in resistant lambs relative to controls (-2.97 fold) was IL1R1, a 

cytokine receptor subunit expressed on T helper cells, that signals intracellularly 

through STAT3 leading to Th17 cell differentiation (Chung et al., 2009). From the 

IPA results, this gene functions in gastro-intestinal disease and infectious disease 

(Table 2.1 and 2.3). Up-regulated genes in the R vs. C comparison included the 

genes encoding STAT4 and IFI6, which both function in infectious disease pathways 
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(Table 2.1). STAT4 is required for Th1 cell differentiation and activation (Murphy 

and Reiner, 2002) while IFI6 (IFNα inducible protein 6) has anti-viral functions 

(Baca et al., 1994) and is involved in preventing apoptosis (Meyer et al., 2015). 

In the S vs. C comparison IL1R1 was also reduced (-2.44 fold) as well as the gene 

encoding TGFβ (-1.61 fold). TGFβ is required for activation of iTregs and Th17 cells 

(Murphy and Weaver, 2016), however, CTLA4 an inhibitory marker expressed by 

Treg cells (Liu et al., 2003), was increased (2.81 fold) in this comparison. This could 

indicate a reduction in Th17 cells in favour of Treg cells in these lambs. Previous 

work on Treg cells in worm-infected sheep showed they are expressed early in 

resistant lambs but their activation is delayed in susceptible lambs (Hassan et al., 

2011).     

In the R vs. S analysis, the gene encoding TLR10 was down-regulated (-1.52 fold). 

In humans, this receptor recognises single stranded (viral) RNA and is expressed by 

B cells and DCs (Hasan et al., 2005). Mutations in TLR10 in humans have been 

associated with Crohn’s disease (Abad et al., 2011; Morgan et al., 2012), 

corroborating that pathways involved in this chronic disease of humans may also be 

mutated in sheep leading to chronic infection with nematodes. CD19, CD84, CCL21 

and CXCL12 are markers and chemokines, respectively, associated with B cell 

function (Murphy and Weaver, 2016). The significant differential expression of these 

genes in resistant lambs compared to susceptible lambs suggests that there are 

significant difference in activated B cells between the groups. Given the significant 

increase of IgA (3.75 fold) in R vs. S lambs, this is suggestive of reduced protective 

populations of B cells in susceptible compared to resistant lambs.   
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In the reanalysis, the gene with the highest fold change in any comparison was 

IGHA1 in the R vs. C comparison (fold change 11.83). This gene encodes the 

antibody IgA and lends support to previous phenotype studies that this particular 

immunoglobulin isotype is associated with clearance of these nematodes (Stear et al., 

1999; Ahmed et al., 2015). This gene is also increased in susceptible lambs, although 

not to the same extent (fold change 3.16 in S vs. C; Table 2.1), indicating that 

susceptible animals do respond immunologically to the infection but are unable to 

clear the worms. The specificity of the antibody can not be determined from its gene 

expression so there could be differences in the binding-specificity in susceptible 

compared to resistant lambs, which could also affect clearance of the worms. 

However, it is known from Beraldi et al. (2008) that the resistant lambs have 

significantly higher relative levels of T. circumcincta L3-specific IgA than the 

susceptible individuals.  

In the original analysis, Pemberton et al. (2011) also only identified a small number 

of genes with immunological function. HLX (H2.0-like homeobox gene) was up-

regulated 8 fold in the susceptible animals compared to controls; this transcription 

factor functions alongside TBX21 in Th1 cells to stabilise the Th1 cell phenotype, 

contributing to IFNγ production and the subsequent inflammatory pathway (Mullen 

et al., 2002). Furthermore, TGFBR1 was increased 10 fold in susceptible lambs 

compared to controls (Pemberton et al., 2011). This gene encodes a subunit of the 

TGFβ cytokine receptor, contributing to signal transduction when the receptor binds 

its ligand (Alberts et al., 2002). The cytokine has a critical role in T cell proliferation 

particularly the induction of Treg cells at the expense of Th1/Th2 cell development 

(Weiner, 2001). TGFβ has been found to be increased in T. circumcincta infected 
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sheep, possibly associated with tissue repair, at 5 days post infection (Craig et al., 

2007). The increase of this receptor in susceptible lambs implicates a level of 

immune regulation occurring in these animals, although this may be delayed 

compared to resistant lambs. Gene Ontology of the differentially expressed genes 

idicated the most significant genes had functions related to Biological Process, 

Cellular Component Organisation, Cellular Metabolic Process, Regulation of 

Transcription, Signal Transduction and Transcription (Pemberton et al., 2011). The 

conclusion of the original analysis was that the resistant and susceptible phenotypes 

both required the activation of the cell cycle, cell metabolism and transcription but 

susceptible animals also induced pathways linked to cell death and inflammation.  

The IPA results of the reanalysis offer more information than the original Gene 

Ontology. In the R vs. C comparison, the top biological network was Cellular 

Growth and Proliferation, Cell Morphology, Cell-mediated Immune Response (Table 

2.2), suggesting there is cellular expansion occurring within the lymph node in 

response to the infection and that this is affecting more than just immune effector 

cells. This is corroborated by the biological functions identified in this comparison, 

which include Cell Death and Survival, Gene Expression and DNA Replication, 

Recombination and Repair (Table 2.3). Since cell expansion is a hallmark of the 

secondary immune response (Abbas et al., 2007), it is perhaps not surprising to find 

these pathways increased in response to infection, particularly when looking at tissue 

level gene expression. However, that they are still increased in the resistant lambs 

that have cleared their worm burden could demonstrate the cost of maintaining the 

immune response during chronic infection. This does not appear to relate to a cost in 

body weight in this model, however, since the resistant lambs have significantly 
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increased body weights compared to the susceptible lambs (Beraldi et al., 2008). 

Identifying the cell types that are still dividing at this time point could be relevant for 

understanding how the ovine immune response to nematodes is maintained during 

the chronic stages of infection.   

For the S vs. C comparison, the top biological pathway was Post-Translational 

Modification, Cell Signalling, DNA Replication, Recombination, and Repair (Table 

2.2), which also indicates there is increased cellular activity within the lymph nodes 

of susceptible lambs. The increased incidence of inflammatory pathways such as 

Inflammatory Disease and Inflammatory Response (Table 2.3), highlights that the 

genes that function in inflammation tend to be increased in susceptible lambs. In the 

R vs. S comparison, the biological functions identified include Immunological 

Disease, Inflammatory Disease, Inflammatory Response, Immune Cell Trafficking 

and Humoral Immune Response (Table 2.3). Although not significant, these results 

indicate that genes that function in these pathways are differentially expressed 

between resistant and susceptible lambs and could be critical to the development of 

resistance over susceptibility.  

Affymetrix Microarray 

Despite the increased number of genes and pathways obtained from the reanalysis of 

the DGE data, the results on their own do not convincingly implicate the Th2 cell 

pathway as an underlying cause of the development of resistance. However, when 

combined with the microarray and IPA analysis performed by Gossner et al. (2013), 

the associations become much more robust. This is due in part to the newer 

technology, which uses multiple 25-mer reads from all known and predicted exons in 
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the ovine genome to identify differentially expressed genes. This also enables 

identification of differentially expressed exons within genes that can affect disease 

outcome as well (Wilkie et al., 2015).  

The most significant network associated with resistance in the Affymetrix data was 

Humoral Immune Response, Protein Synthesis, Inflammatory Response (Gossner et 

al., 2013). The microarray data itself identified significantly increased expression of 

numerous genes involved in the production of a Th2 response in the resistant animals 

compared to controls; such as the Th2 cytokine IL13, the activated Th2 cell marker 

IL17RB, the eosinophil marker IL5RA, the genes encoding IgA and IgE and genes 

involved in wound healing (ALOX15) (Gossner et al., 2013). This strongly implicates 

the induction of the Type 2 immune pathway as critical in the control of the 

nematode burden. Th2 cell polarization is required for antibody production by B 

cells, which clear the parasites, while ALOX15 (arachidonate 15-lipoxygenase) 

expression is IL13-dependant and functions in wound healing (Gronert et al., 2005) 

and resolution of inflammation (McMahon et al., 2001).   

Only four genes were significantly differentially expressed in the S vs. C 

comparison, which include the low affinity IgE receptor (FCER2), which is 

expressed on B cells and eosinophils, and the gene encoding IgE (IGHE) itself. The 

actions of IgE are linked with parasite clearance (Klion and Nutman, 2004), but they 

are also associated with autoimmunity (Stone et al., 2010). Studies have found 

increased expression of FcεRII on B cells in patients with allergic disorders, the 

symptoms of which were alleviated with immunotherapy (Tantisira et al., 2007). The 

results of the microarray demonstrate that susceptible lambs respond with some level 

of Th2 response to the worms but not to the same extent as resistant lambs. This may 
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occur because the Th2 response is outcompeted by the inflammatory pathways that 

are also activated in the susceptible animals in response to the parasites. In the R vs. 

S comparison IL13, COL6A5 and ACTG2 are all significantly increased in the 

resistant lambs relative to the susceptible group. ACTG2 (encoding enteric smooth 

muscle actin) functions in muscle movement (Chen et al., 2007), which can enhance 

parasite expulsion from the gut (Zhao et al., 2003). As already discussed, IL13 plays 

a critical role in the Th2 cell response while COL6A5 (encoding type VI collagen) is 

linked with wound healing (Gara et al., 2011). The histopathological analysis of the 

abomasums of these lambs at post-mortem demonstrated the mucosa of resistant 

lambs were beginning to heal, while in the susceptible lambs, the mucosa was 

grossly inflamed (Gossner et al., 2012).  

An advantage of the Affymetrix microarray used on the experimentally infected 

Blackface lambs was that probes for each predicted exon within the genome were 

included on the array. Therefore, not only was whole gene expression investigated 

but differential exon usage within genes was examined as well. Due to the high level 

of IL13 expression within the resistant lambs (11.92 fold in R vs. C from RT-qPCR 

analysis) and the high level of ALOX15 expression [10.68 fold R vs. C from 

microarray analysis; (Gossner et al., 2013)], these two genes were further analysed 

for differential exon usage. Polymorphisms in the IL13 gene are associated with 

asthma, allergy and atopic dermatitis (Graves et al., 2000; Heinzmann et al., 2000; 

Donfack et al., 2005). IL13 is comprised of 4 exons (DQ679798.1); copy number 

analysis of IL13 identified exon 4 as significantly increased compared to exon 1 in 

all 45 infected Blackface lambs (Wilkie et al., 2015). Correlation analysis confirmed 

IL13 exon 4 as significantly associated with resistance through significant negative 
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correlations with AWC and FEC and a significant positive correlation with body 

weight. IL13 exon 1 only significantly correlated with FEC (Wilkie et al., 2015). A 

similar pattern was found in ALOX15 expression. ALOX15 (arachidonate 15-

lipoxygenase) is an enzyme that breaks down lipoxygenase interaction products 

(lipoxins) which inhibit the activation of neutrophils and eosinophils whilst 

activating monocytes and macrophages, contributing to the control of inflammation 

(McMahon et al., 2001) and promotion of wound healing (Gronert et al., 2005). 

Human ALOX15 has 14 exons (NM_001140.3). Copy number analysis found exon 9 

was significantly increased compared to exon 14 in all 45 infected Blackface lambs 

(Wilkie et al., 2015). Subsequent correlation analysis identified both exons 9 and 14 

as associated with resistance through significant negative correlations with AWC and 

FEC and a significant positive correlation with body weight for both exons. Exon 9 

also significantly positively correlated with IgA levels. It was hypothesised that 

polymorphisms with the promoter binding sites of these genes may have been 

causing their differential expression. However, sequencing the predicted promoter 

regions did not yield any explanation of the results (Wilkie et al., 2015). These 

expression data do however, highlight the effects alternative splicing can have on the 

transcriptome, and indicate care should be taken when interpreting ‘whole’ gene 

expression especially if short probes (such as DGE reads) are used.   
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Conclusion  

Taken together, these data support the hypothesis that genes involved in the 

polarization of the Th1 [HLX from Pemberton et al. (2011)], Th2 [IL13, IgA and 

IL17RB (Affymetrix) and IgA (DGE reanalysis)] and Th17 [IL6, IL21 and IL23 

from Gossner et al. (2012)] pathways may be key to determining an animal’s ability 

to clear infection. The T helper cell types are defined by the master regulator 

transcription factors they express. It is therefore possible that mutations within these 

transcription factors may be disrupting the development of these pathways causing 

either the resistant or susceptible outcome. This hypothesis is investigated in the next 

chapter.    
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Chapter 3 

Variations in T helper cell transcription 

factor sequence and expression levels  
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3.1 Introduction 

The experiments described in Chapter 2 identified genes associated with the 

polarisation of T helper cells as critical to the induction of resistance and 

susceptibility to worm infection. The second objective of my project was to identify 

variation within the immune response genes that could be contributing to resistance.   

The third objective was to quantify the expression of the genes and variants in 

resistant and susceptible lambs to determine their association with resistance 

phenotypes. Therefore the focus of this experiment was the analysis of the 

transcription factor genes that determine the T helper cell lineages, and the 

investigation of their expression levels in the abomasal lymph node (ALN), where 

the secondary immune response is initiated, and abomasal mucosa, the site of T. 

circumcincta infection. The experimentally-infected Blackface ewe lambs already 

described in the previous chapter were also utilised in this section of work.   

The master regulator transcription factors (GATA3, TBX21, RORC2 and RORA) of T 

helper cells define and control the differentiation of the T helper subsets in mice and 

humans (Zhu et al., 2010). GATA3 is expressed by Th2 cells that are critical for the 

maintenance of the Type 2 response required for parasite expulsion in mice, 

primarily through production of the cytokines IL4, IL5 and IL13 (Allen and Maizels, 

2011). In sheep infected with T. circumcincta, the GATA3-induced cytokine IL13 

has been associated with resistance (Wilkie et al., 2015). Furthermore, the Th2-

induced antibodies IgA and IgE have been associated with nematode resistance in 

Blackface (Davies et al., 2005) and Texel (Ahmed et al., 2015) sheep. The Th1 cell 

response is characterised by TBX21 (T-bet) expression causing IFNγ production and 

macrophage activation during intracellular bacterial and viral infections (Murphy and 
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Weaver, 2016). In nematode-infected sheep, Th1-associated genes such as HLX 

(Pemberton et al., 2011) and CXCL10 (Andronicos et al., 2010) have been linked to 

susceptibility. Th17 cells express RORC2 (RORγt) and RORA (RORα) and produce 

IL17 (Yang et al., 2008). The Th17 response is an inflammatory response associated 

with the activation of neutrophils in the presence of extracellular bacteria and fungi 

(Murphy and Reiner, 2002). The Th17-inducible cytokines IL6, IL21 and IL23 have 

been linked to the development of susceptibility to worm infection in sheep (Gossner 

et al., 2012).  FOXP3+ Tregs also contribute to nematode resistance in mice (Maizels 

et al., 2009), while a delayed response of Tregs has been associated with nematode 

susceptibility in sheep (Ingham et al., 2008). Previous work in the T. circumcincta-

chronically infected sheep model found that FOXP3 was significantly increased in 

the infected compared to uninfected lambs, although IL10 expression was not 

significantly different between groups (Gossner et al., 2012), therefore FOXP3 is 

excluded from the current analysis. 

Mutations within the T helper cell transcription factors have been associated with 

dysfunctional immune responses in humans. GATA3 has been linked to ulcerative 

colitis (Brand, 2009) and other autoimmune responses including allergy and asthma 

(Pykäläinen et al., 2005). Mutations in TBX21 have been associated with asthma 

(Suttner et al., 2009) as well as the inflammation seen in Crohn’s disease (Xavier and 

Podolsky, 2007). RORA has been associated with asthma in humans (Acevedo et al., 

2013) and RORC2-expressing Th17 cells are integral to IBD immunopathology 

(Bogaert et al., 2010) as well as autoimmune diseases such as MS (Codarri et al., 

2011). A splice variant of human RORC2 has been identified that causes suppression 

of IL17 production (Rauen et al., 2012).  
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In view of the crucial role of these transcription factors in the initiation and 

polarization of the adaptive immune response, and in response to nematodes, the 

hypothesis tested by the experiments described in this chapter was that variation in 

sequence and expression levels of these genes could underlie the development of 

resistance and susceptibility to T. circumcincta infection.  

 [These results were published by (Wilkie et al., 2016) and have been submitted for 

publication by (Wilkie et al., Submitted), copies of which are included in Appendix 

A].  

3.2 Materials and Methods 

The artificially infected Blackface ewe lambs [(Beraldi et al., 2008) (Section 7.1)] 

were utilised for this experiment. RNA extracted from the ALN of the 6 most 

resistant and 6 most susceptible lambs (Section 7.5) was reverse transcribed into 

cDNA (Section 7.6) for sequencing of the coding region of the transcription factors. 

Primers were designed for each gene (Section 7.7), then PCR (Section 7.8) was used 

to clone and sequence (Section 7.9) the transcripts. Colony (Section 7.10) and RACE 

(Section 7.11) PCR were used to sequence the 5’ and 3’ UTRs and/or for identifying 

rare transcripts. The sequences were then analysed for exon positions, predicted 

peptide sequence, and functional domains (Section 7.12).  

Relative RT-qPCR primers were designed for each transcript then assays were 

optimised (Section 7.13.1) and positive controls were used for low expression 

variants (Section 7.13.2). The assays were run (Section 7.13.3) in the R (n = 9) and S 

(n = 9) groups and statistically analysed (Section 7.14) to determine transcripts that 
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had significant fold change expression between the groups in ALN and abomasal 

mucosa tissue.  

Significantly differentially expressed transcripts were then analysed in all 45 infected 

lambs and uninfected controls (Section 7.1) by Absolute RT-qPCR (Section 7.14). 

Lambs were grouped into the 15 resistant (rank 1 – 15), 15 intermediate (rank 16 – 

30), 15 susceptible (rank 31 – 45) and control (n = 10) lambs and statistically 

analysed (Section 7.16) to confirm significant differential expression between 

groups, furthermore, copy numbers were statistically correlated to FEC, AWC, BW 

and IgA (Table 7.1).   

3.3 Results 

3.3.1 Sequencing Genes of Interest – TBX21 

Based on the annotated gene in Btau 4.0 (NM_001192140.1), ovine TBX21 is 

predicted to be located on chromosome 11 (NC_019468) minus strand, encoded by 7 

exons, spanning the region Chr11: 38,282,100 – 38,270,418. Using human TBX21 

(NM_013351) the ovine T-box DNA-binding domain is predicted to span exons 2 – 

6 (Chr11: 38,281,684 – 38,272,411). The predicted coding region of ovine TBX21 is 

1600 nucleotides long, producing a protein of 533 amino acids.  

Despite numerous attempts with 5’ RACE PCR and a variety of Taq polymerases 

and primers, the full length sequence of ovine TBX21 was not elucidated. Partial 

sequence of TBX21 was determined (Figure 4, Appendix D) but no transcript variants 

were identified within that section of the gene. The partial sequence aligned to the 3’ 

UTR (Chr11: 38,271,330 – 38,270,474), based on the available predicted ovine 

sequence (XM_004012818.2) and Oar v3.1. RT-qPCR primers were designed within 
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the coding region of XM_004012818.2 and the amplicons were sequenced in all 

infected animals to confirm the correct target.  

3.3.2 Sequencing Genes of Interest – GATA3 

Two variants of GATA3 were identified in the ALN of the infected Blackface lambs. 

The full length gene (LN848231; Table 3.1) which is 1334 nucleotides long and 

encodes a predicted protein of 444 amino acids, is located on the ovine chromosome 

13 plus strand (NC_019470) and contains 5 exons (Figure 3.1). Overall, the ovine 

nucleotide sequence has 90% sequence identity to human GATA3 

(NM_001002295.1). The nucleotide sequences are aligned in Appendix D Figure 1 

for comparison. Based on human GATA3 (NM_001002295.1), the N-terminal zinc-

finger of ovine GATA3 is predicted at Chr13: 12,082,943 – 12,087,371 (spanning 

exons 3 – 4), while the C-terminal zinc-finger is predicted at Chr13: 12,087,381 – 

12,092,162 (exons 4 – 5).   

GATA3v1 (LN848232; Table 3.1) is 1331 nucleotides long. There is a single codon 

deletion (c.778_780delGAA) at the 5’ end of exon 3 (Figure 3.2A), producing a 

predicted protein of 443 amino acids (Figure 3.2B). The deleted codon results in the 

loss of a glutamic acid (E) at position 260 within the protein (E260) from GATA3v1 

which is identical to the deletion that occurs in humans (NM_002051.2; Figure 3.2) 

and is upstream of the N-terminal zinc-finger. There is 100% sequence identity at the 

amino acid level between the ovine sequences and the human zinc-finger DNA-

binding domain sequences (Figure 3.2B).    
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Table 3.1 Accession numbers, 5’ UTR and protein lengths for 

sequenced transcription factors.  

Gene 
Accession 
Number 

Length of sequenced 
unique 5’ UTR (nt) 

Predicted protein 
length (aa) 

GATA3 LN848231 28 444 

GATA3v1 LN848232 28 443 

RORC2 LN848233 161 498 

RORC2v1 LN848234 161 486 

RORAv1 LN848235 14 469 

RORAv2 LN848236 546 387 

RORAv3 LN848237 41 484 

RORAv4 LN848238 366 387 

RORAv5 LN848239 87 513 
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Figure 3.1 GATA3 full length and variant exon maps. 

UTRs are shaded grey, coding regions are white, arrows represent strand 

direction, numbers between boxes are intron lengths, numbers in the mRNA 

column represent the location of the coding region within exons, the red box 

represents the variant exon. Chromosome locations are based on Oar v3.1.   
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A.  

Ovine_GATA3        GGGGGCTCCCCCACCGGCTTCGGATGCAAGTCGAGGCCCAAGGCGAGATCCAGCACAGAA 780 

Ovine_GATA3v1      GGGGGCTCCCCCACCGGCTTCGGATGCAAGTCGAGGCCCAAGGCGAGATCCAGCACA--- 777 

Human_GATA3v1      GGCGGCTCCCCCACCGGCTTCGGATGCAAGTCCAGGCCCAAGGCCCGGTCCAGCACAGAA 780 

Human_GATA3v2      GGCGGCTCCCCCACCGGCTTCGGATGCAAGTCCAGGCCCAAGGCCCGGTCCAGCACA--- 777 

                   ** ***************************** ***********  * *********    

 

 

Ovine_GATA3        GGCCGGGAGTGTGTGAACTGCGGGGCGACATCCACCCCTCTCTGGCGACGAGATGGAACC 840 

Ovine_GATA3v1      GGCCGGGAGTGTGTGAACTGCGGGGCGACATCCACCCCTCTCTGGCGACGAGATGGAACC 837 

Human_GATA3v1      GGCAGGGAGTGTGTGAACTGTGGGGCAACCTCGACCCCACTGTGGCGGCGAGATGGCACG 840 

Human_GATA3v2      GGCAGGGAGTGTGTGAACTGTGGGGCAACCTCGACCCCACTGTGGCGGCGAGATGGCACG 837 

                   *** **************** ***** ** ** ***** ** ***** ******** **  

B.  

Human_GATA3v1      MEVTADQPRWVSHHHPAVLNGQHPDTHHPGLSHSYMDAAQYPLPEEVDVLFNIDGQGNHV 60 

Human_GATA3v2      MEVTADQPRWVSHHHPAVLNGQHPDTHHPGLSHSYMDAAQYPLPEEVDVLFNIDGQGNHV 60 

Ovine_GATA3        MEVTADQPRWVSHHHPAVLNGQHPDTHHPGLGHSYMDPAQYPLPEEVDVLFNIDGQGNHV 60 

Ovine_GATA3v1      MEVTADQPRWVSHHHPAVLNGQHPDTHHPGLGHSYMDPAQYPLPEEVDVLFNIDGQGNHV 60 

                   *******************************.***** ********************** 

 

 

Human_GATA3v1      PPYYGNSVRATVQRYPPTHHGSQVCRPPLLHGSLPWLDGGKALGSHHTASPWNLSPFSKT 120 

Human_GATA3v2      PPYYGNSVRATVQRYPPTHHGSQVCRPPLLHGSLPWLDGGKALGSHHTASPWNLSPFSKT 120 

Ovine_GATA3        PSYYGNSVRATVQRYPPTHHGSQVCRPPLLHGSLPWLDGGKALGSHHTASPWNLSPFSKT 120 

Ovine_GATA3v1      PSYYGNSVRATVQRYPPTHHGSQVCRPPLLHGSLPWLDGGKALGSHHTASPWNLSPFSKT 120 

                   * ********************************************************** 

 

 

Human_GATA3v1      SIHHGSPGPLSVYPPASSSSLSGGHASPHLFTFPPTPPKDVSPDPSLSTPGSAGSARQDE 180 

Human_GATA3v2      SIHHGSPGPLSVYPPASSSSLSGGHASPHLFTFPPTPPKDVSPDPSLSTPGSAGSARQDE 180 

Ovine_GATA3        SIHHGSPGPLSVYPPASSSSLSAGHSSPHLFTFPPTPPKDVSPDPSLSTPGSAGSGRQDE 180 

Ovine_GATA3v1      SIHHGSPGPLSVYPPASSSSLSAGHSSPHLFTFPPTPPKDVSPDPSLSTPGSAGSGRQDE 180 

                   **********************.**:*****************************.**** 

 

 

Human_GATA3v1      KECLKYQVPLPDSMKLESSHSRGSMTALGGASSSTHHPITTYPPYVPEYSSGLFPPSSLL 240 

Human_GATA3v2      KECLKYQVPLPDSMKLESSHSRGSMTALGGASSSTHHPITTYPPYVPEYSSGLFPPSSLL 240 

Ovine_GATA3        KECIKYQVPLPDSMKLESAHPRGSMATLGGAAASAHHPITTYPPYVPEYSSGLFPPSSLL 240 

Ovine_GATA3v1      KECIKYQVPLPDSMKLESAHPRGSMATLGGAAASAHHPITTYPPYVPEYSSGLFPPSSLL 240 

                   ***:**************:* ****::****::*:************************* 

 

 

Human_GATA3v1      GGSPTGFGCKSRPKARSSTEGRECVNCGATSTPLWRRDGTGHYLCNACGLYHKMNGQNRP 300 

Human_GATA3v2      GGSPTGFGCKSRPKARSST-GRECVNCGATSTPLWRRDGTGHYLCNACGLYHKMNGQNRP 299 

Ovine_GATA3        GGSPTGFGCKSRPKARSSTEGRECVNCGATSTPLWRRDGTGHYLCNACGLYHKMNGQNRP 300 

Ovine_GATA3v1      GGSPTGFGCKSRPKARSST-GRECVNCGATSTPLWRRDGTGHYLCNACGLYHKMNGQNRP 299 

                   ******************* **************************************** 

 

 

Human_GATA3v1      LIKPKRRLSAARRAGTSCANCQTTTTTLWRRNANGDPVCNACGLYYKLHNINRPLTMKKE 360 

Human_GATA3v2      LIKPKRRLSAARRAGTSCANCQTTTTTLWRRNANGDPVCNACGLYYKLHNINRPLTMKKE 359 

Ovine_GATA3        LIKPKRRLSAARRAGTSCANCQTTTTTLWRRNANGDPVCNACGLYYKLHNINRPLTMKKE 360 

Ovine_GATA3v1      LIKPKRRLSAARRAGTSCANCQTTTTTLWRRNANGDPVCNACGLYYKLHNINRPLTMKKE 359 

                   ************************************************************ 

 

 

Human_GATA3v1      GIQTRNRKMSSKSKKCKKVHDSLEDFPKNSSFNPAALSRHMSSLSHISPFSHSSHMLTTP 420 

Human_GATA3v2      GIQTRNRKMSSKSKKCKKVHDSLEDFPKNSSFNPAALSRHMSSLSHISPFSHSSHMLTTP 419 

Ovine_GATA3        GIQTRNRKMSSKSKKCKKVHDALEDFPKSSSFNPAALSRHMSSLSHISPFSHSSHMLTTP 420 

Ovine_GATA3v1      GIQTRNRKMSSKSKKCKKVHDALEDFPKSSSFNPAALSRHMSSLSHISPFSHSSHMLTTP 419 

                   *********************:******.******************************* 
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B. cont. 
 

Human_GATA3v1      TPMHPPSSLSFGPHHPSSMVTAMG 444 

Human_GATA3v2      TPMHPPSSLSFGPHHPSSMVTAMG 443 

Ovine_GATA3        TPMHPPSSLSFGPHHPSSMVTAMG 444 

Ovine_GATA3v1      TPMHPPSSLSFGPHHPSSMVTAMG 443 

                   ************************   

 

Figure 3.2 GATA3 sheep and human sequence alignments. 

A. DNA sequence alignment of variant region; B. Protein sequence 

alignments.  

Purple: nucleotides that vary between transcripts; red: N-terminal zinc-finger 

DNA-binding domain; blue: C-terminal zinc-finger DNA-binding domain; 

arrow indicates E260. Human GATA3v1 accession no NM_001002295.1, 

human GATA3v2 accession no NM_002051.2, Ovine accession numbers as 

in Table 3.1.   
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3.3.3 Sequencing Genes of Interest – RORA  

To complete the sequence of RORA, both 3’ and 5’ RACE PCR were used. 3’ RACE 

did not elucidate any variant sequences but 5’ RACE identified five splice variants in 

RORA (LN848235 – 9; Table 3.1). These variants are located on ovine chromosome 

7 plus strand (NC_019464) where they span a large region (Chr7: 46,691,081 – 

46,731,648) with numerous introns over 10 Kb (Figure 3.3). Using human RORAv4 

(NM_134262.2) for functional domain locations, the ovine A/B domains, required 

for nuclear localisation, are predicted in exon 6 (Chr7: 46,691,081 – 46,691,096), the 

DNA-binding domain is predicted in exon 6 and 7 (Chr7: 46,691,096 – 46,714,412) 

and the ligand binding domain is predicted to span exons 8 – 14 (Chr7: 46,717,800 – 

46,731,504). At the amino acid level, there is 100% identity between the ovine 

peptide sequence and the human peptide sequence (NP_599024.1) within the 

functional domains (Figure 3.4B).    

The 5’ UTR sequence (14 nucleotides; Figure 3.4A) of RORAv1 did not align to any 

known area of Oar v3.1, however, the coding region start site is located at Chr7: 

46,691,081. The coding region of this variant is 1407 nucleotides long, encoding a 

protein that is 469 amino acids long that contains both the predicted functional 

domains (Figure 3.4B).  

RORAv2 encodes a 5’ UTR of 546 nucleotides (Table 3.1; Figure 3.3). This is due to 

the presence of in-frame stop codons within the UTR, resulting in an extended 

predicted 5’ UTR (Chr7: 46,714,489; Figure 3.4A). This variant encodes a protein of 

387 amino acids that lacks the predicted A/B and DNA-binding domains (Figure 

3.4.B).   
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The 5’ UTR of RORAv3 is 41 nucleotides, which did not map to any location in Oar 

v3.1, however, the start site was located at Chr7: 46,097,036. The coding region of 

the gene is 1452 nucleotides (Figure 3.3), encoding a protein of 484 amino acids that 

contains both the predicted DNA and ligand-binding domains (Figure 3.4B).  

RORAv4 has a 5’ UTR of 366 nucleotides, which also contains in-frame stop codons 

(Figure 3.4A) resulting in the start site at the same position as RORAv2 (Chr7: 

46,714,489; Figure 3.3). This results in the same predicted protein being encoded by 

RORAv4 and RORAv2 (387 amino acids), which lacks the A/B and DNA-binding 

domains (Figure 3.4B).  

Finally, the 5’ UTR of RORAv5 is 87 nucleotides; this transcript has a coding region 

of 1539 nucleotides starting at Chr7: 46,356,377 (Figure 3.3). The encoded protein is 

513 amino acids long (Table 3.1) and is predicted to contain both DNA and ligand-

binding domains (Figure 3.4B).  
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Figure 3.3 RORA variant exon maps.  

UTRs are shaded grey, coding regions are white, arrows represent strand 

direction, numbers between boxes are intron lengths, numbers in the mRNA 

column represent the location of the coding region within exons. 

Chromosome locations are based on Oar v3.1.   
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A. 
 
Ovine_RORAv3      ------------------------------------------------------------ 0 

Ovine_RORAv4      ------------------------------------------------------------ 0 

Ovine_RORAv1      ------------------------------------------------------------ 0 

Ovine_RORAv2      CGATTCCTCGGGGTTTCACAACCTAAGAGGTCTGGGAGGGCACCTTGCAGTGCCTAAGTC 60 

Ovine_RORAv5      CGATTCCTCGGGGTTTCACAACCTAAGAGGTCTGGGAGGGCACCTTGCAGTGCCTAAGTC 60 

                                                                               

 

Ovine_RORAv3      ------------------------------------------------------------ 0 

Ovine_RORAv4      ------------------------------------------------------------ 0 

Ovine_RORAv1      ------------------------------------------------------------ 0 

Ovine_RORAv2      TCCACGAGTGTTCAGAGCGGACATAAAATGTACAGAGTCTTTAGACAAGCGGGCTTTCTG 120 

Ovine_RORAv5      TCCACGAGTGTTCAGAGCGGACATAAAATGTACGGAGTCTTTAGACAAGCGGGCTTTCTG 120 

                                                                               

 

Ovine_RORAv3      ------------------------------------------------------------ 0 

Ovine_RORAv4      --------------------------------------------------ACACTGACAT 10 

Ovine_RORAv1      ------------------------------------------------------------ 0 

Ovine_RORAv2      TGGATGGGATCCGCCTCTGGGAGGCCAGGG-AAAAGACAAAAACAAGTGTTTCCTGCAGT 179 

Ovine_RORAv5      TGGATGGGATCCGCCTCTGGGAGGCCAGGGGAAAAGACAAAAACAAGTGTTTCCTGCAGT 180 

                                                                               

 

Ovine_RORAv3      -------------TGCGCAG--------------ACAGAGCTATTCCAGCACCAGCAGAG 33 

Ovine_RORAv4      GGACTGAAGGAGTAGAAAAGAAGGCAGCTTTCTTCT---GGTGTC----------GTCAG 57 

Ovine_RORAv1      ------------------------------------------------------------ 0 

Ovine_RORAv2      TCTCTGCTGCAGTTGCTAACAGAGAGTCACTCGACGCTTGGTATCTCAGTAACAAAGAAG 239 

Ovine_RORAv5      TCTCTGCTGCAGTTGCTAACAGAGAGTCACTCGACGCTTGGTATCTCAGTAACAAAGAAG 240 

                                                                               

 

Ovine_RORAv3      G----------GTTATCCATGCCAGTGTCCAGTGAGGGAACTGAGAGAAGGCGGCATGAT 83 

Ovine_RORAv4      CCTCTTGCATCTGGGTCCAGGTCCCTTCAAGGTTAATCAGAATCAGAAGTTCAGAGAGCT 117 

Ovine_RORAv1      -------------------------------------------------TCACCGCGGCT 11 

Ovine_RORAv2      ACCCATACATGGCAGGCATG--GTACAGAGAGCTTCCTTGCACAGCCTTGCCCATGAGCT 297 

Ovine_RORAv5      ACCCATACAT-------------------------------------------------- 250 

                                                                               

 

Ovine_RORAv3      CCAGGTATCTCAGTAACAAAGAAGACCCATACATCTCAAATTGAAATTATTCCATGCAAG 143 

Ovine_RORAv4      GCAGGTATCTCAGTAACAAAGAAGACCCATACATCTCAAATTGAAATTATTCCATGCAAG 177 

Ovine_RORAv1      TAAATGATGTATTTTGTGATCGCAGCGATGAAAGCTCAAATTGAAATTATTCCATGCAAG 71 

Ovine_RORAv2      CGTCCCTGGCCTGGTGGGACCCACTCTAGAGGTGCTCAAATTGAAATTATTCCATGCAAG 357 

Ovine_RORAv5      ----------------------------------CTCAAATTGAAATTATTCCATGCAAG 276 

                                                    ************************** 

 

Ovine_RORAv3      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 203 

Ovine_RORAv4      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 237 

Ovine_RORAv1      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 131 

Ovine_RORAv2      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 417 

Ovine_RORAv5      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 336 

                  ************************************************************ 

 

Ovine_RORAv3      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 263 

Ovine_RORAv4      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 297 

Ovine_RORAv1      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 191 

Ovine_RORAv2      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 477 

Ovine_RORAv5      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 396 

                  ************************************************************ 

 

Ovine_RORAv3      TGTTTGATTGATCGGGCCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 323 

Ovine_RORAv4      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 357 

Ovine_RORAv1      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 251 

Ovine_RORAv2      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 537 

Ovine_RORAv5      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 456 

                  *************** ******************************************** 

 

Ovine_RORAv3      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 383 

Ovine_RORAv4      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 417 

Ovine_RORAv1      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 311 

Ovine_RORAv2      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 597 

Ovine_RORAv5      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 516 

                  ************************************************************ 
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B. 

Human_RORAv4      --------------------------------------------MMYFVIAAMKAQIEII 16 

Ovine_RORAv5      MYGVFRQAGFLWMGSASGRPGEKTKTSVSCSSLLQLLTESHSTLGISVTKKTHTSQIEII 60 

Ovine_RORAv3      -------------------------MPV----SSEGTERRRHDPGISVTKKTHTSQIEII 31 

Ovine_RORAv1      --------------------------------------------MMYFVIAAMKAQIEII 16 

Ovine_RORAv2      ------------------------------------------------------------ 0 

Ovine_RORAv4      ------------------------------------------------------------ 0 

  

Human_RORAv4      PCKICGDKSSGIHYGVITCEGCKGFFRRSQQSNATYSCPRQKNCLIDRTSRNRCQHCRLQ 76 

Ovine_RORAv5      PCKICGDKSSGIHYGVITCEGCKGFFRRSQQSNATYSCPRQKNCLIDRTSRNRCQHCRLQ 120 

Ovine_RORAv3      PCKICGDKSSGIHYGVITCEGCKGFFRRSQQSNATYSCPRQKNCLIDRASRNRCQHCRLQ 91 

Ovine_RORAv1      PCKICGDKSSGIHYGVITCEGCKGFFRRSQQSNATYSCPRQKNCLIDRTSRNRCQHCRLQ 76 

Ovine_RORAv2      ------------------------------------------------------------ 0 

Ovine_RORAv4      ------------------------------------------------------------ 0 

                                                                               

 

Human_RORAv4      KCLAVGMSRDAVKFGRMSKKQRDSLYAEVQKHRMQQQQRDHQQQPGEAEPLTPTYNISAN 136 

Ovine_RORAv5      KCLAVGMSRDAVKFGRMSKKQRDSLYAEVQKHRMQQQQRDHQQQPGEAEPLTPTYSISAN 180 

Ovine_RORAv3      KCLAVGMSRDAVKFGRMSKKQRDSLYAEVQKHRMQQQQRDHQQQPGEAEPLTPTYSISAN 151 

Ovine_RORAv1      KCLAVGMSRDAVKFGRMSKKQRDSLYAEVQKHRMQQQQRDHQQQPGEAEPLTPTYSISAN 136 

Ovine_RORAv2      ------MSRDAVKFGRMSKKQRDSLYAEVQKHRMQQQQRDHQQQPGEAEPLTPTYSISAN 54 

Ovine_RORAv4      ------MSRDAVKFGRMSKKQRDSLYAEVQKHRMQQQQRDHQQQPGEAEPLTPTYSISAN 54 

                        *************************************************.**** 

 

Human_RORAv4      GLTELHDDLSNYIDGHTPEGSKADSAVSSFYLDIQPSPDQSGLDINGIKPEPICDYTPAS 196 

Ovine_RORAv5      GLTELHDDLSNYIDGHTPEGSKADSAVSSFYLDIQPSPDQSGLDINGIKPEPICDYTPAS 240 

Ovine_RORAv3      GLTELHDDLSNYIDGHTPEGSKADSAVSSFYLDIQPSPDQSGLDINGIKPEPICDYTPAS 211 

Ovine_RORAv1      GLTELHDDLSNYIDGHTPEGSKADSAVSSFYLDIQPSPDQSGLDINGIKPEPICDYTPAS 196 

Ovine_RORAv2      GLTELHDDLSNYIDGHTPEGSKADSAVSSFYLDIQPSPDQSGLDINGIKPEPICDYTPAS 114 

Ovine_RORAv4      GLTELHDDLSNYIDGHTPEGSKADSAVSSFYLDIQPSPDQSGLDINGIKPEPICDYTPAS 114 

                  ************************************************************ 

 

Human_RORAv4      GFFPYCSFTNGETSPTVSMAELEHLAQNISKSHLETCQYLREELQQITWQTFLQEEIENY 256 

Ovine_RORAv5      GFFPYCSFTNGETSPTVSMAELEHLAQNISKSHLETCQYLREELQQITWQTFLQEEIENY 300 

Ovine_RORAv3      GFFPYCSFTNGETSPTVSMAELEHLAQNISKSHLETCQYLREELQQITWQTFLQEEIENY 271 

Ovine_RORAv1      GFFPYCSFTNGETSPTVSMAELEHLAQNISKSHLETCQYLREELQQITWQTFLQEEIENY 256 

Ovine_RORAv2      GFFPYCSFTNGETSPTVSMAELEHLAQNISKSHLETCQYLREELQQITWQTFLQEEIENY 174 

Ovine_RORAv4      GFFPYCSFTNGETSPTVSMAELEHLAQNISKSHLETCQYLREELQQITWQTFLQEEIENY 174 

                  ************************************************************ 

 

Human_RORAv4      QNKQREVMWQLCAIKITEAIQYVVEFAKRIDGFMELCQNDQIVLLKAGSLEVVFIRMCRA 316 

Ovine_RORAv5      QNKQREVMWQLCAIKITEAIQYVVEFAKRIDGFMELCQNDQIVLLKAGSLEVVFIRMCRA 360 

Ovine_RORAv3      QNKQREVMWQLCAIKITEAIQYVVEFAKRIDGFMELCQNDQIVLLKAGSLEVVFIRMCRA 331 

Ovine_RORAv1      QNKQREVMWQLCAIKITEAIQYVVEFAKRIDGFMELCQNDQIVLLKAGSLEVVFIRMCRA 316 

Ovine_RORAv2      QNKQREVMWQLCAIKITEAIQYVVEFAKRIDGFMELCQNDQIVLLKAGSLEVVFIRMCRA 234 

Ovine_RORAv4      QNKQREVMWQLCAIKITEAIQYVVEFAKRIDGFMELCQNDQIVLLKAGSLEVVFIRMCRA 234 

                  ************************************************************ 

 

Human_RORAv4      FDSQNNTVYFDGKYASPDVFKSLGCEDFISFVFEFGKSLCSMHLTEDEIALFSAFVLMSA 376 

Ovine_RORAv5      FDSQNNTVYFDGKYASPDVFKSLGCEDFISFVFEFGKSLCSMHLTEDEIALFSAFVLMSA 420 

Ovine_RORAv3      FDSQNNTVYFDGKYASPDVFKSLGCEDFISFVFEFGKSLCSMHLTEDEIALFSAFVLMSA 391 

Ovine_RORAv1      FDSQNNTVYFDGKYASPDVFKSLGCEDFISFVFEFGKSLCSMHLTEDEIALFSAFVLMSA 376 

Ovine_RORAv2      FDSQNNTVYFDGKYASPDVFKSLGCEDFISFVFEFGKSLCSMHLTEDEIALFSAFVLMSA 294 

Ovine_RORAv4      FDSQNNTVYFDGKYASPDVFKSLGCEDFISFVFEFGKSLCSMHLTEDEIALFSAFVLMSA 294 

                  ************************************************************ 

 

Human_RORAv4      DRSWLQEKVKIEKLQQKIQLALQHVLQKNHREDGILTKLICKVSTLRALCGRHTEKLMAF 436 

Ovine_RORAv5      DRSWLQEKVKIEKLQQKIQLALQHVLQKNHREDGILTKLICKVSTLRALCGRHTEKLMAF 480 

Ovine_RORAv3      DRSWLQEKVKIEKLQQKIQLALQHVLQKNHREDGILTKLICKVSTLRALCGRHTEKLMAF 451 

Ovine_RORAv1      DRSWLQEKVKIEKLQQKIQLALQHVLQKNHREDGILTKLICKVSTLRALCGRHTEKLMAF 436 

Ovine_RORAv2      DRSWLQEKVKIEKLQQKIQLALQHVLQKNHREDGILTKLICKVSTLRALCGRHTEKLMAF 354 

Ovine_RORAv4      DRSWLQEKVKIEKLQQKIQLALQHVLQKNHREDGILTKLICKVSTLRALCGRHTEKLMAF 354 

                  ************************************************************ 
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B. cont. 

 
Human_RORAv4      KAIYPDIVRLHFPPLYKELFTSEFEPAMQIDG 468 

Ovine_RORAv5      KAIYPDIVRLHFPPLYKELFTSEFEPAMQIDG 512 

Ovine_RORAv3      KAIYPDIVRLHFPPLYKELFTSEFEPAMQIDG 483 

Ovine_RORAv1      KAIYPDIVRLHFPPLYKELFTSEFEPAMQIDG 468 

Ovine_RORAv2      KAIYPDIVRLHFPPLYKELFTSEFEPAMQIDG 386 

Ovine_RORAv4      KAIYPDIVRLHFPPLYKELFTSEFEPAMQIDG 386 

                  ********************************  

 

Figure 3.4 RORα sheep and human sequence alignments.  

A. DNA sequence alignments of 5’ UTRs; B. Protein sequence 

alignments.  

Green: start codons; blue: in-frame stop codons; grey: B domain; red: zinc-

finger DNA-binding domain; yellow: ligand-binding domain. Human RORαv4 

(isoform d) accession number NP_599024.1, Ovine accession numbers as in 

Table 3.1. 
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3.3.4 Sequencing Genes of Interest – RORC2  

Cloning and sequencing of RORC2 identified two variants within this gene. The full 

length gene (LN848233) of 1493 nucleotides, is encoded on the minus strand of 

ovine chromosome 1 (NC_019458) with 10 exons predicted within the coding region 

(Figure 3.5). Overall, there is 90% sequence identity between the ovine and human 

(NM_001001523.1) RORC2 coding regions. Based on the human sequence 

(NM_001001523.1), the DNA-binding domain is predicted to span exons 2 – 3 

(Chr1: 100,657,083 – 100,656,587) and the ligand-binding domain is predicted to 

span exons 6 – 10 (Chr1: 100,653,498 – 100,647,960). In the protein sequence, the 

DNA-binding domain of ovine RORγ2 (LN848233) is 97% identical to human 

RORγ2 (NP_001001523.1), while the ligand-binding domain is 95% identical; 

alignment of the sequences demonstrates the locations of the predicted functional 

domains within the ovine protein (Figure 3.6B).   

5’ and 3’ RACE PCR were used to sequence both ends of RORC2 but did not 

identify any variants within the UTRs. However, once full length sequence of 

RORC2 was compiled, a variant in the coding region was detected; RORC2v1 

(LN848234; Figure 3.5). This splice variant occurs when the 3’ end of exon 7 is 

truncated by 35 nucleotides and 1 nucleotide is deleted from the 5’ end of exon 8 

(Chr1: 100,653,057 – 100,652,940; Figure 3.6A), therefore, the coding region is 

shortened to 1457 nucleotides in the variant. The resulting variant protein sequence 

has a 12 amino acid deletion (GKYGGVELFRAL) in the predicted ligand binding 

domain (Figure 3.6B).   
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Figure 3.5 RORC2 full length and variant exon maps.  

UTRs are shaded grey, coding regions are white, arrows represent strand 

direction, numbers between boxes are intron lengths, numbers in the mRNA 

column represent the location of the coding region within exons, the red box 

represents the variant exon. Chromosome locations are based on Oar v3.1.    
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A. 
 
Human_RORC2        CCTACAATGCTGACAACCGCACGGTCTTTTTTGAAGGCAAATACGGTGGCATGGAGCTGT 1240 

Ovine_RORC2        CCTACAACGCTGACAACAACACAGTCTTTTTTGAAGGCAAATACGGTGGCGTGGAGCTGT 1260 

Ovine_RORC2v1      CCTACAACGCTGACAACAACACAGTCTTTTTTGAAGG----------------------- 1237 

                   ******* *********  *** **************                        

 

Human_RORC2        TCCGAGCCTTGGGCTGCAGCGAGCTCATCAGCTCCATCTTTGACTTCTCCCACTCCCTAA 1300 

Ovine_RORC2        TCCGAGCCTTGGGCTGCAGTGAACTCATCAGCTCCATCTTTGACTTCTCCCGCTCCCTGA 1320 

Ovine_RORC2v1      -------------CTGCAGTGAACTCATCAGCTCCATCTTTGACTTCTCCCGCTCCCTGA 1284 

                                ****** ** **************************** ****** * 

 

B.  

Human_RORC2        MRTQIEVIPCKICGDKSSGIHYGVITCEGCKGFFRRSQRCNAAYSCTRQQNCPIDRTSRN 60 

Ovine_RORC2        MRTQIEVIPCKICGDKSSGIHYGVITCEGCKGFFRRSQQCNVAYSCTRQQNCPIDRTSRN 60 

Ovine_RORC2v1      MRTQIEVIPCKICGDKSSGIHYGVITCEGCKGFFRRSQQCNVAYSCTRQQNCPIDRTSRN 60 

                   **************************************:**.****************** 

 

Human_RORC2        RCQHCRLQKCLALGMSRDAVKFGRMSKKQRDSLHAEVQKQLQQRQQQQQEPVVKTPPAGA 120 

Ovine_RORC2        RCQHCRLQKCLALGMSRDAVKFGRMSKKQRDSLHAEVQKQLQQRQQQQREQAAKTPPVGA 120 

Ovine_RORC2v1      RCQHCRLQKCLALGMSRDAVKFGRMSKKQRDSLHAEVQKQLQQRQQQQREQAAKTPPVGA 120 

                   ************************************************:* ..****.** 

 

Human_RORC2        QGADTLTYTLGLPDGQLPLGSSPDLPEASACPPGLLKASGSGPSYSNNLAKAGLNGASCH 180 

Ovine_RORC2        QGAEPLACTLGLPDGQLPLGSSPDLPEASACPPSLLRAPGCGPSYSNSLAKARLNGASYH 180 

Ovine_RORC2v1      QGAEPLACTLGLPDGQLPLGSSPDLPEASACPPSLLRAPGCGPSYSNSLAKARLNGASYH 180 

                   ***: *: *************************.**:* *.******.**** ***** * 

 

Human_RORC2        LEYSPERGKAEGRESFYSTGSQLTPDRCGLRFEEHRHPGLGELGQGPDSYGSPSFRSTPE 240 

Ovine_RORC2        LEYSPERGKAEGRENFYGTRSQLAPDRGGLHSEDSRRPGLGEPGRGLDSYFTPSFRSTPE 240 

Ovine_RORC2v1      LEYSPERGKAEGRENFYGTRSQLAPDRGGLHSEDSRRPGLGEPGRGLDSYFTPSFRSTPQ 240 

                   **************.**.* ***:*** **: *: *:***** *:* *** :*******: 

 

Human_RORC2        APYASLTEIEHLVQSVCKSYRETCQLRLEDLLRQRSNIFSREEVTGYQRKSMWEMWERCA 300 

Ovine_RORC2        VPYASLTETEHLVQNVCKSYRETCQLRLEDLLRQRSNIFSSEEVAGYQRKSMWEMWGRCA 300 

Ovine_RORC2v1      VHYASLTETEHLVQNVCKSYRETCQLRLEDLLRQRSNIFSSEEVAGYQRKSMWEMWGRCA 300 

                   . ****** *****.************************* ***:*********** *** 

 

Human_RORC2        HHLTEAIQYVVEFAKRLSGFMELCQNDQIVLLKAGAMEVVLVRMCRAYNADNRTVFFEGK 360 

Ovine_RORC2        HRLTEAIQYVVEFAKRLPGFMELCQNDQIVLLKAGAMEVVLVRMCRAYNADNNTVFFEGK 360 

Ovine_RORC2v1      HRLTEAIQYVVEFAKRLPGFMELCQNDQIVLLKAGAMEVVLVRMCRAYNADNNTVFFE-- 358 

                   *:*************** **********************************.*****   

 

Human_RORC2        YGGMELFRALGCSELISSIFDFSHSLSALHFSEDEIALYTALVLINAHRPGLQEKRKVEQ 420 

Ovine_RORC2        YGGVELFRALGCSELISSIFDFSRSLSALRFSEDEIALYTALVLINANRPGLQEKRKVEQ 420 

Ovine_RORC2v1      ----------GCSELISSIFDFSRSLSALRFSEDEIALYTALVLINANRPGLQEKRKVEQ 408 

                             *************:*****:*****************.************ 

 

Human_RORC2        LQYNLELAFHHHLCKTHRQSILAKLPPKGKLRSLCSQHVERLQIFQHLHPIVVQAAFPPL 480 

Ovine_RORC2        LQCNLELAFHHHLCKTHRQGILAKLPPKGKLRSLCSQHVEKLQTFQHLHPIVVQAAFPPL 480 

Ovine_RORC2v1      LQCNLELAFHHHLCKTHRQGILAKLPPKGKLRSLCSQHVEKLQTFQHLHPIVVQAAFPPL 468 

                   ** ****************.********************:** **************** 

 

Human_RORC2        YKELFSTETESPVGLSK 497 

Ovine_RORC2        YKELFSTEIESPEGLSK 497 

Ovine_RORC2v1      YKELFSTEIESPEGLSK 485 

                   ******** *** **** 

 

 

Figure 3.6 RORγ2 human and ovine sequence alignments. 

A. DNA sequence alignment of variant exon; B. Protein sequence 

alignments.   

Red: DNA-binding domain containing 2 zinc-fingers; yellow: ligand-binding 

domain. Human RORC2 accession number NM_001001523.1/ 

NP_001001523.1. Ovine accession numbers as in Table 3.1.    
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3.3.5 Relative RT-qPCR expression levels in ALN and abomasal mucosa 

3.3.5a TBX21 and GATA3 expression 

In the abomasal lymph node (ALN) there was no significant difference (threshold p 

value ≤ 0.05) between resistant and susceptible animals for either GATA3, GATA3v1 

or TBX21. The susceptible animals tended to have higher expression of GATA3v1 

and TBX21 compared to resistant animals but this was not significant (Table 3.2). 

However, within the abomasal mucosa, GATA3 was significantly increased in 

resistant vs. susceptible lambs (2.06 fold, p value 0.002). TBX21 was increased in the 

resistant lambs but not significantly (1.24 fold, p value 0.19) and GATA3v1 was too 

low to quantify by RT-qPCR in the mucosa (Table 3.2).    

3.3.5b RORA and RORC2 expression 

In the ALN, there was no significant difference for any of the transcripts (Table 3.2). 

RORAv3 was too low to quantify (signal obtained after 30 cycles) but a positive 

control confirmed the assay was optimised. RORAv5 had the biggest fold change 

difference but did not reach significance (1.57 fold, p value 0.08; Table 3.2). RT-

PCR determined that RORC1 was not expressed in the ALN, using cDNA from 

ovine liver tissue as a positive control (Figure 3.7A).   

Of the RORA variants in the abomasal mucosa, only RORAv1 was detectable but was 

not significantly different between groups. Both RORC2 (-1.41 fold, p value 0.01) 

and RORC2v1 (-1.30 fold, p value 0.03) were significantly down regulated in R vs. S 

lambs (Table 3.2). RT-PCR showed RORC1 was expressed in the abomasal mucosa 

(Figure 3.7B), which could confound the RORC2 expression data.   
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Table 3.2 Relative transcription factor expression in the ALN and 

abomasal mucosa.   

Gene 

ALN Abomasal Mucosa 

Fold Change 
(R vs. S) 

p value 
Fold Change 
(R vs. S) 

p value 

GATA3 1.06 0.62 2.06 0.0002 

GATA3v1 -1.12 0.47 *  

TBX21 -1.10 0.61 1.24 0.19 

RORA 
(Total) 

-1.10 0.61 *  

RORAv1 -1.13 0.79 -1.37 0.25 

RORAv2 -1.07 0.83 *  

RORAv3 *†  *  

RORAv4 -1.04 0.88 *  

RORAv5 1.57 0.08 *  

RORC2 1.18 0.42 -1.41 0.01 

RORC2v1 1.12 0.54 -1.30 0.03 

  

* Signals obtained after 30 PCR cycles were too low to quantify. 

† Positive control confirmed assay was optimised.  
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A. 

 

B. 

 

 

Figure 3.7 RORC1 sequenced in the ALN and abomasal mucosa.  

A. Confirmation that RORC1 is not present in the ovine ALN. Lane 1: 

DNA ladder, lane 2 and 3: replicate liver cDNA (positive control) template, 

lane 4: empty, lane 5 and 6: replicate abomasal lymph node cDNA template, 

lane 7 and 8: empty, lane 9: negative control, lane 10: DNA ladder. The band 

at 200bp (arrow) is RORC1, confirmed by sequencing. 

B. RORC1 is present in the abomasal mucosa. Lane 1: DNA ladder, lane 

2 and 3: replicate liver cDNA (positive control) template, lane 4: empty, lane 

5: pooled Resistant abomasal mucosa cDNA template, lane 6: pooled 

Susceptible abomasal mucosa cDNA template, lane 7: empty, lane 8 and 9: 

replicate negative control, lane 10: DNA ladder. The band at 200bp (arrow) is 

RORC1, confirmed by sequencing.  

1 2 3 4 5 6 7 8 9 10 

200bp 

100bp 

500bp 

1 2 3 4 5 6 7 8 9 10 

100bp 

200bp 

500bp 
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3.3.6 Absolute RT-qPCR expression levels in ALN  

3.3.6a RORAv2 and RORAv5 copy numbers  

ANOVA confirmed the expression of RORAv2 was equal in all three infected groups 

(mean copy number per µg RNA ± SD; resistant 164411 ± 80305, intermediate 

148781 ± 139319, susceptible 175622 ± 68746), p value 0.77. Mean expression level 

of RORAv2 in the uninfected controls was 14336 ± 12927, which was a significant 

reduction compared to the resistant (p value < 0.01), intermediate (p value < 0.01) 

and susceptible (p value < 0.001) groups (Figure 3.8).  

RORAv5 mean expression levels were 148439 ± 91397 in resistant, 93161 ± 44477 in 

intermediate, 84818 ± 69870 in susceptible and 11308 ± 6571 in control animals, (p 

value < 0.0001; Figure 3.9). Tukey’s multiple comparison post-hoc test determined a 

significant difference between expression in the resistant and susceptible groups (p 

value < 0.05). The uninfected control group mean expression level was also 

significantly lower than the resistant (p value < 0.0001), intermediate (p value < 

0.01) and susceptible (p value < 0.01) groups.     
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Figure 3.8 RORAv2 expression levels in the ALN of 45 infected lambs 

and 10 uninfected controls. 

 

 
 

Figure 3.9 RORAv5 expression levels in the ALN of 45 infected lambs 

and 10 uninfected controls. * p value < 0.05. 
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3.3.6b RORAv2 and RORAv5 correlation to phenotypic parameters 

Spearman Rank correlation analysis found a weak but significant negative 

correlation between RORAv2 and IgA levels (rs -0.30, p value 0.04) but there were no 

significant correlations between this transcript and AWC, FEC or BW (Figure 3.10). 

RORAv5 significantly negatively correlated with AWC (rs -0.53, p value 0.0002) and 

FEC (rs -0.55, p value 0.0001) and positively correlated to BW (rs 0.53, p value 

0.0002) but there was no significant association with IgA (rs 0.22, p value 0.15; 

Figure 3.10).   
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Figure 3.10 Correlation analysis of the phenotypic parameters and 

RORAv2 and RORAv5 in ALN. 

AWC: adult worm count in the abomasum; FEC; faecal egg count (eggs per 

gram faeces); BW: body weight in Kg; IgA: relative T. circumcincta L3 IgA 

antibody level; rs: Spearman Rank correlation coefficient; p: p value.   
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3.3.7 Absolute RT-qPCR expression levels in abomasal mucosa 

3.3.7a GATA3 and RORC2v1 copy numbers 

ANOVA determined that the mean expression level of GATA3 (resistant 20291 ± 

7904, intermediate 17869 ± 7116, susceptible 14102 ± 4831, control 16929 ± 10479) 

did not differ significantly overall, p value 0.17. However, Tukey’s post-hoc multiple 

comparison test identified a significant difference between the resistant and 

susceptible groups (p value 0.015; Figure 3.11).   

In the control group, RORC2v1 mean levels (48352 ± 20764) were significantly 

higher (p < 0.0001) than the resistant (18919 ± 6998), intermediate (17630 ± 5482) 

and susceptible (21420 ± 6757) groups (Figure 3.12). 

3.3.7b GATA3 and RORC2v1 correlation to phenotypic parameters 

Spearman’s rank correlation analysis found that GATA3 was significantly negatively 

correlated with AWC (rs -0.42, p value 0.004) and significantly positively correlated 

with BW (rs 0.44, p value 0.003) and IgA (rs 0.32, p value 0.03) but there was no 

significant correlation with FEC (Figure 3.13).  

Correlation analysis identified no significant correlations between RORC2v1 and any 

of the quantified phenotypes (Figure 3.13).     
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Figure 3.11 GATA3 expression levels in the mucosa of 45 infected 

lambs and 10 uninfected controls. * p value = 0.015. 

 

 
Figure 3.12 RORC2v1 expression levels in the mucosa of 45 infected 

lambs and 10 uninfected controls.   
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Figure 3.13 Correlation analysis of the phenotypic parameters and 

GATA3 and RORC2v1 in abomasal mucosa. 

AWC: adult worm count in the abomasum; FEC; faecal egg count (eggs per 

gram faeces); BW: body weight in Kg; IgA: relative T. circumcincta L3 IgA 

antibody level; rs: Spearman Rank correlation coefficient; p: p value. 
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3.4 Discussion 

The aim of this experiment was to identify variations within the master regulator 

transcription factors that control T helper cell polarization and quantify their 

expression in relation to resistant phenotypes. For the first time in sheep, GATA3, 

RORC2 and RORA have been sequenced, their splice variants identified and 

associations with disease outcome investigated.      

TBX21 sequence and expression 

Coding sequence of TBX21 was not obtained, for unknown reasons this gene was 

resistant to RT-PCR amplification. The 3’ UTR of TBX21 was sequenced and 

quantitative analysis confirmed this gene was expressed at high enough levels within 

both the ALN and mucosa for detection. It is believed that the sequencing primers 

used were too non-specific for isolation of TBX21; multiple bands were usually 

visualised by gel electrophoresis, none of which were the predicted size or target 

sequence (data not shown).  

Despite being detectable in the ALN and mucosa, there was no significant difference 

in TBX21 expression between the resistant and susceptible lambs (Table 3.2), 

indicating that Th1 cells were not increased in the susceptible lambs relative to the 

resistant lambs at this time point. This result contrasts with previous work on these 

lambs that identified HLX as significantly increased in susceptible compared to 

resistant lambs (Pemberton et al., 2011). HLX is a TBX21-dependent transcription 

factor that is required for maximal expression of IFNγ from Th1 cells (Mullen et al., 

2002). The gene encoding IFNγ has been associated with disease outcome in 

nematode infected lambs, giving some indication of Th1 involvement (Coltman et 
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al., 2001; Davies et al., 2006). However, neither IFNγ nor IL12 were significantly 

differentially expressed in the ALN of the R vs. S lambs in an earlier analysis of this 

tissue (Gossner et al., 2012). During cloning and sequencing in the current study, 

HLX sequence could not be elucidated which was believed to be due to its low 

expression in the ALN (data not shown). Therefore, despite the analysis by 

Pemberton et al. (2011), it is concluded that Th1 cells are not increased in the 

susceptible lambs relative to the resistant lambs at this time point. However, it is 

possible Th1 cells play a role in the early induction of the inflammatory response to 

nematodes, particularly since IFNγ is required for increased MHCII expression on 

APCs (Murphy and Weaver, 2016). Simultaneous activation of Th17 cells (Khader et 

al., 2007) could explain why neutrophils were found in the histopathological analysis 

of the abomasal mucosa of the susceptible lambs (Gossner et al., 2012), since both 

Th1 and Th17 cells can contribute to neutrophil recruitment (Scurlock et al., 2011). 

However, this relationship can not be proven in the current study.  

GATA3 sequence and expression 

In this study two transcript variants of GATA3 were detected, the zinc-finger DNA-

binding domains of which share 100% peptide sequence identity with the DNA-

binding domains of known human transcript variants (Figure 3.2). It is therefore 

predicted that the ovine transcripts will have similarly located functional domains. 

Both the human and ovine truncated variant have amino acid E260 deletion, 

however, there are no known functional effects of this mutation in humans and E260 

is situated outside of any functional domains.    
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A deletion at an exon boundary is one method by which variation can be introduced 

into the transcriptome. Indeed, evidence suggests that some splice sites have evolved 

to produce poor binding potential, increasing the chances of alternative splicing by 

the spliceosome (Hsu and Hertel, 2014). In the case of GATA3v1, there does appear 

to be a bias towards a deletion at the particular exon 2 – 3 boundary; whether this 

bias is due to a SNP within a nearby splicing enhancer or silencer site, which can 

affect splicing outcome (Wang and Cooper, 2007), is unknown but could explain the 

occurrence of the variant sequence.  

Within the abomasal lymph node, there was no significant difference between the 

resistant and susceptible groups in GATA3 or GATA3v1 expression (Table 3.2). This 

is most likely due to the time at which the ALN samples were collected; after 12 

weeks of infection, the majority of activated T helper cells may have left the ALN 

and migrated to the site of infection (Beraldi et al., 2008). This result therefore 

suggests that at this late time point in chronic infection, there are similar levels of 

Th2 cells in the ALN of both resistant and susceptible lambs.  

Within the abomasal mucosa, GATA3v1 levels were not detectable, however, GATA3 

was significantly increased 2.10 fold in the R vs. S lambs (Table 3.2). This is the first 

indication of a difference in expression of the shorter variant compared to the wild 

type gene, which potentially indicates a functional effect of the variant, although the 

mechanism of action is not clear. GATA3v1 was detectable in the abomasal lymph 

node but not the mucosa, therefore, the variant may have some tissue-specific 

function or it may be expressed by cells that do not leave the lymph node. Previous 

functional work on human GATA3 has demonstrated that truncation of the N-

terminal zinc-finger resulted in reduced expression of IL5 but had no effect on IL4 or 
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IL13 expression (Takemoto et al., 2002). RT-qPCR of the Blackface lambs found 

IL5 and IL13 were significantly increased in the ALN in the R vs. S comparison, 

while IL4 was not (Gossner et al., 2013). Whether this was due to the effects of 

GATA3v1 altered DNA binding can not be determined in the current study but this 

represents a possible function of the variant gene.   

Although not significant, GATA3v1 tended to be increased in the susceptible lambs 

compared to resistant in the ALN (Table 3.2). Therefore, if samples were available 

from earlier in infection, it may be that the difference between GATA3 and GATA3v1 

expression may be one mechanism by which the resistant or susceptible response is 

distinguished.   

In the absolute quantitation analysis, there was a significant increase in expression of 

GATA3 in resistant compared to susceptible animals (Figure 3.11). This result agrees 

with other studies on worm infection which implicate a Th2 response as integral to 

nematode resistance (Davies et al., 2005; Ahmed et al., 2015; McRae et al., 2015). 

The increase in GATA3 may be due to increased cell recruitment into the mucosa, 

since histopathological analysis indicated lymphocyte infiltration in the mucosa of 

the resistant lambs compared to the uninfected controls (Gossner et al., 2012). 

Increased GATA3 expression within cells already present in the mucosa is also 

possible, therefore it may be that both of these mechanisms contribute to the GATA3 

levels found in this tissue.  

The high levels of GATA3 within the control group (Figure 3.11) are possibly a result 

of commensal bacteria in the gut, which have been shown to induce Th2 cells in a 

self-specific manner as a mechanism by which systemic dissemination of 
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commensals is controlled in mice (Kamada et al., 2013). Another observation of the 

GATA3 copy numbers within the controls is that there is considerable variation 

between the lambs, indeed there are almost three groups of expression levels within 

the controls (Figure 3.11). This may be due to the genetic background of the control 

lambs; all uninfected lambs are the twins of infected lambs, therefore, it may be 

possible that the twins of resistant lambs have increased expression of GATA3 

compared to susceptible lambs even in the absence of parasites. This is corroborated 

by the IgA relative levels, which tend to be higher (but P > 0.05) in the resistant 

lambs (ranks 1 – 5) on day zero of infection compared to the susceptible (rank 40 – 

45) lambs (Beraldi et al., 2008).    

Correlation analysis in the mucosa found significant negative correlations between 

GATA3 and AWC, and significant positive correlations with BW and IgA (Figure 

3.13). Therefore, not only is this gene increased in resistant lambs, it is also 

associated with the phenotypes of resistance. This is evidence of a robust association 

between GATA3 expression and the maintenance of resistance in chronic infection. 

The expression of GATA3 in the mucosal tissue could be due to the presence of Th2 

and/or ILC2 cells acting in a protective function. This corroborates mice and human 

studies of GATA3 function in parasite resistance (Allen and Maizels, 2011) and 

implicates GATA3 as a marker for resistance.    

RORC2 sequence and expression 

The two ovine RORC2 variants identified are homologous to human RORC2, with 

97% peptide sequence identity in the DNA-binding domain and 95% identity in the 

ligand-binding domain. The truncated protein predicted to be encoded by RORC2v1 
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has a 12 amino acid deletion in the predicted ligand-binding domain (Figure 3.6). 

There is a known variant of human RORC2 in which exons 5 – 8 (within the hinge 

region of the ligand-binding domain) are deleted, causing suppression of IL17 

production (Rauen et al., 2012). It was therefore hypothesised that the ovine variant 

might also affect the function of Th17 cells and may be associated with resistance 

rather than susceptibility.   

As with GATA3, there was no significant difference between RORC2 and RORC2v1 

in the resistant and susceptible groups in the ALN (Table 3.2). This indicates there is 

little difference between the levels of Th17 cell activation in the ALN of resistant 

and susceptible lambs in late-stage chronic infection. In the abomasal mucosa, both 

RORC2 and RORC2v1 were significantly increased in the S vs. R lambs, thereby 

negating the hypothesis of RORγ2v1 altered function. However, the presence of 

RORC1 was confirmed in the mucosa which could compound the results for RORC2 

(Figure 3.7), indicating that there could be more of RORC2v1 in the mucosa than 

RORC2 but more specific primers would be needed to confirm this. Therefore copy 

number analysis was only completed for RORC2v1.  

In the abomasal mucosa, there were no significant differences in RORC2v1 

expression between infected groups (Figure 3.12) and no significant correlations of 

RORC2v1 to the phenotypes of the infected lambs (Figure 3.13). However, the 

positive correlation between RORC2v1 and AWC (rs 0.26) approached significance 

(p value 0.09), and while this does not confirm an association of this variant with the 

development of susceptibility to worm infection, it possibly suggests that the deletion 

within this transcript may not affect function in the same way as the human variant 

identified by Rauen et al. (2012). If ovine RORC2v1 acted as a suppressor of IL17, it 
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would be expected to be associated with resistance. The human variant is a much 

larger truncation than the ovine variant, therefore the ovine variant may still be able 

to function like the wild type despite the loss of sequence.   

The level of RORC2v1 expression in the control group (Figure 3.12) might be 

explained by the actions of commensal bacteria on the host. It has been shown in 

mice that commensal bacteria in the gut can promote ILC3s to produce IL22 and 

these cells also play a critical role in Th17 cell development (Kamada et al., 2013); 

both Th17 and ILC3s express RORC2 and therefore have the potential to express 

RORC2v1 as well. However, there is also the possibility that T. circumcincta 

infection suppresses expression of RORC2v1 in sheep. Nematodes are known to 

secrete immune-suppressive proteins that can directly or indirectly (through Treg 

activation) supress the immune response enabling their longevity in the host 

(Massacand et al., 2009; Grainger et al., 2010; McSorley et al., 2013). This effect 

has also been seen in T. circumcincta, in which ES proteins from the nematode 

suppressed lymphocyte activation through increased IL10 signalling in vitro 

(McNeilly et al., 2013). The reduced expression of RORC2v1 in infected lambs could 

be caused by the suppression of this transcript by T. circumcincta although this can 

not be proven by the current experiments.  

RORA sequence and expression  

The identification of five variants of RORA within the ovine lymph node, highlights 

the hitherto unexplored polymorphic capability of RORA within the immune system. 

The four human variants differ in their 5’ UTR sequence and translational start site, 

particularly in their A/B domain sequence which is required for nuclear localisation 
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(Aschrafi et al., 2006). This affects their functions and tissue expression levels – 

RORAv1 and RORAv4 are immune associated (Migita et al., 2004), while RORAv2 

and RORAv3 are not (Giguere et al., 1994). 

The ovine variants so far elucidated differ in their 5’ UTR and predicted start codon 

locations (Figure 3.3). Based on the comparison of the ovine RORA variants and 

human RORAv4, it is predicted that all ovine variants encode a ligand-binding 

domain but that ovine RORAv2 and RORAv4 do not encode the DNA-binding 

domain or the A/B domain (Figure 3.4). Consequently, it is hypothesised that ovine 

RORAv2 and RORAv4 remain in the cell cytoplasm and act as competitive inhibitors 

of the other variants; in essence they could sequester the activating ligand STAT3, 

reducing downstream signalling within the cell.  

Within the ALN, there was no significant fold change difference between the 

resistant and susceptible groups for any of the RORA transcripts tested (Table 3.2). 

Copy number analysis found significantly increased expression of RORAv5 in the R 

vs. S lambs (Figure 3.9) and this variant had a significant negative correlation with 

AWC and FEC and a significant positive correlation with body weight (Figure 3.10). 

In mice, RORα is commonly known to be involved in Th17 cell differentiation 

(Yang et al., 2008), however, this transcription factor, co-expressed with GATA3, is 

also required for ILC2 function (Wong et al., 2012). The ILC2s contribute to Th2 

differentiation and tissue repair and are thus associated with parasite resistance in 

mice (Moro et al., 2010). However, if ovine ILC2s express RORAv5 it would appear 

that they do not co-express GATA3, as GATA3 was not similarly increased in the 

ALN. ILCs are also rare in the lymph nodes. Therefore, it is likely this difference in 

RORA variant expression is occurring in Th17 cells. Th17 cells have been shown to 
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have protective function in the gut through production of IL22 which promotes 

epithelial cell healing (Mizuno et al., 2014). It is possible a population of RORA+ 

Th17 cells are required for nematode clearance in sheep.  

Absolute analysis of RORAv2 indicated an association of this variant with 

susceptibility, through a weak but significant negative correlation with IgA levels 

(Figure 3.10). As already discussed, it is hypothesised that RORαv2 could act as a 

competitive inhibitor due to its lack of the A/B and DNA-binding domains. 

Therefore, a model is hypothesised in which the ratio of RORAv2:RORAv5 is a 

critical factor in cell phenotype outcome, such that resistant lambs have high enough 

RORAv5 expression to overcome the inhibition of RORAv2, while in susceptible 

lambs, RORαv5 activation and downstream signalling is successfully inhibited by 

RORαv2. The results therefore suggest that RORAv5 could be used as a marker for 

resistance, while RORAv2 could be a marker of susceptibility.   

In the abomasal mucosa, only RORAv1 was detectable and was not significantly 

different between groups (Table 3.2). The primers designed to detect ‘total’ RORA 

(i.e. all known variants) could not confirm the presence of RORA in the abomasal 

mucosa; this could be evidence of more RORA variants, which were not found 

because the original gene sequencing was conducted using abomasal lymph node 

tissue. 

Although assessing function of the variant proteins is beyond the scope of this 

project, these sequencing results highlight the importance of considering the effects 

of splice variation on gene sequence, protein function and disease outcome in any 

given system. It would be interesting for future research to investigate the function of 
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the T helper cells within the ALN at this late time point. Are these cells responsible 

for maintaining the antibody-producing B cell population or are they all 

differentiating into T memory cells and if we had looked for markers of T memory 

cells [such as CCR7 or IL2 (Sallusto et al., 1999; Reinhardt et al., 2001)] would we 

have found high levels of this type of cell within the ALN at this late time point? Or 

are the T helper cells continuously migrating to the site of infection which is why 

their expression levels seem constant in the ALN at this time point? Were the 

expression analysis to be repeated, it may be useful to include the control group in 

the relative analysis to confirm that all the transcripts in the ALN are increased in 

response to infection. This was not done in the current analysis because it was 

believed the most biologically relevant differences in gene expression would be 

between the most extremes of the phenotypes. 

Pros and cons of the experimentally infected model 

The advantage to using the Blackface experimental model described here, is that the 

phenotypes of resistance have been quantified due to the advanced stage of the 

infection. This allowed for statistical correlation of gene expression to phenotype, 

providing robust associations between the genes of interest and disease outcome. 

This allows for future studies to characterise the levels of these genes in early 

infection and track the progression of the response. The disadvantage of this 

approach is that the resistance status of an animal could only be accurately confirmed 

after death. This meant that the acquired immune response was well developed when 

the tissue samples were taken. Thus attempting to identify genes involved in the 

induction of the immune response may not be optimal in this model. If RNA could 

have been extracted from the blood samples collected as the infection progressed, 
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analysis of the gene expression pattern at early time points may have been possible. 

However, the gene expression pattern of systemic tissue such as blood may be 

substantially different to the expression patterns of tissue local to the infection. 

Hence collection of efferent lymph from the ALN, for example, may have been more 

accessible that the lymph node itself and may have elucidated activated cell 

migration to the site of infection throughout the course of infection. This technique 

has only been recently developed in sheep (Neeland et al., 2014), therefore was not 

available at the time of the infection of the Blackface lambs, but represents a novel 

technique that could be utilised in future studies of worm infection.  

If strains of resistant and susceptible sheep with identical genetic backgrounds were 

available, groups of lambs could have been euthanised at several time points to 

assess the progression of the immune response. In the Blackface lambs, within the 

first couple of weeks of infection, circulating basophils, neutrophils and lymphocytes 

increased and after 6 weeks of trickle infection, the IgA levels began to rise in the 

resistant lambs and FEC began to decrease (Beraldi et al., 2008). Ahmed et al. 

(2015) studied serum and mucosal IgA levels during secondary T. circumcincta 

infection and found significantly increased mucosal IgA in their resistant lambs at 

seven days post-secondary infection. Further analyses at early time points could 

elucidate the gene expression profiles of resistant lambs and may identify variants 

associated with early induction of the immune response.   

A further caveat of this study is the lack of functional analysis of the splice variants. 

Future work to investigate the effects of the variants on cell function would be 

interesting. There are numerous methodologies available to elucidate splice variant 

function (Stastna and Van Eyk, 2012), however, the most common technique of 
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Western blot to identify protein size differences requires the generation of isoform-

specific antibodies and large differences in protein size to enable accurate 

differentiation between variant and wild type protein (Capriotti et al., 2011). Another 

option might be to have the variant proteins made synthetically then use affinity 

binding assays to determine if ligand or DNA binding is disrupted by the variant 

isoform. The variant isoforms could then be transfected into cell lines for analysis of 

their ability to be activated and any subsequent altered production of down-stream 

cytokines measured.    

The breed-specific differences seen in response to nematode infection is another 

considerable barrier to resistance breeding. This is further confounded by the sheer 

number of sheep breeds currently in use within the industry (Swan et al., 2009). The 

experimental lambs were all female Blackface lambs, thus the differences between 

breeds were not accounted for in the expression analysis. However, due to the 

conserved function and sequence of the T helper cell transcription factors across 

species (Pandolfi et al., 1995; Dzhagalov et al., 2004; Venkatesh et al., 2014), it is 

hypothesised that similar functional outcomes and general mechanism will be seen in 

other sheep breeds.  

The transcription factor assays developed here were also used in Blackface-cross 

lambs. This analysis enabled investigation in the expression of the variants in a 

different infection, a different sheep breed and a different tissue. The sheep had 

clinical paratuberculosis, caused by infection with Mycobacterium avium subspecies 

paratuberculosis (MAP), RORAv1 was significantly increased in paucibacillary 

lambs (undergoing Th1/Th17 inflammatory pathology), while RORAv4 was 

significantly increased in MAP-infected sheep compared to uninfected controls 
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(Nicol et al., 2016b). It was hypothesised that the ratio between RORAv1 and 

RORAv4 expression (which have similar functional domains as RORAv5 and 

RORAv2, respectively) may be key to determining pathological outcome in this 

disease. The analysis of the MAP-infected lambs was conducted using ileo-caecal 

lymph node tissue, therefore this difference could also be evidence of tissue-specific 

expression of the RORA variants. The analysis by Nicol et al. (2016b), in MAP-

infected Blackface-cross lambs, indicates the presence of these variants within other 

sheep breeds. This confirms that the splice variants identified in the current study are 

not just breed or family specific.  

The general consensus in gene expression studies is that conserved immune 

pathways are activated in response to different nematode species in different sheep 

breeds (Diez-Tascon et al., 2005; Knight et al., 2010; Knight et al., 2011; Guo et al., 

2016). Thus this could indicate convergent evolution within these different breeds 

through similar selection pressure exerted by nematode infection.  

The transcripts identified in the model were epigenetic, therefore, for these genes to 

be used in the future as markers of resistance, a transcriptomic technology would 

require development that would analyse RNA, rather than the DNA, for resistance 

markers. This may be particularly attractive given the necessity for improvement of 

the ovine draft genome, which currently limits genomic investigation due to its 

incompleteness. There is now a drive within human medicine for RNA profiling and 

precision medicine for the early diagnosis and treatment of both congenital and 

infectious disease (Schadt and Bjorkegren, 2012). Thus similar technology could be 

made available for livestock, especially since microarray and RNAseq technologies 

are becoming more affordable and accessible, and therefore this may not be an 
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entirely unrealistic option for the future. However, RNA profiling could create 

logistical problems for the storage and treatment of the RNA. In addition, to 

accurately identify a nematode resistant lamb based on its RNA profile, such RNA 

profiles would require to be identified and verified. The RNA profile would also be 

altered by co-infections, which are the norm rather than the exception in field 

environments (Craig et al., 2008). Therefore, advancing the currently available 

genomic-based technologies may be a more realistic option for use on farms. To this 

end, the final experiment of this thesis was to investigate the occurrence of SNPs 

within the genes of interest in naturally infected lambs of different breeds.  
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Conclusion  

This study investigated variants within the T helper cell transcription factors for their 

association with either resistance or susceptibility. In the ALN, RORAv5 was 

associated with resistance while RORAv2 was associated with susceptibility, while in 

the abomasal mucosa, GATA3 was linked to resistance, corroborating the hypothesis 

that the Type 2 immune response and Th2 cells particularly, are critical in resistant 

immunity.    

This work has demonstrated that splice variants within the T cell transcription factors 

can contribute to disease outcome. It is therefore believed that these genes could be 

used for marker-assisted selection of nematode-resistant lambs in the future.   

The work in the next chapter focuses on the cytokine receptors expressed on Th2 and 

Th17 cells, to investigate their association with resistance and susceptibility for 

future use as selection markers.    
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Chapter 4 

Quantifying expression levels of T 

helper cell cytokine receptor subunits 

and variants  
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4.1 Introduction 

The third objective of my project was to quantify the expression of the candidate 

genes and their transcript variants for statistical correlation to quantified phenotypes 

of resistance. The previous experiment focused on the master regulator transcription 

factors that define the T helper cell lineages; this investigation focused on the 

cytokine receptors that are involved in the activation of the transcription factor genes. 

These pathways lead to either the Th2 response (IL25 receptor) or the Th17 response 

(IL23 receptor) in mice models and are hypothesised in this current project to be 

conserved in sheep.  

IL17RA and IL17RB (IL25 receptor) 

The signalling pathways used by the IL25 receptor were introduced in Chapter 1. 

Fully functioning cytokine receptors contain 3 functional domains – the extracellular 

ligand (cytokine)-binding domain; the transmembrane domain for expression on the 

cell surface; and the intracellular domain, required for downstream signal 

transduction (Alberts et al., 2002). IL17RA and IL17RB signal intracellularly 

through a TRAF6 binding motif within the SEFIR (similar expression to fibroblast 

growth factor genes and IL17R) domain (Liu et al., 2009). IL17RA is expressed 

ubiquitously, while IL17RB is expressed on various tissues in the endocrine system, 

as well as liver, kidney, Th2 cells (Gaffen, 2009) and Th9 cells (Angkasekwinai et 

al., 2010) in mice. The ligand for the receptor formed by these two subunits is IL25. 

This cytokine is expressed by intestinal epithelium, ILC2s and Th2 cells and through 

a feedback loop, causes expression of IL4 from Th2 cells in mice (Weaver et al., 

2007). Splice variants within these genes have been associated with asthma and 
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respiratory disease in humans (Jung et al., 2009; Park et al., 2013). Several splice 

variants within IL17RB were recently identified in sheep infected with 

Mycobacterium avium subspecies paratuberculosis (MAP) (Nicol et al., 2016a). 

Moreover, the expression of full length IL17RB was associated with multibacillary 

(Th2-mediated) pathology, while IL17RA was associated with paucibacillary 

(Th1/Th17-mediated) pathology (Nicol et al., 2016a).  

IL23R and IL12Rβ1 (IL23 receptor) 

The IL23 receptor complex contains two subunits, the unique IL23R chain and the 

IL12Rβ1 chain which is shared with IL12 and Th1 cells (Langrish et al., 2004). The 

‘WSxWS’ motif (where ‘x’ is any amino acid) in the extracellular domain is required 

for ligand binding and receptor activation (Dagil et al., 2012). The receptor is 

expressed on Th17 cells and the presence of IL23 during Th17 cell activation, 

contributes to a more pathological type of Th17 cell in mice (Lee et al., 2012). 

Numerous splice variants of both subunits have already been identified in humans 

and mice (Kan et al., 2008; Ford et al., 2012), including a soluble form of IL23R that 

lacks exon 9 (Yu and Gallagher, 2010). Furthermore, SNPs within these genes have 

been associated with IBD (Kim et al., 2011) and Th1 inflammation (Ray et al., 2015) 

in humans. A non-functioning splice variant of IL12RB1 was also recently identified 

in sheep infected with MAP and associated with multibacillary (Th2-mediated) 

pathology (Nicol et al., 2016a).   

RT-qPCR primers designed by Nicol et al. (2016a) were optimised for use in the 

Blackface model animals. For information, the splice variants identified by Nicol et 

al. (2016a) are described below. The transcription factors (Chapter 3) and cytokines 
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that activate them (Gossner et al., 2012) have now been characterised in the 

Blackface chronic infection model. Due to the number of variants identified by Nicol 

et al. (2016a), it was hypothesised that their expression may be key to the activation 

of the dysfunctional Th17 response associated with susceptibility to nematodes.  

 [These results were submitted for publication by (Wilkie et al., Submitted), a copy 

of the draft manuscript is included in Appendix A].  

4.2 Materials and Methods 

The cytokine receptor subunits and their variants were sequenced by Nicol et al. 

(2016a). RT-qPCR primers for these transcripts were also designed by Nicol et al. 

(2016a), these primers were sequenced (Sections 7.8 and 7.9) in the experimentally 

infected Blackface ewe lambs (Section 7.1) to confirm their specificity. The RT-

qPCR primers were then optimised (Section 7.13.1) and positive controls (Section 

7.13.2) were used for low expression variants. The assays were then run (Section 

7.13.3) in cDNA (Section 7.5 and 7.6) from the ALN and abomasal mucosa of the 9 

most resistant (R group) and 9 most susceptible (S group) lambs to determine 

significant (P < 0.05) relative (fold change) expression between groups.  

Significantly differentially expressed transcripts were then analysed by Absolute RT-

qPCR to calculate gene copy number per μg total RNA per lamb (Section 7.15 and 

7.16). Lambs were grouped into resistant (rank 1 – 15), intermediate (rank 16 – 30), 

susceptible (rank 31 – 45) and control (n = 10) for analysis and statistical correlation 

(Section 7.16) to the recorded phenotypes FEC, AWC, BW and IgA (Section 7.1).    
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4.3 Results 

4.3.1 Description of the receptor subunit sequence variants. Adapted 

from Nicol et al. (2016a).  

Sequencing in the ileo-caecal lymph node of MAP infected ewes identified partial 

sequence of IL17RA (LN878979.1), 3 transcript variants in IL17RB (LN878976 – 

LN878978), 5 splice variants in IL23R (LN868337 – LN868341) and 4 variants in 

IL12RB1 (LN878971 – LN878974), as well as the full length sequences of IL17RB 

(LN878975), IL23R (LN868336) and IL12RB1 (LN878970). Functional domains 

within the protein sequences were predicted based on human, murine and bovine 

sequences.   

4.3.1a IL17RB and IL17RA variants 

IL17RB is located on ovine chromosome 19 negative strand, encoded by 11 exons 

(Chr19: 47,059,322 – 47,044,393) producing a predicted protein of 497 amino acids. 

The functional domains are located in exons 1 – 9 (extracellular region), exon 10 

(transmembrane domain) and exon 11 (intracellular region including TRAF6 motif 

and SEFIR domain). IL17RBv1 has a truncation in exon 11 resulting in deletion of 

the predicted intracellular TRAF6 binding motif within the SEFIR domain. 

IL17RBv2 has a deletion in exon 4 resulting in a premature stop codon, encoding a 

97 amino acid peptide with no predicted functional domains. IL17RBv3 also contains 

a deletion in exon 4 resulting in the same 97 amino acid peptide as IL17RBv2, but 

IL17RBv3 also has an insertion in exon 8, affecting the sequence of the predicted 3’ 

UTR.  
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IL17RA is predicted to be located on ovine chromosome 3 positive strand, the partial 

sequence identified by Nicol et al. (2016a) aligns to Chr3: 212,560,524 – 

212,577,322, which does not contain the predicted start codon, therefore length and 

sequence of the protein could not be accurately predicted. However, predicted ovine 

IL17RA (XM_012140663.1) is encoded by 13 exons, with the transmembrane 

domain predicted to span exons 1 – 11 and the SEFIR domain located in exon 13.       

4.3.1b IL23R and IL12RB1 variants   

IL23R is encoded on ovine chromosome 1 negative strand, the full length sequence 

identified by Nicol et al. (2016a) is encoded by 11 exons (Chr1: 42,463,413 – 

42,525,523), producing a protein 628 amino acids in length containing all 3 predicted 

functional domains; the extracellular region spans exons 2 – 9 with WSxWS motif in 

exon 7, exon 10 encodes the transmembrane domain, the intracellular region spans 

exons 10 – 11. IL23Rv1 has an insertion in the 5’ UTR, resulting in an altered 5’ 

UTR but no change to the predicted protein sequence. IL23Rv2 has a deletion in exon 

4 and a 2bp insertion in exon 7 resulting in a truncated protein of 288 amino acids, 

lacking all predicted functional domains. IL23Rv3 contains an insertion in exon 6 

causing a premature stop codon producing a 268 amino acid peptide, also lacking 

functional domains. A deletion in exon 8 results in IL23Rv4 encoding a protein of 

597 amino acids with a truncated extracellular domain but unaffected transmembrane 

and intracellular regions. Finally, IL23Rv5 has exon 9 deleted, causing a stop codon 

and encoding a 356 amino acid protein, which is predicted to contain the 

extracellular domain but no transmembrane domain.  
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IL12RB1 is located on ovine chromosome 5 positive strand, encoded by 16 exons 

(Chr5: 4,853,138 – 4,869,950). The extracellular region spans exons 1 – 13 with the 

‘WSxWS’ motif predicted in exon 7, the transmembrane domain is located in exon 

13 and the intracellular domain is located in exons 15 – 16. IL12RB1v1 has exons 6 

and 7 deleted, resulting in a short peptide of 185 amino acids containing no 

functional domains. IL12RB1v2 has a 651 bp deletion of exons 2 – 6 and part of exon 

7, resulting in deletion of the ‘WSxWS’ motif but retention of the transmembrane 

and intracellular domains. IL12RB1v3 lacks exons 5 and 6 and has a truncated exon 7 

with deletion of the ‘WSxWS’ motif but this variant also retains the transmembrane 

and intracellular domains. In IL12RB1v4, exons 5 – 7 are deleted along with a 

premature stop codon in exon 10 resulting in a short peptide of 163 amino acids 

lacking all predicted functional domains. 

4.3.2 Relative RT-qPCR expression levels in ALN and abomasal mucosa 

4.3.2a IL17RA and IL17RB (IL25 receptor) 

In the ALN, the relative expression analysis of the nine most resistant (rank 1 – 9) 

and nine most susceptible (rank 37 – 45) lambs found that there was no significant 

difference in IL17RA (p value 0.30) or IL17RBv1 expression (p value 0.62) between 

groups. IL17RBv2 and IL17RBv3 were both too low for accurate measurement 

(signal obtained after 30 PCR cycles). A positive control confirmed the assays were 

optimised. However, full length IL17RB was significantly higher in the resistant 

compared to the susceptible group (1.62 fold, p value 0.03; Table 4.1).  

In the abomasal mucosa, there was a significant difference between the resistant and 

susceptible group expression of IL17RBv2 (2.10 fold, p value 0.01). IL17RB 



128 
 

expression was almost significantly different between groups (1.81 fold, p value 

0.08), while IL17RA and IL17RBv3 were not significant and IL17RBv1 was too low 

to quantify (Table 4.1).  

4.3.2b IL23R and IL12RB1 (IL23 receptor)  

In both the ALN and abomasal mucosa, there was no significant difference between 

the groups for any of the detectable transcripts (Table 4.1). None of the IL23R 

variants were expressed at a level high enough to be quantified by RT-qPCR, nor 

were IL12RB1v1 and IL12RB1v2 (confirmed by positive control). Full length IL23R 

had the biggest fold change difference (-2.76 fold in R vs. S) in the ALN but this was 

not significant (Table 4.1).  
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Table 4.1 Relative cytokine receptor expression in the ALN and 

abomasal mucosa.  

Gene 

ALN Abomasal Mucosa 

Fold Change 
(R vs. S) 

P-value 
Fold Change 
(R vs. S) 

P-value 

IL17RA -1.19 0.30 1.12 0.39 

IL17RB 1.62 0.03 1.81 0.08 

IL17RBv1 1.15 0.62 *  

IL17RBv2 *  2.10 0.01 

IL17RBv3 *  -1.09 0.82 

IL23R -2.76 0.08 *  

IL12RB1 -1.08 0.61 1.42 0.11 

IL12RB1v3 -1.27 0.23 1.36 0.15 

IL12RB1v4 -1.04 0.89 *  

 

 * Signals obtained after 30 PCR cycles were too low to quantify. IL23R 

variants 1-5 and IL12RB1 variants 1-2 were too low to quantify in either 

tissue, for which a positive control confirmed the assays were optimised.  
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4.3.3 Absolute RT-qPCR expression levels in ALN 

4.3.3a IL17RB copy numbers and correlations to phenotypic parameters 

The mean copy numbers of IL17RB (mean copy number per µg total RNA ± SD; 

resistant 6718 ± 3643, intermediate 5446 ± 3542, susceptible 5573 ± 2799, control 

241 ± 221) were significantly different between groups, p value < 0.0001 (Figure 

4.1). Tukey’s multiple comparison test confirmed that the control group expression 

was significantly lower than the resistant (p value < 0.0001), intermediate (p value < 

0.0001) and susceptible (p value < 0.0001) group expression levels.  

There were no significant correlations between the copy numbers and any of the 

quantified phenotypes of resistance (Table 4.2).   

4.3.3b IL23R copy numbers and correlations to phenotypic parameters 

IL23R mean expression levels (± SD) were 3031 (± 1853) in resistant, 2845 (± 2721) 

in intermediate, 7143 (± 8151) in susceptible and 35 (± 50) in control groups (Figure 

4.2), which was a significant difference (p value 0.0034). Tukey’s multiple 

comparison test identified control group expression to be significantly lower than the 

susceptible group (p value 0.01). Spearman Rank correlation analysis failed to 

identify any significant correlations between the copy numbers and the quantified 

phenotypes (Table 4.2).  
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Figure 4.1 IL17RB expression levels in the ALN of 45 infected lambs 

and 10 uninfected controls. 

 

 

   

 

Figure 4.2 IL23R expression levels in the ALN of 45 infected lambs and 

10 uninfected controls. * p value 0.01.  
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Table 4.2 Correlation analysis of the phenotypic parameters and IL17RB 

and IL23R in the ALN.  

 

Phenotype 
IL17RB IL23R 

Correlation 
(rs) 

p value 
Correlation 
(rs) 

p 
value 

Adult worm count (AWC) -0.13 0.40 0.28 0.07 

Faecal egg count (FEC) -0.03 0.83 0.22 0.16 

Body weight (BW) 0.12 0.45 -0.28 0.07 

Relative IgA -0.22 0.16 -0.24 0.12 

 

AWC: adult worm count in the abomasum; FEC; faecal egg count (eggs per 

gram faeces); BW: body weight in Kg; IgA: relative T. circumcincta L3 IgA 

antibody level; rs: Spearman Rank correlation coefficient. 
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4.3.4 Absolute RT-qPCR expression levels in abomasal mucosa 

4.3.4a IL17RB and IL17RBv2 copy numbers 

In the abomasal mucosa, IL17RB was expressed in equal levels in all infected groups 

(resistant 23207 ± 12487, intermediate 17653 ± 7217, susceptible 14338 ± 9907), but 

was significantly lower in the control group (1234 ± 538), compared to resistant (p 

value < 0.0001), intermediate (p value < 0.0001) and susceptible (p value < 0.001) 

groups (Figure 4.3). 

Mean levels of IL17RBv2 were not significantly different between any group 

(resistant 1182 ± 826, intermediate 987 ± 579, susceptible 652 ± 544, control 1006 ± 

625; Figure 4.4), p value 0.18.  

4.3.4b IL17RB and IL17RBv2 correlation to phenotypic parameters 

The correlation analysis found a significant negative correlation between IL17RB and 

adult worm count (rs -0.37, p value 0.01) and a significant positive correlation with 

body weight (rs 0.40, p value 0.006; Figure 4.5). There was no significant correlation 

between IL17RB and FEC (rs -0.26, p value 0.08) or IgA (rs 0.26, p value 0.09).   

Spearman rank correlation analysis found a significant negative correlation between 

IL17RBv2 and AWC (rs -0.38, p value 0.01) and FEC (rs -0.40, p value 0.006), and a 

significant positive correlation with body weight (rs 0.42, p value 0.004) and IgA (rs 

0.41, p value 0.005), illustrated in Figure 4.5.  
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Figure 4.3 IL17RB expression levels in the mucosa of 45 infected lambs 

and 10 uninfected controls.   

 

 

Figure 4.4 IL17RBv2 expression levels in the mucosa of 45 infected 

lambs and 10 uninfected controls.   
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Figure 4.5 Correlation analysis of the phenotypic parameters and 

IL17RB and IL17RBv2 in abomasal mucosa. AWC: adult worm count in the 

abomasum; FEC; faecal egg count (eggs per gram faeces); BW: body weight 

in Kg; IgA: relative T. circumcincta L3 IgA antibody level; rs: Spearman Rank 

correlation coefficient; p: p value.  
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4.4 Discussion  

This study set out to investigate the expression levels of the IL23 receptor and IL25 

receptor subunits and their variants in lambs with quantified phenotypes of 

resistance. Splice variants within the IL17RA, IL17RB, IL23R and IL12RB1 genes 

were previously identified in sheep by Nicol et al. (2016a). Analysis of these variants 

identified associations between IL17RB and the phenotypic markers of resistance.  

IL25 receptor 

The IL17RB subunit forms part of the IL25 receptor and is expressed on a number of 

cell types including Th2 cells (Gaffen, 2009) and Th9 cells (Angkasekwinai et al., 

2010) in mice and humans. Activation by IL25 leads to increased expression of IL4 

from Th2 cells (Weaver et al., 2007) and up-regulation of IL9 from Th9 cells (Neill 

and McKenzie, 2010). However, this response is dependent upon both IL17RB and 

IL17RA (Rickel et al., 2008). It is believed that these two subunits differ in their 

intracellular signalling domains but both contain the SEFIR domain required for 

Act1 binding; this causes TRAF6 activation and subsequent NF-κB signalling 

(Maezawa et al., 2006). The IL17RA subunit of the IL25 receptor also forms the 

IL17A receptor, and can induce signal transduction independently of TRAF6, 

leading to inflammation (Gaffen, 2008). However, high levels of IL17RA are 

required on the cell surface for optimal response to IL17A and once IL17A has 

bound to its receptor, the inflammatory cytokine is internalised, effectively removing 

it from the extracellular environment (Gaffen, 2009), potentially indicating a 

regulatory function of this signalling pathway.  
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IL17RA expression 

It was hypothesised that IL17RA would either be associated with resistance due to its 

functions within the IL25 receptor or associated with susceptibility through its 

functions in IL17 signalling. However, there was no significant difference in IL17RA 

expression in either ALN or mucosa of the T. circumcincta infected lambs (Table 

4.1).  

It was further hypothesised that variants within this gene may indicate a mechanism 

by which the development of resistance or susceptibility could be initiated or 

inhibited; for example loss-of-function variants or competitive inhibitor variants that 

could be associated with the quantified phenotypes of resistance. However, no 

transcript variants were identified in IL17RA by Nicol et al. (2016a).  

This receptor subunit is expressed ubiquitously and functions in numerous cytokine 

pathways (Gaffen, 2009). This could be confounding the results in this study since 

gene expression was investigated at the tissue level; if cell types could have been 

distinguished, more discrete expression patterns at the cell level may have increased 

the understanding of the functions of this receptor in Th2 and Th17 cells in this 

infection model.  

IL17RB expression 

For IL17RB, the full length sequence is predicted to contain all functional domains; 

IL17RBv1 is predicted to contain all functional domains except the TRAF6 motif 

within the intracellular region, possibly resulting in reduced intracellular signalling 

efficiency, which could mean this variant functions to inhibit or reduce IL25 
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signalling (Liu et al., 2009); IL17RBv2 and IL17RBv3 are predicted to encode short, 

non-functioning peptides.  

The relative RT-qPCR analysis found full length IL17RB to be significantly 

increased in the resistant compared to susceptible lambs (1.62 fold, p value 0.03) in 

the ALN (Table 4.1). However, absolute quantitation failed to confirm a significant 

difference in IL17RB copy numbers between the groups of infected lambs in this 

tissue (Figure 4.1). IL17RB was significantly increased in response to infection 

compared to control lambs, indicating that there are similar levels of cell expansion 

occurring within both the resistant and susceptible lambs at this time point.  

This is also evidence that susceptible animals produce some level of Th2 response, 

which was a finding of the DGE and microarray analysis performed in Chapter 2. It 

may be that the Th2 response produced by susceptible lambs is inhibited by parallel 

activation of inflammatory pathways.   

Full length IL17RB expression levels in the abomasal mucosa were not different 

between groups (Figure 4.3) but this transcript was significantly negatively 

correlated to adult worm count and significantly positively correlated to body weight 

(Figure 4.5), corroborating a link between IL17RB and the development of 

resistance. This gene could therefore be a useful marker of resistance in the future.   

Within the abomasal mucosa, only IL17RBv2 was significantly differentially 

expressed between groups in the fold change analysis (2.10 fold, p value 0.01), with 

increased expression in resistant lambs (Table 4.1). Although copy number analysis 

found no significant difference between expression levels in any of the groups 

(Figure 4.4), correlation analysis identified significant negative associations between 
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IL17RBv2 and AWC and FEC and significant positive correlations with body weight 

and IgA (Figure 4.5), indicating that this transcript is associated with the 

development of resistance.     

However, IL17RBv2 is predicted to encode a short peptide, lacking any predicted 

functional domains (Nicol et al., 2016a). The function of this transcript is entirely 

unknown but it could be an indication of intracellular activity in Th2/ILC2/Th9 cells 

in the abomasum. Production of high levels of splice variants could be a result of 

increased transcription within these cells (Grigoryev et al., 2009). This would 

corroborate the microarray and DGE results which both found increased transcription 

pathways in the infected lambs (Chapter 2 and Gossner et al. (2013)). These results 

could indicate that different levels of cell turnover are seen between resistant and 

susceptible lambs, and this may also play a role in determining cell fate and disease 

outcome.   

IL12RB1 expression  

Of the IL12RB1 variants identified by Nicol et al. (2016a), only full length sequence 

contained all the predicted functional domains, including the WSxWS motif, 

required for ligand (cytokine) binding (Dagil et al., 2012), suggesting only the full 

length protein is functional as a receptor. IL12RB1v2 and IL12RB1v3 contain the 

intracellular and transmembrane domains, but have truncated extracellular domains 

possibly indicating that these variants can be expressed on the cell surface but may 

not bind IL12 efficiently. The other variants (IL12RB1v1 and IL12RB1v4) are 

predicted to encode non-functional peptides (Nicol et al., 2016a).  
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RT-qPCR analysis of the ALN and mucosa found no significant differences in 

expression of IL12RB1, IL12RB1v3 or IL12RB1v4 in either tissue (Table 4.1). 

IL12RB1v1 and IL12RB1v2 levels were too low to quantify in either tissue. The most 

interesting difference between the tissues is the tendency for the transcripts to be 

reduced in the ALN but increased in the mucosa of resistant compared to susceptible 

lambs. This might indicate an inverse relationship whereby resistant lambs have 

increased numbers of IL12Rβ1+ cells in their abomasal mucosa while susceptible 

lambs have increased numbers of IL12Rβ1+ cells in their ALN, although the 

differences were not significant. IL12RB1 is also expressed by naïve T helper cells 

(Murphy and Weaver, 2016) so might indicate susceptible lambs have higher 

numbers of naïve T helper cells in the lymph nodes.    

IL23R expression 

For IL23R, both the full length IL23R transcript and IL23Rv1 are predicted to encode 

the full length protein but have different 5’ UTR sequences. IL23Rv2 and IL23Rv3 

encode short, non-functional peptides. IL23Rv4 has the WSxWS motif and the 

transmembrane domain, although the extracellular region is truncated through 

deletion of exon 8, which could make this variant sub-optimal at ligand binding if the 

structure is affected (Nicol et al., 2016a). IL23Rv5 lacks the transmembrane domain 

(exon 9) and is hypothesised to function as a competitive soluble receptor, which has 

been documented in humans with exon 9 deletion (Yu and Gallagher, 2010). If this 

were the case, it would be hypothesised that IL23Rv5 would be associated with 

resistance rather than susceptibility.  
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Full length IL23R in the ALN had the greatest fold change difference (-2.76 fold R 

vs. S) of any transcript (Table 4.1), and copy number analysis identified this gene as 

being increased in the S vs. C group in the ALN (Figure 4.2). However, there were 

no significant correlations between IL23R and the recorded phenotypes (Table 4.2). 

This could be due to the sizable variation between individual expression levels when 

using a larger group size. The phenotypes themselves are not linear either, resulting 

in a noisy dataset which could mask the subtleties of weaker associations.   

However, given the lack of functional analysis, it is impossible to know from the 

current experiments if any of the variants are functioning in the manner in which 

they are predicted.  

Conclusion 

This study investigated the expression levels of previously identified splice variants 

in the IL23 and IL25 receptors for their association with resistance and susceptibility. 

The relative RT-qPCR analysis in the ALN mirrors that of the transcription factors in 

Chapter 3, with little significant difference between the majority of the transcripts in 

this tissue between infected lambs. This indicates similar levels of cell activation in 

resistant and susceptible lambs during the late stages of chronic T. circumcincta 

infection. If samples were available from earlier in infection there may have been a 

significant difference between groups. This would be worthy of further investigation.   

In the ALN there were no significant correlations between any of the variants and the 

quantified phenotypes, despite IL17RB being significantly increased in resistant 

compared to susceptible lambs.  
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However, in the abomasal mucosa, IL17RBv2 was significantly associated with 

resistance despite this variant having limited predicted function. Full length IL17RB 

in the mucosa was also associated with resistance, corroborating earlier work in this 

project of an association of Th2 cell polarization with the development of resistance 

and identifying this gene as a potential marker for genetic selection in the future.   

The final aim of this project was to investigate SNPs within the T helper 

transcription factors and cytokine receptors for their association with resistance in a 

large population of naturally infected lambs, which is the topic of the next chapter.   
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5.1 Introduction 

The aim for the final experiment was to identify genetic markers linked to nematode 

resistance. The approach used to achieve this aim was to identify, verify and 

investigate selected single nucleotide polymorphisms (SNPs) in the genes of interest 

in genomic DNA from hundreds of naturally infected sheep, with recorded 

phenotypes, from across the UK.  

During the initial sequencing of the transcription factors (GATA3, TBX21, RORA, 

RORC2; Chapter 3), several potential SNPs were identified within the cDNA 

sequences. A ‘potential SNP’ was any nucleotide which differed in two or more 

animals when the consensus sequence of all twelve resistant and susceptible lambs 

were aligned for that gene. This method, for some genes (notably RORC2), identified 

a considerable number of potential SNPs, while other genes (such as GATA3 and 

RORA) appeared to be less polymorphic. The 3’ UTR of TBX21 was also 

successfully sequenced in the twelve lambs and consensus alignments indicated 

several potential SNPs within this region.  

Consensus sequence was also available from the cytokine receptors (IL17RA, 

IL17RB, IL23R and IL12RB1), which were sequenced in twelve Blackface-cross 

ewes infected with MAP (Nicol et al., 2016a). Compiling these sequences also 

identified numerous loci with potential polymorphisms in some of the genes 

(particularly IL23R).   

From human studies, it is known that SNPs within IL23R are associated with IBD 

(Kim et al., 2011), SNPs in TBX21 have been associated with asthma (Suttner et al., 

2009) and Crohn’s disease (Xavier and Podolsky, 2007), and SNPs in RORC2 have 
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been investigated in association with diabetes (Wang et al., 2003) and IBD (Fransen 

et al., 2014), but have not been previously investigated in nematode infected sheep. 

With this in mind, potential non-synonymous SNPs, intronic SNPs and SNPs within 

the 3’ UTR of RORC2, TBX21 and IL23R were investigated in this experiment.   

Non-synonymous SNPs were particularly focused on because by affecting the amino 

acid sequence, these SNPs can potentially affect protein structure and function (Suh 

and Vijg, 2005). SNPs can also affect splicing if they occur within exonic splicing 

enhancer or silencer sites (ESE or ESS, respectively) (Wang and Cooper, 2007). 

SNPs within the 3’ UTR can alter the binding of promoter genes or microRNAs to 

their target, thereby influencing which variant of the gene is expressed or altering the 

expression level of the gene (Chen and Rajewsky, 2007). Intronic SNPs can also alter 

the splicing process if they occur within intronic splicing enhancer (ISE) or silencer 

(ISS) sites leading to alternative splicing (Wang and Cooper, 2007).     

The currently available ovine 50K SNP chip predominantly uses predicted SNPs that 

are evenly spaced throughout the genome (McRae et al., 2014). This means the SNPs 

being interrogated by these methods are largely anonymous markers that may not lie 

within biologically relevant genes and may not affect gene coding sequences or 

expression levels. While GWAS is a powerful method for detecting loci affecting the 

trait of interest, the multiple testing of many markers results in a very stringent 

significance threshold. As such, very large sample sizes are typically required for 

adequate statistical power to detect small to medium effect loci.  

This study focused on a candidate gene approach, whereby verified SNPs that have 

the potential to affect the structure or expression of genes predicted to be associated 
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with the immune response to nematode infection were targeted. While less 

informative than a GWAS, this targeted approach avoided the aforementioned 

multiple testing issue.      

The sheep breeds examined include Exlana lambs from the project’s commercial 

partner at Sheep Improved Genetics (SIG) Ltd based in the south of England; 

Blackface lambs involved in a selective breeding program based at a farm in the 

Scottish Borders, the samples and data of which are stored in an archive at The 

Roslin Institute; and feral Soay sheep from the island of St Kilda off the north-west 

coast of Scotland, which are monitored and measured on an annual basis by 

researchers at the University of Edinburgh for their parasite burden and fitness.  

Considerable work has previously been conducted on the Blackface and Soay sheep 

populations included in the current study. The entire Blackface population includes a 

dataset incorporating almost 4850 individuals with records dating from 1986 – 2003 

(Bishop, 1993). Using some of this population, Davies et al. (2005), calculated the 

heritability of worm length, worm burden, IgA activity and eosinophil count, as well 

as other traits, for the purpose of identifying phenotypic traits associated with worm 

resistance to assist with selective breeding. Numerous QTL were subsequently 

identified within the Blackface population associated with strongyle FEC or IgA 

activity (Davies et al., 2006). The most recent analysis on the final generation of 

lambs (some 752 individuals), found a significant association between a SNP on 

chromosome 6 (OAR6_40496376.1) and Strongyle FEC and weight at 16 weeks 

using a 50K SNP chip (Riggio et al., 2013). A subset (202 lambs) of these 752 lambs 

were used in the current study.  
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The Soay sheep population on St. Kilda has been monitored since 1985, and the 

whole dataset now incorporates many thousands of individuals. Beraldi et al. (2007) 

found the heritability of strongyle FEC in Soay lambs to be moderate (0.26) 

compared to low heritability of this trait in adult sheep (< 0.10). A microsatellite 

marker in the IFNγ gene has been associated with reduced FEC in Soay lambs 

(Coltman et al., 2001). However, a candidate gene approach failed to identify 

significant associations between a panel of 192 genes and parasite burden and 

immunological traits in a 960 lamb sub-population (Brown et al., 2013). Subsequent 

work identified a significant association between levels of parasite-specific IgG in 

the summer with over-winter survival (Nussey et al., 2014), indicating a benefit of 

anti-helminth immunity in this feral population. A subset of Soay lambs (244 

individuals) born between 2002 – 2015 were included in the current analysis.  

Only female lambs were genotyped from the above populations due to the fact that 

ewes will typically live longer on farm (excluding the few rams that are kept for 

breeding). This also reduces the variability that can result from the different sex’s 

responses to worm infection (Stear et al., 2009), however, it does mean that it is not 

necessarily possible to extrapolate the results for male sheep.     

Fifteen SNPs within TBX21, RORC2 and IL23R were verified in the artificially 

infected Blackface lambs before 644 genomic DNA samples from the above 

naturally infected populations were commercially genotyped and the results analysed 

for statistical associations with phenotype.   
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5.2 Materials and Methods 

Potential SNPs were identified in the cDNA sequences of transcription factors and 

cytokine receptors (Section 7.17) in the experimentally infected Blackface lambs 

(Section 7.1). Primers were then designed within the flanking sequence of the SNPs 

and genomic DNA was extracted from the 6 most resistant and 6 most susceptible 

lambs (Section 7.18). Sequences were amplified by PCR (Section 7.8) and amplicons 

were sequenced (Section 7.9) in 6 clones from each animal per SNP to confirm the 

SNP as non-segregating in the genome. SNPs were also confirmed in 5 unrelated 

Exlana lambs (Section 7.19).  

A total of 644 genomic DNA samples were collected from naturally infected ewe 

lambs that also had recorded phenotypes. FEC and body weight were recorded in 198 

Exlana lambs at age 20 weeks (Section 7.19); 202 samples were used from Blackface 

lambs that were all sequentially monitored (FEC and body weight) at age 16, 20 and 

24 weeks (relative T. circumcincta L3-specific IgA was also calculated at 24 weeks; 

Section 7.20) (Riggio et al., 2013); 244 samples were used from feral Soay lambs 

monitored annually (when lambs are between 16 – 20 weeks old) for FEC and body 

weight (Section 7.20). A summary of lamb sampling dates and times is detailed in 

Table 5.1. The subsamples of Blackface and Soay lambs were selected from the 

larger populations based on FEC, where lambs with the highest and lowest FEC were 

preferentially included. Spearman Rank correction analysis was used to identify 

associations between FEC and weight in each population.    

Natural mixed parasite populations were investigated by parasitological analysis of 

the Exlana lambs (Section 7.19.3), the Blackface lambs (Riggio et al., 2013) and the 
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Soay lambs (Hayward et al., 2014) to confirm the variation of species present in 

these lambs.     

The 15 confirmed SNPs were then genotyped in the naturally infected lambs (Section 

7.21); SNPs were then analysed (Section 7.22) for HWE (significance threshold X2 ≥ 

3.84; Section 7.22.1), and for associations with phenotypes (p value ≤ 0.05; Section 

7.22.2). The model then predicted the effect of the SNP on the phenotype and a T test 

was performed to identify significant differences (p value ≤ 0.05) between 

homozygote phenotype outcomes. 
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Table 5.1 Naturally infected sheep population summary statistics.   
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5.3 Results   

5.3.1 Lamb phenotypes 

5.3.1a Exlana 

Genomic DNA was collected from nasal swabs of 198 Exlana ewe lambs (99 lambs 

per farm) at 20 weeks old. At this time, the weight of every individual was recorded 

and a faecal sample was collected for FEC analysis. On Farm 1, individual FECs 

ranged from 1 – 4860 epg and individual weights ranged from 23 – 51 Kg (Table 

5.2). There was a significant positive correlation between weight and FEC (rs 0.22, p 

value 0.03) in these lambs (Figure 5.1). For Farm 2, individual FECs ranged from 0 – 

4920 epg, and individual weights ranged from 19 – 37 Kg (Table 5.2). There was no 

significant correlation between FEC and weight in these lambs (Figure 5.1). Various 

estimated breeding values (EBVs) were also available for this populations so were 

investigated for their associations with the SNPs as well.  

The coproculture performed on each farm found that both farms were positive for 

Trichostrongylid L3 (including T. circumcincta, Tr. axei, Tr. colubriformis and Tr. 

vitrinus, which were indistinguishable from each other at this stage), H. contortus L3 

and Nematodirus spp. and coccidian (Eimeria spp.) eggs. Farm 1 also had 

Stronglyoidies spp. eggs while Farm 2 had Moniezia spp. (tapeworm) eggs present.  

5.3.1b Blackface 

FEC and weight data were collected at 3 time points for the Blackface lambs – 16, 20 

and 24 weeks (summarised in Table 5.2). There were no significant correlations 

between weight and FEC at any time point in these lambs (Figure 5.1). Blood 
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samples were taken at 24 weeks for measurement of T. circumcincta L3-specific 

IgA. Genomic DNA was extracted from the blood at this time point. In the FEC 

analysis, eggs were identified as either Nematodirus spp. or ‘strongyles’ (which 

potentially includes a number of species such as Chabertia ovina, Bunostomum 

trigonocephalum, Trichostronglyus spp., Cooperia spp., T. circumcincta and H. 

contortus).     

5.3.1c Soay 

Data is collected from the Soay population when the lambs are between 16 – 20 

weeks old. The parasite species present in the population include Tr. axei, Tr. 

vitrinus, T. circumcincta, coccida (Eimeria spp.), Bunostomum trigonocephalum, 

Chabertia ovina, Trichuris ovis, Capillaria leongipes, Moniezia spp. and 

Nematodirus spp. Of the 244 samples used from this population, individual faecal 

egg counts ranged from 0 – 3800 epg, and individual weights ranged from 5.4 – 

17.35 Kg at capture (Table 5.2). There was a significant negative correlation between 

weight and FEC in the Soay lambs (rs -0.40, p value < 0.0001; Figure 5.1).       
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Table 5.2 Summary of phenotypic traits recorded in all ewe lambs.  

Breed Trait Mean (SD) Range 

Exlana (Farm 1) 

Strongyle* FEC 20 weeks  660 (1040) 1 – 4860 

Nematodirus FEC 20 weeks  11 (64) 1 – 600 

Weight 20 weeks 33.4 (5.4) 5.4 – 51.0 

Exlana (Farm 2) 

Strongyle* FEC 20 weeks  1010 (915) 0 – 4920 

Nematodirus FEC 20 weeks  14 (36) 0 – 180 

Weight 20 weeks 28.5 (3.8) 3.8 – 36.8 

Blackface 

Strongyle* FEC 16 weeks 233 (356) 0 – 1875 

Strongyle* FEC 20 weeks  285 (331) 0 – 1988 

Strongyle* FEC 24 weeks  255 (246) 0 – 1263 

Nematodirus FEC 16 weeks  25 (89) 0 – 800 

Nematodirus FEC 20 weeks 17 (31) 0 – 175 

Nematodirus FEC 24 weeks 29 (72) 0 – 600 

Weight 16 weeks  28 (4.1) 17 – 40  

Weight 20 weeks  30 (4.4) 16 – 42 

Weight 24 weeks   32 (4.6) 18 – 44 

Soay† 
FEC 16 weeks 668 (741) 0 – 3800 

Weight 16 weeks 11.9 (2.4) 5.40 – 17.35 

 

Raw data is displayed, before transformation for normalisation or analysis.  

FEC is displayed as eggs per gram faeces, weight is displayed in Kg. 

* including Haemonchus contortus. 

† lambs range in age from 16 – 20 weeks at time of sample collection.  
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Figure 5.1 Correlation analysis of weight and strongyle FEC recorded in 

all ewe lambs.  

w; week, rs; Spearman rank correlation coefficient, p; p value.  
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5.3.2 Validation of the SNPs and their predicted effects in Blackface 

lambs 

Potential non-synonymous SNPs were initially identified in the consensus cDNA 

sequence of RORAv2 and RORAv3, RORC2, IL17RB and IL23R. The potential SNPs 

within RORA and IL17RB could not be verified in genomic DNA. Of the 9 potential 

SNPs found in RORC2, only 4 were verified in genomic DNA (see below). IL23R 

was particularly polymorphic at the mRNA level with over 15 potential SNPs 

identified initially. Sequencing in genomic DNA confirmed 7 SNPs within this gene. 

For TBX21, sequencing 800bp of 3’ UTR confirmed the presence of 4 SNPs in 

genomic DNA. Thus, a total of 15 SNPs in RORC2, IL23R and TBX21 were verified 

by sequencing genomic DNA in 12 of the experimentally infected Blackface lambs 

(Table 5.3). SNPs already identified in the dbSNP database have their ID numbers 

detailed as well (Table 5.3).   

5.3.2a RORC2 SNPs 

Four SNPs in RORC2 were verified by sequencing; two of these SNPs were non-

synonymous and 2 were within the 3’ UTR (Table 5.3 and Figure 3 Appendix D). 

SNP1 (c.718G>C) results in glutamic acid (E) at position 240, when the G allele is 

present, while the C allele encodes glutamine (Q) at this position. SNP1 lies between 

the predicted ligand and DNA-binding domains of the protein. SNP2 (c.1048G>A) 

encodes alanine at position 350 in the protein (A350) when the G allele is present, 

while a threonine (T) results when the A allele is present. This SNP is within the 

predicted ligand-binding domain. The other 2 SNPs in RORC2 are present in the 3’ 

UTR; SNP3 (c.*25T>C) is a T to C substitution 25 nucleotides downstream of the 
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stop codon; SNP4 (c.*109A>G) is an A to G substitution 109 nucleotides 

downstream of the stop codon.      

5.3.2b IL23R SNPs 

Within IL23R, 5 non-synonymous SNPs within the coding region and 2 SNPs in the 

intron between exon 4 and 5 were verified by sequencing (Table 5.3 and Figure 5 

Appendix D).   

SNP5 (c.328C>T) results in a proline (P) to serine (S) substitution at position 110 

within the protein when the C allele is substituted to a T allele at position 328 within 

the DNA coding region. SNP6 (c.529A>G) is the substitution of an A to G allele at 

nucleotide 529 within the coding region, resulting in an S to G (glycine) substitution 

at position 177 in the protein sequence. The A allele of SNP7 (c.858A>G) encodes 

asparagine (N) at position 287 in the protein, but the G allele produces aspartic acid 

(D) at this position. SNPs 5 – 7 occur within the extracellular domain of the protein, 

with SNP7 only 16 amino acids upstream of the predicted WSxWS motif.  

SNP8 (c.969G>A) results in valine (V) at position 324 when the G allele is present, 

while the A allele encodes methionine (M). The A allele of SNP9 (c.998A>T) 

produces lysine (K) at position 333, while the T allele encodes asparagine (N) in the 

protein. Both SNP8 and SNP9 lie in exon 8, between the WSxWS motif and the 

transmembrane domain.  

SNPs 10 and 11 occur in the intron between exons 4 and 5. SNP10 (c.492-115A>G) 

is an A to G substitution 115 nucleotides upstream of the beginning of exon 5 (which 

starts at nucleotide 492 within the coding sequence). SNP11 (c.492-102C>T) is a C 

to T substitution 102 nucleotides upstream of the start of exon 5.  
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5.3.2c TBX21 SNPs    

The four TBX21 SNPs occur within the 3’ UTR (Table 5.3 and Figure 4 Appendix 

D). SNP12 (c.*806C>A) and SNP13 (c.*813C>A) are both C to A substitutions; 

SNP12 occurs 806 nucleotides downstream of the stop codon, while SNP13 occurs 

813 nucleotides into the 3’ UTR.  

SNP14 (c.*861A>G) and SNP15 (c.*871A>G) are A to G substitutions; SNP14 

occurs 861 nucleotides downstream of the stop codon, SNP15 occurs 871 nucleotides 

downstream of the stop codon.   
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Table 5.3 Genome, DNA and protein locations of the SNPs in RORC2, 

IL23R and TBX21.  

 

*DNA location is relative to the A of the start codon being position 1. Tick 

marks (✓) indicate SNPs that were also confirmed in 5 Exlana lambs; the 

assays that passed the quality control measures of LGC Genomics; and the 

SNP assays that returned no polymorphism in the naturally infected lambs. 

SNPs discounted from the final analysis are highlighted in red.   
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5.3.3 Sequencing the SNPs in naturally infected populations  

The 15 SNPs were sequenced in 5 unrelated Exlana lamb samples to validate that 

these SNPs were not breed or family specific. Within the Exlana lambs, SNPs 1 and 

2 (RORC2), SNPs 5, 9, 10 and 11 (IL23R), and SNPs 14 and 15 (TBX21) were 

verified by sequencing (denoted by ‘✓’ in Table 5.3). Sequence of all 15 SNPs was 

sent to LGC Genomics for sequencing in the study populations.  

Three of the SNP assays designed by LGC Genomics did not pass their quality 

control procedures, therefore SNPs 5, 10 and 11 were not analysed further (denoted 

by ‘✓’ in Table 5.3). Thus a total of 12 SNPs, 4 in each of RORC2 (SNPs 1 – 4), 

IL23R (SNPs 6 – 9) and TBX21 (SNPs 12 – 15) were sequenced in the study 

populations (Table 5.3).  

Of these 12 SNPs, 3 SNPs were non-segregating in the populations so could not be 

analysed for association with phenotype (denoted by ‘✓’ in Table 5.3). All lambs 

sequenced were homozygous (AA) for SNP6 and homozygous (CC) for SNPs 12 and 

13. 

SNPs not included in the phenotype analysis are highlighted red in Table 5.3. 
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5.3.4 Frequency of the SNPs in the populations  

In the Exlana population SNP2 (RORC2, c.1048G>A) was not in HWE (X2 = 6.25), 

with significantly more heterozygotes present (107 individuals) than expected (91 

individuals; Table 5.4).  

In the Blackface lambs, SNP15 (TBX21, c.*871A>G) was significantly different 

from the expected frequency (X2 = 4.83), which was due to the significantly 

increased numbers of homozygotes (AA: 99 vs. 92; GG 27 vs. 20) than expected 

(Table 5.5).   

All SNPs within the Soay population were in HWE. Moreover, SNPs 3, 4 and 14 

were non-segregating in this population (Table 5.6). All lambs were homozygous 

(CC) for SNP3, GG for SNP4 and AA for SNP14.   
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Table 5.4 SNP frequencies within the Exlana lambs. 

SNP allele actual  p q expected X2 Statistic 

SNP1 
(RORC2, 
c.718G>C) 

CC 4 

0.85 0.15 

5 

0.08 
CG 51 50 

GG 138 139 

total 193   

SNP2 
(RORC2, 
c.1048G>A)  

AA 62 

0.61 0.39 

70 

6.25 
AG 107 91 

GG 21 29 

total 190   

SNP3 
(RORC2, 
c.*25T>C) 

CC 183 

0.97 0.03 

183 

0.20 
CT 12 12 

TT 0 0 

total 195   

SNP4 
(RORC2, 
c.*109A>G) 

AA 0 

0.97 0.03 

0 

0.20 
AG 12 12 

GG 184 184 

total 196   

SNP7 
(IL23R, 
c.858A>G) 

AA 179 

0.96 0.04  

179 

0.40 
GA 17 16 

GG 0 0 

total 196   

SNP8 
(IL23R, 
c.969G>A) 

AA 39 

0.53 0.47 

41 

0.41 
AG 98 94 

GG 51 53 

total 188   

SNP9 
(IL23R, 
c.998A>T) 

AA 0 

0.96 0.04 

0 

0.27 
AT 14 13 

TT 180 180 

total 194   

SNP14 
(TBX21, 
c.*861A>G) 

AA 190 

0.99 0.01 

190 

0.01 
GA 2 2 

GG 0 0 

total 192   

SNP15 
(TBX21, 
c.*871A>G) 

AA 22 

0.63 0.37 

26 

1.44 
AG 95 87 

GG 70 74 

total 187   
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Table 5.5 SNP frequencies within the Blackface lambs. 

SNP allele actual  p q expected X2 Statistic 

SNP1 
(RORC2, 
c.718G>C) 

CC 8 

0.76 0.24  

12 

1.86 
CG 80 73 

GG 112 116 

total 200   

SNP2 
(RORC2, 
c.1048G>A)  

AA 60 

0.56 0.44 

62 

  
0.38 

AG 103 99 

GG 37 39 

total 200 
 

SNP3 
(RORC2, 
c.*25T>C) 

CC 110 

0.75 
  

0.25 

112 

0.52 
CT 80 76 

TT 11 13 

total 201 
 

SNP4 
(RORC2, 
c.*109A>G) 

AA 11 

0.75 0.25 

13 

0.52 
AG 80 76 

GG 110 112 

total 201 
 

SNP7 
(IL23R, 
c.858A>G) 

AA 122 

0.78  0.22 

122 

0.02 
GA 68 69 

GG 10 10 

total 200 
 

SNP8 
(IL23R, 
c.969G>A) 

AA 59 

0.52 0.48  

54 

  
2.16 

AG 89 99 

GG 51 46 

total 199   

SNP9 
(IL23R, 
c.998A>T) 

AA 5 

0.85 0.15  

4 

0.19 
AT 48 50 

TT 146 145 

total 199 
 

SNP14 
(TBX21, 
c.*861A>G) 

AA 187 

0.96 0.04 

187 

0.30 
GA 15 14 

GG 0 0 

total 202 
 

SNP15 
(TBX21, 
c.*871A>G) 

AA 99 

0.68 0.32 

92 

4.83 
AG 73 86 

GG 27 20 

total 199 
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Table 5.6 SNP frequencies within the Soay lambs. 

SNP allele actual  p q expected X2 Statistic 

SNP1 
(RORC2, 
c.718G>C) 

CC 31 

0.64 0.36 

31 

0.002 
CG 112 112 

GG 100 100 

total 243   

SNP2 
(RORC2, 
c.1048G>A) 

AA 65 

0.52 0.48 

66 

0.05 
AG 123 121 

GG 55 56 

total 243 
 

SNP3 
(RORC2, 
c.*25T>C) 

CC 244     

SNP4 
(RORC2, 
c.*109A>G) 

GG 242     

SNP7 
(IL23R, 
c.858A>G) 

AA 172 

0.85  0.15 

174 

0.77 
GA 67 63 

GG 4 6 

total 243 
 

SNP8 
(IL23R, 
c.969G>A) 

AA 3 

0.91 0.09  

2 

0.48 
AG 39 41 

GG 200 199 

total 242   

SNP9 
(IL23R, 
c.998A>T) 

AA 4 

0.84 0.16  

6 

0.93 
AT 68 64 

TT 169 171 

total 241 
 

SNP14 
(TBX21, 
c.*861A>G) 

AA 244     

SNP15 
(TBX21, 
c.*871A>G) 

AA 21 

0.70 0.30 

22 

0.04 
AG 103 102 

GG 119 120 

total 243 
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5.3.5 Phenotype association results from Exlana lambs 

The results from general linear model (GLM) analysis identified significant fixed 

effects for early management group, lamb date of birth, lamb age at sampling 

(weeks) and dam age at lambing (years) in the Exlana data (Table 7.8). The variation 

between farms was accounted for in the early management group effect. A 

significant association was identified between SNP7 (IL23R, c.858A>G) and 

transformed strongyle FEC (p value 0.033) when fitting an animal model in ASReml 

(Table 5.7). This was confirmed when fitting a sire model (p value 0.033). However, 

the heritability of the trait was very small (0.002) and the SNP explained 0.2% of this 

variation. There was no significant difference (p value 0.27) between the AA 

homozygote (1.98 ± 4.33) and AG heterozygote (1.15 ± 4.36) predicted 

(transformed) FEC mean values. There were no significant associations between the 

SNPs and any of the EBVs calculated on these lambs (data not shown).   

5.3.6 Phenotype association results from Soay lambs 

The GLM analysis found significant fixed effects of birth year, death year, lamb age 

at sampling (weeks), dam age at lambing (years) and litter size in the Soay 

population. Using an animal model in ASReml, no significant associations were 

found between any of the SNPs and FEC or weight (Table 5.8).   
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Table 5.7 p value matrix of associations between all SNPs and 

phenotypes in the Exlana lambs.  

  

Gene SNP 
FEC 

(Strongyle) 

FEC 

(Nematodirus) 
Weight  

RORC2 

SNP1 0.432 0.423 0.988 

SNP2 0.100 0.390 0.254 

SNP3 0.966 0.413 0.967 

SNP4 0.968 0.472 0.937 

IL23R 

SNP7 0.033* 0.869 0.592 

SNP8 0.770 0.202 0.865 

SNP9 0.056 0.883 0.632 

TBX21 
SNP14 0.201 0.922 0.674 

SNP15 0.876 0.072 0.437 

* Significant p value. 

 

 

 

Table 5.8 p value matrix of associations between all SNPs and 

phenotypes in the Soay lambs. 

 

Gene SNP 
FEC 

(Strongyle) 
Weight 

RORC2 
SNP1 0.802 0.314 

SNP2 0.878 0.698 

IL23R 

SNP7 0.345 0.778 

SNP8 0.778 0.710 

SNP9 0.332 0.664 

TBX21 SNP15 0.679 0.321 
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5.3.7 Phenotype association results from Blackface lambs  

Using GLM analysis, significant fixed effects for year of birth, litter size, age of dam 

and management group were identified in the Blackface data. A significant 

association between SNP8 (IL23R c.969G>A) and weight at 20 weeks (p value 

0.007) was found fitting an animal model, which was confirmed when fitting a sire 

model (p value 0.004). The heritability of weight at 20 weeks was 0.72 (± 0.48) and 

the proportion of phenotypic variance explained by SNP8 was 7%; the additive 

genetic effect of the SNP was 1.6 ± 0.51 Kg and the dominance effect was 0.60 ± 

0.77 Kg (Table 5.9). The predicted mean values of weight at 20 weeks was 

significantly different (p value 0.01) between homozygotes, indicating that the G 

allele had a favourable association with growth (Table 5.10).  

The animal model also identified a significant association between SNP8 (IL23R 

c.969G>A) and weight at 24 weeks (p value 0.041), which was confirmed by a sire 

model (p value 0.045). The heritability of weight at 24 weeks was 0.13 (± 0.20) and 

the proportion of phenotypic variance explained by SNP8 was 1%. The additive 

genetic effect was 0.62 ± 0.42 Kg and the dominance effect was 0.39 ± 0.63 Kg 

(Table 5.9). The predicted effects of SNP8 on weight at 24 weeks did not reach 

significance (p value 0.16) but also indicated that the G allele tended to be 

favourably associated with growth (Table 5.10).  

  



167 
 

Table 5.9 SNP8 (IL23R c.969G>A) allelic effects on weight and 

percentage of additive genetic variance explained by SNP8 in Blackface 

lambs.  

Time point 
Additive (± 

SE) 

Dominance 

(± SE) 

Heritability 
of trait 
(SE) 

Variation 

explained by 

SNP 

20 week 

weight (Kg) 
1.60 (0.51) 0.60 (0.77) 0.72 (0.48) 7%  

24 week 

weight (Kg) 
0.62 (0.42) 0.39 (0.63) 0.13 (0.20) 1%  

 

 

Table 5.10 Model prediction of weight at 20 weeks and 24 weeks based 

on SNP8 (IL23R c.969G>A) allele in Blackface lambs.  

Time 

point  
Allele 

Predicted 

weight (Kg) 

Standard 

Error 

P value difference 

between homozygotes 

20 weeks 

AA 29.3 1.0 

0.01 AG 32.1 0.9 

GG 32.5 1.1 

24 weeks 

AA 30.8 0.7 

0.16 AG 32.7 0.5 

GG 32.0 0.7 

 

 

Table 5.11 p value matrix of associations between all SNPs and 

phenotypes in Blackface (20 week) and Exlana combined data. 

Gene SNP 
FEC 

(Strongyle) 

FEC 

(Nematodirus) 
Weight 

RORC2 

SNP1 0.187 0.610 0.916 

SNP2 0.272 0.399 0.166 

SNP3 0.616 0.488 0.813 

SNP4 0.644 0.530 0.769 

IL23R 

SNP7 0.570 0.238 0.403 

SNP8 0.968 0.246 0.170 

SNP9 0.362 0.696 0.310 

TBX21 
SNP14 0.389 0.618 0.953 

SNP15 0.847 0.596 0.143 
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5.3.8 Phenotype association results from combined Exlana and 

Blackface lambs 

Significant fixed effects for lamb age at sampling (weeks), dam age at lambing 

(years), lamb year of birth, management group and breed were identified in the 

combined dataset. Animal model analysis found no significant associations between 

any of the SNPs and FEC (separated into Strongyle and Nematodirus) and weight in 

the analysis (Table 5.11).  

5.3.9 Phenotype association results from combined Soay and Blackface 

lambs 

Fixed effects for birth year, breed, dam age at lambing (years), litter size and lamb 

age at sampling (weeks) were identified within the data by GLM analysis. With 

blank records removed, 434 records were retained for the FEC analysis and 437 

records were retained for weight analysis. The animal model found a significant 

association between SNP8 (IL23R c.969G>A) and weight (p value 0.011; Table 

5.12). The heritability of weight in this combined population was 0.26 (± 0.15) and 

the proportion of phenotypic variance explained by SNP8 was 0.6%, the additive 

genetic effect of the SNP was 0.67 ± 0.26 Kg and the dominance effect was 0.75 ± 

0.34 Kg. The predicted values show significantly (p value 0.01) increased weight in 

GG homozygotes (19.13 Kg) compared to AA homozygotes (17.80 Kg; Table 5.13).  
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5.3.10 Phenotype association results from all populations combined 

Animal model analysis with significant effects of breed, dam age at lambing (years), 

lamb age at sampling (weeks) and birth year found no significant associations 

between any of the SNPs and phenotypes in the combined data from all three 

populations (Table 5.14).     
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Table 5.12 p value matrix of associations between all SNPs and 

phenotypes in Blackface and Soay combined data. 

Gene SNP 
FEC 

(Strongyle) 
Weight 

RORC2 

SNP1 0.770 0.170 

SNP2 0.944 0.913 

SNP3 0.403 0.884 

SNP4 0.467 0.753 

IL23R 

SNP7 0.580 0.801 

SNP8 0.787 0.011* 

SNP9 0.787 0.710 

TBX21 
SNP14 0.601 0.505 

SNP15 0.434 0.704 

* Significant p value 

Table 5.13 Model prediction of weight at 16 weeks based on SNP8 

(IL23R c.969G>A) allele in Soay and Blackface lambs. 

Allele 
Predicted 
weight (Kg) 

Standard 
Error 

P value difference 
between homozygotes 

AA 17.80 0.64 

0.01 AG 19.21 0.56 

GG 19.13 0.55 

 

Table 5.14 p value matrix of associations between all SNPs and 

phenotypes in all combined populations.  

Gene SNP 
FEC 

(Strongyle)* 
Weight* 

RORC2 

SNP1 0.442 0.652 

SNP2 0.965 0.726 

SNP3 0.819 0.918 

SNP4 0.879 0.848 

IL23R 

SNP7 0.891 0.898 

SNP8 0.268 0.150 

SNP9 0.999 0.962 

TBX21 
SNP14 0.197 0.388 

SNP15 0.145 0.317 

* Data from the Blackface 16 week time point was combined with the Soay 

(16 week) and Exlana (20 week) phenotype data.  
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5.4 Discussion 

The aim of the final experiment was to identify potential genetic markers that could 

be linked to nematode resistance in different sheep breeds undergoing natural 

infection. This was achieved firstly by sequencing SNPs within the genes already 

under investigation in this project, then by genotyping the verified SNPs in over 640 

ewe lambs from three breeds with quantified phenotypes of resistance to analyse 

associations between genotype and phenotype.  

Parasites and phenotypes 

The first stage of the analysis was to define and quantify the phenotypes of the lambs 

and the parasite species present in the three populations. The Exlana ‘breed’ is a 

composite of over 10 sheep breeds and is still under development at the farms of 

Sheep Improved Genetics Ltd (SIG). These lambs are under selection for wool-

shedding, ease of lambing traits and reduced faecal egg count. Numerous phenotypes 

are recorded for these animals during their development, including FEC of both 

Strongyle and Nematodirus eggs, with regular body weight recording. Parasitological 

analysis identified the presence of numerous nematodes, cestodes and coccida within 

these lambs. The blood-sucking nematode H. contortus was also present; this highly 

fecund nematode could be contributing to the high strongyle FEC results seen in this 

population. Heavy burdens of H. contortus are fatal, thus this species exerts a strong 

selection pressure on its host (Albers et al., 1987). There was a significant positive 

correlation between weight and FEC in some of these lambs, indicating they may be 

phenotypically resilient to infection (Bishop, 2012). Although their performance in 

the absence of infection would need to be quantified to confirm this.  
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The Blackface lambs used in this study are a subset from an archived population of 

sheep that were selectively bred for reduced FEC (Riggio et al., 2013). Body weight, 

FEC and IgA levels were available for analysis. Within the subsample of lambs used, 

there were no correlations between weight, FEC and IgA levels, indicating the 

variation between individuals that can occur in field populations. These lambs were 

also infected with a range of nematodes, including T. circumcincta and H. contortus.  

The Soay sheep represent a unique insight into the selection pressure exerted on 

sheep purely from nematodes and food availability, highlighted by the significant 

negative correlation between weight and FEC in this population (Figure 5.1). Despite 

the high FEC results of these lambs, presence of H. contortus has not been found in 

this population (Craig et al., 2008), although many other nematode species are shared 

with the other sheep populations, such as T. circumcincta. The lambs of this breed 

are also roughly 3 fold lighter than commercially produced lambs (Table 5.2) 

indicating the advantage given to domesticated livestock through increased nutrition 

during the growing months.            

The parasitological analysis of the three populations indicate a naturally mixed 

nematode burden within these samples, representative of the most common nematode 

species found in sheep flocks across the UK (van Dijk et al., 2010). Although FEC 

and body weight are only approximate measures of an animals’ resistance status, and 

are not always significantly correlated with each other (Figure 5.1), these phenotypes 

can be readily measured by the farmer without using invasive techniques, therefore 

represent the gold standard for on-farm phenotypic measurements and are currently 

used as selection parameters in sheep breeding.  
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SNP validation 

Although all SNPs were verified within the experimental Blackface lambs, it is clear 

some of these SNPs were family specific or rare in the naturally infected populations. 

SNPs 12 and 13 (TBX21) were not verified in the Exlana test lambs, nor were they 

segregating in the larger populations, despite the fact that 4 of the 12 experimentally 

infected Blackface lambs were heterozygous for SNP12, and 3 of the experimentally 

infected Blackface lambs were heterozygous for SNP13 (data not shown). SNP6 

(IL23R) was heterozygous in 5 experimentally infected Blackface lambs but was not 

found to be segregating in the test Exlana lambs, nor the larger populations.    

The assays designed by LGC genomics could not assay SNPs 5, 10 or 11 (all IL23R). 

This was due to their technology only analysing the forward strand. If more time had 

been available it may have been possible for them to design primers for the reverse 

strand to attempt to sequence the SNPs in reverse. However, this was not possible 

therefore these SNPs were not included in the final analysis.   

SNP frequencies  

The SNPs validated by sequencing in this study were of interest due to their location 

within the transcription factors and cytokine receptors associated with T helper cell 

differentiation. Moreover, the location of the SNPs within the coding regions, introns 

and 3’ UTR of the genes enables them to potentially affect protein sequence and 

gene expression levels.  

SNP2 (c.1048G>A), within RORC2, is non-synonymous and results in the 

substitution of alanine (A) to threonine (T) at residue 350 of RORγ2. Alanine has a 

nonpolar, hydrophobic side chain, while threonine has an uncharged, polar side chain 
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capable of forming hydrogen bonds (Alberts et al., 2002). SNP2 is located within the 

predicted ligand-binding domain of the protein. One of the ligands for RORC2 is 

STAT3, therefore any change in sequence within the ligand binding domain may 

reduce the efficacy with which STAT3 binds to its target, thereby reducing RORC2 

activation, leading to reduced IL17 production and potentially leading to increased 

Th2 protective responses instead (Langrish et al., 2004). SNP2 was not in HWE in 

the Exlana population, with significantly more heterozygote individuals present than 

expected (Table 5.4). This suggests that for the Exlana population, this loci could be 

under selection within this new breed of sheep. However, the HWE results alone do 

not indicate why these SNPs are under selection. An excess of heterozygosity may be 

evidence of recent admixture or cross-breeding, which is known to have occurred in 

the recent past of the ‘Exlana’ breed as this is a composite of several breeds. The 

HWE results may be reflecting this introduction of new genes rather than selection 

for resistance.  

All other SNPs were in HWE within the three sheep populations, except for SNP15 

(TBX21 c.*871A>G), which had significantly different observed frequencies than 

expected in the Blackface lambs (Table 5.5). This SNP is within the 3’ UTR of 

TBX21 resulting in the substitution of an A to G allele. Within the Blackface 

population there were significantly fewer heterozygotes than expected, contributing 

to the majority of animals encoding the A allele. However, in both the Exlana and 

Soay populations, the majority of lambs encode the G allele (either as homozygotes 

or heterozygotes). This may indicate that the G allele has some benefit over the A 

allele, which is why this locus is still under selection within the Blackface lambs. 

The 3’ UTR has many sites for the binding of microRNAs and promoters that 
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influence gene expression (Chen and Rajewsky, 2007). The A allele may disrupt 

binding of these molecules to their target, thereby disrupting gene levels and 

downstream inflammation.    

SNP model predictions 

Although the frequencies of the SNPs differed in some cases from their expected 

values, this does not confirm an association between SNP and phenotypic outcome. 

The animal model was used to analyse the lamb populations because this is a 

particular form of linear mixed effects model that assumes the genetic variation is 

due to the relatedness to the animals (Gilmour et al., 2015). Linear mixed effects 

models are extended linear regression models that contain both random and fixed 

effects (Sun et al., 2009). In the case of the three sheep populations investigated here, 

the random effect was lamb, while fixed effects included the environmental factors 

that influenced lamb development such as management group, dam age, litter size, 

lamb age at sampling and year of birth. For the within-breed Blackface and Exlana 

analyses, a sire model was also used to establish the heritability of a trait. The sire 

model calculated the sire genetic effects rather than the lamb additive effects (i.e. sire 

was the random effect), and therefore could be used because only a few sires were 

present in these populations (Sun et al., 2009).      

Analysing each population for within-breed associations identified significant 

associations between genotype and phenotype, except for the Soay sample 

population. This is possibly not surprising given the failure of a candidate gene 

approach in the Soay lambs previously (Brown et al., 2013). This is corroborated in 

the current study as three of the SNPs were fixed (SNPs 3, 4 and 14) within the Soay 
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population but were segregating in the domestic breeds. Given that the Soays have 

been feral for almost a century (Craig et al., 2008), this might indicate that these 

were not SNPs in this population but have been introduced in domesticated breeds. 

Modern commercial breeds are under selection pressure for performance traits in the 

farmed environment, which is a selection pressure that was never applied to the 

Soays.     

In the Exlana population, SNP7 (IL23R, c.858A>G) was significantly associated 

with strongyle FEC (Table 5.7). However, with missing values removed from the 

analysis, only 133 lambs were included in the model, hence the variation in FEC 

between these lambs was too great for the predicted outcome to reach significance. 

SNP7 lies within exon 7 in the extracellular domain of IL23R, within close proximity 

to the WSxWS motif, which is required for ligand binding (Dagil et al., 2012). The 

frequency of the A allele in the three populations, suggests the A allele is the wild-

type or major allele. The A allele encodes asparagine (N), which has an uncharged 

polar side chain, while the G allele encodes an aspartic acid (D), which has an acidic 

polar side chain, at residue 287. This change in side chain charge (from neutral to 

negative) could hypothetically hinder ligand binding, leading to reduced IL23 

signalling which could lead to reduced Th17 cell activation. However, were this the 

case, it would be expected that the G allele would be protective, which it does not 

appear to be. Furthermore, due to the lack of GG homozygotes in the sampled 

population (Table 5.4), it was difficult to calculate the additive and dominance 

effects of the SNP. The rarity of this SNP in this population may be due to the in-

breeding that occurs within the Exlana sheep; to fix their wool-shedding phenotype, 
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all recessive non-wool shedders are removed from the population while wool-

shedding progeny are interbred to increase the rate of fixation.  

A larger sample size for greater statistical power would be required to fully elucidate 

the relationship between this SNP and FEC, given that the heritability was so small 

(0.002).  

Analysis of the Blackface population identified SNP8 (IL23R c.969G>A) as being 

significantly associated with weight at 20 and 24 weeks. At the 20 week time point 

only data from 119 lambs was available for analysis. The association between SNP 

and phenotype was significant and the predicted effect of SNP8 on weight at 20 

weeks was also significant. Considering the small number of individuals analysed, 

the fact that SNP8 explains 7% of the phenotypic variance (trait heritability 0.72 ± 

0.48) is actually quite high. The results show increased weight at 20 weeks due to the 

G allele over the A allele (Table 5.10). 

At the 24 week time point, 200 lambs were included in the model which also found a 

significant association between SNP8 (IL23R c.969G>A) and weight. The 

heritability was smaller (1%) at this time point thus the predicted effect of SNP8 on 

weight was not significant but corroborated the potentially advantageous effect of the 

G allele at this locus (Table 5.10).   

For SNP8 (IL23R c.969G>A), in both the Exlana (Table 5.4) and Soay (Table 5.6) 

populations, there tended to be more individuals with the G allele than the A allele 

indicating a potential benefit, particularly in the feral population, of the G allele. This 

was confirmed in the analysis of the combined Soay and Blackface population. Using 

the weight data from the Blackface lambs at 16 weeks combined with the Soay 
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weight data (collected when the lambs are roughly 16 weeks old) 437 individuals 

were analysed at this time point. This larger sample size led to the identification of a 

significant association between SNP8 (IL23R c.969G>A) and weight (Table 5.12). 

Furthermore, the predicted effect of SNP8 on weight outcome was significant, 

confirming the G allele as advantageous for this phenotype (Table 5.13). However, 

the percentage of variation explained by the SNP was very low 0.6% at this time 

point, indicating a large proportion of variation of the trait is due to other factors 

(potentially both genetic and environmental factors). 

SNP8 (IL23R c.969G>A) occurs within exon 8 in the ligand binding domain between 

the WSxWS motif and the transmembrane domain, i.e. within very close proximity 

to two vital functional structures so therefore could cause some disruption to ligand 

binding or signal transduction. The G allele of SNP8 encodes a valine (V) at residue 

324 within IL23R, while the A allele encodes a methionine (M). Both these amino 

acids have nonpolar side chains, therefore the potential mechanism is not clear. IL23 

and IL17 have previously been found to be increased in obese human females, 

hypothesised to be through adipocyte-derived macrophage production of IL23 acting 

on Th17 cells (Sumarac-Dumanovic et al., 2009). Therefore, there may be some 

pathway involving the IL23/IL17 axis contributing to the weight gain seen in these 

sheep. The mechanism of action of SNP8 (IL23R c.969G>A) could be functioning in 

parallel to nematode-infection rather than contributing actively to pathogenesis, since 

there was no correlation between FEC and weight in the Blackface sample 

population. The 752 Blackface lamb archive population has also been analysed for 

QTL associated with growth and carcass traits since these lambs are descended from 

animals originally bred for high or low body weight (Bishop, 1993). QTL were 
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identified on chromosomes 1, 3, 6 and 24 associated with muscle, fat and bone traits 

(Matika et al., 2016). Although none of these QTL are near (within 1 mega-base of) 

IL23R, it is possible the QTL on chromosome 1 is linked to IL23R (also on 

chromosome 1). This could mean the significant association seen between weight 

and IL23R is actually an association between other genes on the chromosome and 

weight in these lambs. Trying to genetically distinguish the weight gain caused by 

nematode resistance is a challenge unlikely to be attempted in sheep due to the 

influence of variable genetic backgrounds and environment on the phenotype.  

SNP7 (IL23R, c.858A>G) and SNP8 (IL23R c.969G>A) are roughly 100 nucleotides 

apart within the IL23R coding region and although they both exert small differences, 

their effects combined with other known and currently undiscovered SNPs, could 

contribute to the overall disease outcome. SNPs within IL23R are known to be 

associated with inflammation in the gut of patients with IBD (Ahern et al., 2008), 

thus corroborating the hypothesis that ovine susceptibility to nematodes has 

similarity to human inflammatory diseases.  

It was possible to combine the Exlana and Blackface populations because there was 

sufficient common data between the two populations. Despite the increased numbers, 

the significant associations found in the within-breed analysis (SNP7 vs. FEC in 

Exlana and SNP8 vs. weight in Blackface) could not be confirmed by the between-

breed analysis. This could be due to the phenotypic differences between the two 

breeds; the Exlana lambs have roughly 2 fold higher FEC than the Blackface, 

although the weights of the lambs are similar across breeds (Table 5.2). The genetic 

difference between the two breeds is also an obvious source of variation, although 

the allelic frequencies of SNP7 and SNP8 are not dissimilar (mostly AA 
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homozygous for SNP7 and AG heterozygous for SNP8) in both populations. The 

environment in which the lambs were raised will also influence their phenotype, such 

as maternal health, nutrient availability, and the weather which will influence lamb 

health (such as a cold snap that might increase susceptibility to microbes or increased 

temperature which can increase parasite challenge). The Blackface lambs were born 

a decade before the Exlana lambs and in a different part of the UK, therefore the 

climate will also be different between the two populations.  

Caveats of the methodology  

The final analysis used data from all the populations combined. However, due to the 

different ages of the lambs being analysed, and the different times of year, as well as 

the different years in which samples were collected, this analysis is rudimentary at 

best and can not be reliably interpreted. It is therefore not surprising that there were 

no significant associations between the SNPs and phenotypes. More environmental 

data and substantially more individuals would need to be included in such an analysis 

for a robust result to be produced.  

The current analysis used only small subsamples of populations, therefore the results 

may not be representative of the wider populations. Despite this, most of the SNPs 

appeared in both domestic breeds, therefore indicating that these SNPs and candidate 

genes have potential use in further across-breed analyses.  

The heritability of a trait is also affected by the accuracy of the trait recording, which 

can not easily be accounted for by the statistical model. The present study used just 

FEC and weight as measures of parasite resistance. These measures, particularly 

FEC, have considerable variability associated with them (van Dijk et al., 2010). 
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Preferably using these plus adult worm count, L4 count and parasite-specific 

antibody levels would better indicate the lamb’s true resistance status. However, such 

data was not available and the traits used represent the phenotypes most likely used 

on farms for such a diagnosis, thus highlighting the current problem with breeding 

for resistance based on such variable phenotypes. This analysis also only included 

female lambs, so it can not be known with certainty if the associations herein 

reported are also applicable in male sheep. More lambs from more breeds with both 

males and females would be required for more robust results.     

Another notable caveat of the methodology is the use of an uncorrected p value. Due 

to multiple testing (9 SNPs under investigation), a Bonferroni correction could have 

been applied to the statistics, therefore a more stringent threshold for significance 

would be a p value of 0.006. This suggests that the association between SNP7 

(IL23R, c.858A>G) and strongyle FEC in the Exlana may just be due to type one 

error. The same may be true of the association between SNP8 (IL23R c.969G>A) and 

weight at 24 weeks in the Blackface and the Blackface plus Soay result. Due to the 

small sample size and uncorrected p value, it can not be proven that these 

associations are different from zero. The statistics in this study were underpowered, 

therefore inclusion of more lambs and more a more stringent threshold for 

significance would be required in future analyses of these SNPs.   

However, the significant association between SNP8 (IL23R c.969G>A) and weight at 

20 weeks in the Blackface lambs is below even this stringent corrected threshold (p 

value 0.004), indicating a truly non-random association between this SNP and 

phenotype.  
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The targeted approach used here largely avoided the multiple testing issue that 

occurs in GWAS, hence the less stringent significance threshold, however, by 

focusing on a small number of genes it is likely that other genes with significant 

effect on disease outcome have been missed.  

A notable caveat of the SNP investigation in this study, was the inclusion of only 

female lambs. This was done to exclude the variation that occurs between the sexes 

in their response to nematodes (Stear et al., 2009) and because females live longer 

than the majority of male lambs, therefore they will live long enough to develop their 

immune response and provide a beneficial effect on pasture larval burdens. The 

nutrition of the dam can affect her immune response post-parturition (Coop and 

Kyriazakis, 1999; Jones et al., 2009), therefore, this could impact the health of the 

lambs, via early protein and antibody intake during lactation. This could lead to 

reduced weight gain and increased susceptibility to infectious diseases, including 

parasitic gastro-enteritis, in the lambs. Therefore, having parasite-resistant dams 

could be beneficial to lambs regardless of the lambs’ immune status.  

In this study, the SNPs are within genes known to be associated with the immune 

response to nematodes and therefore this increases the likelihood that the effect seen 

is related to the SNP. However, it is not known if the SNPs in the current study are in 

linkage disequilibrium (LD) with any other SNPs. It may be that an unknown SNP 

linked with the known SNP is causing the effect seen. 

Future analysis of these SNPs should include samples from more lambs (including 

males and females) from several breeds (such as Texel and Suffolk which are other 

common breeds in the UK and are noted for their differential response to nematode 
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infection; (Ahmed et al., 2015)). A caveat of current GWAS is the use of 

predominantly predicted SNPs, therefore, verification of real SNPs within the sheep 

genome in general is urgently needed before disease-causing variants can be 

identified.  

Future work 

As mentioned above, the functional mechanisms behind the SNPs in this study are 

unknown. Due to their location, it is possible to theorize their effect on protein 

sequences or gene expression levels but this can not be proven. One method to 

investigate function would be to isolate Th17 cells from sheep blood (for example, 

from groups of animals expressing the different genotypes for SNP8; IL23R). These 

cells could then be activated in culture with soluble IL23 and their cytokine 

production (i.e. IL17 levels) post-activation measured to see if signal transduction is 

affected by the SNP. Measuring soluble IL23 after activation could also reveal if the 

cytokine has bound to its receptor or if the SNP had affected ligand binding.    
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Conclusions  

The aim of this experiment was to investigate SNPs within the T helper cell-

associated genes in naturally infected lambs to explore their associations with 

phenotype. Despite the small population sample size and limited number of SNPs, an 

association between SNP7 (IL23R, c.858A>G) and FEC was identified in the Exlana 

lambs, and a significant (p < 0.004) association between SNP8 (IL23R c.969G>A) 

and weight at 20 weeks was identified in the Blackface lambs, which was also 

present when the Blackface data were combined with the Soay data, although was 

not significant at the corrected p value in the larger sample size. These two non-

synonymous SNPs both occur within close proximity to critical functional domains 

within the IL23R gene. Although their mechanism of action could not be determined 

in the current study, these results indicate this gene has value as a potential marker of 

parasite-resistance in the future.  
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Chapter 6 

General Discussion 
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Nematode infection is one of the biggest costs to sheep production in the UK and 

across the globe (Wright, 2013). The high incidence of anthelmintic-resistant parasite 

populations (Sargison et al., 2007) is driving the need for alternative control 

strategies to sustainably manage the worm burden. Lambs can develop 

immunological resistance with exposure to nematodes and although this response 

varies both between individuals and between breeds, it is a heritable trait (Davies et 

al., 2006). Therefore, this project used a candidate gene approach to identify ovine 

genes and variants associated with the development of resistance and susceptibility to 

worm infection. Work in humans and mice models had already associated the Th2 

response as integral to the clearance of nematode infection (Allen and Maizels, 

2011). However, the details of the genes and pathways involved in the ovine immune 

response are still being characterised, although there have been considerable 

advances recently through the use of next generation, high-throughput sequencing 

techniques (Gossner et al., 2013; Ahmed et al., 2015; Atlija et al., 2016; Guo et al., 

2016).  

This study exploited an experimentally infected lamb model for much of the work. 

These Blackface ewe lambs were bred to have a range of susceptibilities to 

nematodes and underwent an artificial trickle infection of three doses of T. 

circumcincta L3 per week, for twelve weeks. For the first six weeks of infection all 

lambs had high FEC, indicating the infection had taken. Latterly, the more resistant 

lambs began to show reduced FEC and increased serum IgA levels. After the 

infection, all lambs were euthanized and their abomasums and abomasal lymph 

nodes (ALN) were collected for analysis. A full phenotypic analysis was conducted 

at post mortem, including AWC, FEC, L4 count, worm length analysis, parasite-
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specific IgA quantification and body weight measurement. Resistant lambs were 

classified as those with low FEC and abomasal worm numbers, high levels of IgA 

and high body weight; susceptible lambs were classified as high FEC and abomasal 

worms, with low IgA and body weight (Beraldi et al., 2008). Histological analysis of 

the abomasal mucosa demonstrated that resistant lambs had low levels of lymphocyte 

infiltration in the mucosa, with evidence of wound healing; while the susceptible 

lambs had high inflammatory cell infiltrate (Gossner et al., 2012). Quantitative 

analysis of some of the key T helper cell associated cytokines found significantly 

increased IL6 and IL21 within the ALN of susceptible lambs, and significantly 

increased TGFβ within the mucosa of susceptible lambs compared to resistant 

animals. Furthermore, these genes, plus IL23, significantly positively correlated with 

FEC and AWC (Gossner et al., 2012). Thus a paradigm was hypothesised in which 

susceptibility to T. circumcincta infection involved inflammatory pathways similar to 

those functioning in human inflammatory bowel disease (IBD), particularly Th17 

cells and the IL23 axis, since genes associated with this pathway have been 

implicated in both human patients (Ahern et al., 2008) and susceptible sheep. On the 

other hand, the resistance pathway, through induction of protective IgA antibodies 

(Beraldi et al., 2008), was hypothesised to be associated with a Th2 response. This 

therefore led to the focus of the current project, to investigate the genes involved in 

the polarization of T helper cells for their association with resistance and 

susceptibility. It was further hypothesised that variation within these genes could 

affect the differentiation of T helper cells leading to skewed induction of either 

inflammatory or protective cells thus affecting disease outcome.  
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Investigations of splice variant occurrence in humans has led to the understanding 

that > 90% of human genes are alternatively spliced (Pan et al., 2008) and that 

alternative splicing contributes to a large proportion of tissue-specific isoform 

expression (Xu et al., 2002). Genes involved in many aspects of T cell biology have 

been shown to undergo alternative splicing, including cytokines and receptors, 

transcription factors, RNA-binding proteins and other proteins involved in regulating 

mRNA processing (Ip et al., 2007; Grigoryev et al., 2009; Martinez et al., 2012; 

Martinez and Lynch, 2013). Alternative splicing is therefore worthy of consideration 

in any analysis of the transcriptome.  

The numerous genotyping studies conducted in sheep have identified QTL associated 

with disease outcome or FEC in chromosomes 2, 3, 6, 7, 8, 20, 22, 23, 25 and 26 

(Beh et al., 2002; Crawford et al., 2006; Davies et al., 2006; Dominik et al., 2010; 

Matika et al., 2011; Marshall et al., 2013; Riggio et al., 2013; McRae et al., 2014; 

Benavides et al., 2015; Atlija et al., 2016). Marshall et al. (2009) found 11 QTLs 

linked to FEC in H. contortus infected Merino lambs. The genes encoding IFNγ and 

MHC have been identified within these QTLs and have been associated with 

resistance to nematodes in different sheep breeds (Schwaiger et al., 1995; Coltman et 

al., 2001; Diez-Tascon et al., 2005; Davies et al., 2006; Hassan et al., 2011). The 

predicted chromosomes encoding the T helper cell transcription factors and cytokine 

receptors include 1 (RORC2, IL23R), 3 (IL17RA), 5 (IL12RB1), 7 (RORA), 11 

(TBX21), 13 (GATA3) and 19 (IL17RB). It is possible these areas have already been 

included in GWAS experiments but may not have reached significance on a 

population level. Indeed, Dominik et al. (2010) found a QTL at 3q21 associated with 

resistance, which they claim is near the IFNγ gene (3q23-24). However, IL17RA is 
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predicted to be located at 3q21 and could therefore be present within this QTL. The 

overall consensus from these studies is that resistance is a complex response and 

therefore multiple genes with small individual effect will combine to produce the 

disease outcome. Thus the work conducted in this project furthers the available 

knowledge on the development of resistance and has the potential to be applicable to 

other sheep breeds and other nematode infections.  

Main findings 

The overall goal of this project was to identify candidate genes associated with 

resistance that could be used as selection markers for future breeding programmes. 

Transcriptome and pathway analysis identified numerous genes involved in murine 

and human Type 2 immunity were increased in resistant lambs compared to 

uninfected controls. Furthermore, humoral immune response and antigen 

presentation pathways were found to be significantly associated with resistance 

(Gossner et al., 2013). This led to the hypothesis that genes required for T helper cell 

differentiation may be integral to the development of resistance and susceptibility.  

 The T helper cell transcription factors were sequenced leading to the 

identification of two variants of GATA3, two variants of RORC2 and five 

variants of RORA, and partial sequence of TBX21 3’ UTR.  

 Expression analysis of the transcription factors and associated cytokine 

receptor subunits identified an association between the quantified phenotypes 

of resistance and RORAv5 in the ALN, and GATA3, IL17RB and IL17RBv2 in 

the abomasal mucosa, while RORAv2 expression in the ALN was associated 

with reduced IgA. RORC2v1 expression was down-regulated in infected 
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lambs, possibly due to parasite-mediated suppressive mechanisms. These 

results indicate that genes expressed by Th2, Th9 and ILC2 cells in mice are 

associated with the development of nematode resistance in sheep.       

 Numerous SNPs within the transcription factors and receptor subunits were 

also identified and verified in genomic DNA. Analysis of these SNPs in 644 

naturally infected lambs with recorded phenotypes and pedigrees, identified 

an association between; 

  SNP7 (c.858A>G) in IL23R and strongyle FEC in the Exlana 

population  

  SNP8 (c.969G>A) in IL23R was associated with weight at 20 and 24 

weeks in the Blackface population.  

  SNP8 (IL23R c.969G>A) was also significantly associated with 

weight at 16 weeks in the combined Blackface and Soay population. 

 Although other SNPs in TBX21 and RORC2 were not in HWE in the 

populations, they did not significantly associate with the recorded phenotypes 

but still represent loci worthy of further investigation in a larger sample size.   

Further work 

Further work to identify more variants and SNPs and to investigate their functional 

effects is required to elucidate the mechanisms by which these mutations act. This 

would enable the development of a genetic screening technology for the selective 

breeding of nematode resistant sheep. The results of this project contribute to such 

technology, but are far from comprehensive. Obtaining a complete and annotated 

ovine genome would be a huge advantage for further genetic analysis. Confirmation 
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of the processes involved in ovine T helper cell differentiation would also be a 

considerable advantage to resistance breeding experiments. This project relied on 

pathways from murine and human immunology with no confirmation that these 

occur to the same extent in sheep. An example of this is the finding that RORAv5 in 

the ALN was associated with resistance. In mice, a subset of ILC2s co-express 

GATA3 and RORA, but GATA3 was not differentially expressed in the sheep ALN 

and the characteristics of ovine ILCs have not been defined. Is there a subset of ILCs 

in sheep that only express RORA but have protective functions in parasite infection? 

What cytokines would they produce? Do these cells also exist in mice but have not 

yet been discovered? Do ovine Th17 cells express RORA more highly than RORC2? 

Do ovine Th2 cells co-express GATA3 and RORA? Do they constitute hybrid 

Th2/Th17 cells as seen in mice or do they have some other phenotype and function? 

Do the variants identified in this project also occur in other species and are they 

similarly linked to disease outcome?  

In summary, although many questions remain, this study has identified splice 

variants in genes that in other species influence T helper cell responses, and has 

quantified these variants in resistant and susceptible sheep. This work contributes to 

the overall knowledge of the development of resistance and has identified genes with 

great potential as selection markers for the future.  
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7.1 Animals and experimental design 

Fifty five female Blackface lambs bred at the Roslin Institute (Edinburgh, UK) were 

used in this study. The lambs were housed in worm-free conditions and weaned at 3 

months of age. Ten animals were kept as uninfected controls, sham infected with tap 

water, all had a twin in the infected group. At 10-13 weeks old, the experimental 

lambs were infected with approximately 2300 infective T. circumcincta L3 larvae 

three times a week for 12 weeks and were necropsied 2 days after the last infection. 

Faecal and blood samples were collected on alternate weeks post infection and 

weights were recorded similarly. All infected animals initially had measurable FECs, 

which first appeared 21 days post infection and which decreased over time in some 

lambs. At post mortem, adult worm burdens were enumerated and lambs were 

ranked based on the IgA levels, FEC, adult worm burden and lamb weight. The most 

resistant animals had no measurable FEC or adult worm burden, high body weight 

and IgA levels, whereas the most susceptible animals had high FEC (mean 414, max 

950 epg) and high worm burdens (mean 6000, max 11300), with low IgA and low 

body weight (Figure 7.1 and Table 7.1). Animal experiments were approved by 

University of Edinburgh Ethical Review Committee and conducted under an 

Animals (Scientific Procedures) Act 1986 Project Licence. Full experimental 

procedures and protocols are described by Beraldi et al. (2008).  
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7.2 Sample collection and total RNA isolation for DGE analysis 

At necropsy, abomasal (gastric) lymph nodes and mucosa were extracted from all 

lambs and stored in RNAlater (Ambion, Huntingdon, UK) at -80oC. The Ambion 

Ribopure kit (all lambs, first attempt) or the Qiagen RNeasy Mini Kit (lamb 20, 

second attempt) were used to isolate total RNA from the samples, following the 

manufacturer’s protocol. The integrity and quality of the RNA was evaluated using a 

RNA 6000 Nano LabChip on the Agilent 2100 Bioanalyzer; a NanoDrop ND-1000 

spectrophotometer was used for quantification. All RNA had an Integrity Number of 

>7.5. The full procedure is as detailed in Pemberton et al. (2011).  
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Table 7.1 Phenotypic markers collected at post mortem from artificially 

infected lambs. (Beraldi et al., 2008).  

Sheep 
Infection 
rank1 AWC2 FEC3 BW (kg) IgA4 

92 1 0 0 39 1.195 

100 2 0 0 38 0.63 

21 3 0 0 37.5 0.798 

20 4 0 0 37 0.633 

58 5 0 0 37 0.077 

50 6 0 0 37 0.373 

110 7 0 0 36.5 0.384 

54 8 0 0 36 1.695 

116 9 0 0 36 1.066 

25c 10 80 0 36 0.856 

155 11 100 0 35 0.126 

52 12 100 0 35 0.547 

34 13 100 25 35 0.154 

184 14 200 0 35 0.782 

123 15 300 0 34 0.706 

10 16 400 0 34 0.706 

193 17 420 75 34 0.232 

102 18 200 25 34 0.232 

40 19 600 0 32.5 0.596 

12 20 900 0 32 0.804 

125 21 800 50 31 0.703 

62 22 1200 0 30 0.142 

172 23 1700 175 30 0.21 

181 24 1200 25 30 0.161 

165 25 2400 0 30 0.732 

19 26 2300 175 29 1.51 

8 27 2400 475 29 0.539 

138 28 2400 75 29 0.183 

48 29 2600 100 29 0.259 

30 30 3100 125 28 0.468 

82 31 3300 175 28 0.245 

190 32 2900 225 28 0.219 

178 33 3800 100 27.5 0.073 

59 34 3900 250 27.5 0.84 

191 35 4200 275 27 0.06 

65 36 4700 150 27 0.033 

60 37 5400 75 27 0.697 

119 38 5300 250 26 0.151 
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Table 7.1 cont. 

Sheep 
Infection 
rank1 AWC2 FEC3 BW (kg) IgA4 

131 39 4000 125 26 0.035 

28 40 6000 200 26 0.126 

114 41 6000 200 26 0.451 

38 42 5200 525 25 0.155 

173 43 6200 200 22 0.047 

183 44 5300 950 20 0.209 

109 45 11300 625 15 0.141 
1Ranked on basis of both adult worm count and FEC, 2AWC (adult worm 

count), total number adult worms in abomasal contents post mortem, 3Faecal 

egg counts per g faeces post mortem, 4Relative levels of serum anti-T. 

circumcincta L3 IgA. 

 

 

    1               Lamb Ranks                                 45 

 

Figure 7.1 Infected lambs ranked by adult worm count and faecal egg 

count post mortem. (Beraldi et al., 2008).  



198 
 

7.3 Digital Gene Expression re-analysis 

RNA from the five most resistant (R), five most susceptible (S) (as determined by 

body weight, worm burden and IgA levels) and five control (C) animals were used 

for the DGE analysis to maximise any differential expression between the groups. 

The raw sequencing data (ArrayExpress E-MTAB-445) from Pemberton et al. (2011) 

was realigned against the newest version of the sheep genome assembly Oar v3.1 

using the following protocol.  

Stringent criteria for read inclusion was used to minimise false positives. The phred 

sequence quality score of 30 was used, but further controls were placed on the data to 

increase specificity thus only uniquely mapping reads with 1 bp mismatch or less 

were counted, with the threshold for significance set as group mean expression of ≥ 

10 reads per gene, fold change ≥ 1.5 and q-value ≤ 0.09 (equivalent to FDR 9%). 

Once realigned, the most significantly differentially expressed genes were then 

analysed using Ingenuity Pathway Analysis (IPA) to identify biological pathways 

with significant expression.  

The ‘Script’ program for alignment of raw data against host genome (Appendix B), 

extracted the reads from the original data file, aligned the unique reads (-m1) using 

Bowtie version 0.12.8 to Oar v3.1 inserted that data into a temporary file 

($1_file.sam). Within that file, the chromosomes were then labelled with the correct 

number, then the relevant information (read chromosome location and number of 

reads per location) was printed into a raw count file for each sample. The temporary 

files were then removed.  
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Individual raw count files were pooled into one file using the ‘Script 2’ program, this 

program also merged any overlapping reads and removed genes where less than 5 

reads had aligned inputting the final date into a combined_raw_counts file.   

Data were then normalised (using the normalisation command) to reads per million 

for each animal with these data then inputted into a combined_normalised_counts 

file.  

Only particular columns of data were required for statistical analysis so the data was 

organised using a command that also merged the gene locations into one column, 

creating a file called combined_normalised_analysis with the relevant data.  

The program used for statistical analysis was called r_limma. This required using the 

statistical program R v2.15 and the limma program available within the R library, 

which performed analysis on the expression per group and calculated a q-value 

(equivalent to a corrected p-value) of significance. For each comparison (R vs. C, S 

vs. C, R vs. S) a results table was produced. The group mean gene expressions and 

fold change were calculated using the program get_mean. The final tables were then 

copied into Windows Excel for inputting into the IPA program for pathway analysis. 

The Linux scripts used for the realigning and statistical analysis are detailed in the 

Appendix B. 

Reads were only included in statistical analysis if they had a phred quality score of 

30 or greater (equating to 1 in 1000 probability of incorrect base call in the read 

sequence), only reads with 1 nucleotide mis-match or less, which aligned only to one 

unique genome location were retained for analysis, minimising incorrectly mapped 

reads. Furthermore, genes were only included in the statistical analysis if over 5 

reads aligned to it, minimising false positive genes from the final results.  
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Only significantly expressed genes were annotated; the threshold for significance 

was group mean expression of ≥10 reads per gene, fold change ≥1.5 and q-value ≤ 

0.09 (adjusted p value equal to FDR ≤ 9%).   

7.4 Ingenuity Pathway Analysis 

The pathways and networks associated with the significantly differentially expressed 

genes in the digital gene expression analysis were identified using the Ingenuity 

Pathway Analysis (IPA) Spring Release (2013) Software (Qiagen). Genes were 

identified using the HUGO Gene Nomenclature Committee (HGNC) gene symbols 

with corresponding fold change and q value. The programme produces two tables for 

each comparison. Firstly, the ‘top networks’ that contain the most of the genes of 

interest, with corresponding P-score (equal to –log10[p value]) which is calculated 

from the range of p values of the genes within the network. Therefore, the higher the 

P-score, the less chance there is of a gene randomly appearing within a network. 

Secondly, the ‘biological functions’ results contain details of ‘diseases and disorders’ 

and ‘physiological system development and function’ pathways that the genes of 

interest could be related to, with the corresponding range of p values for the genes 

within the pathways. This was set at p value ≤ 10-10 as the threshold for significance.   

7.5 RNA extraction from tissue for gene sequencing and expression 

analysis 

Twenty mg tissue was homogenised with 1ml Trizol (Ambion, Life Technologies) in 

a Qiagen TissueLyser II homogeniser for 2 min at 28 Hz, left to stand for 2 min then 

homogenized for another 2 min at 28 Hz. Once tissue was fully homogenised, it was 

incubated at room temperature for 5 min then 0.2mL Chloroform was added, samples 
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were vortexed vigorously for 15 sec then incubated at room temperature for 5 min 

then centrifuged at 13,000 x g for 15 min at 4oC. The aqueous phase was pipetted 

into a clean Eppendorf tube and 1 volume of 70% ethanol per RNA volume was 

added. Samples were vortexed briefly then loaded onto a spin column from the 

PureLink® RNA Mini Kit (Ambion, Life Sciences) and processed following the 

manufacturer’s protocol with on-column PureLink® DNase treatment. 100 µl of 

purified RNA was eluted in the final step. Quantity and purity of the RNA was 

determined using a NanoDrop ND-1000 spectrophotometer and Agilent R6K 

ScreenTape System respectively.  

7.6 Reverse transcription 

Total RNA was reverse transcribed using SuperScript II Reverse Transcriptase 

(Invitrogen) following the manufacturer’s protocol with RNase OUT (Invitrogen) 

and Oligo dT(15) primer (Promega) to synthesise cDNA for gene sequencing. 
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7.7 Primer design 

The bovine, human or ovine sequence (or predicted sequence) of each transcription 

factor was obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/). The 

sequences of the sheep homologues were then identified using NCBI-BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the ovine genome assembly Oar v3.1 

(http://www.livestockgenomics.csiro.au/sheep/oar3.1.php). Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design primer pairs to 

amplify regions of up to 1000 bp of each gene, with a maximum annealing 

temperature difference of 2oC, CG content 50-70% and not more than 3 repeat bases 

in the 3’ end. Where transcripts were longer than 1000bp, overlapping primers were 

designed for complete coverage of the gene. Potential primers were then checked for 

secondary structures using Net Primer 

(http://www.premierbiosoft.com/netprimer/index.html); primers were discarded if they 

contained hairpins or secondary structures. 

  

http://www.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.livestockgenomics.csiro.au/sheep/oar3.1.php
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.premierbiosoft.com/netprimer/index.html
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Table 7.2 Coding region sequencing primers.  

Gene 
Forward primer  
(5’ – 3’)  

Reverse primer  
(5’ – 3’) 

Product 
size (bp) 

Tm 
(oC) 

RORC2 CCCGGCCCAGAAGCATTG TCTCAGCGTTTGTTCACCCA 1790 55 

GATA3 GCGAGAGGGCGCGAG ACACAGATCCGTCGGGTTTC 1477 55-58 

RORAv1 CTCCTCACCGCGGCTTAAAT TGCGCAGACAGAGCTATTCC 1546 52 

RORAv2 

(5’) 
CGATTCCTCGGGGTTTCACA TTTGAGCACCTCTAGAGTGGG 338 60 

RORAv2 
(3’) 

ACATGGCAGGCATGGTACAGAG GCGGCCAAATTTCACAGC 331 60 

RORAv3 TGCGCAGACAGAGCTATTCC GCGGCCAAATTTCACAGC 390 55 

RORAv4 ACACTGACATGGACTGAAGG GCGGCCAAATTTCACAGC 427 52 

RORAv5 CGATTCCTCGGGGTTTCACA GCGGCCAAATTTCACAGC 275 60 

TBX21 

3’UTR 
CAGTCATATACCTGGTGCTGC TACAGAGAGTGGTGTCCAGA 857 60 

RORC1 

5’ end 
CCACAGAGACACCACCGAGC CCTACTCCTGCACCCGTCAG 198 62 

  

Table 7.3 RACE Primers that bound to the target gene. 

Gene Primer sequence (5’ – 3’) 
Product 

size (bp) 
Tm (oC) 

GATA3 5’ end CCGGTTCTGTCCGTTCATCT 900 55 

GATA3 3’ end CACCCGGACACTCACCAC 1260 55 

RORA 5’ end GCCACGTTATCTGCTGGAGCT 980 58 

RORA 5’ 

nested end 
GCCTGATGCTGGTGTGTAGT 837 58 

RORC2 5’ end CTTCCCTGACGGAGATTGAGC 840 60 
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7.8 PCR  

Polymerase chain reaction (PCR) was performed using FastStart Taq DNA 

Polymerase Kit (Roche). Reagents and samples were thawed and kept on ice and the 

following volumes were used per reaction: 5 µl PCR reaction buffer (10x 

concentration with 20 mM MgCl2), 1 µl dNTP solution (10 mM), 1 µl forward 

primer (10 mM), 1 µl reverse primer (10 mM), 0.4 µl FastStart Taq DNA 

Polymerase (5 U/µl), 0.5-2 µl template, plus Nuclease-free water up to a total 

reaction volume of 50 µl.  

Standard PCR parameters were used: 95oC for 4 min, followed by 35 cycles of 95oC 

for 20sec, annealing temperature (45-62oC) for 25-30 sec, 72oC for 1 min, with final 

elongation of 72oC for 7 min.  Primers and parameters detailed in Table 7.2. 

PCR products were then separated by agarose gel electrophoresis, using 1% agarose 

(Sigma) and 1x BionicTM buffer (Sigma) and Gel Red (10,000x in water, New 

England BioLabs Inc.) with 2µl loading dye (6x, New England BioLabs Inc.) added 

to each sample then run at a voltage of 130v for 30-40 min with a 100 bp or 1 Kb 

DNA ladder (Promega) for reference. Bands were then visualised using a UV light 

(FluorChem® HD2 Alpha Innotech MuiltiImageTM Light Cabinet).  

7.9 Cloning and sequencing 

Product bands of the correct predicted size were purified using MiniElute(R) Gel 

Extraction Kit (Qiagen) following the manufacturer’s instructions with a centrifuge 

or if only one product band was present on the gel this was purified directly using 

MiniElute(R) PCR Purification Kit (Qiagen) following the manufacturer’s protocol.  
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The concentration and quality of the purified product was then measured by 

NanoDrop ND-1000 spectrophotometer before ligation using the pGEM(R)-T Easy 

Vector Systems (Promega). Each ligation reactions contained: 25 ng vector, 1 µl 

ligase, 5 µl 2x buffer, 200 ng template and nuclease-free water up to a total volume 

of 10 µl. Reactions were incubated at room temperature for 1-2 hours or incubated at 

4oC overnight.  

Ligated product was transformed into JM109 High Efficiency Competent Cells 

(Promega); 2-6 µl of ligation product was incubated with 20 µl of cells on ice for 20 

min before heat-shock at 42oC for 45 sec then returned to ice for a further 2 min. 980 

µl of SOC medium (20 mL SOB plus 200 µl 2mM Glucose) was then added to the 

cells and incubated at 37oC for 1.5 hours before being inoculated onto plates 

containing 500 µl 50 mg/ml Ampicillin, 1250 µl 0.1M IPTG and 400 µl 50 mg/ml x-

Gal per 250 µl LB agar. Inoculated plates were then incubated at 37oC overnight. 

Resulting colonies were then colour screened and 2-3 transformed colonies were 

individually selected and inoculated into LB broth plus 50 mg/ml Ampicillin and 

incubated overnight at 37oC.  

Plasmid from 1.5 ml of overnight culture was purified using the Qiagen QIAprep 

Spin MiniPrep Kit following the manufacturer’s protocol with a centrifuge. Purified 

plasmid was quantified by NanoDrop before being digested with restriction enzyme 

to ensure insertion of the product. The restriction digests were set up with 0.5 µl 

EcoRI-HPTM (New England BioLabs Inc.) with 2 µl accompanying 10x CutSmartTM 

buffer (New England BioLabs Inc.), 200 ng template and Nuclease-free water to a 

total volume of 20 µl per sample. Reactions were incubated at 37oC for 1 hour then 
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product was visualised using gel electrophoresis as described above. All samples that 

contained insert were then prepared for sequencing using BigDye(R) Terminator v3.1 

Cycle Sequencing Kit (Applied Biosystems). Reactions were set up in 0.2ml PCR 

strip tubes to contain 0.5 µl BigDye, 1.75 µl 5x sequencing buffer, 3.2 pmol primer, 

200 ng template and made up to a final volume of 10 µl with Nuclease-free water, 

per sample. Samples are then subjected to the manufacturer’s standard PCR 

parameters (96oC for 1 min then 25 cycles of 96oC for 10 sec, 50oC for 5 sec, 60oC 

for 4 min), before sequencing (The GenePool, Edinburgh Genomics). Sequences 

were assembled in CLC Main Workbench version 6.7.1. (CLC bio, Denmark). Each 

clone was sequenced at least three times in both forward and reverse directions, these 

were aligned for each clone then the consensus of each clone was aligned, combining 

at least six separate sequences per primer pair per animal.   

7.10 Colony PCR 

Colonies that grew on LB/Amp/X-gal/IPTG plates could be screened using colony 

PCR to investigate their product size quickly without having to mini prep and 

restriction digest the product. The AmpliTaq Gold® (Life technologies) kit was used 

for this purpose. Colonies were picked from the plate, inoculated into PCR 

mastermix containing 5 µl 10x Gold Buffer, 3 µl Mg2+, 0.25 µl AmpliTaq, 1 µl 

dNTPs, 1 µl T7 primer (10mM), 1 µl SP6 primer (10 mM), 38.75 µl water per 

colony, then the remainder of the colony was inoculated into LB broth plus 50 mg/ml 

Ampicillin for overnight incubation at 37oC. The inoculated PCR tubes were 

subjected to PCR parameters as follows: 95oC for 10 min, 35 cycles of (95oC for 15 

sec, 55oC for 30 sec, 72oC for 2 min), 72oC for 10 min. 15 µl of PCR product was 
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loaded onto a 1% agarose gel for visualisation. Colonies with product of the 

correct/predicted size were then sequenced as described above.  

7.11 Rapid Amplification of 5’ and 3’ Capped Ends (RACE) PCR 

The GeneRacerTM Kit for full-length, RNA ligase-mediated rapid amplification of 5’ 

and 3’ cDNA ends (RLM-RACE) (Invitrogen) was used to sequence the 5’ and 3’ 

untranslated region (UTR) of some genes. Nested primers were designed according 

to the manufacturer’s specifications and the protocol was followed as detailed by the 

manufacturer, using SuperScriptTM III protocol for reverse transcription reaction and 

Platinum(R) Taq DNA Polymerase High Fidelity protocol for the amplification of the 

final product, which was cloned using the BigDye(R) protocol described above. The 

PCR parameters for the initial amplification of product were: 94oC for 2 min; 5 

cycles of 94oC for 30 sec, 72oC for 1 min per 1Kb; 5 cycles of 94oC for 30 sec, 70oC 

for 1 min per 1 Kb; 25 cycles of 94oC for 30 sec, annealing temp for 30 sec, 68oC for 

1min per 1 Kb; 68oC for 10 min. Elongation times were increased up to 1.5 min for 

larger products, and the annealing temperature in stage four ranged from 55-60oC 

depending on the primers used (Table 7.3). Platinum(R) Taq DNA Polymerase High 

Fidelity was used for the nested reaction as well, with the following PCR parameters: 

94oC for 2 min; 25 cycles of 94oC for 30 sec, annealing temp for 30 sec, 68oC for 1 

min per 1 Kb; 68oC for 10 min. The elongation time of stage two was increased for 

larger products and annealing temperature ranged from 55-60oC depending on the 

primer used, detailed in Table 7.3.  
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7.12 Identifying predicted protein sequence from cDNA sequence 

Once consensus sequence for each transcript was obtained, the predicted start and 

stop codons were identified using ExPASy protein translation 

(http://web.expasy.org/translate/). This also enabled identification of the predicted 

codons within the cDNA sequence. Variant cDNA and amino acid sequence were 

aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) for 

comparisons of full length and variant sequences. Exons were identified using the 

NCBI Splign function (http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi/) by 

aligning the ovine cDNA sequence to bovine genomic sequence. Where ovine 

sequence did not match bovine sequence, Ensembl 

(http://www.ensembl.org/index.html) was used to determine the sequence of the exon 

in the ovine genome. Each exon was then aligned using BLAST/BLAT to Oar v3.1 

genome assembly in Ensembl (http://www.ensembl.org/Multi/Tools/Blast?db=core) to 

determine the location of the exon in the genome. This was then used to construct 

exon maps of all variants.       

7.13 Relative RT-qPCR  

7.13.1 Optimisation of assays 

Reverse Transcription quantitative PCR (RT-qPCR) assays were designed for 

TBX21, RORC2, RORC2v1, GATA3, GATA3v1, RORA total and RORA variants 1-5 

using the primers detailed in Table 7.4. The RT-qPCR assays were optimised using a 

serial dilution of template and a range of primer concentrations, using FastStart 

Universal SYBR Green Master (Rox) 2x conc (Roche, Germany) on a Rotor-Gene Q 

cycler (Qiagen). Primers were considered optimised when the efficiency of the 

http://web.expasy.org/translate/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi/
http://www.ensembl.org/index.html
http://www.ensembl.org/Multi/Tools/Blast?db=core
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reaction was between 95-105%, the R2 value (the scatter around the standard curve) 

was between 0.98-0.99, the melt curve produced only one peak and the Ct values 

were between 15-30 cycles. The threshold value was the level of fluorescence the 

optimal efficiency and scatter occur at, with the lowest possible Ct range.  

Depending on the primer, a two-step or three-step amplification stage was used 

(Table 7.4). After the amplification stage, all reactions underwent melt curve analysis 

from 72 – 95oC increasing by 1oC each 5 sec step. Only a single target was produced, 

as confirmed by the melt peak and gel electrophoresis of the product. The amplicon 

was then sequenced as above to determine the correct target was being investigated.    

The primers designed by Nicol et al. (2016a) for the cytokine receptor subunits 

IL17RA, IL17RB, IL23R and IL12RB1 and their variants were optimised to the same 

efficiency, R2 and Ct specifications as the transcription factors. Once optimised, 

assays were run using a 2-step or 3-step amplification stage followed by melt curve. 

Gel electrophoresis and sequencing confirmed the specificity of the primers. Primers 

and amplification parameters are detailed in Table 7.5. See Table 7.6 for examples of 

optimised assays.  

7.13.2 Positive controls for low expression genes 

Certain transcripts were too low to quantify by RT-qPCR; RORAv3, IL23R variants 

1-5 and IL12RB1v1 and v2. Numerous primer sets were tested for RORAv3 but the 

expression of this transcript was always late (> 30 PCR cycles) and standard curves 

were unable to be produced that reached the required specifications detailed above. 

Therefore, a positive control was generated using 20 μl pooled 1:10 cDNA from 

infected lambs to which 1 μl of PCR product known to contain RORAv3 sequence 
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was added. This was run in duplicate with duplicate negative (no template) controls 

(Table 7.6), which confirmed that the assay parameters detailed in Table 7.4 were 

accurate but that the transcript was too low to quantify in the experimental lambs.  

Similar positive controls were generated for IL23R variants 1-5 and IL12RB1v1 and 

v2 confirming the assay parameters detailed in Table 7.5 were accurate but that the 

genes could not be amplified within the dynamic range of the assay.    

7.13.3 Running RT-qPCR optimised assays  

Once optimised, RT-qPCR assays were run using 7.5 μl SYBR Green, forward and 

reverse primer volumes as detailed in Tables 7.4 and 7.5, 10 ng cDNA template and 

RNase-free water up to a final volume of 15 μl. Every animal was run with two RT 

replicates and two or three technical replicates per RT. Ct values at the optimised 

threshold were exported to Microsoft Excel then loaded into GenEx 5 Standard 

programme (MultiD Analyses AB, Sweden) for processing and analysis.  

Housekeeping genes were selected based on their similar expression across all 

infected and uninfected lambs and their Ct values were within the same range as the 

genes of interest.  
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Table 7.4 Transcription factor and housekeeping gene RT-qPCR 

primers and parameters. 
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Table 7.5 Cytokine receptor RT-qPCR primers and parameters. Primer 

sequences from Nicol et al. (2016a).  
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Table 7.6 RT-qPCR optimised primer and positive control examples. 

Gene Melt Curve 
Raw channel 

cycling 
Standard Curve 

TBX21 

   

IL17RB 

   

RORAv3 

positive 

control 

  

 

RORAv3 

in 

samples 

  

 

TBX21 and IL17RB are demonstrations of optimised RT-qPCR assays; the 

melt curve shows one product is amplified (confirmed by gel electrophoresis), 

the raw channel cycling analysis shows the different template concentrations 

reach the linear amplification stage between 15-30 cycles, the standard 

curves show the efficiency and R2 values to be within the accepted ranges. 

RORAv3 positive control shows a single product is amplified within the 

dynamic range of the assay. The final row shows an attempt to quantify 

RORAv3 within the infected lambs; target sequence is not acquired and the 

product is amplified after 30 cycles.       
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7.14 Analysis of relative RT-qPCR expression data  

The nine most resistant (rank 1-9) and nine most susceptible (rank 37-45) lambs were 

used for relative quantification. The Ct values for all animals and genes were loaded 

into the GenEx 5 Standard programme (MultiD Analyses AB, Sweden) to calculate 

the ΔΔCq value using the following steps; efficiency correction, average technical 

repeats, normalise with reference genes (GAPDH and SDHA; Table 7.4), average 

biological repeats, calculate quantities relative to the highest expression per gene and 

finally log2 conversion. The ΔΔCq values were then grouped into resistant and 

susceptible groups and the difference between the group means for each gene was 

analysed using an unpaired, two-tailed t-test. The threshold for significance was 

designated p value ≤ 0.05.  

7.15 Absolute RT-qPCR 

Genes that had significantly different expression between groups were analysed 

further using absolute RT-qPCR to determine the copy number of gene per animal. 

Plasmid for each gene was linearised using Sal1 restriction digest (200 ng plasmid, 

0.5 µl Sal1 enzyme, 2 µl Sal1 buffer (New England Biolabs Inc.) and water up to 20 

µl per sample) incubated at 37oC overnight. Products were purified using Qiagen 

PCR Purification Kit following manufacturer’s protocol and concentrations were 

determined by NanoDrop. A 1:10 serial dilution of the purified product was set up at 

concentrations 10-4 – 10-11 ng/µl in 10 mM Tris-Cl (pH 8.5). The copy number of 

molecules per µl for each dilution in the standard curve was calculated using the 

formula: 
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(X g/µl DNA / [vector and transcript length (bp) x 660] ) x 6.022x1023 = Y 

molecules/µl 

Where X is the concentration of DNA in each serial dilution step.   

Reverse transcription for all 45 infected animals was performed twice, to produce 

two biological replicates per animal, which were run in duplicate in the final assay, 

using the same SYBR Green, primer sets, template and water volumes as for the 

relative quantitation. GAPDH and SDHA were used as housekeeping genes. 

7.16 Normalisation and statistical analysis of absolute RT-qPCR 

expression data 

Using the standard curve for each gene, copy number was calculated from Ct value 

for each individual. Genes of interest were normalised using the method described by 

Vandesompele et al. (2002); for each RT of housekeeping gene the technical 

replicates were averaged and the highest value was set to 1 (each value was divided 

by the highest value), the geometric mean of both reference gene per animal was 

calculated to produce the normalisation factor (NF), the copy number of the gene of 

interest was divided by the NF to calculate the normalised copy number, which was 

then averaged with the other biological replicate to calculate the mean normalised 

copy number per animal per gene. This final value was then multiplied by the 

dilution factor (x100) to calculate the copy number per μg of total RNA.  

The final copy number for each animal per gene was loaded into Graph Pad Prism 

version 5 (Graph Pad Software, USA) for statistical analysis. The data were grouped 

into resistant, susceptible, intermediate (n=15 per group) and control (n=10) and a 
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one-way ANOVA with Tukey’s post-hoc test was performed to determine overall 

significance. The threshold for significance was designated p value ≤ 0.05.  

Spearman Rank correlation analysis was performed using Graph Pad Prism version 5 

to calculate statistical correlation between gene copy number and phenotype (adult 

worm burden in the abomasum, faecal egg count (eggs per gram), relative IgA levels 

and body weight; Table 7.1) for each infected animal. 

7.17 Identifying potential SNPs in cDNA  

Potential SNPs were identified in the cDNA sequences of the transcription factors 

(sequenced above) and cytokine receptors [provided by (Nicol et al., 2016a)]. cDNA 

sequences were aligned using CLC Main Workbench version 6.7.1. (CLC bio, 

Denmark), and potential SNPs were defined as any nucleotide that differed from the 

consensus in two or more animals. By analysing the SNPs with respect to the 

predicted reading frame and exon structure of the sequence, non-synonymous SNPs, 

SNPs within the 3’ UTR and intronic SNPs were identified. PCR primers were then 

designed using the flanking sequence of the SNP (Table 7.7).   
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Table 7.7 SNP sequencing primers. 
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7.18 Genomic DNA extraction from lymph node tissue 

Genomic DNA was extracted from the lymph node tissue of six resistant (ranks 1 

and 3 – 7) and six susceptible (ranks 39 and 41 – 45) Blackface lambs using the 

Wizard® SV Genomic DNA Purification System (Promega). 10 – 20 μg of tissue 

was incubated in the digestion solution at 55oC with shaking overnight and then 

processed following the manufacturer’s protocol. Genomic DNA was then measured 

by NanoDrop to determine quantity and quality of the DNA. For each animal, 200 ng 

genomic DNA per reaction was used as a template in PCR (primers Table 7.7, PCR 

and sequencing/cloning protocol as above). Six clones per animal per SNP were 

sequenced to confirm the SNP in genomic DNA.   

7.19 Naturally infected lambs from Sheep Improved Genetics (SIG) Ltd 

7.19.1 Description of SIG flocks 

Sheep Improved Genetics (SIG) Ltd are a consortium of farmers interested in 

breeding low maintenance sheep. They have developed their own breed which they 

describe as the ‘Exlana’. Originally a composite of several breeds (including 

Katahdin from USA, Dorper from South Africa, Barbados Black Belly, Wiltshire 

Horn, Lleyn, Mules, Blue Faced Leicester, Berrichon du cher, Texel and Suffolk), 

this self-shedding sheep breed is maintained within the consortium farms based in 

Somerset, England, UK. Selective breeding for this breed is focused on maternal 

traits (milk production, ease of lambing, birth weight and lamb vigour) to enable 

unassisted lambing outdoors. The two core lines have also been selectively bred for 

reduced faecal egg count (FEC), producing ewes with reduced egg excretion at 

lambing (SIG website: http://www.sig.uk.com/ ).  

http://www.sig.uk.com/
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7.19.2 Genomic DNA and phenotype data 

Genomic DNA was collected from 198 Exlana ewe lambs (99 lambs per farm) at 20 

weeks old using the PerformageneTM PG-100 nasal swab (DNA Genotek, USA) in 

2013. At this time, the lambs’ weight and FEC were also recorded. The lambs were 

selected from as many different families as possible across the 2 farms sampled. 

Numerous estimating breeding values (EBVs) are used by the industry partner in 

their breeding program, therefore EBVs for the following traits were included in the 

SNP analysis (as well as raw weight and FEC data); 8 week weight, mature size, 

litter size born, litter reared, maternal ability, scan (20 week) weight, muscle depth, 

fat depth and FEC. The first batch of DNA samples from farm 2 could not be used, 

therefore a replacement batch of 99 lambs were sampled in 2015 from this farm for 

analysis.  

7.19.3 Parasitological analysis of the two farms 

For both SIG farms, fresh faecal samples were collected from the floor of the 

collection pen, representing a ‘mob’ sample of many individuals within each group. 

This was cultured at room temperature for 10 days. Each sample was then flooded 

with 500 ml of tap water and roughly homogenised then incubated at room 

temperature overnight allowing L3 to escape the faecal material. The samples were 

then poured through a tea-strainer to remove course material and left to sediment for 

5 hours. Excess water was then poured off and the sediment (including the L3) was 

stored in a 50 ml Falcon tube, a subsample was then counted in a McMaster slide 

using saturated salt solution to float the L3 to the top of the counting chamber. This 
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method enabled L3 identification within the sample but not the prevalence of each 

species present on the farm.  

7.19.4 Genomic DNA extraction from PerformageneTM PG-100 nasal 

swabs 

After sample collection, the swabs were stored at -20oC until use. Swabs were 

incubated at 50oC overnight to inactivate the nucleases. The cap was removed and 

the sponge pressed against the side of the collection tube to expel as much fluid as 

possible. The cap and sponge were then discarded. 500 µl of fluid was transferred to 

a clean Eppendorf tube and 20 µl of PG-L2P Purifier solution (DNA Genotek) was 

added and mixed by vortexing briefly. Samples were incubated at 4oC for 1 hour then 

centrifuged at room temperature for 20 min at 16,000 x g. 500 µl of supernatant was 

then transferred to a clean Eppendorf tube and 25 µl of 5M NaCl was added and 

mixed by pipetting. 600 µl of 95% ethanol was then added and samples were 

inverted 10 times to mix before incubation at room temperature for 10 min. Samples 

were then centrifuged at room temperature for 5 min at 16,000 x g, then the 

supernatant was discarded. 250 µl 70% ethanol was added and samples were 

incubated at room temperature for 1 min then the ethanol was removed by pipette. 

Samples were centrifuged briefly to collect any remaining ethanol, which was then 

removed by pipette. 100 µl 10 mM Tris-Cl (pH 8.5) was then added to the pellet, 

vortexed briefly then samples were left to rehydrate overnight at room temperature. 

Samples were stored at 4oC.    
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7.20 DNA from Blackface archive and Soay sheep 

7.20.1 Blackface archive 

Two hundred and two DNA samples from the sheep archive stored at the Roslin 

Institute, University of Edinburgh, were obtained for SNP analysis. The samples 

were taken from Blackface ewe lambs born in 2001, 2002 or 2003 that were reared 

on pasture as part of a breeding program based at a farm in the Scottish Borders. 

Faecal samples were collected at approximately 16, 20 and 24 weeks and body 

weight was also recorded at sampling. Relative T. circumcincta L3-specific IgA 

levels were also measured in blood samples taken at 24 weeks. DNA was extracted 

from the blood samples and all management protocols can be found in Riggio et al. 

(2013).   

7.20.2 Soay sheep samples 

Since 1985, the feral Soay sheep population that live on the island of Hirta, St Kilda 

off the North West coast of Scotland have been monitored by the University of 

Edinburgh. Faecal egg counts, DNA samples and weight measurements are collected 

annually in August when lambs are about 16 weeks old, with fallen stock also 

recorded throughout the year. Flock numbers fluctuate based on nematode burden 

and food availability, leading to population crashes every few years. 244 genomic 

DNA samples were utilised from this archive for genotyping [DNA extraction 

technique detailed by Beraldi et al. (2006)]. Samples from female lambs born 

between 2002 – 2015 (inclusive), that had been exposed to natural nematode 

infection, were used for this study.  
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7.21 SNP genotyping using LGC Genomics protocol 

All 644 DNA samples were loaded onto 96-well plates at a concentration of 5 ng/µl 

per sample. Plates were stored at -20oC before being sent to LGC Genomics on dry 

ice for genotyping. LGC Genomics used KASPTM genotyping chemistry to sequence 

the SNP of interest. Two forward primers (one for each allele) with different 

fluorescent tags are used such that when the forward primer for allele 1 binds to its 

target, it produces one colour and when the allele 2 primer binds it target, it produces 

a second colour. The fluorescence can be measured and the nucleotide identity can 

be determined (http://www.lgcgroup.com/).   

The identity of each SNP plus 50 bp of flanking sequence (both up and down stream 

of the SNP) were submitted with the DNA samples. LGC then designed and 

optimised the 15 assays using positive control DNA from sheep of known genotype 

for each SNP (the experimentally infected Blackface ewe lambs were supplied for 

this purpose). Of the 15 SNP assays, 3 assays did not pass LGC’s quality controls, 

therefore 12 SNPs were successfully genotypes in the samples.  

  

http://www.lgcgroup.com/
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7.22 Statistical analysis of SNP results 

7.22.1 SNP frequency calculations 

To determine if each SNP was in Hardy Weinberg equilibrium, the occurrence of 

each allele within each population was used to calculate p (frequency of the most 

common/major allele, denoted A) and q (frequency of the least common/minor allele, 

denoted a) values for each SNP, using the formula: 

p = ([2 x (AA)] + (Aa)) / 2n 

and 

q = 1 – p  

where Aa is the number of heterozygotes and n is the total number of individuals 

genotyped. Using these values, the expected (Exp) number of allele frequencies in 

the population could be calculated, using the formulas: 

Exp(AA) = p2n 

Exp(Aa) = 2 x p x q x n 

Exp(aa) = q2n 

The differences between the observed and predicted frequencies were then calculated 

and Pearson’s Chi-square (X2) test was used to determine if there was a significant 

difference between the values. 5% significance level at 1 degree of freedom = 3.84, 

therefore X2 ≥ 3.84 was the significant threshold, indicating a significant difference 

between the observed and expected frequencies (Emigh, 1980).    
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7.22.2 Statistical models used for investigating associations between 

SNP and phenotype 

Histograms for all the traits were produced using SAS Enterprise Guide version 6.1 

(SAS Institute, USA). FEC was natural log transformed using ln(epg + 15) to attain a 

normal distribution. Blackface IgA levels were cube root transformed for normal 

distribution. Raw weight data and the SIG EBVs were normally distributed so did 

not need transformation. Pedigrees were constructed for the lambs containing parent 

and grandparent identity.  

A general linear model (GLM) was used to identify the significant fixed effects 

within the data (Table 7.8).  

For each breed individually (Exlana; Blackface; Soay) and each combined dataset 

(Exlana plus Blackface at 20 weeks; Blackface at 16 weeks plus Soay; Blackface at 

16 weeks plus Soay plus Exlana), fixed effects were identified then an animal model 

was fitted using ASReml (Gilmour et al., 2015). The model calculated the 

association between SNP genotypes and the traits, with pedigree fitted in the model 

to account for relationship structure. Missing genotype data were removed from all 

models (Table 7.8). The p values produced from these models identified any SNP 

with a significant association to the phenotype; p value < 0.05 was considered 

significant.  

For significant associations in the Blackface and Exlana within-population analysis, a 

sire model was then used to confirm the significant effect.  
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Re-running the sire/animal model without the SNP as an effect was used to 

determine the additive genetic variance (VA) of the trait that was due to the SNP. The 

equations used were: 

 

Additive effect, a = (AA – aa)/2 

Dominance effect, d = Aa – [(AA + aa)/2] 

Percentage VA due to the SNP (i.e. heritability) = [2pq (a + d(p – q))2]/VA 

 

Where AA, Aa and aa were the predicted trait values for each genotype class, p and q 

were the allelic frequencies at the SNP locus. Standard errors of the additive and 

dominance effects were constructed from the variance-covariance matrix of the 

predicted genotype classes (Hadjipavlou et al., 2008). The model then predicted the 

effect of the SNP on the phenotype.   
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Table 7.8 Association model parameters. 

Population Fixed effects 
Random 
effect(s) 

Phenotypic 
traits 

Number of lambs 
in  trait analysis 
(time point)1 

Exlana2 

early management group 

Lamb 
then Sire 

Strongyle FEC 133 

lamb date of birth 
Nematodirus 
FEC 

133 lamb age at sampling 
(weeks) 

dam age at lambing 
(years) 

Weight 131 

Soay3 

lamb birth year 

Lamb 

Strongyle FEC 164 lamb death year 

lamb age at sampling 
(weeks) 

dam age at lambing 
(years) Weight 165 

litter size 

Blackface4 

lamb birth year 

Lamb 
then Sire 

Strongyle FEC 
190 (16w), 189 
(20w), 202 (24w) 

litter size 
Nematodirus 
FEC 

190 (16w), 189 
(20w), 202 (24w) 

dam age at lambing 
(years) 

IgA 194 (24w) 

early management group Weight 
194 (16w), 119 
(20w), 200 (24w) 

Exlana + 
Blackface 

lamb age at sampling 
(weeks) 

Lamb 

20 week 
Strongyle FEC 

384 
dam age at lambing 
(years) 

lamb birth year 20 week 
Nematodirus 
FEC 

384 
early management group 

breed 
20 week 
Weight 

248 

Soay + 
Blackface 

lamb birth year 

Lamb 

16 week 
Strongyle FEC 

434 
dam age at lambing 
(years) 

litter size 

lamb age at sampling 
(weeks) 16 week 

Weight 
437 

breed 

Exlana + 
Soay + 
Blackface 

lamb birth year 

Lamb 

Strongyle FEC5 545 dam age at lambing 
(years) 

lamb age at sampling 
(weeks) Weight5 551 

Breed  

1. Missing data were removed from the analysis. 2. Traits recorded at 20 weeks. 3. 

Traits recorded at 16 weeks. 4. Traits recorded at 16, 20 and 24 weeks, except IgA 

which was only recorded at 24 weeks. 5. 16 week data used from Blackface 

combined with Soay (16 week) and Exlana (20 week) data. 
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Exploring the abomasal lymph node
transcriptome for genes associated with
resistance to the sheep nematode Teladorsagia
circumcincta
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Abstract

This study exploited Blackface lambs that varied in their resistance to the abomasal nematode parasite, Teladorsagia
circumcincta. Infection of these lambs over 3 months identified susceptible (high adult worm count, high faecal egg
count and low IgA antibody) and resistant animals that had excluded all parasites. Previous work had shown that
susceptibility and resistance is dependent on the differential immune response to the parasite, which occurs within
the abomasal (gastric) lymph node (ALN) that drains the site of infection. The Affymetrix ovine gene array was used
to interrogate the transcriptome of the ALN to identify genes and physiological pathways associated with
resistance. We used a bovine RT-qPCR array of 84 genes to validate the gene array, and also report digital gene
expression analysis on the same tissues, reanalysed using the Oar v3.1 sheep genome assembly. These analyses
identified Humoral Immune Response, Protein Synthesis, Inflammatory Response and Hematological System
Development and Function as the two top-ranked networks associated with resistance. Central genes within these
networks were IL4, IL5, IL13RA2 and in particular IL13, which confirmed that differential activation of Th2 polarized
responses is critical to the resistance phenotype. Furthermore, in resistant sheep there was up-regulation of genes
linked to control and suppression of inflammation. The identity of differentially-expressed chemokines and
receptors in the resistant and susceptible sheep also begins to explain the cellular nature of the host response to
infection. This work will greatly help in the identification of candidate genes as potential selectable markers of
genetic resistance.
Introduction
Gastrointestinal nematode parasites are the cause of
major economic losses to the sheep agricultural indus-
try [1] and the major species in cool temperate regions
is the abomasal strongylid Teladorsagia circumcincta
[1,2]. The control of this parasite is largely by the use
of broad-spectrum anthelmintics [3,4] but the increas-
ing incidence of drug-resistant parasites and concern
of drug residues in meat [5] has led to the search for al-
ternative methods of parasite management [6]. The an-
imals most susceptible to T. circumcincta are weaned
lambs [7]. Most lambs eventually suppress infection [8]
through the development of IgE and IgA anti-parasite
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reproduction in any medium, provided the or
antibodies; but this takes more than 6 weeks of persist-
ent infection with infectious larvae [9-11]. Mucosal
mast cells have also been shown to play an important
role in the limitation of larval colonization and expul-
sion of helminths [12,13] and these also function
largely in association with parasite-specific antibodies
[14]. However, some sheep in most flocks develop only
low levels of helminth-specific antibodies and fail to
control larval colonization and egg production. Indeed,
IgA levels and faecal egg counts (FEC) have been used
as selectable markers for resistance [8,15,16]. Further-
more, different sheep breeds show marked diversity in
resistance to helminth infection [17-19]. Consequently,
one strategy for the non-pharmacological control of
parasites is the exploitation of genetic variation for
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resistance found within and between different sheep
breeds [20,21].
Selection for resistance can be based on quantitative

measurements of one or more phenotypic traits such as
FEC and IgA antibody levels [16,22] but the identifica-
tion of molecular markers is potentially a more reliable
approach for high resolution selection [23]. There are
three approaches for the identification of such markers,
quantitative trait locus (QTL) mapping, genome-wide
association studies (GWAS) and candidate gene analysis
[24]. QTL mapping is of low power and requires exten-
sive further work to identify candidate genes [25].
GWAS is expensive, requiring very large numbers of
samples; in addition, lack of current sheep genomic re-
sources mitigates against high resolution analysis [26].
The alternative candidate gene approach aims to evalu-
ate the relationship between a phenotypic trait and a
variation in a gene; this gene is selected by measuring
differential expression in relation to a relevant pheno-
type. A number of studies have used sheep microarrays to
identify genes and molecular pathways associated with
host responses to abomasal nematode parasites in sheep.
Most have analysed the transcriptome of the Haemonchus
contortus or T. circumcincta infected abomasal mucosa
[27-29] or afferent lymph cells draining that mucosa [30].
In addition, a RT-qPCR assay has been developed to ana-
lyse a limited number of immune-inflammatory genes
[31]. However, the immune response to parasites in the
abomasum takes place within the abomasal (gastric)
lymph node (ALN) and the events within that node deter-
mine the quality and quantity of the immune response
and consequently the clinical outcome of infection.
This current study exploited parasite-naïve Blackface

lambs with diversity in their predicted genetic resistance
to T. circumcincta, which were trickle-infected with L3
larvae to mimic natural infection [32]. This regime
resulted in lambs with a range of resistance as assessed
by adult worm counts, FEC and IgA levels. Previous
studies with these sheep used digital gene expression
(DGE) [24] and RT-qPCR [33] to conclude that both re-
sistance (no FEC/high IgA) and susceptibility (high FEC/
low IgA) are active responses to infection; and that the
inflammatory lesions of the susceptible sheep are associ-
ated with differential activation of Th17 T cells. Conse-
quently the aim of this project was to investigate genes
and physiological pathways associated with the differen-
tial activation of the immune response linked to the dif-
ferent disease outcomes. These pathways are likely to
contain candidate genes as potential selectable markers
for resistance to T. circumcincta infection. However, in
this new study we use the novel Affymetrix Ovine Gene
1.1 ST whole-genome array, based on the homologous
Oar v2.0 assembly, and focus on gene and pathway iden-
tity in relation to resistance and susceptibility.
Materials and methods
Animals and experimental design
Fifty-five female Blackface lambs (10–13 weeks old), from
a flock previously used for quantitative genetic and QTL
analyses [23], were housed in worm-free conditions. Ten
lambs were sham infected controls; 45 lambs were infected
experimentally with ~2300 infective L3 T. circumcincta lar-
vae three times a week for 12 weeks and sacrificed two
days after the last infection. The sham-infected controls
(C) were twins of lambs in the infected group. At post
mortem ten infected lambs had no detectable adult worms
in the total abomasal contents, while the other infected
lambs had a range of adult worm counts up to 11 300. The
lambs selected for analysis were chosen to maximize the
power of detecting differential expression. Consequently,
animals were ranked according to their infection levels
[32]. The 7 most resistant lambs (R) had no detectable ab-
omasal adult worms or faecal egg count (FEC), high IgA
antibody levels and high body weight. The 7 most suscep-
tible lambs (S) were those with the highest adult worm
count (mean 6000, maximum 11 300), high FEC (mean
414, maximum 950), low IgA antibody levels and low body
weight. Details of the animals, infection protocols, trait and
population genetic analyses have been described previously
[32,33]. Animal experiments were approved by University
of Edinburgh Ethical Review Committee and conducted
under an Animals (Scientific Procedures) Act 1986 Project
Licence.

Sample collection and total RNA isolation
Abomasal (gastric) lymph nodes (ALN) were removed
immediately post mortem and stored at −80 °C in
RNAlater (Ambion, Huntingdon, UK). Total RNA was
isolated using the Ribopure Kit (Ambion) as described
previously [32]. RNA quality and integrity were assessed
using a RNA 6000 Nano LabChip on the Agilent 2100
Bioanalyzer and quantified using a NanoDrop ND-1000
spectrophotometer; all had an RNA Integrity Number
of > 7.5.

Whole-transcript expression analysis and profiling
Primary transcriptome analysis was by Affymetrix Ovine
Gene 1.1 ST Array. Sense-strand cDNA was generated
from total RNA (500 ng) subjected to two rounds of amp-
lification (Ambion® WT Expression Kit). The obtained
cDNA was used for biotin labelling and fragmentation by
Affymetrix GeneChip® WT Terminal Labelling and
Hybridization kit (Affymetrix). Biotin-labelled fragments
of cDNA (5.5 μg) were hybridized to Affymetrix Ovine
Gene 1.1 ST Array plates using the appropriate Hyb-
Wash-Scan protocol for this plate and the Gene Titan
Hyb Wash Stain kit for the reagents (Affymetrix). After
hybridization every array plate was washed and stained be-
fore the array plates were scanned by the Imaging Station
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of GeneTitan System. Image generation and the resulting
CEL files for analysis were produced in Affymetrix®
GeneChip® Command Console® Software (AGCC) version
3.0.1. Initial QCs were performed in Expression Console.
The obtained Affymetrix .CEL files were imported into the
Genomics Suite software package version 6.13.0213
(Partek, St. Louis, MO, USA). The imported data were
analysed at the gene-level, with exons summarized to
genes, using the mean expression of all the exons of a
gene. Background correction was carried out using the ro-
bust multiarray average (RMA) algorithm, with quantile
normalization, median polish probe summarization, and
log2 probe transformation. Differentially expressed genes
were identified by ANOVA, genes with a fold change > 1.5
or < −1.5, and a false discovery rate (FDR) > 0.05 were
kept, calculated using the Benjamini–Hochberg method to
adjust P-values [34]. Gene annotation was performed
based on similarity scores in BLASTN comparisons
against ovine or bovine sequences in GenBank.

Inflammatory cytokines & receptors RT2 profiler™ PCR array
Quantitative real-time RT-PCR (RT-qPCR) analysis was
performed using the SABiosciences Cow Inflammatory
Cytokines & Receptors RT2 Profiler™ PCR Array (Qiagen,
Crawley, UK), which measures the expression of 84 genes
that mediate the inflammatory response (Cat. no. 330231
PABT-011ZR). Total RNA was extracted as described
above and treated with RNase-free DNase I (Qiagen) and
RNeasy MinElute Cleanup Kit (Qiagen) according to the
manufacturer’s protocol to eliminate DNA contamination.
Each 0.8 μg sample of RNA was reverse transcribed using
a RT2 First Strand Kit (Qiagen) before dilution with
RNase-free water according to the manufacturer’s proto-
col. A real time PCR was performed on each cDNA sam-
ple using the RT2 Profiler™ PCR Array with the RT2 SYBR
Green ROX FAST Mastermix on a Rotor-Gene Q cycler
(Qiagen). The cycling profile was performed at 95 °C for
10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. Melting curve analysis of PCR products con-
firmed the absence of secondary product. RT2 Profiler
PCR Array Data Analysis v3.5 was used for data analysis.
The data analysis was based on the ΔΔCt method with
gene expression normalized to the reference gene
YWHAZ.

Cloning of ovine gene fragments
Amplicons from the RT2 Profiler™ PCR Array were
cloned and sequenced to confirm PCR primer specificity
using the TOPO® TA Cloning® Kit for Sequencing (Life
Technologies) and BigDye® Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems) according to the
manufacturer’s instructions. Cloned amplicon sequences
were used in BLASTN comparisons against ovine or bo-
vine sequences in GenBank to confirm identity.
Illumina digital gene expression
Full details of the RNAseq methods and analysis have
been described previously [24]. These sheep sequences
were originally aligned against the Btau 4.0 bovine gen-
ome. Detailed protocols, metadata and all raw data are de-
posited at the ArrayExpress database [35] accession
number E-MTAB-445. For the current study the raw data
were reanalysed by alignment against the sheep genome
assembly Oar v3.1 [36] using Bowtie v0.12.8 [37]. Only tags
with phred mapping quality of at least 30, with a maximum
of one base-pair mismatch and mapped to less than two
genome locations were retained for further analysis. Fur-
thermore, only genes that were mapped from five samples
or more were included in the final analysis. Statistical ana-
lysis was performed using “R v2.15”, and Limma [38]
within BioConductor 2.11 [39] was used to calculate the
differential gene expression between resistant (R), suscep-
tible (S) and control (C) groups, including fold change and
q value, which is analogous to an adjusted p value or false
discovery rate (FDR). Only genes with a fold change greater
than 1.5 and q value ≤ 0.05 (FDR 5%) were annotated.

Molecular network and pathway analysis
The Ingenuity Pathways Analysis (IPA) Spring Release
(2013) Software (Qiagen) was used to identify networks
of interacting genes and other functional groups from
the datasets of differentially-expressed genes. DEG was
analysed, by uploading the HUGO Gene Nomenclature
Committee (HGNC) gene symbols for the sheep
orthologues and fold change data to IPA.

Results
Expression analysis by Affymetrix ovine gene array
All microarray data, metadata and protocols are available
in the ArrayExpress database under accession number
E-MTAB-1580. The Affymetrix Ovine Gene 1.1 ST Ar-
rays identified 43 genes (Table 1) in the ALN that
showed significant difference (fold change ≥ 1.5 and ad-
justed p value ≤ 0.05) in the R vs. C comparison, four
genes in the S vs. C comparison and only three genes in
the R vs. S comparison. All differentially-expressed genes
in the S vs. C and R vs. S comparisons were also signifi-
cantly differentially-expressed in the R vs. C comparison
except VIRP2 that was 2.04 fold increased in susceptible
sheep compared to controls.
Presentation of these data by heat map (Figure 1) illus-

trates that the overwhelming majority of the differentially-
expressed genes are increased in the infected groups.
Forty-one of the 43 genes in the R vs. C comparison are
increased in the R group; all four of the genes in the S vs.
C comparison were increased in the S group and all three
in the R vs. S comparison were increased in the R group.
IL13, COL6A5 and ACTG2 were significantly increased in
the R animals when compared to both the S and C groups.



Table 1 Differentially-expressed genes in ALN as assessed by Affymetrix ovine gene array.

R vs.S R vs. C S vs. C

Transcript Accession number Gene p-value* FC§ p-value* FC p-value* FC

14836730 NM_001082594 IL13 7.44E-07 3.17 1.87E-08 4.76 0.0195 1.50

14863257 XM_004003413 COL6A5 8.64E-07 8.69 4.88E-07 10.47 0.5421 1.21

14722918 XM_004005214 CTNNAL1 2.52E-06 1.45 4.03E-07 1.56 0.2107 1.08

14726591 XM_004003604 CHI3L2 0.1340 −1.15 8.18E-06 1.82 5.15E-07 2.10

14830831 XM_004018378 IL17RB 0.0061 1.78 3.13E-07 4.73 9.17E-05 2.66

14710165 M84356 IGHE 0.4861 1.30 9.63E-07 17.21 3.35E-06 13.25

14793854 XM_004020976 CCL26 3.37E-05 6.55 5.08E-07 15.50 0.0252 2.37

14806387 XM_004006081 ACTG2 2.09E-06 3.12 6.66E-06 2.94 0.7353 −1.06

14795035 XM_004018317 IL5RA 0.0031 1.64 6.59E-07 3.15 0.0004 1.92

14860591 XM_004008559 FCER2 0.3480 −1.09 1.08E-05 1.72 1.88E-06 1.87

14724715 NM_001142892 NFIL3 0.0241 1.21 1.76E-06 1.77 0.0002 1.46

14842210 AC150860 unknown 0.0002 1.95 3.49E-06 2.69 0.0422 1.38

14731097 XM_004021707 PDLIM3 0.0420 1.19 3.46E-06 1.74 0.0002 1.46

14780240 XM_004007330 IL1RL1 0.0001 2.09 5.90E-06 2.70 0.1112 1.29

14763982 XM_004015182 FFAR2 0.0002 1.70 6.95E-06 2.09 0.0921 1.23

14894439 NM_001009749 SELE 0.4637 1.09 4.34E-05 −1.88 1.03E-05 −2.05

14776999 XR_083707 EMR3 0.0006 4.02 6.48E-06 9.29 0.0278 2.31

14767454 XM_004011302 CD73 0.6156 1.04 1.76E-05 1.65 4.74E-05 1.58

14814624 XM_004021547 ANXA8 0.0470 1.47 7.46E-06 3.25 0.0005 2.22

14855554 XM_004018137 ASB2 0.1414 1.14 1.14E-05 1.72 0.0002 1.51

14826002 XM_004012071 CYSLTR2 0.0002 1.42 2.31E-05 1.56 0.2324 1.10

14826670 XM_004003026 APOD 0.0074 1.75 1.19E-05 3.21 0.0056 1.83

14872046 XM_004012573 P2RX1 9.97E-05 1.88 6.98E-05 1.97 0.7164 1.05

14724584 XM_004022410 IL13RA2 0.0019 2.34 1.92E-05 4.10 0.0331 1.75

14873273 XM_004002636 CD1A 0.0455 1.31 1.92E-05 2.15 0.0015 1.64

14722365 XM_004015563 CCL17 0.5259 1.15 4.54E-05 3.33 0.0002 2.90

14766308 XM_004002922 CD200R1 0.0134 2.48 1.99E-05 7.36 0.0054 2.97

14789329 XM_004004106 SLC28A3 0.0006 2.33 3.76E-05 3.15 0.1660 1.35

14894373 NM_001009251 LGALS14 0.0166 2.44 2.72E-05 7.25 0.0061 2.98

14789001 XM_004023684 SMPD3 0.0002 2.17 0.0001 2.30 0.7191 1.06

14854660 XM_004018529 HRH1 0.0032 1.31 3.40E-05 1.57 0.0365 1.20

14724104 XR_173262 ALOX15 0.0007 5.81 5.48E-05 10.68 0.1877 1.84

14768669 XM_004013559 SLC45A3 0.0003 1.50 9.12E-05 1.61 0.4658 1.07

14710170 AF024645 IGHA 0.0023 1.55 4.03E-05 2.01 0.0559 1.30

14809379 XM_004003929 COL6A2 0.0059 1.43 3.89E-05 1.93 0.0237 1.34

14773724 XM_004022514 CRLF2 0.0015 1.66 9.79E-05 2.03 0.1733 1.22

14894389 NM_001009425 CD1B 0.0031 1.54 9.02E-05 1.94 0.0921 1.26

14828762 NM_181018 CLCA3 0.0082 1.64 7.66E-05 2.43 0.0346 1.48

14713579 AC225835 CCL3L3 0.0391 1.23 7.62E-05 1.65 0.0076 1.34

14864484 XM_004022897 CD1B 0.0091 1.39 9.87E-05 1.79 0.0401 1.29

14710851 XM_004006654 NR1H4 0.0267 1.21 0.0001 1.51 0.0153 1.25
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Table 1 Differentially-expressed genes in ALN as assessed by Affymetrix ovine gene array. (Continued)

14891746 XM_004012107 TRPC4 0.0128 1.35 0.0001 1.75 0.0324 1.30

14784733 XM_004015344 CABP5 0.0183 −1.25 0.0001 −1.56 0.0235 −1.25

14732131 XM_004008376 VIPR2 0.0420 −1.28 0.0010 1.59 1.27E-05 2.04

*P value with no FDR applied. §FC; fold change. Bold; adjusted p ≤ 0.05 after 5% FDA.
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CHI3L2, IGHE and FCER2 were significantly increased in
both the R vs. C and S vs. C comparisons but not in the R
vs. S comparison. VIPR2 was the only gene significantly
increased in the S animals and not in the R group when
compared to uninfected controls.

RT-qPCR array validation
Validation of the Affymetrix gene arrays was performed
using the SABiosciences Cow Inflammatory Cytokines &
Receptors RT2 Profiler™ PCR Array which consists of 84
key genes that mediate inflammation. This assay is opti-
mized for bovine genes and data were obtained for 83 genes
when used with sheep cDNA (Additional file 1). The mean
sequence identity between these 83 bovine and ovine genes
is 96% (minimum 91%, IL27; maximum 100%, TNFSF13B).
Single distinct melt curves obtained for all genes, except for
NAMPT (no data), in all samples confirmed the specificity
of the assay. Furthermore, analysis of the sequences of ten
sheep amplicons selected randomly (CCL11, CXCL13,
IL2RB, IL2RG, IL4, IL6R, IL13, IL16, PF4, TNFSF4) and
Figure 1 Heat map of differentially-expressed genes. Data from Affyme
as≥ 1.5 fold and adjusted p≤ 0.05, in the three comparisons R vs. C, S vs. C
of expression are represented by the intensity of colour; red, increased exp
produced using the assay primers, showed them to be
100% identical to sequences of the respective sheep
homologues.
Table 2 identifies those genes showing ≥ 1.5 fold differ-

ential expression in the three comparisons. Three genes
were significantly differentially expressed (p ≤ 0.05) in
the R vs. C comparison, the Th2 cytokines IL4 and IL13
were increased by 11.9 and 3.96 fold respectively and
MIP was repressed by 2.16 fold, in resistant sheep. IL4
(3.83 fold) and IL13 (3.37 fold) were also significantly in-
creased, and CCL5 (2.43 fold), CCL11 (2.11 fold), CXCR1
(2.49 fold), CXCR3 (2.25 fold) and TNFSF10 (2.03 fold)
were significantly repressed in the susceptible animals
when compared to uninfected controls. In the compari-
son of the two infected groups the Th2 cytokines IL5
(3.4 fold) and IL13 (3.54 fold) were significantly in-
creased and the chemokine CCL5 (3.16 fold) was re-
pressed in resistant sheep.
Spearman’s rank correlation analysis of the fold changes

calculated for all 83 genes in the R vs. C and S vs. C
trix ovine gene array analysis showing changes in all genes identified
and R vs. S (Table 1). Each row represents a gene. The relative levels

ression and blue decreased expression within each comparison.



Table 2 Differential expression of inflammatory cytokines
and receptors in ALN as assessed by RT-qPCR.

Up-regulated
genes

Fold
change*

p-value Down-regulated
genes

Fold
change

p-value

Resistant vs. Control

IL4 3.96 0.006 AIMP1 −3.26 0.980

IL5 2.86 0.098 BMP2 −2.67 0.914

IL10RA 2.43 0.063 CCL20 −2.57 0.119

IL13 11.92 0.001 CXCL12 −7.28 0.297

IL17B 2.06 0.104 IL2RB −4.33 0.135

IL9R 4.01 0.254 MIF −2.16 0.020

TNFSF4 −3.42 0.112

VEGFA −4.28 0.208

Susceptible vs. Control

IL4 3.83 0.007 CCL5 −2.43 0.008

IL13 3.37 0.030 CCL11 −2.11 0.046

CXCL10 −2.76 0.182

CXCL12 −2.24 0.263

CXCL9 −3.00 0.106

CXCR1 −2.49 0.006

CXCR3 −2.25 0.005

IFNG −2.14 0.135

IL2RB −4.71 0.100

TNFSF10 −2.03 0.020

Resistant vs. Susceptible

CCL5 3.16 0.030 AIMP1 −2.90 0.773

CCR2 2.58 0.185 CXCL12 −3.26 0.823

CXCL9 2.92 0.165 TNFSF4 −2.13 0.424

CXCL10 3.07 0.099 VEGFA −2.77 0.797

IFNG 2.16 0.129

IL5 3.40 0.045

IL13 3.54 0.002

IL17B 2.71 0.061

IL9R 3.77 0.200

*Fold change is the ratio of normalized mean expression between resistant,
susceptible and control groups. Bold is p ≤ 0.05.
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comparisons (comparing 164 values) gave a low, but highly
significant positive correlation (ρ = 0.37, P < 0.0001) be-
tween the data obtained by the Affymetrix and PCR arrays.
A direct comparison of quantitative expression of eight se-
lected genes (Figure 2) shows the close relationship be-
tween the relative levels of expression measured by the two
independent methods.

Ingenuity pathway analysis
IPA was used to help characterize how individual
differentially-expressed genes interact, and consequently
influence biological processes that affect the development
of resistance or the maintenance of susceptibility to
chronic T. circumcincta infection. Analysis of the data
obtained using the Affymetrix gene array identified seven
networks (Table 3), five with the R vs. C comparison and
one each with the S vs. C and R vs. S comparisons. The
top two ranked networks for the R vs. C dataset were
Humoral Immune Response, Protein Synthesis, Inflamma-
tory Response (Figure 3) and Hematological System De-
velopment and Function, with P-scores of 48 and 28
respectively. The three top Bio Functions, beyond the
p ≤ 10-10 threshold, within these networks (Table 4a) were
Immunological Disease with 24 genes with the highest
p value of 2.73 × 10-13, Inflammatory Disease with 41
genes p = 8.34 × 10-13, and Hypersensitivity Response with
19 genes p = 7.98 × 10-11 associated with Diseases and Dis-
orders and Hematological System Development and Func-
tion with 37 genes p = 4.79 × 10-12, Tissue Morphology
with 33 genes p = 4.79 × 10-12, and Humoral Immune with
13 genes p = 2.28 × 10-11, associated with Physiological
System Development and Function.
The network Cell-To-Cell Signaling and Interaction,

Hematological System Development and Function, Im-
mune Cell Trafficking with a P score of 24 was the only
network identified for the S vs. C dataset (Table 4b); and
Antigen Presentation, Lipid Metabolism, Small Molecule
Biochemistry with a P score of 18 was identified for the R
vs. S comparison. Within these networks there were no
Bio Functions beyond the 10-10 threshold (Table 4c).
The most significant network was Humoral Immune

Response, Protein Synthesis, Inflammatory Response (R
vs. C comparison), with IL13 as the central gene (Figure 2).
IL13 was the top ranked gene in the R vs. C comparison,
up-regulated 3.17 fold (p = 7.44 × 10-7) in resistant sheep.
This was confirmed by the RT-qPCR analysis where it was
11.92 fold (p = 0.001) increased in the resistant group
(Table 2). In this analysis it was also significantly up-
regulated in susceptible animals in the S vs. C comparison
(3.37 fold p = 0.03) and consequently 3.54 fold increased
in resistant vs. susceptible sheep (p = 0.002).

Mapping of sequencing tags to the sheep Oar v3.1
genome assembly
A previous study [24] also performed transcriptome
analysis on the abomasal lymph nodes of these resistant
and susceptible sheep using Illumina digital gene ex-
pression analysis. These data were originally analysed in
relation to the Bos taurus genome assembly (Btau4.0).
Here, we reanalysed the same primary data (ArrayExpress
E-MTAB-445) against the most recent Ovis aries genome
assembly (Oar v3.1) to obtain more accurate gene map-
ping. The mean total number of reads of the samples from
15 sheep (5 resistant, 5 susceptible and 5 control) was 1
473 000, of which 288 753 mapped to Btau4.0, with a
maximum of 1 mismatch from an average tag length of 17
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Figure 2 Comparison of Affymetrix ovine gene and PCR arrays. PCR array results shown are the average ΔCT for the gene of interest (GOI)
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bases; in contrast 865 844 tags mapped the Oar v3.1.
A ~2-4 fold increase in the number of significantly differ-
entially expressed genes (Additional file 2) was also noted
when comparing Oar v3.1 to Btau4.0; 229 in Oar v3.1 and
131 in Btau4.0 in the R vs. C comparison, 150 and 37
in the S vs. C comparison, and 146 and 83 in the R vs. S
comparison.
IPA analysis of the revised digital gene expression data
identified the top two networks (Additional file 3) in the R
vs. C comparison as Cellular Growth and Proliferation,
Cell Morphology, Cell-mediated Immune Response with a
P-score of 56 and Post-Translational Modification,
Hematological Disease, Cell Cycle, P-score of 52. The top
network in the S vs. C comparison was Post-Translational



Table 3 Top networks identified by ingenuity pathway analysis, from the Affymetrix ovine gene array.

Resistant vs. Control Score

Humoral Immune Response, Protein Synthesis, Inflammatory Response 48

Haematological System Development and Function, Haematopoiesis, Tissue Morphology 28

Cardiovascular System Development and Function, Cellular Movement, Gene Expression 22

Hereditary Disorder, Skeletal and Muscular Disorders, Tissue Morphology 21

Cell Signalling, Molecular Transport, Vitamin and Mineral Metabolism 20

Susceptible vs. Control

Cell-To-Cell Signalling and Interaction, Haematological System Development and Function, Immune Cell Trafficking 24

Resistant vs. Susceptible

Antigen Presentation, Lipid Metabolism, Small Molecule Biochemistry 18
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Modification, Cell Signaling, DNA Replication, Recombin-
ation, and Repair with a P-score of 54. The top Bio Func-
tions (Additional file 4) within these networks include
Cancer, Gastrointestinal Disease, Dermatological Disease
and Conditions and Immunological Disease; however,
none of these Bio Functions reached the p ≤ 10-10

threshold.

Discussion
This project is the logical extension of our three previ-
ous studies [24,32,33] concerned with the genetics and
Figure 3 Ingenuity pathway analysis of the top-ranked network. The
Inflammatory Response” with a P-score of 48 based on Ingenuity Pathway
Affymetrix Gene Array with ≥ 1.5 fold change, p-values of ≤ 0.05 and a FDR
protein expressed by that gene. Red coloured nodes (genes) are up-regula
represent genes not identified as differentially-expressed in the current stu
evidence of interaction. The arrow head show the direction of interaction.
immunology of resistant and susceptible Blackface sheep
persistently infected with the common abomasal nematode
parasite, T. circumcincta. The first [32] described host-
parasite interactions in a single intensively-phenotyped co-
hort with variable susceptibility; which were exploited to
help analyse the nature of the mature host response associ-
ated with differential resistance [24,33]; although this mis-
ses early events associated with the development of
immune responses The aim of the current study was to
identify genes and physiological pathways associated with
the differential activation of the immune response, linked
top- ranked network is “Humoral Immune Response, Protein Synthesis,
Knowledge Base. Analysis used differentially-expressed genes from the
of 0.15. The shape of the nodes indicates the major function of the

ted and the density relates to expression levels. Uncoloured nodes
dy. A solid line indicates direct evident and a dashed line indirect



Table 4 Top bio functions identified by ingenuity pathway analysis, from the Affymetrix ovine gene array.

a. R vs. C comparison

DISEASES AND DISORDERS P-value

Immunological Disease

CSF3R, SELE, PTGDR2, IL1RL1, IGHE, VIPR2, CCL23, NR1H4, IL13RA2, CCL17, CCL22, IL13,
ADRA1D, HRH1, IL17RB, CCR4, CCL2, NLRP12, CD1A, CCL26, CFH,HRH4, CYSLTR2, FCER2.

2.73 × 10-13 - 6.71 × 10-03

Inflammatory Response

GATA1, CRLF2, NR1H4, VIPR2, IL1RL1, IL13RA2, SOCS2, P2RX1, CCL17, SLC9A4, CCL22, HRH1, NFIL,
TFF2, CCL2, CD1A, HPGD, CFH, CYSLTR2, FCER2, CSF3R, ALOX15, SELE, PTGDR2, IL5RA, CCL23, IGHE,
CD200R1, CD1B, ULBP1, P2RX7, IL13, IL17RB, CCR4, NT5E, NLRP12, PILRA, CCL26, IGHA1, SH2D1B, HRH4.

8.34 × 10-13 - 6.71 × 10-03

Hypersensitivity Response

ALOX15, PTGDR2, SELE, IL5RA, GATA1, VIPR2, IL1RL1, IGHE, CD200R1, CCL17, CCL22,
P2RX7, IL13, IL17RB, CCR4, CCL2, CCL26, HRH4, FCER2

7.98 × 10-11 - 4.94 × 10-03

Dermatological Diseases and Conditions

ALOX15, PTGDR2, SELE, IGHE, VIPR2, NR1H4, CCL23, CCL17, CCL22, IL13, ADRA1D, HRH1,
IL17RB, CCL2, CCR4, NT5E, CD1A, HPGD, HRH4, CYSLTR2, FCER2

1.78 × 10-09 - 6.71 × 10-03

Inflammatory Disease

CRLF2, NR1H4, IL1RL1, VIPR2, IL13RA2, CCL17, CCL22, HRH1, TH, COL6A1, CCL2, CD1A, HPGD,
CFH, CYSLTR2, FCER2, CSF3R, ALOX15, SELE, PTGDR2, IL5RA, CCL23, IGHE, CD200R1, P2RX7,
IL13, ADRA1D, GLIPR2, IL17RB, CCR4, NT5E, NLRP12, CCL26.

1.78 × 10-09 - 5.7 × 10-03

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND FUNCTION P-value

Haematological System Development and Function

GATA1, CRLF2, VIPR2, IL1RL1, SOCS2, IL13RA2, P2RX1, CCL17, CCL22, HRH1, NFIL3, TFF2, CCL2,
CD1A, CFH, CYSLTR2, FCER2, CSF3R, ALOX15, PTGDR2, SELE, IL5RA, IGHE, CCL23, CD200R1, CD1B,
ULBP1, P2RX7, IL13, ZBTB32, IL17RB, CCR4, NLRP12, NT5E, MYOCD, CCL26, CYP4A11.

4.79 × 10-12 - 6.71 × 10-03

Tissue Morphology

GATA1, CRLF2, VIPR2, IL1RL1, NR1H4, IL13RA2, SLC9A4, CCL22, TH, HRH1, NFIL3,TFF2, CCL2,
CFH, SMPD3, FCER2, CSF3R, ALOX15, SELE, PTGDR2, IL5RA, IGHE, CD200R1, P2RX, IL13, OXT,
IL17RB, CCR4, NLRP12, NT5E, FLNC, CNN1, CYP4A11.

4.79 × 10-12 - 6.49 × 10-03

Humoral Immune Response

HRH1,PTGDR2, NFIL3, IL5RA, IL17RB, CRLF2, CCR4, IGHE, IL1RL1, IL13RA2, IL13, HRH4, FCER2. 2.28 × 10-11 - 6.53 × 10-03

Immune Cell Trafficking

IL1RL1, VIPR2, SOCS2, CCL17, CCL22, HRH1, NFIL3, TFF2, CCL2, CD1A, CFH,
CYSLTR2, FCER2, CSF3R, ALOX15, PTGDR2, SELE, IGHE, CCL23, CD200R1,
ULBP1, CD1B, P2RX7, IL13, IL17RB, CCR4, NT5E, NLRP12, CCL26.

5.04 × 10-10 - 6.71 × 10-03

Cell-mediated Immune Response

PTGDR2, SELE, GATA1, CCR4, CCL2, IL1RL1, CCL23, IL13RA2, CCL17, CCL22, IL13. 1.09 × 10-08 - 5.63 × 10-03

Lymphoid Tissue Structure and Development

CSF3R, ALOX15, SELE, GATA1, CRLF2, IL1RL1, IL13RA2, CCL17, CCL22,
P2RX7, IL13, CCL2, CCR4, NT5E, CYSLTR2

3.82 × 10-07 - 5.7 × 10-03

Digestive System Development and Function

TFF2, NR1H4, IL13RA2, SLC9A4, IL13 2.41 × 10-05 - 4.94 × 10-03

b. S vs. C comparison

DISEASES AND DISORDERS P-value

Hypersensitivity Response

FCER2, IGHE, SELE, VIPR2. 1.76 × 10-06 - 3.31 × 10-02

Inflammatory Disease

FCER2, IGHE, IGKC, NT5E, SELE, VIPR2 4.64 × 10-05 - 4.10 × 10-02

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND FUNCTION P-value

Hematological System Development and Function

FCER2, IGHE, IGKC, SELE, NT5E, VIPR2. 1.76 × 10-06 - 4.57 × 10-02
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Table 4 Top bio functions identified by ingenuity pathway analysis, from the Affymetrix ovine gene array. (Continued)

Immune Cell Trafficking

FCER2, IGHE, NT5E, SELE, VIPR2. 1.76 × 10-06 - 4.57 × 10-02

c. R vs. S comparison

DISEASES AND DISORDERS P-value

Gastrointestinal Disease

CCL26, IL13. 9.85 × 10-06 - 2.62 × 10-02

Hematological Disease

CCL26, CD1A, IL13, FCER2, IGHE, IGKC, NT5E, SELE, VIPR2. 9.85 × 10-06 - 2.62 × 10-02

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND FUNCTION P-value

Hematological System Development and Function

CCL26, CD1A, IL13. 2.35 × 10-05 - 4.76 × 10-02

Immune Cell Trafficking

CCL26, CD1A, IL13. 2.35 × 10-05 - 4.76 × 10-02

Gossner et al. Veterinary Research 2013, 44:68 Page 10 of 13
http://www.veterinaryresearch.org/content/44/1/68
to the maintenance of resistance and susceptibility. It is
part of a larger project that eventually aims to identify can-
didate genes that could be used as selectable markers of re-
sistance in these Blackface sheep as well as other
commercial sheep breeds.
The study exploits a new genomics resource for the

analysis of the sheep transcriptome; the homologous
Affymetrix Gene 1.1 ST Array based on the Ovis aries
Oar v2 genome assembly. This consists of 508 538,
25mer probes for 22 047 genes, which interrogate ap-
proximately 625 bases per gene covering all exons of
each transcript. Also new to this study is the use and
validation of the SABiosciences Cow Inflammatory Cyto-
kines & Receptors RT2 Profiler™ PCR Array in sheep; en-
abling 83 RT-qPCR assays to be used to validate the
arrays rather than the more usual 8 or 10 genes. In
addition we reanalysed first generation Illumina digital
gene expression data [24] using the latest sheep genome
assembly (Oar v3.1) with significantly different results;
more than 3 times the number of tags mapped to Oar
v3.1 as originally mapped to Btau 4.0. The only other
study [40] that has examined the sheep ALN transcrip-
tome used a small array of 1480 annotated probes with
5373 unannotated expressed sequence tags. This identi-
fied only one differentially expressed gene (HSPA1A) in
relation to H. contortus infection.
The sheep in this study that were predicted to show

variation in resistance to T. circumcincta were trickle-
infected regularly for 3 months to mimic natural infec-
tion and continual exposure. They were analysed when
the mature immune response of the resistant animals
had controlled and/or eliminated that infection. At the
same time susceptible animals did not control infection,
and retained adult nematodes that produced large num-
bers of eggs [32]. A previous study showed that these
susceptible sheep generated an active Th17 immune and
inflammatory response that failed to control infection
[33]. In this current study the results of the array ana-
lysis focused on the nature of the mature host response
in the resistant animals, which controls nematode
colonization despite chronic exposure to infectious
larvae.
Murine models of nematode parasite immunity,

resistance and susceptibility, using the nematodes
Heligmosomoides polygyrus, Nippostrongylus brasiliensis
and Trichuris muris are linked to strong Th2 responses,
indicated by high levels of the cytokines interleukin 4
(IL4) and IL13 with parasite immunity and resistance,
and high levels of interferon γ (IFNγ) with susceptibility
[41-43]. It is clear from the IPA in this study that the
host response linked to parasite control is strongly asso-
ciated with the network “Humoral Immune Response,
Protein Synthesis, Inflammatory Response” and that
many of the network genes are key regulators of a Th2
cell response and are strongly up-regulated in the resist-
ant sheep. This is in agreement with the results from the
array analysis of the mucosa from challenge-treated-
reinfected “immune” sheep [29]. IL4 and IL13 are the
two cytokines that principally control Th2 differentiation
[44,45]; both were significantly increased in resistant
sheep, IL4 (3.96 fold in R vs. C) in the RT-qPCR and
IL13 in both array (4.76 fold in R vs. C and 3.17 fold in
R vs. S) and RT-qPCR (11.92 fold in R vs. C and 3.54 in
S vs. C). These cytokines have related receptors and
IL13RA2 is also up-regulated in resistant sheep; binding
to their cognate receptors stimulates the activation of
STAT6 that controls the expression of GATA3, the
prime transcription factor for Th2 differentiation [46].
IL5 is the third archetypal Th2 cytokine, and is also in-
creased in resistant sheep (3.4 fold in R vs. S by RT-
qPCR). A major function of IL5 is in stimulating eosino-
phil maturation and localization; these are crucial
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effector cells in the exclusion of T. circumcincta through
binding to parasite-specific IgG, IgE and IgA antibodies
and subsequent degranulation [13]. Eosinophils are most
numerous in the mucosa of the resistant sheep [47]
evidenced by the increased expression, by array, of both
FCER2 (1.72 fold in R vs. S) the low affinity receptor of
IgE, and the IL5 receptor (IL5RA 3.15 fold in R vs. C)
both expressed by eosinophils (Table 1).
Sheep control larval colonization, worm development

and egg production through the generation of parasite-
specific IgA and IgE antibodies [7,9,11,20]. Levels of
these two antibody classes are highly negatively corre-
lated with worm length and fecundity and FEC [32] and
both IgA (IGHA 2.01 fold) and IgE (IGHE 17.21 fold)
are significantly increased (both by array) in the resistant
sheep. The generation of Th2 responses in the gastro-
intestinal tract seem to be induced by the events at the
mucosal epithelial surface [48]. The intestinal epithelium
is activated by parasite antigens via innate receptors and
secrete the cytokines IL25 and IL33 that act on the
newly identified innate lymphoid cells (ILC2) [49], and
TSLP that acts on dendritic cells (DC) [50]. This leads
to IL13 expression by ILC2 and Th2 activation by the
DCs. Major parts of the receptors for these cytokines are
up-regulated (by array) in resistant sheep; IL17RB (re-
ceptor for IL25) is increased 4.73 fold, IL1RL1 (IL33 re-
ceptor and the principal marker for ILC2) in increased
2.7 fold and CRLF2 (TSLP receptor) is increased 2.03
fold, in the R vs. C comparison. The endothelia and DCs
in the abomasal lymph nodes of resistant sheep express
significantly increased levels of HRH1 (1.57 in R vs. C).
Histamine receptor positive DCs modulate Th1/Th2 bal-
ance by inhibiting IL12R1 signalling thus promoting Th2
responses [51].
However, resistance and susceptibility is not just a

matter of Th1/Th2 discrimination as susceptible sheep
also show increased expression of IL4 (3.83 fold in S vs.
C) and IL13 (3.37 fold in S vs. C) by RT-qPCR and IGHE
(13.25 fold in S vs. C) by array. IGHA is only marginally
increased (but non-significant) in these susceptible ani-
mals. Nevertheless the mature tissue response of the re-
sistant and susceptible sheep is distinct [33]. The
abomasal mucosa of resistant sheep, at least 6 weeks
after the last positive FEC, has evidence of only minor
pathological change with small numbers of infiltrating
lymphocytes and eosinophils. In contrast the mucosa of
susceptible sheep was grossly inflamed.
These pathological differences are reflected in the dif-

ferential expression of the chemokines, molecules which
control leukocyte movement. The high expression of
CCL17 (3.33 fold in R vs. C in array) and CCL26 or
eotaxin-3 (15.5 fold in R vs. C in array) begins to explain
the nature of mucosal infiltrate of resistant sheep, which
consists largely of lymphocytes and eosinophils [52,53].
Indeed CCL17 is chemotactic for, and activates, CCR4+
Th2 cells; their expression of IL4 and IL13 stimulates
the expression of CCL26, which is chemotactic for eo-
sinophils and basophils. IL13 also stimulates the expres-
sion of CCL5 (CCL5 3.15 fold in R vs. C in RT-qPCR) by
activated T and NK cells, which is chemotactic for mem-
ory T cells and promotes Th2 responses [54].
Changes to these and many of the other genes indicate

that a principal component of the response of resistant
animals also includes a repression of acute inflammation
and tissue healing. The low levels of MIF (−2.16 in R vs.
C in array) and SELE (−1.8 in R vs. C in array) begins to
explain the paucity of neutrophils in resistant animals
[55]. A principal function of MIF is induction of pro-
inflammatory cytokines, which stimulates SELE (E-
selectin) expression and hence neutrophil localization
[56]; however the level of SELE in resistant sheep is sig-
nificantly repressed, possibly explaining the lack of neu-
trophils in the abomasal mucosa of these animals [33].
Three other genes which play significant roles in the
regulation of inflammation are increased in resistant
sheep. ALOX15 (lipoxygenase 15) is induced by IL4 and
IL13 and inhibits pro-inflammatory leukotrienes and
suppresses neutrophil chemotaxis; NR1H4 plays an key
role in cholesterol homeostasis and inhibits IL1β in-
duced inflammation [57]; CD200R is the Ox-2 receptor
expressed on myeloid cells and functions to down-
regulate myeloid cell activation and therefore depress in-
flammation [58]. Both resistant and susceptible sheep
are equally affected for the first 6 weeks of trickle infec-
tion [32] but only resistant animals control infection.
Consequently the abomasum of those animals begins to
heal; and this is seen by the significant changes (R vs. S
and R vs. C) to genes associated with healing, with an
8 – 10 fold increase in type VI collagen (COL6A5) and a
3 fold increase in enteric smooth muscle actin (ACTG2).
VIPR2 (2.04 in S vs. C) is the one gene in the array

that is differentially-expressed in susceptible sheep but
not in the resistant group. This is the vasoactive intes-
tinal peptide receptor; ligand-receptor interactions leads
to inhibition of IL2-driven T cell proliferation and
chemoattraction [59], consistent with the immunopa-
thology of the susceptible abomasum. The excretory/
secretory antigens of T. circumcincta have been shown
to induce the expression of FoxP3 by murine T cells
in vitro [60]; however there is no evidence for any in-
crease in Tregs in the parasite-free resistant or highly-
infected susceptible sheep.
The ultimate aim of these studies was to identify can-

didate genes as potential selectable markers for resist-
ance to T. circumcincta infection. Within this study we
have highlighted a small number of physiological path-
ways associated with differential susceptibility in Black-
face sheep; in particular identified genes linked to
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differential T cell polarization. The Affymetrix ovine
gene array incorporates probes for all the annotated
exons within the sheep genome and a major advantage
of using this technology is that differential transcript
usage can be identified directly. We are currently analys-
ing the array data to identify transcript variants of genes
within the top-networks that are differentially-expressed
in relation to resistance and susceptibility.

Additional files

Additional file 1: Digital gene expression analysis of gastric lymph
node of T. circumcincta infected sheep. Differentially expressed genes
in the R vs. C, S vs. C and R vs. S comparisons analysed using the Ovis
aries Oar v3.1 genome assembly. Mean; ΔΔCt (mean CtGOI - meanCYWHAZ).

Additional file 2: RT-qPCR analysis of gastric lymph node of T.
circumcincta infected sheep. Differentially expressed genes in the R vs. C
and S vs. C comparisons. Mean R, S, C; mean tag numbers per 106 tags in
Resistant (R), Susceptible (S), Control (C). FC R/C, S/C, R/S; fold change Resistant
vs. Control (R/C), Susceptible vs. Control (S/C, Resistant vs. Susceptible (R/S).

Additional file 3: Top networks identified by Ingenuity Pathway
Analysis, from the Illumina digital gene expression data. Network
P-scores [−log10 (P-value)] is the probability of a network being
randomly generated.

Additional file 4: Top Bio Functions identified by Ingenuity
Pathway Analysis, from Illumina digital gene expression data.
P-values calculated by Fisher’s exact test.
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a  b  s  t  r  a  c  t

The  resistance  and  susceptibility  of sheep  to the  common  abomasal  nematode  parasite,  Teladorsagia  cir-
cumcincta  is  strongly  associated  with  the differential  polarization  of the  immune  response.  Resistant
animals  control  larval  colonization  by  the  production  of  a  protective  antibody  response  regulated  by  Th2
T cells.  Susceptible  sheep  respond  to infection  by developing  an inflammatory  Th1/Th17  response  that
fails  to control  infection.  Previous  microarray  analysis  identified  genes  associated  with  T  cell polarization
that  were  differentially  expressed  between  the  resistant  and  susceptible  sheep.  RT-qPCR  confirmed  the
microarray  data  for ALOX15  and IL13.  Both  ALOX15  exon  9 and  IL13  exon  4 were  significantly  increased  in
resistant  animals  and  copy  number  RT-qPCR  showed  that  expression  levels  of  these  exons  were  signif-
icantly  negatively  correlated  with  quantitative  phenotypic  traits,  including  abomasal  worm  counts  and
faecal  egg  counts.  Sequencing  of  the  intronic  regions  5′ to these  genes  failed  to  identify  any  potential
genetic  links  to  differential  exon  usage.

© 2015  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The abomasal nematode, Teladorsagia circumcincta is one of
the most common parasites of sheep in cool temperate regions
(Urquhart et al., 1987) and is a major drain on the economics of
sheep production (Nieuwhof and Bishop, 2005). Several studies
have described genetic variation for parasite susceptibility within
and between sheep breeds (Dominik, 2005; Mugambi et al., 1997;
Terefe et al., 2007), and that faecal egg count (FEC) is a heritable
characteristic (Davies et al., 2005) and can be used as a parameter
for selective breeding for parasite resistance (Davies et al., 2005;
Windon, 1990; Woolaston, 1997). Sheep selected for low FEC con-
trol infection by the acquisition of anti-parasite antibody (Stear
et al., 1999) driven byTh2 cytokines (Craig et al., 2014), and there
is a significant genetic relationship between IgA antibody levels
and the ability to control infection (Stear et al., 1997; Strain et al.,
2002). In contrast, sheep selected for high FEC produce little IgA
antibody but instead generate an inflammatory Th1/Th17 response
that fails to control infection and egg production (Gossner et al.,
2012).

FEC and antibody levels have both been used as selectable mark-
ers of resistance (McRae et al., 2014; Sayers and Sweeney, 2005;

∗ Corresponding author. Fax: +44 131 651 9107.
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Stear et al., 2006) but the identification of genetic markers has the
potential for marker assisted selection (Davies et al., 2006). Both
quantitative trait loci mapping and genome-wide association stud-
ies have been used to identify selectable genetic markers (Davies
et al., 2005; Dominik, 2005; Riggio et al., 2013). More recently high
throughput microarrays (Andronicos et al., 2010; Diez-Tascon et al.,
2005) and digital gene expression (Pemberton et al., 2011) have
been used to identify potential candidate genes for resistance to
sheep gastrointestinal nematodes including Haemonchus contortus
(Rowe et al., 2008) and T. circumcincta (Gossner et al., 2013; Knight
et al., 2011). The aim of these studies was to identify genes that
were differentially-expressed in pre-exposed (immune) vs. naïve or
resistant vs. susceptible sheep and to try and explain the molecular
basis of differential polarization of the immune response associated
with each phenotype.

Microarray analysis of abomasal lymph nodes from infected
sheep, selected on the basis of FEC, highlighted genes and physi-
ological pathways related to the polarization of T cells and control
of inflammation as being associated with resistance (Gossner et al.,
2013). These data were obtained using the Affymetrix Ovine Gene
1.1 ST whole-genome array consisting of probes for all exons of
each annotated transcript in the sheep Oar v2 genome assembly.
The data were originally analysed at the gene-level, with exons
summarized to genes, but this analysis also revealed that individual
exons for some genes were not equally expressed.

Alternative splicing is a post-transcriptional mechanism for reg-
ulating gene expression; and within a gene the variable usage of

http://dx.doi.org/10.1016/j.vetpar.2015.08.023
0304-4017/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(or part of) an exon or intron creates multiple distinct transcripts
(Blencowe, 2006). Alternative splicing can modify coding sequence,
but within the 5′ and 3′ UTRs it can also alter miRNA-binding
and regulatory motifs and influence transcript expression levels or
translation, and therefore can have a profound effect on the identity
or expression levels of a protein (Martinez and Lynch, 2013).

The focus of this current study was to examine the differential
usage of exons of selected genes in the resistant and suscepti-
ble sheep, as identified by microarray analysis (Gossner et al.,
2013). The eight genes were chosen on the basis that they were
differentially-expressed in resistant and susceptible sheep and
have a role in T cell biology and inflammation and included arachi-
donate 15-lipoxygenase (ALOX15) and interleukin 13 (IL13), both
of which were significantly increased in resistant animals and had
variable exon usage. The microarray data were first validated by
fold-change RT-qPCR for two exons of each selected gene; copy
number RT-qPCR was then used to test the hypotheses that resis-
tance/susceptibility to T. circumcincta is associated with differential
exon usage within the selected genes and that individual exon
usage correlates with selected quantitative parameters of resis-
tance.

2. Materials and methods

2.1. Animals and tissues

Details of animals, infection protocols, phenotypic parameters
and population genetic analyses have been described previously
(Beraldi et al., 2008). Briefly, ∼3 months old Blackface female lambs
originated from a flock used for quantitative trait analyses (Davies
et al., 2006); all animals were housed in worm-free conditions. Ten
sheep were sham infected controls and 45 sheep were infected
experimentally with ∼2300 L3 T. circumcincta larvae three times
a week for three months and sacrificed two days after the last
infection. At post mortem ten of the infected group had no adult
worms in the abomasal contents, while the other infected ani-
mals had adult worm count (AWC) within the abomasum at post
mortem ranging from 80 to 11300 (Table S1). Animals were ranked
(1–45) according to AWC  and FEC (Beraldi et al., 2008). The relative
concentration of serum IgA anti-T. circumcincta antibody was  also
measured for all these animals; and it was determined that both
AWC  and FEC were significantly negatively correlated with anti-
body levels and with body weight (BW) (Beraldi et al., 2008). The
7 most resistant (R) sheep (infection rank 1–7) had no detectable
AWC  or FEC, high IgA antibody levels and high body weight (BW).
The 7 most susceptible (S) sheep (infection rank 39–45) were those
with the highest AWC  (mean 6000, maximum 11300), high FEC
(mean 414, maximum 950), low IgA antibody levels and low body
weight. Animal experiments were approved by University of Edin-
burgh Ethical Review Committee and conducted under an Animals
(Scientific Procedures) Act 1986 Project Licence. Abomasal (gas-
tric) lymph nodes (ALN) were removed at post mortem and stored
at −80 ◦C in RNAlater (Ambion, Huntingdon, UK).

2.2. RNA extraction and cDNA synthesis

Total RNA was isolated from 0.02 g of tissue using the Ribop-
ure Kit (Ambion, UK) according to the manufacturers’ instructions.
Contaminating DNA was removed by On-column PureLink® DNase
I treatment (Ambion). The quantity, quality and integrity of the RNA
samples were determined using a NanoDrop ND-1000 spectropho-
tometer (Labtech International Ltd.) and Agilent 2200 TapeStation
system (Agilent Technologies); all had an RNA Integrity Num-
ber of >7.3. cDNA synthesis from 1 �g RNA was by SuperScriptTM

II Reverse Transcription Kit (Invitrogen, UK) using oligo-dT(15)
primer and RNaseOUT (Invitrogen).

2.3. Cloning of ovine exons

The sequences of differentially-expressed probes of the
Affymetrix Ovine Gene 1.1 ST Array (http://www.affymetrix.com/
analysis/index.affx) were used to obtain full exon sequences
using NCBI-BLAST against the sheep genome assembly, Oar
v3.1 (http://www.livestockgenomics.csiro.au/sheep/oar3.1.php/).
Exon-specific primers were selected using Primer-BLAST (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and reanalysed using
Net Primer (www.premierbiosoft.com/netprimer/). Primers used
for RT-PCR and RT-qPCR are shown in Table S2A. The location of
the primers and their relationship to the locations of the Affymetrix
Ovine Gene 1.1 ST whole-genome array probe sets is shown in Table
S3. RT-PCR used the FastStart Taq DNA Polymerase Kit (Roche)
following the manufacturer’s protocol. PCR products were ana-
lyzed by agarose gel electrophoresis, visualized by GelRed/UV
transillumination, purified using MinElute PCR Purification Kit
(Qiagen), ligated into pGEM-T Easy vector (Promega) and trans-
formed into JM109High Efficiency Competent Cells (Promega). A
random selection of color-screened clones were sequenced (Edin-
burgh Genomics; https://genomics.ed.ac.uk/) with SP6 and T7
primers using the BigDye® Terminator v3.1Cycle Sequencing Kit
(Applied Biosystems, UK).

2.4. Quantitative real-time PCR analysis

qPCR was  performed using 1 �l template cDNA or linearized
plasmid DNA (for the copy number analysis), 7.5 �l FastStart
Universal SYBRgreen Master (Rox) 2× concentration (Roche),
0.1––0.3 �l primers and nuclease-free water to 15 �l final volume.
All reactions were prepared using a CAS-1200TM Precision Liquid
Handling System and performed on the Rotor-Gene Q (Qiagen).
Cycle conditions were: 95 ◦C for 10 min  and then 40 cycles of 95 ◦C
for 10 s, annealing (Table S2A) for 15 s and 72 ◦C for 30 s followed by
melt curve analysis. Optimised RT-qPCR primers had an efficiency
between 95 and 105% and R2 of 0.98 and 0.99. Relative analysis
was performed on the 7 most resistant sheep (ranked 1–7) and
the 7 most susceptible sheep (ranked 39–45) (Table S1). Abso-
lute expression (copy number) analysis was performed on all 45
infected animals. Transcripts were quantified in cDNA from three
separate RT-qPCR reactions for each biological sample; each cDNA
sample was  assayed in triplicate with GAPDH housekeeping and
no-template controls included in all runs.

Relative gene expression levels were calculated in GenEx
5.3.4.157 (MultiD Analyses AB, Sweden) using the comparative
2 − (��Cq) method and normalized to the geometric mean of
GAPDH and SDHA. Fold changes were calculated from �Cq values
using GenEx. To derive the copy number of the target sequence
in all 45 sheep, a standard curve (linearized sheep ALOX15 or
IL13 plasmid DNA) was used with a dynamic range that spanned
at least five orders of magnitude. Copy numbers were calcu-
lated from Cq values using the following formula: molecules per
�g = ((1 × 10−6)/(M g/mol)× [6.03 × 10−23 molecules/mol])

M = size of plasmid × 660 g/mol per bp. The expression levels
were normalized by dividing the copy number derived from the
standard curve by the calculated normalization factor for each indi-
vidual sample.

2.5. Sequencing 5′ intronic regions

Genomic DNA (gDNA) was extracted from the ALN of 6 resis-
tant (infection rank 1, 3, 4, 5, 6, 7) and 6 susceptible (infection
rank 39, 41, 42, 43, 44, 45) sheep using the Wizard® SV Genomic
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Table 1
Differentially-expressed genes in R vs. S comparison with differential exon usage.

Gene symbol Gene name Exon FCa p value FCa p valueb

Microarray RT-qPCR

ALOX15 Arachidonate 15-lipoxygenase 9 22.03 0.003 5.3c 0.001
14 7.44 0.001 1.5 0.03

CD109 CD109 molecule 11 6.36 0.01 −1.0 0.09
19 1 0.05 −1.1 0.08

CD163 CD163 molecule 1 1 0.05 −2.4 0.01
9  −5.42 0.02 −1.6 0.04

CPA3 Carboxypeptidase A3 (mast cell) 3 8.0 0.004 2.0 0.02
5  2.2 0.03 1.5 0.04

EMR3 egf-like module containing, mucin-like,
hormone receptor like-3

9 6.83 0.008 2.2 0.06
11 3.58 0.01 2.0 0.01

IL13 Interleukin 13 1 3.6 0.0001 3.77c 0.0002
4  6.91 0.0002 5.16 5.2E − 6

KIT v-Kit Hardy–Zuckerman 4 feline
sarcoma viral oncogene homolog

16 6.16 0.006 1.1 0.08
21 2.06 0.01 1.2 0.05

MAP3K5 Mitogen-activated protein kinase kinase
kinase

26 1 0.05 −1.5 0.02
28 7.73 0.01 −1.3 0.03

a Fold change R vs S comparison.
b p value R vs S.
c p ≤ 0.05 in the comparison of the two exons.

DNA Purification System (Promega). 10–20 mg  of ALN tissue was
incubated in the digestion solution at 55 ◦C with 300 rpm shak-
ing overnight and then processed following the manufacturer’s
protocol; 200 ng gDNA per PCR reaction was used as a template
for cloning and sequencing of ALOX15 and IL13 promoter regions
(primers and parameters Table S2B).

2.6. Statistical analysis

Relative gene expression levels were analyzed statistically in
GenEx using an unpaired, 2-tailed t-test to determine the differ-
ence between groups. ALOX15 and IL13 copy number results were
analyzed in GraphPad Prism v 5 (Graph Pad Software, USA). The data
were grouped into resistant, susceptible and intermediate (n = 15
per group) and a Kruskal–Wallis test was performed to determine
overall significance, with Dunn’s multiple comparison test within
the Kruskal–Wallis to determine significance between groups. The
correlations between transcript levels and quantitative phenotypes
were analyzed with Spearman’s rank correlation coefficient (rs).
p-values less than 0.05 were considered statistically significant.

3. Results

3.1. RT-qPCR validation of array analysis

Transcriptome analysis of the ALN has been described previ-
ously (Gossner et al., 2013). In brief, cDNA from the abomasal
lymph node of 7 resistant, 7 susceptible and 7 uninfected sheep
was hybridized to Affymetrix Ovine Gene 1.1 ST Array and ana-
lysed, with exons summarized to genes, using the mean expression
of all the exons of a gene. These data and protocols are available
at ArrayExpress accession number E-MTAB-1580. In this current
study the same dataset was used but without summarizing to
genes. Of the 165740 exons interrogated, 1196 were significantly
differentially-expressed within their gene in the R vs. S comparison,
with a fold change ≥2 and p-value ≤0.05 (one-way between-subject
ANOVA, unpaired); 930 exons were increased and 266 exons were
repressed. Eight genes were selected, based on each being signifi-
cantly differentially-expressed in the R vs. S comparison, their role
in T cell biology and inflammation as well as significant differential
exon usage within the gene (Table S4). RT-qPCR was developed for
two exons of each gene including one with significant differential-
expression.

Comparison of the array and RT-qPCR fold change analysis for
the exons of the selected genes is shown in Table 1. Significant
differential exon expression was validated, by RT-qPCR, only for
ALOX15 and IL13. Exons 9 and 14 of ALOX15 were 22.02 and 7.44
fold increased respectively, in the resistant compared to susceptible
sheep as assessed by array, and 5.3 (p = 0.001) and 1.5 fold (p = 0.03)
by RT-qPCR. Exons 1 and 4 of IL13 were 3.6 and 6.91 fold increased
by array and 3.77 (p = 0.0002) and 5.16 fold (p = 5.2E − 6) by RT-
qPCR. When the data were summarized to the whole gene, ALOX15
was 5.81 fold higher, and IL13 was 3.17 fold higher in the resistant
sheep (Gossner et al., 2013). Differential exon expression of the
other six genes was  not confirmed by RT-qPCR, although all but
CD109 demonstrated significant differential expression for at least
one exon in the R vs. S comparison.

3.2. Association of exon copy number and quantitative phenotype

ALOX15 and IL13 were chosen for copy number measurement in
the ALN in all 45 infected animals. The expression levels of ALOX15
exon 9 was significantly higher than exon 14 (mean 11313 ± 4547
and 7729 ± 2360 copies per �g total RNA respectively, p = 0.0003).
Similarly IL13 exon 4 was  expressed significantly higher that exon 1
(152.377 ± 81.222 and 72.406 ± 43.858, p < 0.0001). The data were
further analysed by dividing the 45 animals into three groups; the
fifteen most resistant sheep with mean AWC  of 59 and mean FEC of
1.67; a susceptible group of fifteen sheep with mean AWC  of 5167
and mean FEC of 288; and the fifteen intermediate sheep with mean
AWC of 1508 and mean FEC of 82 (Table S1).

Quantification of ALOX15 (Fig. 1) showed that exons 9 and 14
expression levels were significantly different in the resistant, rank
1–15 (15.842 ± 4434 for exon 9 and 9360 ± 2382 copies per �g RNA
for exon 14, p < 0.0001), intermediate, rank 16–32 (10377 ± 2272
and 7381 ± 2330, p = 0.013) and susceptible groups, rank 31–45
(7719 ± 1846 and 6446 ± 1286, p = 0.04). Measurement of the IL13
exons also showed significant differential expression of exon 1
and exon 4 in all three groups; 83418 ± 36148 for exon 1 and
205953 ± 73295 for exon 4, p < 0.0001 in the resistant group;
69660 ± 50.941 and 148318 ± 84464, p = 0.0045 in the intermedi-
ate group, and 64139 ± 43.959 and 102858 ± 50067, p = 0.03 in the
susceptible group.

Spearman’s rank correlation analysis was  used to quantify the
correlation of expression levels of each exon in relation to the quan-
titative phenotypes, FEC, AWC, BW and IgA antibody levels (Table
S1). ALOX15 exon 9 was significantly negatively correlated with
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Fig. 1. Expression of ALOX15 exons 9 and 14, and IL13 exons 1 and 4 in the ALN of T. circumcincta infected sheep. Copy number per �g total RNA. A, rank 1–15 resistant sheep
(FEC  < 10). B, rank 16–30, intermediate (FEC 10–219). C, rank 31–45 susceptible (FEC > 220). Error bars are means ± SD.

AWC  (rs −0.59, p < 0.0001) and FEC (rs −0.62, p < 0.0001), and signif-
icantly positively correlated with BW (rs 0.75, p < 0.0001) and IgA
(rs 0.59, p < 0.0001), exon 14 was also significantly negatively cor-
related with AWC  (rs −0.40, p = 0.004) and FEC (rs −0.31, p = 0.02),
and significantly positively correlated with BW (rs 0.40, p < 0.004),
but not with IgA (rs 0.18, p = 0.11) (Fig. 2).

Similar analysis for IL13 (Fig. 3) showed that exon 4 expres-
sion was significantly negatively correlated with AWC  (rs −0.49,
p = 0.0003) and FEC (rs −0.474, p = 0.0005) and positively cor-
related with BW (rs 0.52, p = 0.0001) but not with IgA levels
(rs 0.08, p = 0.31). IL13 exon 1 expression was also signifi-

cantly negatively correlated with FEC (rs −0.255, p = 0.046) but
there were no significant correlations between exon 1 and
AWC  (rs −0.15, p = 0.17), BW (rs 0.18, p = 0.12) or IgA (rs 0.001,
p = 0.50).

3.3. Sequence of 5′ intronic or UTR regions of ALOX15 and IL13

Polymorphisms in intronic promoter or 5′ UTR regulatory ele-
ments (Black, 2003), possibly associated with differential exon
usage, were examined by sequencing approximately 1000 bp 5′

to the translation start site of both ALOX15 (LN864492) and IL13
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Fig. 2. Correlation analysis of the phenotypic parameters, AWC, FEC, BW and IgA with ALOX15 exon 9 and 14 copy number per �g total RNA in ALN of T. circumcincta infected
sheep. rs—Spearman’s rank correlation coefficient.
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Fig. 3. Correlation analysis of the phenotypic parameters, AWC, FEC, BW and IgA with IL13 exon 1 and 4 copy number per �g total RNA in ALN of T. circumcincta infected
sheep.  rs—Spearman’s rank correlation coefficient.

(LN864491) from 6 R and 6 S sheep. Ten single base variations were
identified in the ALOX15 region (g.66T>C; g.227C>G; g.246C>G;
g.606T>C; g.654G>A; g.656G>C; g.697T>C; g.836T>C; g.960G>A;
g.1036A>G) but none segregated with phenotype. An initiator
codon variant (A/G) was also identified in two  animals, which

has already been identified in other sheep breeds (NCBI dbSNP;
rs422045752). The only variation found with IL13 was the inser-
tion of three nucleotides (g.674 675insGAA) 222 nucleotides 5′ to
the translation start site in one animal (lamb 110, rank 7), which
was heterozygous at this locus.
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4. Discussion

The resistance of sheep to the gastrointestinal nematode para-
site T. circumcincta has a major host genetic component (Murphy
et al., 2010; Riggio et al., 2013) and differential susceptibility to
this parasite is clearly associated with T cell activation and inflam-
mation (Gossner et al., 2013; Gossner et al., 2012). In addition,
mouse models of nematode infections show that variations of genes
associated with Th1, Th2 and Th17 T cell maturation are involved
in the genetics of resistance (Filbey et al., 2014; Finkelman et al.,
1997). Most studies in sheep have focussed on the important role
for transcription regulation and primary sequence differences of
these genes (Gossner et al., 2013; Riggio et al., 2013); however this
current study concentrates on differential exon usage as a source of
gene variants. Alternative splicing is a significant cause of protein
variation (Martinez and Lynch, 2013) especially in genes expressed
in the immune system (Lynch, 2004) including cytokines and recep-
tors involved in T cell polarization (Gaudreau et al., 2012; Martinez
et al., 2012); and the original selection of the eight genes was made
on the basis that they were differentially-expressed in resistant and
susceptible sheep (Gossner et al., 2013) as well as being involved
in T cell biology and inflammation.

Fold-change RT-qPCR resulted in the validation of the microar-
ray data of two of the eight selected genes, ALOX15 and IL13.
IL13 plays a major role in resistance to gastrointestinal nema-
todes. In T. circumcincta infected sheep it was the most significant
up-regulated gene in the R vs. S comparison by both microarray
and RT-qPCR array (Gossner et al., 2013). It is also the dominant
cytokine in the control of murine Nippostrongylus brasiliensis infec-
tion (Mckenzie et al., 1998) and seems to be equally involved with
IL4 in the development of protective immunity to Trichuris muris
and Heligomosoides polygyrus (Bancroft et al., 1998). IL13 is largely
a product of antigen-activated Th2 cells but is also synthesized
by mast cells and eosinophils (Gessner et al., 2005). IL13 shares
many biological functions with IL4, including the regulation of Th2
development and consequently antibody production and heavy
chain switch; it also inhibits inflammatory cytokine production
and promotes mast cell proliferation (Minty et al., 1993) and tis-
sue remodelling after parasite-induced injury (Wynn, 2003). IL13
is encoded by four exons on the minus strand of ovine chromo-
some 5 (NC 019462.1); exon 4 encodes 108 bp at the 3′ end of
the coding region (19.262.871–19262764) and the 862 bp 3′ UTR
(19.262.763–19261902). The consistent differential expression of
both exons between the R and S groups, and the highly significant
correlation of exon 4 levels and sheep rank phenotypes (AWC and
FEC) as well as BW,  argues against a simple technical explanation
for differential exon usage. Expression levels of exon 4 are likely
to represent full length and functional IL13 transcripts, which may
explain why quantitative levels of IL13 exon 4 are significantly pos-
itively correlated BW and consequently negatively correlated with
AWC  and FEC. The lack of correlation between IL13 exon 4 and IgA
(r2 0.08, p = 0.31) may  be due to the fact that the IL13 levels are
transcripts at a single time point (12 weeks post-infection), but
that serum IgA had accumulated over time.

Another major function of IL13 (and IL4) is the promotion of
ALOX15 expression (Nassar et al., 1994) and the consistent up-
regulation of all the ALOX15 exons in resistant sheep could be
explained by the high levels of these cytokines in those sheep.
ALOX15 is one of a range of at least six isoenzymes that oxy-
genate arachidonic acid leading to the production of the lipoxins
(Samuelsson et al., 1987). These function to inhibit leukotrienes
and therefore are broadly anti-inflammatory. In addition ALOX15
stimulates the clearance of apoptotic cells and promotes tis-
sue healing (McMahon et al., 2001), which is seen in resistant
sheep (Gossner et al., 2012). ALOX15 has not been annotated in
the Oar v3.1 genome assembly but analysis using the Bos taurus

ALOX15 sequence (NM 174501.2) identifies that the sheep gene
is encoded by 14 exons on the plus strand of chromosome 11
(NC 019468.1). Exon 9 encodes 90 bp within the coding region
(1247–1337 from the translation start site, 26326237–26326327)
and exon 14 encodes the terminal 180 bp of the coding region and
the complete 3′ UTR (26327916–26328935). As with IL13, it is likely
that the ALOX15 transcript that includes exon 9 encodes the full
length and functional enzyme, and therefore there is a highly signif-
icant relationship between exon 9 expression levels and phenotypic
parameters of parasite resistance. One transcript and three pre-
dicted transcript variants of ALOX15 have been described in cattle,
with the X2 variant (XM 005220190.2) having a deleted exon 7.
However, no functional consequences of these variants have been
described.

Control of exon usage and differential splicing can be associated
with intronic regulatory elements (Black, 2003), often in the prox-
imal 1000 bp 5′ to the translation start site. These regions were
sequenced for both ALOX15 and IL13 from 6 resistant (rank 1–6)
and 6 susceptible (rank 40–45) sheep; and although variants were
identified for both genes, none segregated with resistance and sus-
ceptibility phenotype.

In conclusion, we have validated differential exon usage of two
genes that were expressed in the ALN of sheep showing differential
resistance to the abomasal nematode T. circumcincta. Both ALOX15
exon 9 and IL13 exon 4 were significantly increased in resistant
animals and expression levels of these exons were negatively corre-
lated with quantitative phenotypic traits, including AWC  and FEC.
Consequently, they represent potential markers for selection for
resistance to a common and economically important gastrointesti-
nal parasite.
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Abstract
This study used selected lambs that varied in their resistance to the gastrointestinal parasite

Teladorsagia circumcincta. Infection over 12 weeks identified susceptible (high adult worm

count, AWC; high fecal egg count, FEC; low body weight, BW; low IgA) and resistant sheep

(no/low AWC and FEC, high BW and high IgA). Resistance is mediated largely by a Th2

response and IgA and IgE antibodies, and is a heritable characteristic. The polarization of T

cells and the development of appropriate immune responses is controlled by the master

regulators, T-bet (TBX21), GATA-3 (GATA3), RORγt (RORC2) and RORα (RORA); and sev-

eral inflammatory diseases of humans and mice are associated with allelic or transcript vari-

ants of these transcription factors. This study tested the hypothesis that resistance of sheep

to T. circumcincta is associated with variations in the structure, sequence or expression lev-

els of individual master regulator transcripts. We have identified and sequenced one variant

of sheep TBX21, two variants ofGATA3 and RORC2 and five variants of RORA from lymph

node mRNA. Relative RT-qPCR analysis showed that TBX21,GATA3 and RORC2 were

not significantly differentially-expressed between the nine most resistant (AWC, 0; FEC, 0)

and the nine most susceptible sheep (AWC, mean 6078; FEC, mean 350). Absolute RT-

qPCR on all 45 animals identified RORVv5 as being significantly differentially-expressed (p

= 0.038) between resistant, intermediate and susceptible groups; RORCv2 was not differen-

tially-expressed (p = 0.77). Spearman’s rank analysis showed that RORAv5 transcript copy

number was significantly negatively correlated with parameters of susceptibility, AWC and

FEC; and was positively correlated with BW. RORCv2 was not correlated with AWC, FEC or

BW but was significantly negatively correlated with IgA antibody levels. This study identifies

the full length RORA variant (RORAv5) as important in controlling the protective immune

response to T. circumcincta infection in sheep.
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Introduction
The abomasal strongylid Teladorsagia circumcincta is a major cause of sheep parasitic gastro-
enteritis [1, 2]. The most susceptible animals are weaned lambs [3], but many eventually sup-
press larval development and egg production [4] through the development of IgA and IgE anti-
parasite antibodies [5–7]. The ability to control infection is a heritable characteristic and most
flocks consist of animals with a range of susceptibilities. Indeed, IgA levels and fecal egg counts
(FEC) have been used as selectable markers for resistance [4, 8, 9] and antigens that promote
the production of abomasal IgA antibodies have been identified as potential vaccine candidates
[10].

The candidate gene approach for the identification of molecular markers for selection aims
to evaluate the relationship between phenotype and a variation in a gene [11]. Several studies
have analysed abomasal mucosa to identify genes associated with resistance to T. circumcincta
or the related parasite Haemonchus contortus [12–14]. However, the induction of the immune
response to these parasites occurs in the draining abomasal (gastric) lymph node (ALN) and
the events within that node are likely to determine the quality and quantity of the response that
occurs within the mucosa and the consequent clinical outcome.

This current study exploited parasite-naïve Blackface lambs with diversity in their predicted
genetic resistance to T. circumcincta [15]. Both immunological [16] and microarray analyses
[17] of ALN linked Th2 responses to high IgA levels, low FEC and resistance, and also showed
that Th1/Th17 T cell activation in susceptible sheep resulted in granulomatous inflammation
and low antibody levels that failed to control infection (high AWC and FEC). In mouse and
human gastrointestinal nematode infections, resistance is determined by Th2 activation [18]
associated with a balanced Th1/Th2/Treg response [19]. Uncontrolled Th1 and/or Th17 acti-
vation leads to clinical disease [20]. Consequently, the clinical outcome of infection is mediated
by differential T cell activation.

The multiple effector functions of CD4 T cells are achieved by the differentiation of multi-
potential precursors into distinct polarized subsets, which is largely regulated by the master
regulators T-bet, GATA-3 and RORγt; transcription factors that transactivate the genes and
mediate the subset-specific functions [21]. T-bet (TBX21) promotes Th1 differentiation by
transactivating IFNG and increasing IFNγ production, and by repressing Th2 activation [22,
23]. GATA-3 (GATA3) regulates Th2 development [24] by direct binding to enhancers and/or
promoters of the Th2 cytokine gene cassette (IL4, IL5 and IL13) and inducing their expression;
it also inhibits Th1 development [25]. Th17 cells express neither T-bet nor GATA-3 [26]; anti-
gen-activated naïve T cells in the presence of TGFβ and IL-6 differentiate into IL-17A produc-
ing T cells regulated by RORγt (RORC2) [27]. Maximum production of IL-17A also requires
the related transcription factor RORα (RORA) [28]. RORα is also critical for the development
and function of the nuocyte [29] subset of innate lymphoid cells 2 (ILC2), which are crucial in
the induction of Th2 cells and the development of anti-helminth immunity [30] in mice. Tregs
have also been shown to play a role in anti-helminth immunity in mice [19], however previous
work in T. circumcincta-infected sheep [16] has shown that there is no differential expression
of the Treg transcription factor FOXP3 in resistant and susceptible sheep.

In addition to controlling T cell differentiation, all four transcription factors contribute to
the pathogenesis of chronic inflammatory diseases. T-bet plays a role in the abnormal expres-
sion of Th1 cytokines in human Crohn’s disease [31] and GATA-3 is prominent in the devel-
opment of ulcerative colitis [32]. Furthermore, GATA3 gene variants and deletion mutants
have been linked to a number of other inflammatory pathologies, including asthma and IgE-
mediated allergy [33, 34]. The major function of Th17 cells is in the development of inflamma-
tory reactions, and many inflammatory diseases have been ascribed to increased Th17 activity
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[35]. Consequently, RORγt and RORα have also been linked to abnormal inflammation [36,
37].

In this study we characterise the different transcript variants of the four master regulators
expressed in sheep and then compare the expression of these individual variants in animals of
defined resistance status. Finally we quantify expression levels of variants to enable their corre-
lation with quantitative phenotypes of resistance to T. circumcincta.

Materials and Methods

Animals and experimental design
Female Blackface lambs (10–13 weeks old), from a flock previously used for quantitative
genetic and QTL analyses [38], were housed in worm-free conditions. Ten lambs were sham-
infected controls and 45 lambs were infected with ~2300 infective L3 T. circumcincta larvae
three times a week for 12 weeks. At post mortem, two days after the last infection, the abomasal
AWC ranged from 0 to 11300 and FEC from 0–950 eggs per g (S1 Table). The lambs selected
for analysis were chosen to maximize the power of detecting differential expression. Conse-
quently, animals were ranked (1–45) according to their infection level [15]. Full details of the
animals, animal husbandry, infection protocols, quantitative phenotypes and population
genetic analyses have been described previously [15, 16]. Animal experiments were approved
by University of Edinburgh Ethical Review Committee and conducted under an Animals (Sci-
entific Procedures) Act 1986 Project Licence.

Animals were housed in a large open barn in three pens; infected animals were in two adja-
cent pens of approximately 180 m2 each and the uninfected lambs were in a pen of approxi-
mately 50 m2. All animals were bedded on clean straw and had ad libitum access to hay and
water supplemented twice daily with Maize Lamb Pellets (16.0% protein; Carrs Billington, Car-
lisle, UK). Animals were examined at least daily. All lambs were vaccinated with Heptavac P
Plus at 5 and 6 weeks and Scabivax (both MSD Animal Health, UK) at 6 weeks. Most lambs
were administered 2 ml Hexasol (Norbrook Pharmaceuticals, UK) to treat respiratory infec-
tions. Infected animals showing mild symptoms of visceral pain associated with parasite infec-
tion were treated, under veterinary instructions, with 2 ml Finadyne (MSD Animal Health).
Lambs were killed by intravenous administration of Euthetal (Merial Animal Health, UK).

Sample collection and total RNA isolation
Abomasal (gastric) lymph nodes (ALN) were removed immediately post mortem and stored at
–80˚C in RNAlater (Ambion, UK). Total RNA was isolated using the Ribopure Kit (Ambion)
according to the manufacturers’ instructions. Contaminating DNA was removed by On-col-
umn PureLink1 DNase I treatment (Ambion). The quantity, quality and integrity of the RNA
samples were determined using a NanoDrop ND-1000 spectrophotometer and Agilent 2200
TapeStation system; all had an RNA Integrity Number of> 7.5.

Cloning and sequencing of transcription factors
cDNA was synthesised from 1 μg RNA using SuperScript™ II RT with RNaseOUT (Invitrogen,
UK) and oligo-dT(15) primer (Promega, UK). The predicted sequences of the full length sheep
genes were obtained by NCBI-BLAST of the bovine sequences against the Oar v3.1 sheep
genome assembly (http://www.livestockgenomics.csiro.au/sheep/oar3.1.php/). Primers were
selected using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and reana-
lysed using Net Primer (http://www.premierbiosoft.com/netprimer/). The primers used to
amplify overlapping sections of genes are shown in S2 Table. Each primer set was used in
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RT-PCR using FastStart Taq (Roche, UK) as per manufacturers’ instructions. PCR products
were fractionated by agarose gel electrophoresis, visualized by gel red /UV transillumination,
purified using MinElute PCR Purification Kit (Qiagen), ligated into pGEM-T Easy vector (Pro-
mega) and transformed into JM109 High Efficiency Competent Cells (Promega). Colonies that
contained the inserted vector and target sequence were incubated overnight at 37°C in LB
broth with 50 μg/ml ampicillin. Purified plasmid was extracted from the culture using QIAprep
Spin MiniPrep Kit (Qiagen) following the manufacturer’s protocol. Three clones from six resis-
tant and six susceptible lambs for each insert were sequenced using T7 and SP6 primers, with
BigDye1 Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, UK). The GeneRacerTM

Kit for full-length, RNA ligase-mediated rapid amplification of 5’ and 3’ cDNA ends (Invitro-
gen) was used to sequence the 5’ and 3’ untranslated region (UTR) of the transcription factors.
Primers and nested primers (S2 Table) were designed and the protocol was followed as detailed
by the manufacturer, using SuperScriptTM III protocol for reverse transcription reaction and
Platinum(R) Taq DNA Polymerase High Fidelity protocol for the amplification of the final
product, which were cloned as described above.

RT-qPCR quantification of transcript variants
Primers for quantitative real-time RT-PCR (RT-qPCR) were designed and optimized for all
gene variants (S2 Table); primer specificity was confirmed by sequencing. The RORC2 full
length RT-qPCR primers did not distinguish between RORC2 and RORC1, however RORC1 is
not expressed in lymph node but is expressed in liver (S1 Fig). RT-qPCR was performed in
15 μl volumes containing 7.5 μl FastStart Universal SYBR Green Master (Rox) 2x concentration
(Roche), 2 μl template cDNA, 0.25–1.0 μl primers (S2 Table) and nuclease-free water. Reac-
tions were prepared using a CAS-1200™ robot and performed on a Rotor-Gene 6 (Qiagen).
Amplification (conditions in S2C Table) was followed by dissociation curve analysis. Relative
expression levels were quantified in cDNA in triplicate from two separate RT-qPCR reactions
for each of the nine most resistant (ranked 1–9) and the nine most susceptible sheep (ranked
37–45), and duplicate no-template controls were included in all runs. Optimized RT-qPCR
assays had an efficiency between 95–105% and R2 value of 0.98–0.99.

Relative gene expression levels were calculated in GenEx 5 Standard Programme (MultiD
Analyses AB, Sweden) using the comparative 2-(ΔΔ Cq) method and normalized to the geo-
metric mean of GAPDH and SDHA. Fold changes were calculated from ΔCq values using
GenEx. To calculate copy number of RORAv2 and v5 in all 45 infected animals, a standard
curve of linearized plasmid DNA was used with a dynamic range that spanned at least five
orders of magnitude. For each point on the standard curve, copy numbers were calculated
from Cq values using the following formula:

molecules per ng ¼ ð½1x 10�9�=ðM g=molÞ� x ½6:03x10�23 molecules=mol�Þ

M = size of plasmid x 660g/mol per bp. The expression levels were normalized by dividing
the copy number derived from the standard curve by the calculated normalization factor for
each individual sample. The normalization factor was calculated using the method described
by Vandesompele [39], using the geometric mean of GAPDH and SDHA. RT replicates were
averaged per animal and multiplied by the dilution factor (x100) to calculate the copy number
per μg of total RNA.

Statistical analysis
Relative gene expression levels were analyzed in GenEx using an unpaired, 2-tailed t-test to
determine the difference between groups. Graph Pad Prism 6 for Windows (Graph Pad
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Software, USA) was used for statistical analysis of the absolute expression data. The data were
grouped into resistant, intermediate and susceptible (n = 15 per group) and a one-way
ANOVA was performed to determine overall significance and Tukey’s multiple comparisons
test (within ANOVA) was used to determine significance between groups. The correlations
between transcript levels and quantitative phenotypes were analyzed with Spearman’s correla-
tion coefficient (rs). P-values� 0.05 were considered statistically significant.

Results

Identification of transcription variants of sheep transcription factors
Cloning and sequencing identified two transcription variants of GATA3 and RORC2 and five
variants of RORA. GATA3 is encoded on the plus strand of chromosome 13 (Oar v3.1;
NC_019464). The difference between full length GATA3 (LN848231) and GATA3v1
(LN848232) is the deletion of a single codon (g.806_808delGAA) at the 5’ end of exon 3
(Chr13: 12,082,935–12,082,937) which represents the deletion of a glutamic acid (E) at position
260 within the protein (S2 Fig). RORC2 is encoded on the minus strand of chromosome 1
(NC_019468) and, in comparison to the full length gene (LN848233), RORC2v1 (LN848234)
has a 36 bp deletion (g.1237_1272del) at the 3’ end of exon 7 (Chr1: 100,653,158–100,653,123),
which represents the deletion of 12 amino acids (GKYGGVELFRAL) at position 359–370
(S3 Fig) of RORγt. Analysis of ovine TBX21 identified only one sequence, identical to
XM_004012818.2.

RORA is encoded on the plus strand of chromosome 7 (NC_019464) where five transcript
variants (LN848235 –LN848239) were identified in the region spanning Chr7: 46,097,028–
46,731,648. All five variants are identical from position 46 of RORAv1 (Chr7: 46,691,081),
which represents the 5’ end of exon 6 (S4 Fig). The five variants have variable usage of exons 1
to 6 and consequently 5’UTRs of different lengths (S5 Fig). RORAv1, v2, v3 and v5 have unique
translation start sites, while RORAv2 and v4 have the same translation start site and encode
identical derived protein sequences of 387 amino acids. RORAv5 encodes the largest protein of
513 amino acids (Fig 1). The derived protein sequences of all five variants are identical 3’ from
amino acid 83 of RORαv1.

RT-qPCR quantification of transcription factor expression
Relative RT-qPCR assays were developed for TBX21, for the two variants of GATA3 and
RORC2 and for five variants of RORA. These were used to compare the nine most resistant (R)
and the nine most susceptible (S) lambs (S1 Table). The resistant group (rank 1–9) had no
detectable AWC or FEC, mean body weight (BW) of 37 kg and high IgA antibody levels (mean
0.76 relative units). The susceptible lambs (rank 37–45) were those with the highest AWC
(mean 6078, maximum 11300), high FEC (mean 350, maximum 950), low BW (mean 23.7 kg)
and low IgA (mean 0.22 units). Table 1 shows the relative expression (fold change) of each
transcription factor and variant between the resistant and susceptible groups and shows that all
but RORCv5 were equally expressed in the ALN of both groups. RORAv5 was 1.57 fold higher
in the resistant animals but p = 0.08. RORCv3 could not be quantified because expression levels
were too low for accurate measurement.

Correlation of transcription factor levels and quantitative phenotypes
Absolute quantitative analysis was performed on RORAv5 as it was the only transcription fac-
tor variant that showed evidence of differential expression between the R and S groups;
RORAv2 was also quantified as the control RORA variant. RORAv2 expression in all 45 animals
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was 162938 ± 14799 (transcript copy number per μg RNA ± SD), in comparison to
108806 ± 11211 (p = 0.0045) for RORCv5.

Comparison of RORAv2 and RORAv5 expression in 15 most resistant (rank 1–15, mean
AWC 59 and FEC 1.7), 15 intermediate (rank 16–30, AWC 1508 and FEC 87) and the 15 most
susceptible (rank 31–45, AWC 5167 and FEC 288) sheep (Fig 2) shows that RORAv2 is
expressed equally in all three infected groups (164411 ± 80305, 148781 ± 139319 and
175622 ± 68746), with one-way ANOVA p = 0.77. In contrast RORAv5 expression levels were
significantly different between the infected groups (p = 0.038); mean levels in the resistant
sheep were 148439 ± 91397 in comparison with the intermediate (93161 ± 44477, p� 0.05)
and the susceptible group (84818 ± 69870, p� 0.05).

Expression levels of RORAv2 and RORAv5 in the uninfected controls were 14336 ± 12927
and 11308 ± 6571 respectively and not significantly different (p = 0.52). RORAv2 was signifi-
cantly up-regulated 9–11 fold in all three infected groups (p< 0.0003) in comparison with the
uninfected controls, with no significant discrimination between resistant, intermediate and
susceptible animals. In contrast RORAv5 was significantly increased 13 fold (p< 0.0001) in the
resistant sheep but only 7 (p� 0.005) and 6 (p� 0.005) fold in the intermediate and suscepti-
ble sheep, in comparison to the controls.

Fig 1. Ovis aries RORA transcript variants. Derived NH2-protein sequences of RORαv1, v2, v3 and v5. Bold is the zinc-finger DNA binding domain;
underlined are B domains. The derived protein sequences of RORαv2 and RORαv4 are identical. Sequences are identical after amino acid 1 (M) of RORαv2.

doi:10.1371/journal.pone.0149644.g001

Table 1. Relative quantification of transcription factor transcripts in ALN.

Gene Fold change R vs. S p value

TBX21 -1.10 0.61

GATA3 1.06 0.62

GATA3v1 -1.12 0.47

RORC2 1.18 0.42

RORC2v1 1.12 0.54

RORAv1 -1.13 0.79

RORAv2 -1.07 0.83

RORAv4* -1.04 0.88

RORAv5 1.57 0.08

* RORAv3 signal was too low for accurate measurement.

doi:10.1371/journal.pone.0149644.t001
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Spearman’s rank analysis was used to quantify the correlation of expression levels of
RORAv2 and RORAv5 in relation to the quantitative phenotypes, AWC, FEC, BW and IgA
antibody levels (Fig 3). RORAv2 expression levels were not significantly correlated with AWC,

Fig 2. Expression of RORAv2 and RORAv5 in the ALN of T. circumcincta infected sheep.Copy number
per μg total RNA in rank 1–15 resistant sheep (AWC 0–300, mean 59; FEC 0–25, mean 1.7); rank 16–30
intermediate (AWC 200–3100, mean 1508; FEC 0–475, mean 87) and rank 31–45 susceptible (AWC 2900–
11300, mean 5167; FEC 75–950, mean 288) sheep. Error bars are means ± SD. One-way ANOVA for
RORAv2 p = 0.77, infected animals only (p <0.0003 with controls); RORAv5 p = 0.038, infected animals only
(p <0.0001 with controls); * p� 0.05 (Tukey’s multiple comparison test within ANOVA). P� 0.05 for all three
infected groups vs. uninfected controls for both RORAv2 and RORAv5.

doi:10.1371/journal.pone.0149644.g002
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Fig 3. Correlation analysis of the phenotypic parameters and RORA transcript variants.Correlation of AWC, FEC, BW and IgA with RORAv2 and
RORAv5 copy number per μg total RNA in ALN of T. circumcincta infected sheep. rs—Spearman’s rank correlation coefficient.

doi:10.1371/journal.pone.0149644.g003
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FEC or BW but were significantly negatively correlated with IgA (rs -0.30, p = 0.022). In con-
trast RORCv5 was significantly negatively correlated with AWC (rs -0.53, p =<0.0001) and
FEC (rs -0.55, p =<0.0001), and significantly positively correlated with BW (rs 0.53, p =
<0.0001); but was not significantly correlated with IgA antibody (rs 0.22, p = 0.07).

Discussion
This study represents the first systematic attempt to assess the role of the four major immune
system transcription factors in an ovine infectious disease context. Initial characterization of
mRNA from abomasal lymph node failed to find any splice variants of sheep TBX21, identified
two transcript variants each of GATA3 and RORC2, and five transcript variants of RORA.
TBX21 has been unambiguously identified in relatively few species, including humans, cattle
and mice, and in all these species only a single gene has been characterized.

The sequence difference between the two ovine GATA3 variants is also found in the two var-
iants of human GATA3 with no reported phenotypic consequence. The deleted aa260 is not
within either of the two conserved zinc-finger domains (aa264–286 and aa318–342) nor the
functionally-critical DNA-binding YxKxHxxxRP motif (YYKLHNINRP) at aa345–354 [40]
although it is close to the NH2-zinc finger and could possible affect protein structure. Only one
Bos taurus GATA3 sequence has been identified (NM_001076804.1) that encodes an identical
protein (isoform X2) to full length sheep GATA3. There are also four predicted Bos transcript
variants, X1, X2 and X3 encode isoform X2, and variant X4 encodes a protein (isoform X1)
identical to sheep GATA3v1.

Humans express two transcript variants of RORC; transcript variant 1 encodes full length
RORC (isoform a or RORγ) of 518 amino acids with major functions in regulating embryo
development as well as testicular and liver functions [41]. Transcript variant 2 (isoform b or
RORγt) is 485 amino acids and has a major role in regulating Th17 T cells [27]. The two sheep
RORC2 variants are homologous to human transcript variant 2, and the 12 amino acid deletion
in RORC2v1 is within the predicted ligand binding domain [42]. One major RORC2 variant
also exists in humans; this has a deletion of exons 5–8, also within the ligand binding domain,
and functions to suppress Th17 function by the repression of IL17A and IL21 gene transcrip-
tion [43].

Previous studies, using RT-qPCR of cytokine transcripts and whole genome microarrays,
have shown that a strong Th2 response is associated with resistance and Th1/Th17 activation
linked to susceptibility [16, 17]. However, comparison of resistant and susceptible animals
showed that there was no differential expression of any of the three master regulators (or vari-
ants) that control T cell polarization, TBX21, GATA3 or RORC2. A possible explanation for
this is that the lymph nodes studied had been responding to T. circumcincta infection for 12
weeks and that the regulatory events controlling T cell polarization occurred much earlier in
infection; during initial activation of T helper cells.

The identification of five RORA transcript variants in sheep is not an unusual finding, as
several species express multiple RORA variants, including four in humans. All four human iso-
forms have identical zinc-finger DNA and ligand-binding domains but differ in their NH2-ter-
minal sequences (A/B domains [44]) and it seems that these differences are associated with
cellular expression levels [45] and determine functions [46, 47]. Indeed in mice, NH2-terminal
truncated RORα isoforms are linked to cerebellar cell atrophy and the ‘staggerer’ phenotype
[48]. The five sheep RORA variants also encode four distinct proteins. The derived protein
sequences of RORAv2 and RORAv4 are identical; they possess the conserved ligand-binding
domain but lack A/B domains and the DNA-binding domain. The RORAv1 protein (RORαv1)
contains both DNA- and ligand-binding domains and a 17 amino acid B domain immediately
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upstream of the DNA-binding domain, which is identical to that of human Rora isoform d
(NP_599024.1). RORαv3 and RORαv5 possess both DNA- and ligand-binding domains and
identical B domains, which is the same sequence as that of human isoform a, and distinct from
that of RORαv1. RORαv3 possesses an upstream A domain of 13 amino acids and RORαv5
has an A domain of 44 amino acids, different to any human isoform.

Of the four measurable variants of RORA only RORAv5 showed consistent differential
expression in the resistant vs susceptible comparison and quantitative levels of RORAv5 were
highly significantly correlated with quantitative parameters of resistance. This is likely to be
related to the length and identity of the A/B domains. Human Rora isoforms a and b have dis-
tinct A/B domains and display different binding specificities. The A/B domains of isoform a
mediate almost complete nuclear localization [44] making it a strong transcription factor that
activates a broad range of genes. In contrast the A/B domains of isoforms b, c and d mediate
cytoplasmic localization and consequently they are weaker transcription factors with a nar-
rower range of targets [46].

This does not fully explain the link between sheep RORAv5 and parasite resistance. Analysis
of the sheep immune response to T. circumcincta shows that resistance is correlated with the
development of a Th2 response, including the production of IL-13 and up-regulated transcrip-
tion of genes associated with wound healing [17]. In humans a major function of Rora isoform
a (most similar to RORαv5) is the inhibition of NF-κB associated inflammation [37], and it is
clear from previous studies in sheep that resistant animals are those with repressed inflamma-
tory gene expression [16, 17]. RORα is also an essential transcription factor for nuocyte devel-
opment in mice; these mediate Th2 polarization [29], optimize tissue repair [49] and
consequently have a critical role in parasite expulsion. However, if the link between RORαv5
and parasite resistance is due to this ILC2 subset in sheep it does not involve the GATA-3+

ILC2 cells [49, 50] as this transcription factor is not differentially-expressed in parasite-resis-
tant sheep. It is also known that RORα is an important accessory transcription factor for the
development and function of Th17 cells [28], but the master regulator of these cells is RORγt
which, like GATA-3, is not differentially-expressed; furthermore Th17 activation seems to be
more associated with susceptibility than resistance [16].

Analysis of RORAv2 expression showed no correlation with AWC, FEC or BW and a low
but significant negative correlation with IgA, i.e. a positive correlation with susceptibility.
RORαv2 possesses neither the A/B nor DNA-binding domains, but does have the ligand-bind-
ing domain. Both RORAv2 and RORAv5 are expressed at high levels only after infection. how-
ever RORAv5 showed a 13 fold up-regulation in resistant animals, but only a 7 and 6 fold
increase in the intermediate and susceptible groups. In contrast, the infection-associated
increase in RORAv2 expression was similar in all three groups. It is possible that RORαv2,
which is found at higher levels than RORαv5 in all infected lambs, could compete with
RORαv5 for ligand binding and inhibit its function in those animals with lower levels of
RORAv5, with consequent pathological effects in susceptible lambs.

In conclusion, we have identified transcript variants of the master regulators of T cell immu-
nity in sheep. There are two variants of GATA3 and RORC2, five variants of RORA and a single
TBX21 transcript. Analysis of expression of each variant in sheep with defined resistance status
to the gastrointestinal parasite T. circumcincta showed that only RORAv5 is differentially
expressed in resistant compared to susceptible sheep, with expression levels that correlate
with the phenotypic parameters of resistance. The largest variant of RORA (RORAv5) seems to
be important in controlling the protective immune response to T. circumcincta infection in
sheep.
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Variations in T cell transcription factor 
gene structure and expression associated 
with the two disease forms of sheep 
paratuberculosis
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Abstract 

Two different forms of clinical paratuberculosis in sheep are recognised, related to the level of bacterial coloniza-
tion. Paucibacillary lesions are largely composed of lymphocytes with few bacteria, and multibacillary pathology is 
characterized by heavily-infected macrophages. Analysis of cytokine transcripts has shown that inflammatory Th1/
Th17 T cells are associated with development of paucibacillary pathology and Th2 cytokines are correlated with 
multibacillary disease. The master regulator T cell transcription factors TBX21, GATA3, RORC2 and RORA are critical for 
the development of these T cell subsets. Sequence variations of the transcription factors have also been implicated in 
the distinct disease forms of human mycobacterial and gastrointestinal inflammatory diseases. Relative RT-qPCR was 
used to compare expression levels of each transcript variant of the master regulators in the ileo-caecal lymph nodes 
of uninfected controls and sheep with defined paucibacillary and multibacillary pathology. Low levels of GATA3 in 
multibacillary sheep failed to confirm that multibacillary paratuberculosis is caused simply by a Th2 immune response. 
However, high levels of TBX21, RORC2 and RORC2v1 highlights the role of Th1 and Th17 activation in paucibacillary 
disease. Increased RORAv1 levels in paucibacillary tissue suggests a role for RORα in Th17 development in sheep; 
while elevated levels of RORAv4 hints that this variant might inhibit RORα function and depress Th17 development in 
multibacillary sheep.

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Paratuberculosis (Johne’s disease) is a common intestinal 
disease of ruminants caused by infection with the intra-
cellular bacterium Mycobacterium avium subspecies 
paratuberculosis (Map) [1]. As with tuberculosis [2], clin-
ical disease only develops in a minority of infected indi-
viduals, and in sheep the disease can be one of two forms. 
About 70% of the diseased animals develop multibacillary 
or lepromatous pathology with lesions in the terminal 
ileum composed of heavily infected macrophages [3, 4], 
and the remainder develop paucibacillary or tuberculoid 

pathology with characteristic lymphocytic infiltration, 
granulomatous inflammation and few bacteria.

The immunology of paratuberculosis in sheep is also 
similar to that of the tuberculoid and lepromatous forms 
of tuberculosis and leprosy [5, 6]. Multibacillary pathol-
ogy is linked with a strong Th2 response with high lev-
els of interleukin (IL)-5 [7, 8] and paucibacillary disease 
is associated with an inflammatory Th1/Th17 response, 
characterized by IL-12, IL-17A and IFNγ [7, 9, 10]. How-
ever, the immune response associated with the two forms 
of the disease is not a simple matter of Th1/Th2 discrimi-
nation as there seems to be a total T cell dysfunction and 
loss of homeostasis in animals with multibacillary pathol-
ogy [11–13], possibly concerned with changes to co-stim-
ulatory and second messenger expression [14, 15].

In common with tuberculosis and leprosy, the epide-
miology of paratuberculosis strongly suggests a genetic 
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susceptibility to disease severity and pathological form 
[16, 17]. Many of the genes associated with severity of 
human mycobacterial diseases and pathology belong to 
the pathways that control differential T cell activation 
[16]. The polarization of T cells into the various CD4+ T 
cell functional subsets occurs within organized lymphoid 
tissue and is largely controlled by the master regulator 
transcription factors that control differential cytokine 
production including Tbx21 or T-bet (TBX21), GATA-3 
(GATA3), RORγt (RORC2) and RORα (RORA); [18]. 
Tbx21 and GATA-3 are the regulators of Th1 and Th2 
differentiation respectively; initially by transactivation 
of relevant cytokine genes and also by reciprocal repres-
sion [19, 20]. RORγt is the major transcription factor that 
regulates Th17 development, and RORα is required for 
the maximum production of the cytokine IL-17A [21]. 
GATA-3 and RORα are also important in the develop-
ment and function of the different subsets of innate 
lymphoid cells 2 (ILC2), cells associated with mucosal 
surfaces in mice and important in the initiation of Th2 
responses [22].

Map is also implicated in the pathogenesis of Crohn’s 
disease [14], and these master regulators play important 
roles in the pathogenesis of this disease and other inflam-
matory diseases at mucosal sites. Tbx21 expression is 
implicated in the abnormal expression of IFNγ in Crohn’s 
disease and GATA-3 is involved in the immunopathology 
of ulcerative colitis [23, 24]. Th17 cells function largely in 
the development of inflammatory reactions and several 
inflammatory conditions are linked with ectopic Th17 
T cell activation; therefore RORγt and RORα are also 
implicated in inflammatory disease [25, 26]. Alterna-
tive splicing of exons (or part of an exon or intron) into a 
transcript introduces variations into many genes [27] and 
such variations in the transcripts of the human master 
regulator transcription factors can modify their functions 
[28–30].

We have recently identified two transcript variants of 
both sheep GATA3 and RORC2, a single TBX21 tran-
script and five variants of RORA [31]. In this study we 
compared the expression of each transcript variant of 
these four transcription factors, in the ileo-caecal lymph 
nodes (ICLN) that drain the disease lesions in the termi-
nal ileum adjacent to the ileo-caecal valve, in sheep with 
define multibacillary or paucibacillary pathology, to test 
the hypothesis that the pathological form of sheep para-
tuberculosis is associated with differential expression of 
individual T cell transcription factor variants.

Materials and methods
Animals, disease diagnosis and tissue collection
Animals with clinical disease were outbred female Black-
face or Blackface x sheep with naturally-acquired MAP 

infection (Table  1) from six farms; healthy, uninfected 
control sheep were all Blackface ewes from a single farm 
with no history of paratuberculosis. Paratuberculosis 
pathology in each animal was confirmed at post-mortem 
by haematoxylin and eosin and Ziehl-Neelsen histopa-
thology of the terminal ileum lesions and mesenteric 
lymph nodes [7]. PCR for insertion sequence 900 (IS900) 
was used to confirm infection. There were six animals 
in each of three groups; multibacillary (M), paucibacil-
lary (P) and uninfected controls (C). Tissue was ICLN 
removed at post-mortem, cut into blocks of  ~0.5  g and 
placed in five volumes of RNAlater (Ambion, UK), then 
incubated overnight at 4 °C and stored at −80 °C. No ani-
mals were euthanized specifically for this study; infected 
sheep were humanely culled for clinical reasons and 
uninfected controls were euthanized for reasons unre-
lated to this study (uninfected controls).

Is900 pcr
ICLN was tested for MAP infection by PCR for IS900. 
Two independent primer sets were used [32, 33]; set 
1 (for: GTTCGGGGCCGTCGCTTAGG; rev: GC 
GGGCGGCCAATCTCCTT) and set 2 (for: CTG 
GCTACCAAACTCCCGA; rev: GAACTCAGCGCCCA 
GGAT) generated products of 99 bp and 314 bp respec-
tively. Genomic DNA (gDNA) was purified using the 
Wizard® Genomic DNA Purification Kit (Promega, 
UK). All reactions used FastStart Taq DNA Polymerase 
(Roche Diagnostics, UK) following the manufacturer’s 
instructions, with 500  ng of gDNA and 0.2  μM of each 
primer. PCRs used a Veriti® Thermal Cycler (Applied 
Biosystems, UK) with four reactions performed for each 
primer set at four different annealing temperatures. PCR 
parameters were: 5 min at 95  °C, then 35 cycles of 15  s 
at 95  °C, 15  s at 55  °C, 58  °C, 60  °C, or 62  °C, and 30  s 
at 72  °C, with final elongation of 10  min at 72  °C. PCR 
products were separated by 2% agarose gel electrophore-
sis, purified with a MinElute Gel Extraction Kit (Qiagen, 
UK); cloned using a TOPO TA cloning kit (Invitrogen, 
UK) and sequenced using the BigDye Terminator v3.1 
Cycle Sequencing Kit and 3730 DNA Analyser (Applied 
Biosystems). The presence of an amplicon, confirmed by 
sequencing, from either primer set was taken as a posi-
tive indication for the presence of MAP; the absence of 
an amplicon in all PCR reactions was confirmation of 
absence of MAP infection.

Quantitative real‑time RT‑PCR analysis
Total RNA was obtained from  ~20  mg tissue using the 
Ribopure Kit (Ambion, UK) according to the manufac-
turer’s instructions, DNA was removed by On-column 
PureLink® DNase I treatment (Ambion). RNA quantity, 
quality and integrity were determined by NanoDrop 
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ND-1000 spectrophotometry and Agilent 2200 TapeSta-
tion system; all had an RNA Integrity Number of >7.4. 
cDNA was synthesised from 1  μg RNA using Super-
Script™ II RT with RNaseOUT (Invitrogen) and oligo-
dT(15) primer (Promega, UK), in a 20 μL final volume. 
Quantitative real-time RT-PCR (RT-qPCR) was per-
formed in 15  μL volumes containing 7.5 μL FastStart 
Universal SYBR Green Master (Rox) 2×  concentra-
tion (Roche), 2  μl template cDNA (diluted 1/10−1/40), 
1  μL dNTPs (10  mM) primers and nuclease-free water; 
primer sequences, Tm and product sizes (Additional 
file 1) have been published [31]. Reactions were prepared 
using a CAS-1200™ robot and performed on a Rotor-
Gene Q (Qiagen). All reactions had an efficiency >95% 
and R2 > 0.98; PCR amplicons were sequenced to confirm 
specificity. Three biological (RT) replicates per animal 
were assayed, each in duplicate and duplicate no-tem-
plate controls were included in all runs.

Relative gene expression levels were calculated in 
GenEx 5 (MultiD Analyses AB, Sweden) using the com-
parative 2−(ΔΔ Cq) method and normalized to the 

geometric mean of YWHAZ and SDHA. Fold changes 
were calculated from ΔCq values using GenEx. The dif-
ference between the group means for each gene was 
analysed using Graphpad Prism 6 by one-way ANOVA 
to determine overall significance, with Tukey’s multiple 
comparison test within ANOVA to determine signifi-
cance between groups.

Results
Paratuberculosis‑diseased and control sheep
The pathological characteristics of the three groups of 
animals is shown in Table  1. Representative haematox-
ylin and eosin and Ziehl-Neelsen histopathology of the 
lymph node is shown in Additional file  2. All infected 
animals were IS900 positive with both primer sets; all 
amplicons were sequenced and confirmed to be 100% 
identical with Mycobacterium avium subsp. paratuber-
culosis insertion sequence IS900 sequence (accession no. 
S74401.1). All uninfected control sheep were negative 
for IS900 PCR using both primer sets under all four PCR 
conditions.

Table 1 Details of paratuberculosis-diseased and control sheep

a  Source farms.
b  SGI (Severity of Granulomatous Inflammation) grading: based on total number of epithelioid macrophages and leukocyte distribution patterns of the terminal 
ileum [46].
c  AFB (Acid Fast Bacteria)—grading: grades 0–2 were defined as paucibacillary; grades 3–4 were defined as multibacillary observed in terminal ileum tissue.
d  IS900 PCR result using each of the two primer sets.
e  Diagnosis: based on histopathological observations.

Sheep ID Breed Origina Age (years) SGIb AFBc IS900d Diagnosise

SH.139 Blackface A 3 5 4 +, + M

SH.140 Blackface A 3 7 4 +, + M

SH.146 Blackface x B 2.5 5 4 +, + M

SH.190 Blackface C 3 5 4 +, + M

SH.199 Blackface C 2 6 4 +, + M

SH.204 Blackface D 1.5 6 4 +, + M

SH.107 Blackface x E 2.5 2.5 0 +, + P

SH.147 Blackface x B 2 3 0 +, + P

SH.155 Blackface F 3 2 0 +, + P

SH.160 Blackface x B 3 2.5 0 +, + P

SH.188 Blackface x B 4 4 1 +, + P

SH.205 Blackface D 4 2 0 +, + P

K207 Blackface G 2.5 0 0 −, − C

K208 Blackface G 2.5 0 0 −, − C

K213 Blackface G 2.5 0 0 −, − C

K224 Blackface G 2.5 0 0 −, − C

K227 Blackface G 2.5 0 0 −, − C

K229 Blackface G 2.5 0 0 −, − C
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Master regulator transcription variants
Cloning and sequencing of transcription factor tran-
scripts from abomasal lymph node identified two vari-
ants of GATA3, two variants of RORC2, five variants of 
RORA and a single TBX21 transcript [31]. In summary 
(Additional file  3), the two GATA3 variants include 
the full length GATA3 (LN848231) and GATA3v1 
(LN848232) that has a single codon deletion at the 5′ end 
of exon 3 (g.806_808delGAA) that encodes glutamic acid 
at position 260. The two RORC2 variants include a full 
length transcript (RORC2, LN848233) and a truncated 
transcript RORC2v1 (LN848234) with a 36  bp deletion 
(g.1237_1272del), which encodes GKYGGVELFRAL at 
position 359–370. The five RORA variants (LN848235–
LN848239) have different 5′ sequences, RORAv1, v2, v3 
and v5 have different translation start sites, and RORAv2 
and v4 have identical start sites. All five variants have the 
same ligand-binding domain but RORAv2 and v4 do not 
encode the DNA-binding domain. RORAv1, v3 and v5 
encode different NH2 sequences upstream of the DNA-
binding domain.

TBX21 and GATA3 expression
Relative RT-qPCR analysis of the master regulator tran-
scription factors that control Th1 and Th2 T cell dif-
ferentiation showed that there were overall significant 
differences in the expression of TBX21 (P  =  0.003) 
and GATA3 (P  =  0.046) but not the variant GATA3v1 
(P  =  0.32) (Table  2). Comparison between the groups 
(Figure 1) showed that TBX21 was significantly increased 
in paucibacillary sheep, resulting in a 2.6 fold change 
in the P vs. C comparison (P ≤  0.01) and a −1.88 fold 
change in the M vs. P comparison (p  ≤  0.05). Simi-
lar analysis for GATA3 showed a significant −2.08 fold 
change (P ≤ 0.05) in the M vs. P comparison, but no sig-
nificant differences were measured in the M vs. C (−1.6 

fold) and P vs. C (1.2 fold) comparisons. There were no 
significant differences between the groups with GATA3v1 
(Figure 1C). 

RORC2 expression
Quantification of two RORC2 variants showed overall 
significant differences (Table  2) for both the full length 
transcript (RORC2, P = 0.0004) and the truncated tran-
script (RORC2v1, P = 0.0026). Both transcripts behaved 
similarly in the between-group comparisons. RORC2 
and RORC2v1 (Figure 2) showed significant 2.4 and 3.09 
(both P ≤ 0.05) fold changes respectively in the M vs. C 
comparison; and significant 3.48 (P  ≤  0.001) and 3.49 
(P ≤ 0.01) fold changes respectively in the P vs. C com-
parison. Neither was significantly different in the M vs. P 
comparison.

RORA expression
Quantification of the RORA transcript variants could 
be performed only for RORAv1, RORAv4 and RORAv5 
because expression levels of RORAv2 and RORAv3 were 
too low for accurate measurements (detected at >30 
cycles, below the linear part of the titration curve). Over-
all significant differences (Table  2) were identified for 
both RORAv1 (P =  0.0053) and RORAv4 (P =  0.0002). 
RORAv5 was marginally insignificant (P =  0.07). Com-
parison between the groups (Figure  3) showed that 
RORAv1 was significantly increased in lymph nodes from 
paucibacillary animals (P vs. C; 2.49 fold, P ≤  0.01 and 
(M vs. P; −1.9 fold, P ≤ 0.05). RORAv4 was significantly 
increased in both the M vs. C (2.78 fold, P ≤ 0.001) and P 
vs. C comparisons (2.89 fold, P ≤ 0.001), but was equally 
expressed in the multi- and paucibacillary groups (−1.04 
fold). RORVv5 was not significantly different in any of the 
three comparisons, although it was increased by 2.67 fold 
in the P vs. C comparison.

Table 2 Relative expression of transcription factors within the ICLN

a  Fold change (ΔΔCq values).

Italics: P ≤ 0.05.

Gene ANOVA P value Multi vs. control Pauci vs. control Multi vs. pauci

FCa P value FC P value FC P value

TBX21 0.003 1.38 ns 2.6 ≤0.01 −1.88 ≤0.05

GATA3 0.046 −1.6 ns 1.2 ns −2.08 ≤0.05

GATA3v1 0.32 −1.5 ns −1.25 ns −1.2 ns

RORC2 0.0004 2.4 ≤0.05 3.48 ≤0.001 −1.45 ns

RORC2v1 0.0026 3.09 ≤0.05 3.49 ≤0.01 −1.12 ns

RORAv1 0.0053 1.2 ns 2.49 ≤0.01 −1.9 ≤0.05

RORAv4 0.0002 2.78 ≤0.001 2.89 ≤0.001 −1.04 ns

RORAv5 0.07 1.8 ns 2.67 ns −1.47 ns
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Discussion
Previous studies investigating cytokine transcripts indi-
cated that sheep paucibacillary disease is strongly asso-
ciated with Th1/Th17 activation and that multibacillary 
pathology is linked to a Th2 T cell response [7, 34, 35]. 

Tbx21, GATA-3, RORγt and RORα are the master regu-
lator transcription factors responsible for controlling 
the polarization of these T cell subsets; and splice vari-
ants of these genes have been described in sheep, some 
of which are differentially expressed in gastrointestinal 
parasitic disease [31]. This study examined the relation-
ship between the expression of the different variants of 
these T cell master regulators and the two paratuberculo-
sis disease pathologies in naturally-infected sheep.

Only one TBX21 transcript has been described in 
sheep, which showed significant increased expression 
in ICLN from paucibacillary animals when compared to 
both uninfected controls (2.6 fold, P ≤ 0.01) and multi-
bacillary sheep (1.88 fold, P ≤ 0.05). These data contrast 
with measurements made from jejunal lymph nodes in 
experimentally-infected red deer [36], where there was 
no differential expression of TBX21, and IFNG levels 
were increased only in “severe disease” (multibacillary) 
cases. The difference might be associated with anatomical 
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Figure 1 Relative quantification of A TBX21, B GATA3 and C 
GATA3v1 in ICLN of paratuberculosis-diseased and uninfected 
control sheep. Each point is the mean ΔCq of three biological 
replicates per animal, each in duplicate. ANOVA: A TBX21, P = 0.003; 
B GATA3, P = 0.046; C GATA3v1, P = 0.32; error bars, ± SD. *≤ 0.05, 
>0.01; **≤0.01, 0.001; ***≤0.001.
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Figure 2 Relative quantification of A RORC2 and B RORC2v1 
in ICLN of paratuberculosis-diseased and uninfected control 
sheep. Each point is the mean ΔCq of three biological replicates per 
animal, each in duplicate. ANOVA: A RORC2, P = 0.0004; B RORC2v1, 
P = 0.0026; error bars, ± SD. *≤0.05, >0.01; **≤0.01, 0.001; ***≤0.001.
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location of the lymph nodes, as Begg et al. [37] showed 
that responses to infection varied with their position. 
The immune response to paratuberculosis is greatest at 
the location of the most severe lesions [37]; the terminal 

ileum is a major site of the paratuberculosis lesions in 
sheep [3] and the ICLN is the major immune inductive 
site for that tissue. Tbx21 is required for Th1 activation 
as it induces the expression of IFNγ [18]; which is the 
critical cytokine for controlling intracellular mycobacte-
rial replication [6]. High levels of both TBX21 and IFNG 
transcripts are seen in human Crohn’s disease [38] and 
TBX21 SNPs are linked with resistance to human pulmo-
nary tuberculosis [39]. In sheep paratuberculosis there-
fore, high levels of TBX21 expression may explain the 
increased levels of IFNγ [7, 40] and the consequent low 
numbers of MAP in paucibacillary lesions.

The expression of the full length GATA3 variant was 
significantly increased (2.08 fold, P ≤ 0.05) in the pauci-
bacillary sheep in comparison to multibacillary animals 
but was not significantly different in either of the diseased 
vs. control comparisons. GATA-3 is required for Th2 dif-
ferentiation as it transactivates the IL4 cassette and pro-
motes the transcription of IL4, IL5 and IL13 [41]; it also 
inhibits Th1 responses and is repressed during Th1 devel-
opment [42]. The increased levels of GATA3 transcripts 
in paucibacillary sheep, with (non-significantly) reduced 
levels in multibacillary sheep (−1.6 fold) is similar to that 
found in red deer with high levels of GATA3 (and IL4) in 
“minimal disease” (paucibacillary) and reduced expres-
sion in “severe disease” [36]; and these authors suggested 
that Th2 responses act to control immunopathology in 
infected animals, and that loss of these responses leads 
to the multibacillary disease state. GATA3v1 expression 
showed no significant changes in any of the three com-
parisons. This variant, which is also found in humans, 
encodes for GATA-3 with a deletion at position 260 (glu-
tamic acid). The deletion is not within the transactiva-
tion domains or either of the zinc-finger domains, nor is 
it associated with the conserved YxKxHxxxRP motif at 
position 345–354 that seems to control Th2 cytokine pro-
duction [43]. To date this is the only study that describes 
any biological difference between full length GATA3 and 
GATA3v1 in any species.

Full length RORC2 expression was significantly 
increased in both the P vs. C (3.48 fold, P ≤ 0.001) and M 
vs. C (2.4 fold, P ≤ 0.05) comparisons. RORC2v1 behaved 
in an almost identical manner. Increased RORγt expres-
sion in humans is associated with a range of inflamma-
tory pathologies, including inflammatory bowel disease 
[44]; and these data imply that RORγt-mediated Th17 
activity is an important aspect of the chronic inflam-
mation seen in both pathological forms of paratubercu-
losis. However, the 1.45 fold increase of RORC2 in the 
P vs. M comparison (whilst not significant) indicates a 
trend of increased Th17 cell function in the paucibacil-
lary immunopathology in comparison to multibacillary 
disease. The twelve amino acid deletion encoded by the 
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Figure 3 Relative quantification of A RORAv1, B RORAv4 and C 
RORAv5 in ICLN of paratuberculosis-diseased and uninfected 
control sheep. Each point is the mean ΔCq of three biological rep-
licates per animal, each in duplicate. ANOVA: A RORAv1, P = 0.0053; 
B RORAv4, P = 0.0002; C RORAv5, P = 0.07; error bars, ± SD. *≤0.05, 
>0.01; **≤0.01, 0.001; ***≤0.001.
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RORC2v1 variant is within the predicted ligand-binding 
domain [45], which implies a modification in function; a 
similar RORC2 variant in humans suppresses IL17A and 
IL21 transcription and consequently inhibits Th17 func-
tion [29]. However, there is no indication in these studies 
that the two sheep variants have any different functions.

Only three of the five RORA variants showed meas-
urable levels of expression. RORAv1 was significantly 
increased in paucibacillary sheep in comparison to both 
control (2.49 fold, P ≤ 0.01) and multibacillary sheep (1.9 
fold, P ≤ 0.05); and RORAv4 was increased in both the M 
vs. C (2.78 fold, P ≤ 0.001) and P vs. C comparisons (2.89 
fold, P ≤ 0.001). RORAv5 showed no significant differen-
tial expression but was 2.67 fold increased in the P vs. C 
comparison (but not significant). The biological activi-
ties of RORα are mediated by both the ligand-binding 
and DNA-binding domains [30]. In addition, the amino 
terminal A and B domains play important roles in intra-
cellular localization, binding specificity and cell tropism. 
RORAv1 and RORAv5 possesses both ligand- and DNA- 
binding domains but different A and B domains [31]; 
RORAv4, which encodes the same protein as RORAv2, 
possesses the conserved ligand-binding domain but lacks 
the A, B and DNA-binding domains.

Optimal Th17 differentiation requires the co-expres-
sion of both RORγt and RORα [21] and the significantly 
high levels of RORAv1 in paucibacillary (in comparison 
to both multibacillary and control sheep) further empha-
sises an important role for Th17 activation in paucibacil-
lary (tuberculoid) pathology. It is possible that RORAv4, 
which is found in high levels in both paucibacillary and 
multibacillary sheep, could compete with RORAv1 for 
ligand binding and inhibit its function, most effectively 
in those animals with lower levels of RORAv1 (i.e. multi-
bacillary), with consequent reduction in Th17 activation. 
This is similar to the differential expression patterns of 
RORAv2 and RORAv5 seen in parasitic disease patholo-
gies [31].

In conclusion, this study measures the expression of 
the transcript variants of the master regulator transcrip-
tion factors that control Th1, Th2 and Th17 T cell dif-
ferentiation, in sheep with defined paucibacillary and 
multibacillary paratuberculosis pathology. Relatively low 
levels of GATA3 in multibacillary animals confirms the 
data from red deer, but does not confirm that multibacil-
lary (lepromatous) paratuberculosis is primarily caused 
by Th2 activation. High levels of expression of TBX21, 
RORC2 and RORC2v1 highlights the role of both Th1 
and Th17 in controlling bacterial replication in pauci-
bacillary disease, and increased expression of RORAv1 
emphasises that RORα plays an important part in Th17 
development in this disease. The differentiation between 
paucibacillary and multibacillary pathology might also 

concern RORAv4, which may inhibit Th17 activation in 
multibacillary disease and further contribute to T cell 
dysfunction.
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Abstract 13 

Resistance of sheep to the gastrointestinal nematode Teladorsagia circumcincta is a heritable 14 

characteristic. Control of parasite colonization and egg production is strongly linked to IgA 15 

antibody levels regulated by Th2 T cell activation within lymphoid tissue; and persistently-16 

infected susceptible animals develop an inflammatory Th1/Th17 response within the 17 

abomasum that fails to control infection. Differential T cell polarization therefore is 18 

associated with parasite resistance and/or susceptibility and is controlled by a specific set of 19 

transcription factors and cytokine receptors. Transcript variants of these genes have been 20 

characterized in sheep, while in humans and mice different variants of the genes are 21 

associated with inflammatory diseases. RT-qPCR was used to quantify mucosal expression of 22 

the transcript variants of the sheep genes in trickle-infected animals with defined phenotypic 23 

traits. Genes that encode full-length GATA3 and IL17RB were shown to be significantly 24 

increased in resistant sheep that had controlled parasite infection. Expression levels of both 25 

were significantly negatively correlated with abomasal worm count (a parameter of 26 

susceptibility) and positively correlated with body weight and IgA antibody (parameters of 27 

resistance). These data show that polarized Th2 T cells within the abomasal mucosa play an 28 

important role in the maintenance of resistance.  29 
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Introduction  30 

One of the most common parasites of the sheep in temperate regions is the nematode 31 

Teladorsagia circumcincta [1] that infects the abomasum or true stomach. Spring lambs are 32 

highly susceptible and become infected soon after weaning; however many eventually 33 

develop an adaptive immune response that controls parasite colonization and egg production. 34 

Major effector mechanisms are anti-worm antibodies and mast cells; and IgA antibody levels 35 

show association [2, 3] with faecal egg count (FEC) and abomasal adult worm count (AWC) 36 

in lambs [4]. The capacity to control T. circumcincta infections is a heritable characteristic 37 

and phenotypic traits like FEC and IgA levels have been used as markers for resistance 38 

selection [5-7].  39 

The production of antibodies and maturation of mast cells is regulated by the differential 40 

polarization of antigen-activated CD4+ T cells [8-10]; and studies in mice have highlighted 41 

the central role of the Th2 cell products interleukin (IL)-4 and IL-13 in the control of 42 

gastrointestinal nematodes [11-13]. However, control of nematode parasites in mice involves 43 

more than just an unregulated Th2 response. A high Th2 and Treg response can often lead to 44 

low-level persistent infection [14-16]; and responses associated principally with Th1 and 45 

Th17 activation gives rise to tissue-damaging inflammation and exacerbated disease [12, 14]. 46 

Consequently, long-term control of parasite infection (resistance) is achieved by an optimal  47 

balance of Th1, Th2 and Treg activation [14]. 48 

The differential polarization of T cells can also be seen in the distinct clinical outcomes of 49 

gastrointestinal nematode infections in sheep. Th2 responses with high levels of IL-4 and IL-50 

13 are clearly associated with resistance to T. circumcincta [17, 18], and control of 51 

Haemonchus contortus [19] and Trichostrongylus colubriformis infection [20, 21]. In 52 

contrast, sheep that are susceptible to T. circumcincta and carry high parasite loads express 53 
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high levels of Th1 and Th17 cytokines [17, 18]; although IFNγ levels in pre-infected 54 

(immunized) sheep that rapidly control T. circumcincta infection are similar to those in naïve 55 

sheep with high levels of parasite infection [22]. Evidence of a role for Tregs in T. 56 

circumcincta infection is absent as there is no differential expression of the regulatory 57 

cytokines IL-10 and TGFβ nor the Treg transcription factor FOXP3 between resistant and 58 

susceptible sheep [17]. 59 

Development of polarized T cell subsets from naïve T cells is under the control of cytokines, 60 

receptors and transcription factors [23]. IL-12 and IL-23 expressed by macrophages interact 61 

with their T cell-expressed receptors, IL-12RB1/IL-12RB2 and IL-23R/IL-12RB1 62 

respectively [24]. This leads to the expression and activation of the transcription factors T-bet 63 

(TBX21) and RORγt (RORC2), and the development of Th1 and Th17 cell subsets 64 

respectively [25, 26]. The transcription factor RORα is also required for optimal Th17 65 

development [27]. The interaction of IL-25 with the heterodimeric receptor complex, IL-66 

17RA/IL-17RB results in the expression and activation of the transcription factor GATA3, 67 

the transactivation of the IL4 gene cassette [28] and the development of Th2 responses.  68 

Alternative splicing (AS) is a common mechanism for generating multiple variable 69 

transcripts from single genes [29], and many transcripts associated with T cell functions are 70 

alternatively-spliced products [30]. Our recent work identified only single transcripts of 71 

TBX21 [31] and IL17RA [32] but multiple transcript variants of GATA3, RORC2 and RORA 72 

[31], as well as IL23R, IL12RB1 and IL17RB [32]. Furthermore we showed that expression 73 

levels, in abomasal lymph node (ALN), of transcript variants of RORA were significantly 74 

correlated to the quantitative parameters of T. circumcincta resistance [31] and variants of 75 

IL23R and IL17RB were differentially-expressed in the ileo-caecal lymph node of sheep with 76 

paratuberculosis [32].  77 
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In the current study we used Blackface sheep with variety in their predicted genetic 78 

susceptibility to T. circumcincta. These were trickle-infected to simulate normal, field 79 

infection; which led to animals with a range of resistance as measured by post-mortem AWC, 80 

FEC, body weight (BW) and serum IgA antibody levels [2]. This study tested the hypothesis 81 

that differential expression, within the abomasal mucosa (AM), of individual variants of the 82 

master regulator transcription factor and cytokine receptor genes associated with control of T 83 

cell polarization are associated with resistance to T. circumcincta. Relative RT-qPCR of 84 

resistant and susceptible sheep was initially used to compare the expression of each variant of 85 

the transcription factors and cytokine receptor components in the AM, the site of T. 86 

circumcincta colonization and pathology [17]. Absolute (copy number) RT-qPCR was then 87 

developed for those transcripts that showed significant differential expression in the relative 88 

analysis, to assess if individual variant usage correlated with the defined quantitative 89 

parameters of resistance. 90 

 91 

Materials and methods 92 

Animals and experimental design 93 

Female Blackface lambs were ~13 weeks old and originated from a flock used previously for 94 

QTL and quantitative genetic analyses [33]. They were housed in worm-free conditions; 45 95 

lambs were infected with ~2300 infective L3 T. circumcincta larvae three times a week for 12 96 

weeks, and 10 were sham-infected controls. At the time of infection, the 55 lambs had a mean 97 

body weight of 13.4 ± 0.2 kg, no detectable FEC or IgA antibody. At post mortem the AWC 98 

ranged from 0 to 11300 and FEC from 0 – 950 eggs per g (Table S1) and the animals were 99 

ranked (1 - 45) according to their infection level [2]. All details of animals and animal 100 

husbandry, infection protocols, phenotypes and population genetic analyses have been 101 
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previously described [2, 17, 31]. Animal experiments were approved by University of 102 

Edinburgh Ethical Review Committee and conducted under an Animals (Scientific 103 

Procedures) Act 1986 Project Licence. Animals were housed in an open barn; infected 104 

animals were in two pens of ~180 m2 each and the ten control animals were in a pen of ~50 105 

m2. Animals were bedded on clean straw with ad libitum hay and water, supplemented with 106 

Maize Lamb Pellets (16.0% protein; Carrs Billington, Carlisle, UK) twice a day; and were 107 

examined at least daily. All animals were vaccinated with Heptavac P Plus at 5 and 6 weeks 108 

and Scabivax (MSD Animal Health, UK) at 6 weeks. Most lambs were treated with 2 ml 109 

Hexasol (Norbrook Pharmaceuticals, UK) for respiratory infections. Animals showing mild 110 

symptoms of visceral pain associated with parasite infection were treated, under veterinary 111 

instructions, with 2 ml Finadyne (MSD Animal Health). Lambs were killed by intravenous 112 

administration of Euthetal (Merial Animal Health, UK). 113 

Sample collection and RNA isolation  114 

Abomasal mucosa was removed immediately post mortem and stored at –80˚C in RNAlater 115 

(Ambion, UK). Total RNA was isolated from ~ 20mg tissue using the Ribopure Kit 116 

(Ambion) according to the manufacturers’ instructions, and genomic DNA was removed by 117 

on-column PureLink® DNase I treatment (Ambion). RNA quantity, quality and integrity was 118 

assessed by a NanoDrop ND-1000 spectrophotometer and Agilent 2200 TapeStation system; 119 

all samples had an RNA Integrity Number of >7.5.  120 

RT-qPCR quantification of transcript variants 121 

cDNA was synthesised from 1.0 μg RNA using SuperScript™ II RT with RNaseOUT 122 

(Invitrogen, UK) and oligo-dT(15) primer (Promega, UK) in 20 μl final volume. Primers for 123 

the transcription factor and cytokine receptor variants have been described previously [31, 124 

32] and were selected to overlap exon/exon boundaries (Table S2); all amplicons were 125 
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sequenced to ensure specificity. Each reaction contained 7.5 μl FastStart Universal SYBR 126 

Green Master (Rox) 2x concentrated master mix (Roche), 2 μl template cDNA (diluted 1/10 – 127 

1/40), 0.25 – 1.0 μl of each primer at 10 mM and nuclease-free water to a final volume of 15 128 

μl. Reactions were prepared using a CAS-1200™ robot and performed on a Rotor-Gene Q 129 

(Qiagen). Amplification was followed by dissociation curve analysis. PCR optimization was 130 

performed on cDNA from a pool of AM samples. Not all variants could be quantified; the 131 

signals for GATA3v1, RORAv2, v3, v4 and v5; and IL23Rv1, v2, v3, v4 and v5; IL12RB1v1, v2 132 

and v4; and IL17RBv4 were too low for accurate quantification as they were detected only 133 

after > 30 cycles PCR, outside the linear part of the standard curve.  134 

Relative expression levels were measured in duplicate from two separate RT reactions for 135 

each of the nine most resistant and the nine most susceptible lambs, with duplicate no-136 

template controls included in all runs. Optimized RT-qPCR assays had an efficiency >95% 137 

and R2 value of >0.98. Absolute copy numbers were also calculated from duplicate samples 138 

from two separate RT reactions for all lambs. 139 

Relative transcript levels were calculated in GenEx 5 (MultiD Analyses AB, Sweden) using 140 

the comparative 2-(ΔΔ Cq) method and normalized to the geometric mean of GAPDH and 141 

SDHA; fold changes were calculated from ΔCq values using GenEx. To calculate copy 142 

number in all 45 infected and the 10 uninfected sheep, a standard curve of linearized plasmid 143 

was used with a dynamic range of at least five orders of magnitude. For each point on the 144 

standard curve, copy numbers were calculated from Cq values:                                    145 

molecules per ng = ([1x 10-9]/(M g/mol)] x [6.03x10-23 molecules/mol])  146 

M= plasmid size x 660g/mol per bp. The expression levels were normalized by dividing the 147 

copy number derived from the standard curve, by the calculated normalization factor [34] for 148 

each sample, using the geometric mean of GAPDH and SDHA. RT replicates were averaged 149 
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per animal and multiplied by the dilution factor (x100) to calculate the copy number per μg of 150 

total RNA.  151 

Statistical analysis  152 

Relative transcript levels were analyzed in GenEx using an unpaired, 2-tailed t-test to 153 

determine the difference between groups. Graph Pad Prism 6.07 for Windows (Graph Pad 154 

Software, USA) was used for statistical analysis of the copy number expression data. The 155 

data were grouped into resistant, intermediate, susceptible (n = 15 per group) and uninfected 156 

(n =10). One-way ANOVA was performed to determine overall significance and Tukey’s 157 

multiple comparisons test within ANOVA was used to determine significance between 158 

groups. Correlations between transcript levels and quantitative phenotypes were analyzed 159 

with 2-tailed Spearman’s correlation coefficient (rs); P-values ≤ 0.05 were considered 160 

statistically significant. 161 

 162 

Results 163 

Transcription factor expression in abomasal mucosa 164 

Relative RT-qPCR was used to compare the expression of each transcript in the AM, 165 

comparing the nine most resistant (rank 1 – 9) with the nine most susceptible (rank 37 – 45) 166 

sheep. The resistant group had no detectable AWC or FEC, mean BW of 37 ± 1 kg and 167 

relative IgA antibody levels of 0.8 ± 0.5. The susceptible group were those with AWC (mean 168 

6078 ± 2063, range 4000 - 11300),  FEC (mean 350 ± 289, range 75 - 950), mean BW of 24 169 

± 4 kg) and relative IgA levels of 0.22 ± 0.21. For comparison, the ten uninfected lambs had 170 

no AWC and FEC, mean body weight of 33 ± 3 kg and all had IgA levels <0.02 (Table S1). 171 

Table 1 shows the relative expression (resistant vs. susceptible, fold change and P-value) of 172 
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each quantifiable variant and shows that GATA3 was significantly increased 2.06 fold (p = 173 

0.0002) in the resistant animals and RORC2v1 (-1.3 fold, p = 0.03) was significantly 174 

decreased in the resistant animals. Full length RORC2 was also significantly decreased in the 175 

resistant group (-1.41 fold, p = 0.01) but the primer pair used could not discriminate RORC1 176 

from RORC2, and RORC1 is expressed in the AM (Fig. S1).  TBX21 and RORAv1 were not 177 

significantly differentially-expressed. 178 

 179 

Table 1. Relative expression of transcription factors transcripts in the abomasal 180 

mucosa. 181 

Gene 
Fold change 

(R vs S) 
P-value 

TBX21 1.24 0.19 

GATA3 2.06 0.0002 

RORC2 a -1.41 0.01 

RORC2v1 -1.30 0.03 

RORAv1 -1.37 0.25 

Bold; P ≤ 0.05. 182 
a these data represent both RORC1 and RORC2  183 

 184 

Cytokine receptor expression in abomasal mucosa 185 

Table 2 shows the relative expression of the IL-23 and IL-25 receptor component transcripts 186 

in AM of the resistant, compared to susceptible animals. Only IL17RBv2 showed evidence of 187 

significant differential expression and was increased 2.1 fold (p = 0.01) in the AM of resistant 188 

animals. Full length IL17RB was increased 1.81 fold but was not significant, p = 0.08. All 189 

other cytokine receptor transcripts were either not significantly differentially-expressed or the 190 

expression levels were too low to quantify accurately. 191 

 192 

 193 
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Table 2. Relative expression of IL-23 and IL-25 receptor transcripts in the abomasal 194 

mucosa.  195 

 196 

Gene 
Fold change 

(R vs S) 
P-value 

IL12RB1 1.42 0.11 

IL12RB1v3 1.36 0.15 

IL17RA 1.12 0.39 

IL17RB 1.81 0.08 

IL17RBv2 2.10 0.01 

IL17RBv3 -1.09 0.82 

Bold; P ≤ 0.05. 197 

 198 

Absolute quantification of transcripts 199 

GATA3, RORC2v1, IL17RB and IL17RBv2 were chosen for copy number (absolute) analysis 200 

in the mucosa of the 45 infected lambs and the ten uninfected controls (Table S1). These 201 

were initially analysed in four groups; the 15 most resistant lambs (rank 1 – 15, mean AWC 202 

59 and FEC 1.7), the 15 intermediate lambs (rank 16 – 30, AWC 1508 and FEC 87), the 15 203 

most susceptible animals (rank 31 – 45, AWC 5167 and FEC 288) and the ten uninfected 204 

controls. The mean expression levels of GATA3 (Fig. 1A) was highest in the resistant group 205 

(20291 ± 7904 copies per μg RNA) and declined from the intermediate (17869 ± 7116) to the 206 

susceptible groups (14102 ± 4831). The level in the uninfected controls was 16929 ± 10479, 207 

with no significant difference between any of the four groups (ANOVA p = 0.174).  208 

The levels of RORC2v1 (Fig. 1B) were almost the same in the three infected groups 209 

(resistant, 18919 ± 6998; intermediate, 17630 ± 5482; susceptible, 21420 ± 6756), although 210 

the expression level in uninfected sheep was more than two-fold greater (48352 ± 20764) 211 

than in the infected groups (ANOVA p <0.0001). IL17RB expression (Fig.1C) was also not 212 

significantly different between the three infected groups (resistant, 23207 ± 12474; 213 

intermediate, 17653 ± 7216; susceptible, 14338 ± 9907), but in contrast to RORC2v1, IL17RB 214 
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expression was significantly lower in uninfected controls (1233 ± 538) than in the infected 215 

groups (ANOVA p < 0.0001). IL17RBv2 levels (Fig. 1D) were similar in all groups (resistant, 216 

1181 ± 826; intermediate, 987 ± 578; susceptible, 652 ± 544, control, 1006 ± 538) with no 217 

significant differences (ANOVA p = 0.179). 218 

Correlation of expression levels and quantitative phenotypes 219 

Spearman’s rank analysis was used to quantify the correlation of these selected variants with 220 

the quantitative phenotypes, AWC, FEC, BW and IgA levels. GATA3 levels (Fig. 2) were 221 

significantly negatively correlated with AWC (rs -0.42, p = 0.004) and significantly positively 222 

correlated with BW (rs 0.44, p = 0.003) and IgA (rs 0.32, p = 0.03), but was not significantly 223 

correlated with FEC (rs -0.25, p = 0.09). In contrast, RORC2v1 showed no significant 224 

relationship with any of the four phenotypes.  225 

Like GATA3, IL17RB (Fig. 3) was also significantly negatively correlated with AWC (rs -226 

0.37, p = 0.01) and positively correlated with BW (rs 0.40, p = 0.006), but was not 227 

significantly correlated with either FEC (rs -0.26, p = 0.08) or IgA (rs 0.26, p = 0.09). 228 

Although expression levels of IL17RBv2 were more than 15 fold lower than IL17RB in 229 

infected animals, expression levels were significantly correlated with all four phenotypes; 230 

showing negative correlation with both AWC (rs -0.38, p = 0.01) and FEC (rs -0.40, p = 231 

0.006) and positive correlation with both BW (rs 0.42, p = 0.004) and IgA (rs 0.41, p = 0.005). 232 

 233 

Discussion 234 

Our previous studies on the immunological basis of resistance to T. circumcincta had 235 

highlighted the role of Th2 T cells in resistance and Th1/Th17 T cell activation in 236 

susceptibility [17, 18, 35]. More recently [31] we described the variants of the transcription 237 
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factors that control T cell polarization and measured their expression in the ALN, the major 238 

site of immune response induction, to quantify the relationship between variant usage and 239 

phenotypic parameters of resistance. This current study extends this work to quantify 240 

transcript variant usage in the AM, the site of parasite colonization, immune response effector 241 

functions and infection-associated pathology [17]. Furthermore, it also examines the 242 

expression of the different transcript variants of the cytokine receptors associated with 243 

differential T cell activation. 244 

Full length GATA3, the two RORC2 variants and IL17RBv2 were the only transcript variants 245 

shown to be differentially-expressed by relative RT-qPCR, in the nine most resistant and nine 246 

most susceptible sheep. The copy number measurement of all animals showed that GATA3 247 

expression was highest in the resistant group and lowest in the susceptible and control 248 

groups, but was not significantly different between the groups. However, quantitative levels 249 

of GATA3 were significantly negatively correlated with AWC (rs -0.42, p = 0.004), a 250 

parameter of susceptibility (and FEC rs -0.25 but p = 0.09), and significantly positively 251 

correlated with the two parameters of resistance, BW (rs 0.44, p = 0.003), and IgA (rs 0.32, p 252 

= 0.03). The results for full length GATA3 contrasts with GATA3v1 variant, which was not 253 

quantifiable in the AM. The GATA3v1 variant (LN848232) has a codon deletion 254 

(g.806_808delGAA) at amino acid 260, this variant also exists in humans (NM_002051.2), 255 

and this is the first report of any difference in the expression pattern of the two transcripts. 256 

The expression levels of full length IL17RB were also negatively correlated with AWC (rs -257 

0.37, p = 0.01) a parameter of susceptibility, (and FEC rs -0.26, but p = 0.08), and 258 

significantly positively correlated with BW (rs -0.40, p = 0.006) a parameter of resistance 259 

(and IgA rs 0.26, p = 0.09). The IL17RBv2 variant is correlated with the phenotypes in the 260 

same way as full length IL17RB; but it has a deletion of exon 4 that results in a frame shift, 261 

and consequently is predicted to encode a highly truncated protein [32] which is unlikely to 262 
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have cytokine receptor function as it lacks both transmembrane and intracellular domains. It 263 

is possible that the similar expression patterns for these two variants is due to variations in a 264 

gene of an upstream regulator that controls both IL17RB and IL17RBv2 transcript expression.  265 

GATA3 is the critical transcription factor of Th2 polarization and IL17RB is a major 266 

component of the IL-25 receptor. The results for these two transcripts imply that Th2 cells, at 267 

the site of parasite infection and immune effector function, may play a role in the 268 

maintenance of the resistance phenotype. This contrasts with GATA3 expression in the ALN 269 

where there was no differential expression at the site of immune response induction [31] three 270 

months after initial infection and during the mature phase of the immune response. IL-25 271 

signalling via IL17RB is also critical for the development of Th9 cells, which in mice 272 

augments immunity to Trichinella spiralis [36] and Nippostrongylus brasiliensis [37]. These 273 

cells produce IL-9 and inhibit Th2 cytokine production and promote eosinophilia [38]. 274 

However, this is unlikely in the T. circumcincta resistant sheep; these animals have increased 275 

numbers of eosinophils [2] but they also have high levels of both IL4 and IL13 transcripts 276 

[17, 18, 35]. A recent paper has also shown that IL-25 plays a critical role in protective Th2 277 

memory responses to Heligmosomoides polygyrus [39]. 278 

RORC2v1 also showed no significant differential expression between the infected groups in 279 

the copy number assay; but the expression levels in each infected group were less than half 280 

that of the uninfected controls. This variant encodes a 12 amino acid deletion in the ligand-281 

binding domain [31] and consequently is unlikely to be functional. Furthermore, mucosal 282 

expression levels of RORC2v1 showed no significant correlation with any of the phenotypic 283 

parameters; there was also no differential expression of any RORC2 variants in ALN [31] of 284 

the same animals. This implies that recently produced Th17 T cells do not play a critical role 285 

in the maintenance of persistent infection of susceptible animals and suggests that the Th17 286 

cytokines found in the ALN of susceptible sheep [17] are derived from cells activated earlier 287 
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in the infection. This conclusion is also relevant for Th1 cells, which have also been 288 

implicated in the susceptibility phenotype, as TBX21 expression levels in the AM and ALN 289 

[31] were the same in all animals.  290 

Data using mouse models of gastrointestinal nematode infections [40, 41] have shown that 291 

components of the excretory-secretory products of infecting helminths are important 292 

immunoregulatory elements [42]; these factors suppress IL-12p40 [43] and promote Foxp3 293 

[44] expression leading to the inhibition of Th1 and the promotion of Th2 development. It is 294 

possible that some of the variation in the expression of the T cell genes in this study have 295 

been influenced by parasite secretions. T. circumcincta secreted products have also been 296 

shown to promote Foxp3-expression in vitro [44], although no differential expression of 297 

FOXP3 was identified in the resistant and susceptible sheep used in this project [17]. 298 

 299 

Conclusions  300 

This study investigated the mucosal expression of variants of the transcription factors and 301 

cytokine receptors associated with differential T cell activation. Measurements of expression 302 

of each variant, in selected lambs with well-defined phenotypes of resistance to the abomasal 303 

parasite T. circumcincta, identified that full length GATA3 and IL17RB levels were positively 304 

correlated with resistance and negatively correlated with susceptibility. This indicates that 305 

Th2-polarized T cells may play an important role in the maintenance of resistance, when 306 

present at the site of infection. 307 

 308 
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 314 

Figure legends  315 

Fig. 1. Expression of GATA3, RORC2v1, IL17RB and IL17RBv2 in the ALN of T. 316 

circumcincta infected sheep.  317 

Copy number per μg total RNA in rank 1–15 resistant sheep; rank 16–30 intermediate and 318 

rank 31–45 susceptible sheep. Error bars are means ± SD. One-way ANOVA for GATA3 p = 319 

0.174 (p = 0.05, infected animals only). RORC2v1 p <0.0001 (p = 0.27, infected animals 320 

only). IL17RB p <0.0001 (p = 0.06, infected animals only). IL17RBv2 p = 0.179 (p = 0.1, 321 

infected animals only). ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 (Tukey’s multiple 322 

comparison test within ANOVA). 323 

Fig. 2. Correlation analysis of the phenotypic parameters with GATA3 and RORC2v1.  324 

Correlation of AWC (abomasal worm count), FEC (eggs per g faeces), BW (kg) and IgA 325 

(relative levels) with GATA3 and RORC2v1 copy number per μg total RNA in AM of T. 326 

circumcincta infected sheep. rs - Spearman’s rank correlation coefficient. 327 

Fig. 3. Correlation analysis of the phenotypic parameters with IL17RB and IL17RBv2.  328 

Correlation of AWC (abomasal worm count), FEC (eggs per g faeces), BW (kg) and IgA 329 

(relative levels) with IL17RB andIL17RBv2 copy number per μg total RNA in AM of T. 330 

circumcincta infected sheep. rs - Spearman’s rank correlation coefficient. 331 

 332 

Supporting Information Legends  333 
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Table S1. Quantitative phenotypic data at post mortem, and normalized copy numbers of 334 

IL17RB, IL17RBv2, GATA3, and RORC2v1, in AM of Blackface lambs persistently infected 335 

with T. circumcincta. 336 

Table S2. Primer sequences used for RT-qPCR. (A) Transcription factors. (B) Cytokine 337 

receptors. (C) Housekeeping genes. 338 

Fig. S1. Expression of RORC1 in abomasal mucosa.  339 

RT-PCR using RORC1 primers. Lane 1; DNA ladder. Lanes 2 and 3; replicate liver cDNA 340 

template. Lanes 4 and 5; pooled abomasal mucosa cDNA template. Lanes 6 and 7; replicate 341 

no template negative controls. The band arrowed is RORC1, confirmed by sequencing.  342 
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APPENDIX B – Linux programs used for re-alignment of DGE data 

against Oar v3.1.   

 

Script programme 

Script 2 programme 

Normalisation command 

Organising data for statistical analysis command 

r_limma programme 

get_mean programme 
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Script programme 

perl extract_tags.pl -i $1.txt > $1_1.txt 

/usr/local/shared_bin/bowtie/bowtie-0.12.8/bowtie -m1 

/groups/joshi_grp/Sheep_RNA-seq/Oarv3.1 $1_1.txt > $1_file.sam 

./sam_to_bed_3.pl $1_file.sam $1_file.bed 

sed 's/gi|406684590|gb|CM001582.1|/OAR1/g' $1_file.bed | sed 

's/gi|406684589|gb|CM001583.1|/OAR2/g' | sed 

's/gi|406684588|gb|CM001584.1|/OAR3/g' | sed 

's/gi|406684587|gb|CM001585.1|/OAR4/g' | sed 

's/gi|406684586|gb|CM001586.1|/OAR5/g' | sed 

's/gi|406684585|gb|CM001587.1|/OAR6/g' | sed 

's/gi|406684584|gb|CM001588.1|/OAR7/g' | sed 

's/gi|406684583|gb|CM001589.1|/OAR8/g' | sed 

's/gi|406684582|gb|CM001590.1|/OAR9/g' | sed 

's/gi|406684581|gb|CM001591.1|/OAR10/g' | sed 

's/gi|406684580|gb|CM001592.1|/OAR11/g' | sed 

's/gi|406684579|gb|CM001593.1|/OAR12/g' | sed 

's/gi|406684578|gb|CM001594.1|/OAR13/g' | sed 

's/gi|406684577|gb|CM001595.1|/OAR14/g' | sed 

's/gi|406684576|gb|CM001596.1|/OAR15/g' | sed 

's/gi|406684575|gb|CM001597.1|/OAR16/g' | sed 

's/gi|406684574|gb|CM001598.1|/OAR17/g' | sed 

's/gi|406684573|gb|CM001599.1|/OAR18/g' | sed 

's/gi|406684572|gb|CM001600.1|/OAR19/g' | sed 

's/gi|406684571|gb|CM001601.1|/OAR20/g' | sed 

's/gi|406684570|gb|CM001602.1|/OAR21/g' | sed 

's/gi|406684569|gb|CM001603.1|/OAR22/g' | sed 

's/gi|406684568|gb|CM001604.1|/OAR23/g' | sed 

's/gi|406684567|gb|CM001605.1|/OAR24/g' | sed 

's/gi|406684566|gb|CM001606.1|/OAR25/g' | sed 

's/gi|406684565|gb|CM001607.1|/OAR26/g' | sed 

's/gi|406684564|gb|CM001608.1|/OARX/g' | sort -k 3,3 -k 4,4n | awk '{print 

$1"\t"$2"\t"$3"\tana\t0\t"$4}' > $1_sorted.bed 

/usr/local/shared_bin/BEDTools/current-es5-64/bin/intersectBed -s -wa -wb -a 

Oarv3.1.mRNA_strand.bed -b $1_sorted.bed | sort | uniq -c | awk '{print 

$8"\t"$9"\t"$10"\t"$13"\t"$2"\t"$3"\t"$4"\t"$5"\t"$6"\t"$7"\t"$1}' > 

$1_raw_counts 

rm $1_file.sam $1_file.bed $1_sorted.bed $1_1.txt 

Script 2 programme 

cat LN*_raw_counts | cut -f1-4 | sort | uniq > temp10 

cat LN*_raw_counts | cut -f1-10 | sort | uniq > temp1000 

~/Perl_scripts/merge_peaks.pl < temp101 

../softwares/BEDTools-Version-2.16.2/bin/intersectBed -wa -wb -a temp11 -b 

temp1000 | cut -f1-4,9- | sort | uniq > temp102 

cut -f1-4 temp102 > temp11 

for i in `cat list1` 

do 

cut -f1-4,11 $i | awk '{for (i=1; i<=$5; i++) print $0}' > temp100 

../softwares/BEDTools-Version-2.16.2/bin/intersectBed -c -a temp11 -b 

temp100 | cut -f5 > temp104 

paste temp102 temp104 > temp103 
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mv temp103 temp102 

done 

awk '{ sum=0; for(i=11;i<=NF;i++)sum+=$i; print $0"\t"sum}' temp102 | awk 

'$27>5' > combined_raw_counts 

 

Normalisation command 

awk '{print 

$1"\t"$2"\t"$3"\t"$4"\t"$5"\t"$6"\t"$7"\t"$8"\t"$9"\t"$10"\t"$11/7.05"\t"$12

/4.38"\t"$13/5.41"\t"$14/5.20"\t"$15/5.64"\t"$16/8.08"\t"$17/7.35"\t"$18/6.1

3"\t"$19/6.79"\t"$20/7.19"\t"$21/7.25"\t"$22/5.50"\t"$23/5.06"\t"$24/6.69"\t

"$25/5.19}' combined_raw_counts > combined_normalised_counts  

Organising data for statistical analysis command 

awk '{print 

$1"_"$2"_"$3"_"$4"_"$5"_"$6"_"$7"_"$8"_"$9"_"$10"\t"$11"\t"$12"\t"$13"\t"$14

"\t"$15"\t"$16"\t"$17"\t"$18"\t"$19"\t"$20"\t"$21"\t"$22"\t"$23"\t"$24"\t"$2

5}' combined_normalised_counts > combined_normalised_analysis  

r_limma programme 
library(limma) 

data <- read.table("combined_normalised_analysis", sep = "\t", header = 

FALSE, row.names=1) 

data1=as.matrix(data[,c(1:5,11:15)]) 

design <- (Grp2vs1=c(1,1,1,1,1,0,0,0,0,0)) 

options(digit=3) 

fit <- lmFit(data1,design) 

fit <- eBayes(fit) 

m<-toptable(fit,n=1000,genelist=fit$genes,adjust.method="none") 

library(qvalue) 

qval=qvalue(fit$p.value) 

m$t<-qval$qvalue[as.numeric(rownames(m))] 

write.table(m,file="results.txt",sep="\t") 

design <- (Grp2vs1=c(0,0,0,0,0,1,1,1,1,1)) 

options(digit=3) 

fit <- lmFit(data1,design) 

fit <- eBayes(fit) 

m<-toptable(fit,n=1000,genelist=fit$genes,adjust.method="none") 

qval=qvalue(fit$p.value) 

m$t<-qval$qvalue[as.numeric(rownames(m))] 

write.table(m,file="results1.txt",sep="\t") 

 

get_mean programme 
cut -f2 $1 | sed 's/"//g' > temp100 

for i in `cat temp100` 

do 

grep ''$i'' combined_normalised_means_ratios >> temp101  

done 

sed '1i\\' temp101 > temp102 

paste $1 temp102 

rm temp100 temp101 temp102 
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APPENDIX C – Significantly differentially expressed genes from DGE 

reanalysis and Ingenuity Pathway Analysis results.     

 

Table 1 Resistant vs. Control group significantly differentially expressed 

genes. 

 

Table 2 Susceptible vs. Control group significantly differentially expressed 

genes. 

 

Table 3 Resistant vs. Susceptible group significantly differentially expressed 

genes. 

 

Table 4 Top biological functions identified by Ingenuity Pathway Analysis: R 

vs. C.    

 

Table 5 Top biological functions identified by Ingenuity Pathway Analysis: S 

vs. C.   

 

Table 6 Top biological functions identified by Ingenuity Pathway Analysis: R 

vs. S. 

 

Table 7 GO terms from original DGE analysis. 
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Table 1 Resistant vs. Control group significantly differentially 

expressed genes. FC; fold change, Q value; corrected P value.  

 

Gene Q value FC 
 

Gene Q value FC 

IGHA1 0.0703 11.83 
 

MRPS6 0.0723 1.60 

IFI6 0.0703 10.21 
 

USP7 0.0703 1.60 

Uncharact 0.0703 8.17 
 

VSIG2 0.0722 1.60 

CD300LB 0.0703 6.08 
 

PSMB1 0.0708 1.60 

SIGLEC10 0.0703 5.06 
 

TPM2 0.0703 1.60 

EMP3 0.0703 5.05 
 

AKAP1 0.0722 1.59 

PLD4 0.0722 4.47 
 

SRSF7 0.0724 1.58 

SORD 0.0703 4.13 
 

SP140 0.0722 1.58 

MX2 0.0703 3.91 
 

PSAP 0.0708 1.57 

MYL6 0.0703 3.80 
 

PSAP 0.0708 1.57 

PKMYT1 0.0703 3.43 
 

TMEM119 0.0708 1.56 

TNFRSF4 0.0703 3.19 
 

GGA2 0.0703 1.55 

ERCC2 0.0703 3.15 
 

MAPK1IP1L 0.0703 1.55 

SMURF1 0.0703 2.82 
 

TNIP1 0.0722 1.55 

IGLL5 0.0703 2.79 
 

HSD17B10 0.0703 1.53 

FAM35A 0.0703 2.71 
 

HIST1H2BN 0.0708 1.53 

EPB41L2 0.0703 2.70 
 

PPIF 0.0724 1.53 

NDUFS2 0.0703 2.69 
 

PCBD1 0.0706 1.53 

CYHR1 0.0703 2.53 
 

VDAC2 0.0703 1.53 

TTF1 0.0703 2.52 
 

MZT2A 0.0722 1.53 

CBX8 0.0703 2.50 
 

POLR2F 0.0703 1.53 

RPL32 0.0724 2.43 
 

TRABD 0.0706 1.52 

TMX2 0.0703 2.42 
 

PSMA6 0.0703 1.51 

MYL6 0.0703 2.37 
 

SLC15A3 0.0722 1.51 

ACTL6A 0.0703 2.36 
 

SLC15A3 0.0722 1.51 

Uncharact 0.0703 2.34 
 

SURF4 0.0703 1.51 

EIF2B4 0.0703 2.33 
 

LAMTOR2 0.0703 1.51 

HSH2D 0.0703 2.32 
 

UBE3A 0.0703 1.51 

CTU1 0.0703 2.29 
 

MBIP 0.0723 1.51 

ANGPTL4 0.0724 2.28 
 

MBIP 0.0723 1.51 

C6ORF81 0.0703 2.24 
 

IL4I1 0.0722 1.50 

TIMM44 0.0703 2.24 
 

RPS16 0.0703 1.50 

SSR2 0.0703 2.23 
 

VASP 0.0708 1.50 

ZCCHC11 0.0703 2.22 
 

DNAH8 0.0557 -1.52 

ALDH1L1 0.0703 2.22 
 

SLC38A9 0.0461 -1.53 

GCN1L1 0.0722 2.21 
 

HADHB 0.0523 -1.55 

OTUB1 0.0703 2.21 
 

RPRD1A 0.0463 -1.56 

TMEM126A 0.0703 2.19 
 

PPP2R5C 0.0479 -1.57 

C3 0.0703 2.19 
 

WEE1 0.0461 -1.59 
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EXOSC6 0.0703 2.18 
 

ARHGEF7 0.0461 -1.60 

INO80B 0.0703 2.15 
 

NFKBID 0.0526 -1.60 

ASPSCR1 0.0703 2.15 
 

CSTF3 0.0433 -1.62 

TEX10 0.0703 2.14 
 

VRK2 0.0461 -1.63 

MCOLN1 0.0703 2.13 
 

RPL3 0.0506 -1.63 

CCND2 0.0703 2.11 
 

PSMD6 0.0515 -1.65 

PRMT1 0.0722 2.11 
 

EIF2A 0.0461 -1.67 

PINK1 0.0703 2.10 
 

PDCD4 0.0463 -1.67 

Uncharact 0.0703 2.09 
 

Uncharact 0.0539 -1.67 

Uncharact 0.0703 2.09 
 

FAM63A 0.0444 -1.69 

CINP 0.0703 2.08 
 

ICAM3 0.0396 -1.70 

UBA7 0.0708 2.06 
 

TBC1D5 0.0480 -1.70 

HMHA1 0.0708 2.05 
 

IER2 0.0441 -1.71 

TMUB1 0.0724 2.03 
 

RBP4 0.0501 -1.71 

PSMB9 0.0703 2.02 
 

DBN1 0.0562 -1.71 

DNMT3A 0.0703 2.02 
 

SSRP1 0.0444 -1.72 

MZT2A 0.0706 2.01 
 

KPNB1 0.0539 -1.72 

USP19 0.0703 2.01 
 

KLRAQ1 0.0511 -1.73 

ALKBH7 0.0703 2.01 
 

HDAC2 0.0515 -1.73 

DOCK10 0.0703 2.01 
 

MGAT4B 0.0411 -1.74 

TBL2 0.0723 1.99 
 

COX5B 0.0515 -1.74 

RRP1 0.0703 1.97 
 

USP7 0.0408 -1.76 

PACAP 0.0703 1.95 
 

FN3KRP 0.0396 -1.78 

CTBP1 0.0703 1.95 
 

NRM 0.0411 -1.78 

NFAM1 0.0703 1.95 
 

Uncharact 0.0525 -1.82 

MRPL45 0.0703 1.94 
 

VTI1B 0.0396 -1.83 

LGALS3BP 0.0703 1.93 
 

RPA1 0.0409 -1.83 

RPL24 0.0703 1.91 
 

LIG1 0.0408 -1.84 

RPL24 0.0703 1.91 
 

NOMO1 0.0415 -1.88 

STAT4 0.0703 1.90 
 

HSPA14 0.0453 -1.92 

CORO7 0.0703 1.89 
 

PTPN7 0.0479 -1.92 

CLEC3B 0.0703 1.88 
 

PACS2 0.0461 -1.93 

RPS11 0.0703 1.87 
 

ASCC2 0.0426 -1.98 

HCST 0.0703 1.87 
 

POLR2I 0.0453 -1.98 

PYGM 0.0703 1.86 
 

ENO1 0.0411 -1.99 

SUPT3H 0.0703 1.85 
 

BFAR 0.0505 -2.00 

ACAP1 0.0722 1.85 
 

Uncharact 0.0539 -2.11 

POLG2 0.0703 1.84 
 

NCOA3 0.0462 -2.12 

AQR 0.0717 1.84 
 

MRPL2 0.0416 -2.13 

NUP35 0.0703 1.83 
 

ASAH1 0.0384 -2.21 

MANBA 0.0703 1.80 
 

SCAF4 0.0357 -2.23 

NDUFV2 0.0703 1.78 
 

FAM134B 0.0453 -2.23 

PBX2 0.0724 1.78 
 

ATG3 0.0439 -2.25 
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NSMCE1 0.0703 1.77 
 

ZUFSP 0.0489 -2.26 

NSMCE1 0.0703 1.77 
 

RBMX2 0.0337 -2.31 

ALOX5AP 0.0703 1.77 
 

RANBP1 0.0525 -2.33 

KRBA1 0.0703 1.76 
 

N4BP2L2 0.0539 -2.33 

RASAL3 0.0708 1.75 
 

HMGCR 0.0515 -2.47 

PRCC 0.0703 1.75 
 

AFAP1L2 0.0432 -2.48 

ADAR 0.0706 1.74 
 

SHISA8 0.0439 -2.55 

SSSCA1 0.0722 1.74 
 

LAMC1 0.0411 -2.56 

APPL2 0.0703 1.74 
 

EIF2S3 0.0558 -2.63 

GNAL 0.0703 1.73 
 

SLAIN2 0.0360 -2.65 

WDR55 0.0708 1.73 
 

UBE2C 0.0466 -2.74 

MAP3K15 0.0703 1.72 
 

USP11 0.0505 -2.81 

CBX4 0.0703 1.71 
 

ALDOA 0.0321 -2.82 

SNRPB 0.0708 1.69 
 

CARS 0.0505 -2.88 

CNDP2 0.0716 1.69 
 

STT3A 0.0511 -2.88 

SCRIB 0.0724 1.69 
 

TNC 0.0486 -2.9 

PRPF3 0.0723 1.69 
 

GON4L 0.0466 -2.92 

PTCHD3 0.0703 1.68 
 

TBL1X 0.0505 -2.92 

TNNI1 0.0703 1.68 
 

RCC2 0.0408 -2.94 

TMEM156 0.0703 1.68 
 

FOXRED2 0.0396 -2.97 

EMILIN1 0.0703 1.67 
 

IL1R1 0.0463 -2.97 

METTL3 0.0703 1.67 
 

C20ORF94 0.0396 -3.03 

PPM1G 0.0703 1.65 
 

CCND2 0.0550 -3.13 

TACC3 0.0708 1.65 
 

PRMT7 0.0321 -3.29 

PHRF1 0.0703 1.65 
 

AUP1 0.0396 -3.45 

EWSR1 0.0703 1.64 
 

PPP6R1 0.0453 -3.69 

RPL29 0.0703 1.64 
 

GRIP1 0.0321 -3.88 

ZBTB45 0.0706 1.64 
 

SAT1 0.0286 -3.91 

FBXW2 0.0708 1.62 
 

TCF25 0.0444 -4.57 

KIAA0247 0.0723 1.62 
 

ZYX 0.0321 -5.11 

U2AF1 0.0703 1.62 
 

BST1 0.0539 -5.65 

SNRPB 0.0703 1.62 
 

Uncharact 0.0453 -7.65 

ELP4 0.0703 1.62 
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Table 2 Susceptible vs. Control group significantly differentially 

expressed genes. FC; fold change, Q value; corrected P value.  

 

Gene Q value FC 
 

Gene Q value FC 

Unchar 0.0641 8.90 
 

CLEC3B 0.0641 1.55 

IFI6 0.0641 6.73 
 

MAP3K15 0.0641 1.53 

CYB5A 0.0641 4.86 
 

SURF4 0.0641 1.53 

PACAP 0.0641 3.87 
 

SSR2 0.0641 1.53 

SORD 0.0641 3.59 
 

NSMCE1 0.0641 1.52 

IGHA1 0.0641 3.16 
 

Uncharact 0.0641 1.52 

EPB41L2 0.0641 2.90 
 

PAM 0.0641 1.51 

KLHDC3 0.0641 2.85 
 

NOP56 0.0641 1.51 

CTLA4 0.0641 2.81 
 

GRB2 0.0641 1.50 

CYHR1 0.0641 2.66 
 

COG1 0.0672 -1.52 

STOML2 0.0641 2.59 
 

MRPS14 0.0672 -1.52 

BSG 0.0641 2.52 
 

RPS6KA4 0.0672 -1.52 

TIMM44 0.0641 2.42 
 

EPB41L4A 0.0672 -1.53 

TRAFD1 0.0641 2.40 
 

FAM63A 0.0672 -1.53 

PINK1 0.0641 2.39 
 

HAUS4 0.0672 -1.54 

DDX23 0.0641 2.35 
 

CTNNBL1 0.0672 -1.54 

XAB2 0.0641 2.27 
 

BPNT1 0.0672 -1.54 

NDUFS5 0.0641 2.22 
 

BOLA3 0.0672 -1.54 

RBBP7 0.0641 2.22 
 

FN3KRP 0.0672 -1.55 

APPL2 0.0641 2.19 
 

RPA1 0.0672 -1.55 

NDUFS2 0.0641 2.18 
 

ZDHHC12 0.0711 -1.55 

C3 0.0641 2.17 
 

SNRNP70 0.0672 -1.56 

CCND2 0.0641 2.13 
 

ALOX5AP 0.0672 -1.58 

CD84 0.0641 2.12 
 

LIG1 0.0672 -1.58 

TACC3 0.0641 2.08 
 

EIF3D 0.0672 -1.58 

SCNN1A 0.0641 2.05 
 

TRIM28 0.0672 -1.59 

PRCC 0.0641 2.03 
 

DBF4 0.0672 -1.60 

H2AFY 0.0641 2.02 
 

TGFB1 0.0672 -1.61 

FAM100B 0.0641 2.02 
 

ENOPH1 0.0672 -1.62 

MRPL45 0.0641 1.99 
 

AFAP1L2 0.0673 -1.62 

PPP4C 0.0641 1.98 
 

LAMC1 0.0679 -1.63 

TMX2 0.0641 1.97 
 

MGAT4B 0.0672 -1.65 

MCOLN1 0.0641 1.96 
 

CBX5 0.0672 -1.66 

ASPSCR1 0.0641 1.95 
 

ZNF174 0.0672 -1.66 

HMHA1 0.0641 1.94 
 

PCDHB17 0.0718 -1.66 

GCN1L1 0.0641 1.91 
 

SMC4 0.0672 -1.67 

PFN1 0.0641 1.90 
 

MRPL2 0.0672 -1.68 

RAD23A 0.0641 1.88 
 

BLNK 0.0672 -1.69 

RAD23A 0.0641 1.88 
 

SLC38A9 0.0672 -1.70 
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C4 0.0641 1.87 
 

LSM14A 0.0672 -1.70 

UBA1 0.0641 1.86 
 

NFKBID 0.0672 -1.72 

GSTP1 0.0641 1.86 
 

LPCAT4 0.0672 -1.73 

SNRPE 0.0641 1.85 
 

Uncharact 0.0672 -1.73 

LGALS3BP 0.0641 1.84 
 

RECQL4 0.0672 -1.75 

FSCN1 0.0641 1.83 
 

EEF1D 0.0696 -1.75 

WDR55 0.0641 1.82 
 

C20ORF94 0.0672 -1.84 

CTU1 0.0641 1.82 
 

SFT2D1 0.0672 -1.87 

TMEM156 0.0641 1.81 
 

MED28 0.0672 -1.87 

MANBA 0.0641 1.81 
 

CORO1A 0.0672 -1.91 

RBCK1 0.0641 1.80 
 

ASCC2 0.0672 -1.92 

C4 0.0641 1.80 
 

PVRIG 0.0672 -1.94 

KEAP1 0.0641 1.79 
 

AUP1 0.0672 -1.95 

EXOSC10 0.0641 1.78 
 

FOXRED2 0.0672 -1.97 

EMILIN1 0.0641 1.75 
 

UBE2C 0.0679 -1.98 

SPDEF 0.0641 1.75 
 

TNC 0.0714 -2.02 

CBX8 0.0641 1.75 
 

USP7 0.0672 -2.05 

LAMTOR2 0.0641 1.74 
 

ALDOA 0.0672 -2.06 

CBX4 0.0641 1.73 
 

RBP4 0.0672 -2.07 

JUNB 0.0641 1.73 
 

NAPSA 0.0672 -2.12 

TMEM147 0.0641 1.73 
 

RCC2 0.0672 -2.15 

TNIP1 0.0641 1.73 
 

GON4L 0.0713 -2.22 

MPRIP 0.0641 1.72 
 

USP11 0.0695 -2.33 

EXOSC6 0.0641 1.72 
 

CARS 0.0672 -2.36 

KPNA6 0.0641 1.70 
 

Uncharact 0.0672 -2.38 

CSNK2A1 0.0641 1.69 
 

IL1R1 0.0672 -2.44 

IL27RA 0.0641 1.67 
 

CTSW 0.0672 -2.46 

CTBP1 0.0641 1.67 
 

ZUFSP 0.0672 -2.50 

TRABD 0.0641 1.64 
 

KLHL36 0.0672 -2.68 

PFN1 0.0641 1.64 
 

Uncharact 0.0672 -2.69 

OTUB1 0.0641 1.61 
 

ZYX 0.0672 -3.18 

NAT10 0.0641 1.59 
 

PPP6R1 0.0672 -3.35 

SHISA7 0.0641 1.59 
 

CACNA1H 0.0672 -3.41 

NDUFV2 0.0641 1.59 
 

ACADS 0.0672 -3.66 

EIF3A 0.0641 1.57 
 

FABP4 0.0672 -5.05 

SAT1 0.0641 1.56 
 

NXT1 0.0704 -5.87 
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Table 3 Resistant vs. Susceptible group significantly differentially 

expressed genes. FC; fold change, Q value; corrected P value.  

 

Gene Q value FC 
 

Gene Q value FC 

PHF1 0.0823 10.87 
 

PPIF 0.0894 1.57 

CD300LB 0.0791 7.19 
 

KCNA7 0.0791 1.55 

SIGLEC10 0.0859 3.89 
 

BPNT1 0.0811 1.55 

IGHA1 0.0887 3.75 
 

PVRIG 0.0851 1.55 

ALOX5AP 0.0791 2.79 
 

CCL21 0.0791 1.54 

EMP3 0.0824 2.59 
 

RCBTB1 0.0791 1.54 

CACNA1H 0.0791 2.52 
 

RCBTB1 0.0791 1.54 

TNFRSF4 0.0791 2.36 
 

PELP1 0.0851 1.54 

TPM2 0.0791 2.32 
 

CD19 0.0894 1.54 

Uncharact 0.0791 2.21 
 

PTCHD3 0.0791 1.53 

NUP35 0.0791 2.19 
 

ZDHHC12 0.0851 1.53 

ANGPTL4 0.0894 2.15 
 

TNNI1 0.0866 1.53 

C6ORF81 0.0791 2.13 
 

MAP4K2 0.0887 1.53 

PIGO 0.0803 2.03 
 

FBXW2 0.0894 1.53 

CASP13 0.0791 2.02 
 

FAM35A 0.0894 1.53 

UBA7 0.0824 1.99 
 

KCNA7 0.0791 1.52 

MYL6 0.0826 1.99 
 

DNPEP 0.0791 1.52 

USP19 0.0794 1.96 
 

SNRNP70 0.0794 1.52 

NFAM1 0.0791 1.95 
 

LAT 0.0804 1.52 

EIF2B4 0.0876 1.91 
 

MRPS30 0.0851 1.52 

POLG2 0.0791 1.89 
 

ARFGAP3 0.0894 1.52 

CORO7 0.0794 1.88 
 

RAC1 0.0823 1.51 

NAPSA 0.0791 1.86 
 

USP7 0.0887 1.51 

RPS11 0.0794 1.85 
 

AGPAT6 0.0887 1.51 

RPS21 0.0794 1.84 
 

PSMB9 0.0887 1.51 

RPS21 0.0794 1.84 
 

TAF10 0.0806 1.50 

RPS21 0.0794 1.84 
 

SART1 0.0887 1.50 

GNAL 0.0791 1.83 
 

VSIG2 0.0894 1.50 

INO80B 0.0894 1.81 
 

DRG1 0.0562 -1.51 

CFD 0.0842 1.80 
 

HSPA14 0.0562 -1.51 

CXCL12 0.0881 1.80 
 

TLR10 0.0562 -1.52 

SMPD4 0.0894 1.80 
 

TMEM147 0.0562 -1.53 

SP140 0.0846 1.79 
 

ZFP36L1 0.0562 -1.55 

PPM1A 0.0791 1.78 
 

NOP56 0.0562 -1.55 

DOCK10 0.0791 1.77 
 

MARCKS 0.0562 -1.56 

CINP 0.0887 1.77 
 

VTI1B 0.0562 -1.58 

PYGM 0.0894 1.76 
 

CEP110 0.0562 -1.58 

TMEM126A 0.0851 1.75 
 

KLRAQ1 0.0562 -1.60 

IWS1 0.0791 1.74 
 

TBC1D5 0.0562 -1.62 
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CDK13 0.0791 1.73 
 

PPP2R5C 0.0562 -1.67 

CDK13 0.0791 1.73 
 

ICAM3 0.0562 -1.71 

LPCAT4 0.0791 1.72 
 

ATG3 0.0562 -1.72 

ZNF174 0.0794 1.72 
 

GSN 0.0562 -1.72 

PPP1R12C 0.0851 1.72 
 

ATR 0.0562 -1.76 

AQR 0.0851 1.71 
 

SAT1 0.0562 -1.86 

PCBD1 0.0846 1.70 
 

WEE1 0.0562 -1.89 

PSMB9 0.0811 1.69 
 

SLAIN2 0.0562 -1.89 

Uncharact 0.0894 1.69 
 

RRAGA 0.0562 -1.89 

Uncharact 0.0894 1.69 
 

ENO1 0.0562 -1.91 

RPL13A 0.0823 1.68 
 

FAM134B 0.0562 -1.95 

ZNF70 0.0791 1.67 
 

RNF139 0.0562 -1.96 

GGA2 0.0791 1.66 
 

SIAH2 0.0562 -1.97 

METTL3 0.0794 1.65 
 

PACAP 0.0562 -1.98 

ZCCHC11 0.0894 1.65 
 

SAP130 0.0562 -1.99 

GLIPR1 0.0791 1.64 
 

FAM100B 0.0562 -2.00 

UQCRC1 0.0791 1.63 
 

KPNA6 0.0562 -2.05 

PIGH 0.0791 1.63 
 

FSCN1 0.0562 -2.18 

PHRF1 0.0794 1.63 
 

PKN1 0.0562 -2.21 

DNMT3A 0.0826 1.63 
 

Uncharact 0.0562 -2.24 

FAM189A1 0.0851 1.62 
 

PRMT7 0.0562 -2.30 

RRP1 0.0894 1.62 
 

HMGCR 0.0562 -2.36 

RARRES1 0.0791 1.61 
 

TCF25 0.0562 -2.40 

PRPF3 0.0887 1.61 
 

CD84 0.0562 -2.42 

HCST 0.0894 1.61 
 

NFKB1 0.0562 -2.43 

TBL1X 0.0794 1.60 
 

GRIP1 0.0562 -2.64 

CBX5 0.0823 1.60 
 

EIF2S3 0.0562 -2.72 

SRSF7 0.0894 1.60 
 

FCRL1 0.0562 -2.81 

Uncharact 0.0804 1.59 
 

Uncharact 0.0562 -3.04 

EPB41L4A 0.0804 1.59 
 

LEPREL2 0.0562 -3.21 

PRR12 0.0835 1.59 
 

BST1 0.0562 -3.23 

UBE3A 0.0791 1.58 
 

SAT1 0.0562 -3.72 

MAP3K15 0.0791 1.57 
 

DNASE1L3 0.0562 -4.02 

FBXW8 0.0791 1.57 
 

NDUFS5 0.0268 -5.86 
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Table 4 Top biological functions identified by Ingenuity Pathway 

Analysis: R vs. C.    

DISEASES AND DISORDERS P-value 

Cancer  

DBN1, ASPSCR1, MYL6, RBMX2, NOMO1 (includes others), ASCC2, SIGLEC10, EIF2A, RPS11, LAMC1, 

MGAT4B, ZUFSP, CBX8, TIMM44, RPL3, VRK2, RPA1, TMX2, CCND2, ICAM3, PSMB1, ZYX, ALDOA, 

U2AF1, TBC1D5, UBE2C, HSD17B10, PBX2, ARHGEF7, IGLL1/IGLL5, ALDH1L1, SURF4, SMURF1, 

PRCC, SSR2, PSMB9, MX2, TNC, N4BP2L2, PPIF, EMP3, HMHA1, CBX4, TNNI1, CSTF3, AKAP1, PINK1, 

LIG1, TNFRSF4, DNMT3A, VDAC2, CTBP1, USP7, TNIP1, CNDP2, PRMT1, UBA7, PSMA6, EWSR1, C3, 

HDAC2, IER2, WEE1, SP140, GRIP1, RANBP1, ERCC2, KRBA1, TBL1X, SSRP1, NCOA3, PYGM, SCRIB, 

RBP4, INO80B, CARS, MRPL45, USP11, SAT1, SLC15A3, CLEC3B, PDCD4, DNAH8, ANGPTL4, RPS16, 

EIF2S3, PPP2R5C, HCST, VASP, RPL29, EMILIN1, TACC3, FAM134B, TPM2, IL1R1, MANBA, GCN1L1, 

UBE3A, STT3A, TBL2, ENO1, NDUFV2, LGALS3BP, HMGCR. 

1.19x10-04 - 
4.81x10-02 

Gastrointestinal Disease  

LIG1, TACC3, TNC, C3, VRK2, IGLL1/IGLL5, IL1R1, ADAR, ERCC2, TNIP1, PRCC, ANGPTL4, RPS16, 
SCRIB, HCST, AKAP1, UBE2C. 

1.19x10-04 - 
4.46x10-02 

Dermatological Diseases and Conditions  

LIG1, DBN1, SAT1, CLEC3B, CTBP1, AQR, TNIP1, IFI6, EMILIN1, PSMA6, TNC, C3, RPL3, PPIF, IER2, 
PSMD6, ALOX5AP, GRIP1, RANBP1, MANBA, IL1R1, ERCC2, ADAR, KPNB1, CCND2, LGALS3BP, 
OTUB1, ZYX, PSAP, HMGCR, POLR2I, PCBD1, DOCK10, UBE2C, RBP4. 

1.46x10-04 - 
4.15x10-02 

Reproductive System Disease  

LIG1, HSD17B10, PSMB9, PSMA6, TNC, PPIF, HDAC2, MYL6, EMP3, WEE1, TPM2, MANBA, CLEC3B, 
ERCC2, UBE3A, TBL1X, ENO1, TNIP1, NDUFV2, ALDOA, ZYX, EMILIN1, UBE2C. 

3.47x10-04 - 
3.13x10-02 

Infectious Disease  

TNFRSF4, DNMT3A, SMURF1, CTBP1, AQR, UBA7, RPS16, IFI6, MX2, C3, HDAC2, RPL3, ALOX5AP, 
PSMD6, IL1R1, MANBA, ADAR, SSRP1, NCOA3, STAT4, KPNB1, ZYX, HMGCR, POLR2I, HIST1H2BN, 
DOCK10, UBE2C. 

6.53x10-04 - 
4.86x10-02 

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND FUNCTION  P-value 

Cell Death and Survival  

LIG1, TNFRSF4, DNMT3A, EIF2A, VDAC2, AFAP1L2, CTBP1, USP7, TNIP1, UBA7, PACS2, PSMA6, 
EWSR1, C3, HSH2D, HDAC2, WEE1, PSMD6, RPA1, RANBP1, ERCC2, ADAR, SSRP1, NCOA3, ASAH1, 
NFKBID, CCND2, ICAM3, TTF1, SCRIB, PSMB1, ZYX, ALDOA, PKMYT1, GNAL, UBE2C, RBP4, 
HSD17B10, CARS, ARHGEF7, USP11, SAT1, VTI1B, PDCD4, SMURF1, MCOLN1, ANGPTL4, PPP2R5C, 
IFI6, HCST, NSMCE1, VASP, PTPN7, TACC3, TNC, PPIF, EMP3, FAM134B, ATG3, IL1R1, UBE3A, 
PPM1G, STAT4, ENO1, NDUFV2, LGALS3BP, BFAR, PSAP, CBX4, HMGCR, AKAP1, PINK1. 

7.45x10-06 - 
4.97x10-02 

Cellular Development  

EWSR1, TNFRSF4, C3, ARHGEF7, IGLL1/IGLL5, IL4I1, TPM2, SIGLEC10, IL1R1, UBE3A, NCOA3, 
STAT4, LAMC1, PRMT1, CCND2, VASP. 

3.04x10-04 - 
4.46x10-02 

Cellular Growth and Proliferation  

LIG1, DBN1, TNFRSF4, SIGLEC10, AFAP1L2, GGA2, LAMC1, CTBP1, USP7, PRMT1, MGAT4B, HSH2D, 
EWSR1, C3, METTL3, APPL2, HDAC2, WEE1, IL4I1, RPA1, ADAR, ERCC2, ASAH1, NCOA3, NFKBID, 
CCND2, PYGM, ICAM3, TTF1, SCRIB, ZYX, INO80B, UBE2C, RBP4, IGLL1/IGLL5, SAT1, ALDH1L1, 
VTI1B, SURF4, PDCD4, HADHB, ANGPTL4, PRCC, PPP2R5C, VASP, RPL29, EMILIN1, TACC3, TNC, 
EMP3, TPM2, CINP, IL1R1, UBE3A, PPM1G, STAT4, ENO1, PSAP, CBX4, HMGCR. 

3.04x10-04 - 
4.46x10-02 

Gene Expression  

RPL24, PBX2, POLR2F, EIF2B4, TNFRSF4, DNMT3A, MRPL2, EIF2A, AFAP1L2, PDCD4, CTBP1, TNIP1, 
TCF25, EIF2S3, PPP2R5C, RPL29, VASP, CBX8, PTPN7, EWSR1, TNC, HDAC2, N4BP2L2, VRK2, 
SP140, RPA1, GRIP1, ERCC2, TBL1X, SSRP1, UBE3A, NCOA3, PHRF1, PRMT7, STAT4, NFKBID, 
ENO1, OTUB1, TTF1, ELP4, SUPT3H, CBX4, TNNI1, POLR2I, PCBD1. 

5.32x10-04 - 
3.13x10-02 

DNA Replication, Recombination, and Repair  

LIG1, HDAC2, DNMT3A, WEE1, OTUB1, TTF1, RPA1, U2AF1, ERCC2, ADAR, SSRP1, ACTL6A. 
1.08x10-03 - 
4.15x10-02 
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Table 5 Top biological functions identified by Ingenuity Pathway 

Analysis: S vs. C.   

DISEASES AND DISORDERS P-value 

Dermatological Diseases and Conditions  

LIG1, BLNK, SNRPE, EXOSC10, RBBP7, SAT1, MED28, CLEC3B, CTLA4, CTBP1, TNIP1, 
TGFB1, KEAP1, FABP4, IFI6, EMILIN1, TNC, C3, DDX23, ALOX5AP, RPA1, MANBA, IL1R1, 
JUNB, XAB2, CCND2, BSG, H2AFY, RECQL4, LGALS3BP, FSCN1, OTUB1, ZYX, RPS6KA4, 
GSTP1, UBE2C, RBP4. 

3.42x10-05 - 
1.57x10-02 

Cardiovascular Disease  

PFN1, C3, TGFB1, JUNB, IL1R1, CTLA4, GSTP1. 
4.68x10-04 - 
1.42x10-02 

Inflammatory Disease  

USP7, NFKBID, C3, BSG, TGFB1, CORO1A, RPS6KA4, JUNB, IL27RA, IL1R1, CTLA4, 
GSTP1. 

4.68x10-04 - 
1.57x10-02 

Cancer  

LIG1, ASPSCR1, PFN1, SNRPE, RBBP7, SAT1, SMC4, MED28, CLEC3B, PPP4C, CTLA4, 
SPDEF, SCNN1A, USP7, TNIP1, TGFB1, CSNK2A1, EIF3A, FABP4, IL27RA, DBF4, 
EMILIN1, CBX8, TACC3, C3, TNC, PAM, TIMM44, GRB2, HMHA1, STOML2, RPA1, JUNB, 
MRPS14, MANBA, CCND2, BSG, NDUFV2, H2AFY, RECQL4, FSCN1, LGALS3BP, ZYX, 
ALDOA, CBX4, GSTP1, PINK1, RBP4, UBE2C. 

7.37x10-04 - 
1.87x10-02 

Inflammatory Response  

C3, PFN1, GRB2, ALOX5AP, IL1R1, JUNB, CTLA4, SPDEF, NFKBID, TGFB1, CORO1A, 
FABP4, IGHA1, IL27RA, GSTP1. 
 

9.03x10-04 - 
1.77x10-02 

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND FUNCTION  P-value 

Haematological System Development and Function  

LIG1, BLNK, TACC3, TNC, C3, GRB2, ALOX5AP, RPA1, JUNB, IL1R1, CTLA4, EEF1D, 
NFKBID, CCND2, BSG, TGFB1, CORO1A, CSNK2A1, FABP4, RPS6KA4, IGHA1, IL27RA, 
CD84, GSTP1. 

5.01x10-05 - 
1.77x10-02 

Haematopoiesis  

BLNK, TACC3, GRB2, RPA1, JUNB, IL1R1, CTLA4, EEF1D, NFKBID, CCND2, BSG, TGFB1, 
CSNK2A1, IL27RA, GSTP1. 

5.01x10-05 - 
1.52x10-02 

Lymphoid Tissue Structure and Development  

BLNK, LIG1, TACC3, C3, GRB2, IL1R1, JUNB, CTLA4, EEF1D, NFKBID, CCND2, BSG, 
TGFB1, RECQL4, CSNK2A1, IL27RA, CD84. 

5.01x10-05 - 
1.79x10-02 

Tissue Morphology  

LIG1, BLNK, TACC3, C3, SAT1, IL1R1, JUNB, CTLA4, SPDEF, EEF1D, LAMC1, MCOLN1, 
CCND2, TGFB1, CORO1A, CSNK2A1, IL27RA, CD84, GSTP1. 

5.01x10-05 - 
1.64x10-02 

Connective Tissue Development and Function  

LIG1, C3, GRB2, SAT1, JUNB, EEF1D, CTBP1, LAMC1, BSG, TGFB1, RECQL4, CSNK2A1, 
FABP4, CBX4, UBE2C. 

2.94x10-04 - 
1.42x10-02 
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Table 6 Top biological functions identified by Ingenuity Pathway 

Analysis: R vs. S. 

DISEASES AND DISORDERS P-value 

Gastrointestinal Disease  

TLR10, ANGPTL4, CXCL12, CCL21, HCST, ATR. 
1.37x10-04 - 
1.34x10-02 

Immunological Disease  

RNF139, CFD, CD19, ARFGAP3, TNFRSF4, DNASE1L3, CXCL12, ALOX5AP, NFKB1, GSN, 
PHRF1, ENO1, LAT, CCL21, PHF1, HMGCR. 

1.37x10-04 - 
2.69x10-02 

Inflammatory Disease  

RNF139, CFD, CD19, ARFGAP3, DNASE1L3, CXCL12, GSN, NFKB1, PHRF1, ENO1, 
TLR10, CCL21, PHF1, HMGCR. 

1.37x10-04 - 
2.69x10-02 

Inflammatory Response  

PSMB9, CD19, TNFRSF4, CXCL12, RAC1, ALOX5AP, NFKB1, GSN, VTI1B, ANGPTL4, LAT, 
CCL21, HMGCR. 

1.37x10-04 - 
2.89x10-02 

Ophthalmic Disease  

POLG2, TMEM126A, CXCL12, CCL21, GRIP1. 
1.37x10-04 - 
2.69x10-02 

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND FUNCTION  P-value 

Cell-mediated Immune Response  

TNFRSF4, LAT, CXCL12, CCL21, RAC1. 
1.37x10-04 - 
3.31x10-02 

Haematological System Development and Function  

PSMB9, CD19, TNFRSF4, ATG3, RAC1, CXCL12, ALOX5AP, SIGLEC10, GSN, NFKB1, 
CBX5, ANGPTL4, ICAM3, LAT, CCL21, HMGCR, HCST, CD84, BST1. 

1.37x10-04 - 
3.31x10-02 

Haematopoiesis  

CD19, TNFRSF4, CCL21, CXCL12, RAC1, NFKB1, BST1. 
1.37x10-04 - 
2.69x10-02 

Immune Cell Trafficking  

CD19, TNFRSF4, LAT, RAC1, CXCL12, CCL21, ALOX5AP, GSN, NFKB1. 
1.37x10-04 - 
3.31x10-02 

Humoral Immune Response  

CD19, CCL21, CXCL12, RAC1, SIGLEC10, CD84, NFKB1, BST1. 
1.99x10-03 - 
2.69x10-02 
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Table 7 GO terms from original DGE analysis. Adapted from Pemberton et 

al. (2011). 
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APPENDIX D – Supplementary sequencing data.  

Figure 1 Ovine and human GATA3 full length and variant coding sequences. 

Figure 2 Ovine RORA transcript variant sequence alignments. 

Figure 3 Ovine RORC2 transcript variant sequence alignments. 

Figure 4 Ovine TBX21 3’ UTR sequence. 

Figure 5 Ovine IL23R sequence.  
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Ovine_GATA3        ATGGAGGTGACGGCGGACCAGCCTCGCTGGGTGAGCCATCACCACCCCGCGGTCCTCAAC 60 

Ovine_GATA3v1      ATGGAGGTGACGGCGGACCAGCCTCGCTGGGTGAGCCATCACCACCCCGCGGTCCTCAAC 60 

Human_GATA3v1      ATGGAGGTGACGGCGGACCAGCCGCGCTGGGTGAGCCACCACCACCCCGCCGTGCTCAAC 60 

Human_GATA3v2      ATGGAGGTGACGGCGGACCAGCCGCGCTGGGTGAGCCACCACCACCCCGCCGTGCTCAAC 60 

                   *********************** ************** *********** ** ****** 

 

Ovine_GATA3        GGGCAGCACCCGGACACTCACCACCCGGGCCTCGGCCACTCCTACATGGACCCGGCGCAG 120 

Ovine_GATA3v1      GGGCAGCACCCGGACACTCACCACCCGGGCCTCGGCCACTCCTACATGGACCCGGCGCAG 120 

Human_GATA3v1      GGGCAGCACCCGGACACGCACCACCCGGGCCTCAGCCACTCCTACATGGACGCGGCGCAG 120 

Human_GATA3v2      GGGCAGCACCCGGACACGCACCACCCGGGCCTCAGCCACTCCTACATGGACGCGGCGCAG 120 

                   ***************** *************** ***************** ******** 

 

Ovine_GATA3        TACCCTCTGCCCGAGGAGGTGGATGTACTTTTTAACATCGACGGTCAAGGCAACCACGTC 180 

Ovine_GATA3v1      TACCCTCTGCCCGAGGAGGTGGATGTACTTTTTAACATCGACGGTCAAGGCAACCACGTC 180 

Human_GATA3v1      TACCCGCTGCCGGAGGAGGTGGATGTGCTTTTTAACATCGACGGTCAAGGCAACCACGTC 180 

Human_GATA3v2      TACCCGCTGCCGGAGGAGGTGGATGTGCTTTTTAACATCGACGGTCAAGGCAACCACGTC 180 

                   ***** ***** ************** ********************************* 

 

Ovine_GATA3        CCGTCGTACTACGGAAACTCGGTGAGGGCCACCGTGCAGAGGTATCCTCCGACCCACCAC 240 

Ovine_GATA3v1      CCGTCGTACTACGGAAACTCGGTGAGGGCCACCGTGCAGAGGTATCCTCCGACCCACCAC 240 

Human_GATA3v1      CCGCCCTACTACGGAAACTCGGTCAGGGCCACGGTGCAGAGGTACCCTCCGACCCACCAC 240 

Human_GATA3v2      CCGCCCTACTACGGAAACTCGGTCAGGGCCACGGTGCAGAGGTACCCTCCGACCCACCAC 240 

                   *** * ***************** ******** *********** *************** 

 

Ovine_GATA3        GGGAGCCAGGTATGCCGGCCACCTCTGCTGCACGGATCCCTGCCCTGGCTGGATGGTGGC 300 

Ovine_GATA3v1      GGGAGCCAGGTATGCCGGCCACCTCTGCTGCACGGATCCCTGCCCTGGCTGGATGGTGGC 300 

Human_GATA3v1      GGGAGCCAGGTGTGCCGCCCGCCTCTGCTTCATGGATCCCTACCCTGGCTGGACGGCGGC 300 

Human_GATA3v2      GGGAGCCAGGTGTGCCGCCCGCCTCTGCTTCATGGATCCCTACCCTGGCTGGACGGCGGC 300 

                   *********** ***** ** ******** ** ******** *********** ** *** 

 

Ovine_GATA3        AAGGCCCTGGGCAGCCATCACACTGCTTCGCCCTGGAACCTCAGCCCTTTCTCCAAGACA 360 

Ovine_GATA3v1      AAGGCCCTGGGCAGCCATCACACTGCTTCGCCCTGGAACCTCAGCCCTTTCTCCAAGACA 360 

Human_GATA3v1      AAAGCCCTGGGCAGCCACCACACCGCCTCCCCCTGGAATCTCAGCCCCTTCTCCAAGACG 360 

Human_GATA3v2      AAAGCCCTGGGCAGCCACCACACCGCCTCCCCCTGGAATCTCAGCCCCTTCTCCAAGACG 360 

                   ** ************** ***** ** ** ******** ******** ***********  

 

Ovine_GATA3        TCCATCCACCACGGCTCCCCGGGGCCCCTGTCGGTCTACCCACCGGCCTCATCCTCCTCC 420 

Ovine_GATA3v1      TCCATCCACCACGGCTCCCCGGGGCCCCTGTCGGTCTACCCACCGGCCTCATCCTCCTCC 420 

Human_GATA3v1      TCCATCCACCACGGCTCCCCGGGGCCCCTCTCCGTCTACCCCCCGGCCTCGTCCTCCTCC 420 

Human_GATA3v2      TCCATCCACCACGGCTCCCCGGGGCCCCTCTCCGTCTACCCCCCGGCCTCGTCCTCCTCC 420 

                   ***************************** ** ******** ******** ********* 

 

Ovine_GATA3        CTGTCGGCGGGGCACTCCAGCCCGCACCTCTTCACTTTCCCGCCCACCCCACCGAAGGAT 480 

Ovine_GATA3v1      CTGTCGGCGGGGCACTCCAGCCCGCACCTCTTCACTTTCCCGCCCACCCCACCGAAGGAT 480 

Human_GATA3v1      TTGTCGGGGGGCCACGCCAGCCCGCACCTCTTCACCTTCCCGCCCACCCCGCCGAAGGAC 480 

Human_GATA3v2      TTGTCGGGGGGCCACGCCAGCCCGCACCTCTTCACCTTCCCGCCCACCCCGCCGAAGGAC 480 

                    ****** *** *** ******************* ************** ********  

 

Ovine_GATA3        GTCTCCCCAGACCCATCCCTGTCCACCCCGGGCTCGGCCGGCTCGGGCCGCCAGGACGAG 540 

Ovine_GATA3v1      GTCTCCCCAGACCCATCCCTGTCCACCCCGGGCTCGGCCGGCTCGGGCCGCCAGGACGAG 540 

Human_GATA3v1      GTCTCCCCGGACCCATCGCTGTCCACCCCAGGCTCGGCCGGCTCGGCCCGGCAGGACGAG 540 

Human_GATA3v2      GTCTCCCCGGACCCATCGCTGTCCACCCCAGGCTCGGCCGGCTCGGCCCGGCAGGACGAG 540 

                   ******** ******** *********** **************** *** ********* 

 

Ovine_GATA3        AAGGAGTGCATCAAGTACCAGGTGCCGCTGCCCGACAGCATGAAGCTGGAGTCGGCGCAC 600 

Ovine_GATA3v1      AAGGAGTGCATCAAGTACCAGGTGCCGCTGCCCGACAGCATGAAGCTGGAGTCGGCGCAC 600 

Human_GATA3v1      AAAGAGTGCCTCAAGTACCAGGTGCCCCTGCCCGACAGCATGAAGCTGGAGTCGTCCCAC 600 

Human_GATA3v2      AAAGAGTGCCTCAAGTACCAGGTGCCCCTGCCCGACAGCATGAAGCTGGAGTCGTCCCAC 600 

                   ** ****** **************** *************************** * *** 

 

Ovine_GATA3        CCCCGCGGCAGCATGGCCACCCTGGGAGGGGCGGCGGCCTCAGCCCACCACCCCATCACC 660 

Ovine_GATA3v1      CCCCGCGGCAGCATGGCCACCCTGGGAGGGGCGGCGGCCTCAGCCCACCACCCCATCACC 660 

Human_GATA3v1      TCCCGTGGCAGCATGACCGCCCTGGGTGGAGCCTCCTCGTCGACCCACCACCCCATCACC 660 

Human_GATA3v2      TCCCGTGGCAGCATGACCGCCCTGGGTGGAGCCTCCTCGTCGACCCACCACCCCATCACC 660 

                    **** ********* ** ******* ** **  *  * **  ***************** 

 

Ovine_GATA3        ACCTACCCGCCCTACGTCCCCGAGTACAGCTCTGGACTCTTCCCGCCCAGCAGCCTCCTT 720 

Ovine_GATA3v1      ACCTACCCGCCCTACGTCCCCGAGTACAGCTCTGGACTCTTCCCGCCCAGCAGCCTCCTT 720 

Human_GATA3v1      ACCTACCCGCCCTACGTGCCCGAGTACAGCTCCGGACTCTTCCCCCCCAGCAGCCTGCTG 720 

Human_GATA3v2      ACCTACCCGCCCTACGTGCCCGAGTACAGCTCCGGACTCTTCCCCCCCAGCAGCCTGCTG 720 

                   ***************** ************** *********** *********** **  

 

Ovine_GATA3        GGGGGCTCCCCCACCGGCTTCGGATGCAAGTCGAGGCCCAAGGCGAGATCCAGCACAGAA 780 

Ovine_GATA3v1      GGGGGCTCCCCCACCGGCTTCGGATGCAAGTCGAGGCCCAAGGCGAGATCCAGCACA--- 777 
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Human_GATA3v1      GGCGGCTCCCCCACCGGCTTCGGATGCAAGTCCAGGCCCAAGGCCCGGTCCAGCACAGAA 780 

Human_GATA3v2      GGCGGCTCCCCCACCGGCTTCGGATGCAAGTCCAGGCCCAAGGCCCGGTCCAGCACA--- 777 

                   ** ***************************** ***********  * *********    

 

Ovine_GATA3        GGCCGGGAGTGTGTGAACTGCGGGGCGACATCCACCCCTCTCTGGCGACGAGATGGAACC 840 

Ovine_GATA3v1      GGCCGGGAGTGTGTGAACTGCGGGGCGACATCCACCCCTCTCTGGCGACGAGATGGAACC 837 

Human_GATA3v1      GGCAGGGAGTGTGTGAACTGTGGGGCAACCTCGACCCCACTGTGGCGGCGAGATGGCACG 840 

Human_GATA3v2      GGCAGGGAGTGTGTGAACTGTGGGGCAACCTCGACCCCACTGTGGCGGCGAGATGGCACG 837 

                   *** **************** ***** ** ** ***** ** ***** ******** **  

 

Ovine_GATA3        GGGCATTACCTGTGTAATGCCTGCGGGCTCTACCACAAGATGAACGGACAGAACCGGCCC 900 

Ovine_GATA3v1      GGGCATTACCTGTGTAATGCCTGCGGGCTCTACCACAAGATGAACGGACAGAACCGGCCC 897 

Human_GATA3v1      GGACACTACCTGTGCAACGCCTGCGGGCTCTATCACAAAATGAACGGACAGAACCGGCCC 900 

Human_GATA3v2      GGACACTACCTGTGCAACGCCTGCGGGCTCTATCACAAAATGAACGGACAGAACCGGCCC 897 

                   ** ** ******** ** ************** ***** ********************* 

 

Ovine_GATA3        CTCATCAAGCCCAAGCGAAGGCTGTCGGCAGCAAGAAGGGCAGGTACGTCCTGTGCAAAC 960 

Ovine_GATA3v1      CTCATCAAGCCCAAGCGAAGGCTGTCGGCAGCAAGAAGGGCAGGTACGTCCTGTGCAAAC 957 

Human_GATA3v1      CTCATTAAGCCCAAGCGAAGGCTGTCTGCAGCCAGGAGAGCAGGGACGTCCTGTGCGAAC 960 

Human_GATA3v2      CTCATTAAGCCCAAGCGAAGGCTGTCTGCAGCCAGGAGAGCAGGGACGTCCTGTGCGAAC 957 

                   ***** ******************** ***** ** ** ***** *********** *** 

 

Ovine_GATA3        TGTCAAACCACAACTACGACTCTGTGGAGAAGAAATGCCAATGGAGACCCTGTCTGCAAT 1020 

Ovine_GATA3v1      TGTCAAACCACAACTACGACTCTGTGGAGAAGAAATGCCAATGGAGACCCTGTCTGCAAT 1017 

Human_GATA3v1      TGTCAGACCACCACAACCACACTCTGGAGGAGGAATGCCAATGGGGACCCTGTCTGCAAT 1020 

Human_GATA3v2      TGTCAGACCACCACAACCACACTCTGGAGGAGGAATGCCAATGGGGACCCTGTCTGCAAT 1017 

                   ***** ***** ** ** ** ** ***** ** *********** *************** 

 

Ovine_GATA3        GCCTGCGGGCTCTACTATAAGCTGCACAATATTAACAGACCCCTGACTATGAAGAAGGAA 1080 

Ovine_GATA3v1      GCCTGCGGGCTCTACTATAAGCTGCACAATATTAACAGACCCCTGACTATGAAGAAGGAA 1077 

Human_GATA3v1      GCCTGTGGGCTCTACTACAAGCTTCACAATATTAACAGACCCCTGACTATGAAGAAGGAA 1080 

Human_GATA3v2      GCCTGTGGGCTCTACTACAAGCTTCACAATATTAACAGACCCCTGACTATGAAGAAGGAA 1077 

                   ***** *********** ***** ************************************ 

 

Ovine_GATA3        GGGATCCAGACCAGAAACCGAAAAATGTCTAGCAAATCCAAAAAGTGCAAAAAGGTGCAT 1140 

Ovine_GATA3v1      GGGATCCAGACCAGAAACCGAAAAATGTCTAGCAAATCCAAAAAGTGCAAAAAGGTGCAT 1137 

Human_GATA3v1      GGCATCCAGACCAGAAACCGAAAAATGTCTAGCAAATCCAAAAAGTGCAAAAAAGTGCAT 1140 

Human_GATA3v2      GGCATCCAGACCAGAAACCGAAAAATGTCTAGCAAATCCAAAAAGTGCAAAAAAGTGCAT 1137 

                   ** ************************************************** ****** 

 

Ovine_GATA3        GACGCGCTGGAGGACTTCCCCAAGAGCAGCTCGTTCAACCCCGCTGCCCTCTCCAGACAC 1200 

Ovine_GATA3v1      GACGCGCTGGAGGACTTCCCCAAGAGCAGCTCGTTCAACCCCGCTGCCCTCTCCAGACAC 1197 

Human_GATA3v1      GACTCACTGGAGGACTTCCCCAAGAACAGCTCGTTTAACCCGGCCGCCCTCTCCAGACAC 1200 

Human_GATA3v2      GACTCACTGGAGGACTTCCCCAAGAACAGCTCGTTTAACCCGGCCGCCCTCTCCAGACAC 1197 

                   *** * ******************* ********* ***** ** *************** 

 

Ovine_GATA3        ATGTCTTCGCTCAGTCACATCTCGCCCTTCAGCCACTCCAGCCACATGCTGACCACGCCC 1260 

Ovine_GATA3v1      ATGTCTTCGCTCAGTCACATCTCGCCCTTCAGCCACTCCAGCCACATGCTGACCACGCCC 1257 

Human_GATA3v1      ATGTCCTCCCTGAGCCACATCTCGCCCTTCAGCCACTCCAGCCACATGCTGACCACGCCC 1260 

Human_GATA3v2      ATGTCCTCCCTGAGCCACATCTCGCCCTTCAGCCACTCCAGCCACATGCTGACCACGCCC 1257 

                   ***** ** ** ** ********************************************* 

 

Ovine_GATA3        ACGCCGATGCACCCGCCGTCCAGCCTCTCCTTCGGACCTCACCACCCCTCCAGTATGGTC 1320 

Ovine_GATA3v1      ACGCCGATGCACCCGCCGTCCAGCCTCTCCTTCGGACCTCACCACCCCTCCAGTATGGTC 1317 

Human_GATA3v1      ACGCCGATGCACCCGCCATCCAGCCTGTCCTTTGGACCACACCACCCCTCCAGCATGGTC 1320 

Human_GATA3v2      ACGCCGATGCACCCGCCATCCAGCCTGTCCTTTGGACCACACCACCCCTCCAGCATGGTC 1317 

                   ***************** ******** ***** ***** ************** ****** 

Ovine_GATA3        ACCGCCATGGGCTAG- 1335 

Ovine_GATA3v1      ACCGCCATGGGCTAG- 1332 

Human_GATA3v1      ACCGCCATGGGTTAG- 1335 

Human_GATA3v2      ACCGCCATGGGTTAG- 1332 

                   *********** ***  

 

Figure 1 Ovine and human GATA3 full length and variant coding 

sequences. Ovine accession numbers LN848231 (full length) and LN848232 

(variant 1). Human GATA3v1 accession number NM_001002295.1, human 

GATA3v2 accession number NM_002051.2. Green: start and stop codons; 

purple: spliced nucleotides; red: N-terminal zinc-finger, blue: C-terminal zinc-

finger.     
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RORA_TV3      ------------------------------------------------------------ 0 

RORA_TV4      ------------------------------------------------------------ 0 

RORA_TV1      ------------------------------------------------------------ 0 

RORA_TV2      CGATTCCTCGGGGTTTCACAACCTAAGAGGTCTGGGAGGGCACCTTGCAGTGCCTAAGTC 60 

RORA_TV5      CGATTCCTCGGGGTTTCACAACCTAAGAGGTCTGGGAGGGCACCTTGCAGTGCCTAAGTC 60 

                                                                           

RORA_TV3      ------------------------------------------------------------ 0 

RORA_TV4      ------------------------------------------------------------ 0 

RORA_TV1      ------------------------------------------------------------ 0 

RORA_TV2      TCCACGAGTGTTCAGAGCGGACATAAAATGTACAGAGTCTTTAGACAAGCGGGCTTTCTG 120 

RORA_TV5      TCCACGAGTGTTCAGAGCGGACATAAAATGTACGGAGTCTTTAGACAAGCGGGCTTTCTG 120 

                                                                           

RORA_TV3      ------------------------------------------------------------ 0 

RORA_TV4      --------------------------------------------------ACACTGACAT 10 

RORA_TV1      ------------------------------------------------------------ 0 

RORA_TV2      TGGATGGGATCCGCCTCTGGGAGGCCAGGG-AAAAGACAAAAACAAGTGTTTCCTGCAGT 179 

RORA_TV5      TGGATGGGATCCGCCTCTGGGAGGCCAGGGGAAAAGACAAAAACAAGTGTTTCCTGCAGT 180 

                                                                           

RORA_TV3      -------------TGCGCAG--------------ACAGAGCTATTCCAGCACCAGCAGAG 33 

RORA_TV4      GGACTGAAGGAGTAGAAAAGAAGGCAGCTTTCTTCT---GGTGTC----------GTCAG 57 

RORA_TV1      ------------------------------------------------------------ 0 

RORA_TV2      TCTCTGCTGCAGTTGCTAACAGAGAGTCACTCGACGCTTGGTATCTCAGTAACAAAGAAG 239 

RORA_TV5      TCTCTGCTGCAGTTGCTAACAGAGAGTCACTCGACGCTTGGTATCTCAGTAACAAAGAAG 240 

                                                                           

RORA_TV3      G----------GTTATCCATGCCAGTGTCCAGTGAGGGAACTGAGAGAAGGCGGCATGAT 83 

RORA_TV4      CCTCTTGCATCTGGGTCCAGGTCCCTTCAAGGTTAATCAGAATCAGAAGTTCAGAGAGCT 117 

RORA_TV1      -------------------------------------------------TCACCGCGGCT 11 

RORA_TV2      ACCCATACATGGCAGGCATG--GTACAGAGAGCTTCCTTGCACAGCCTTGCCCATGAGCT 297 

RORA_TV5      ACCCATACAT-------------------------------------------------- 250 

                                                                           

RORA_TV3      CCAGGTATCTCAGTAACAAAGAAGACCCATACATCTCAAATTGAAATTATTCCATGCAAG 143 

RORA_TV4      GCAGGTATCTCAGTAACAAAGAAGACCCATACATCTCAAATTGAAATTATTCCATGCAAG 177 

RORA_TV1      TAAATGATGTATTTTGTGATCGCAGCGATGAAAGCTCAAATTGAAATTATTCCATGCAAG 71 

RORA_TV2      CGTCCCTGGCCTGGTGGGACCCACTCTAGAGGTGCTCAAATTGAAATTATTCCATGCAAG 357 

RORA_TV5      ----------------------------------CTCAAATTGAAATTATTCCATGCAAG 276 

                                                ************************** 

 

RORA_TV3      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 203 

RORA_TV4      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 237 

RORA_TV1      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 131 

RORA_TV2      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 417 

RORA_TV5      ATCTGTGGAGACAAATCATCAGGAATCCATTACGGTGTCATTACATGTGAAGGCTGCAAG 336 

              ************************************************************ 

 

RORA_TV3      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 263 

RORA_TV4      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 297 

RORA_TV1      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 191 

RORA_TV2      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 477 

RORA_TV5      GGCTTTTTCAGGAGAAGTCAGCAAAGCAATGCCACCTACTCCTGTCCTCGTCAAAAGAAC 396 

              ************************************************************ 

 

RORA_TV3      TGTTTGATTGATCGGGCCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 323 

RORA_TV4      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 357 

RORA_TV1      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 251 

RORA_TV2      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 537 

RORA_TV5      TGTTTGATTGATCGGACCAGTAGAAACCGCTGCCAGCACTGTCGATTACAGAAATGCCTT 456 

              *************** ******************************************** 

 

RORA_TV3      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 383 

RORA_TV4      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 417 

RORA_TV1      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 311 

RORA_TV2      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 597 

RORA_TV5      GCCGTGGGGATGTCTCGAGATGCTGTGAAATTTGGCCGCATGTCGAAAAAGCAGAGAGAC 516 

              ************************************************************ 

 

RORA_TV3      AGCTTGTACGCAGAAGTACAGAAGCACCGAATGCAGCAGCAGCAGCGAGACCACCAACAG 443 

RORA_TV4      AGCTTGTACGCAGAAGTACAGAAGCACCGAATGCAGCAGCAGCAGCGAGACCACCAACAG 477 

RORA_TV1      AGCTTGTACGCAGAAGTACAGAAGCACCGAATGCAGCAGCAGCAGCGAGACCACCAACAG 371 

RORA_TV2      AGCTTGTACGCAGAAGTACAGAAGCACCGAATGCAGCAGCAGCAGCGAGACCACCAACAG 657 

RORA_TV5      AGCTTGTACGCAGAAGTACAGAAGCACCGAATGCAGCAGCAGCAGCGAGACCACCAACAG 576 

              ************************************************************ 
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RORA_TV3      CAGCCTGGAGAAGCCGAGCCGCTGACTCCCACCTACAGCATCTCGGCCAACGGGCTCACG 503 

RORA_TV4      CAGCCTGGAGAAGCCGAGCCGCTGACTCCCACCTACAGCATCTCGGCCAACGGGCTCACG 537 

RORA_TV1      CAGCCTGGAGAAGCCGAGCCGCTGACTCCCACCTACAGCATCTCGGCCAACGGGCTCACG 431 

RORA_TV2      CAGCCTGGAGAAGCCGAGCCGCTGACTCCCACCTACAGCATCTCGGCCAACGGGCTCACG 717 

RORA_TV5      CAGCCTGGAGAAGCCGAGCCGCTGACTCCCACCTACAGCATCTCGGCCAACGGGCTCACG 636 

              ************************************************************ 

 

RORA_TV3      GAGCTTCACGATGACCTCAGCAACTACATCGACGGGCACACCCCCGAGGGCAGCAAGGCA 563 

RORA_TV4      GAGCTTCACGATGACCTCAGCAACTACATCGACGGGCACACCCCCGAGGGCAGCAAGGCA 597 

RORA_TV1      GAGCTTCACGATGACCTCAGCAACTACATCGACGGGCACACCCCCGAGGGCAGCAAGGCA 491 

RORA_TV2      GAGCTTCACGATGACCTCAGCAACTACATCGACGGGCACACCCCCGAGGGCAGCAAGGCA 777 

RORA_TV5      GAGCTTCACGATGACCTCAGCAACTACATCGACGGGCACACCCCCGAGGGCAGCAAGGCA 696 

              ************************************************************ 

 

RORA_TV3      GACTCTGCCGTCAGCAGCTTCTACCTGGACATCCAGCCTTCCCCGGACCAGTCAGGTCTC 623 

RORA_TV4      GACTCTGCCGTCAGCAGCTTCTACCTGGACATCCAGCCTTCCCCGGACCAGTCAGGTCTC 657 

RORA_TV1      GACTCTGCCGTCAGCAGCTTCTACCTGGACATCCAGCCTTCCCCGGACCAGTCAGGTCTC 551 

RORA_TV2      GACTCTGCCGTCAGCAGCTTCTACCTGGACATCCAGCCTTCCCCGGACCAGTCAGGTCTC 837 

RORA_TV5      GACTCTGCCGTCAGCAGCTTCTACCTGGACATCCAGCCTTCCCCGGACCAGTCAGGTCTC 756 

              ************************************************************ 

 

RORA_TV3      GACATCAATGGAATCAAACCAGAACCCATATGTGACTACACACCAGCATCAGGCTTCTTC 683 

RORA_TV4      GACATCAATGGAATCAAACCAGAACCCATATGTGACTACACACCAGCATCAGGCTTCTTC 717 

RORA_TV1      GACATCAATGGAATCAAACCAGAACCCATATGTGACTACACACCAGCATCAGGCTTCTTC 611 

RORA_TV2      GACATCAATGGAATCAAACCAGAACCCATATGTGACTACACACCAGCATCAGGCTTCTTC 897 

RORA_TV5      GACATCAATGGAATCAAACCAGAACCCATATGTGACTACACACCAGCATCAGGCTTCTTC 816 

              ************************************************************ 

 

RORA_TV3      CCCTACTGCTCTTTCACCAACGGAGAGACTTCCCCAACTGTGTCCATGGCAGAACTAGAA 743 

RORA_TV4      CCCTACTGCTCTTTCACCAACGGAGAGACTTCCCCAACTGTGTCCATGGCAGAACTAGAA 777 

RORA_TV1      CCCTACTGCTCTTTCACCAACGGAGAGACTTCCCCAACTGTGTCCATGGCAGAACTAGAA 671 

RORA_TV2      CCCTACTGCTCTTTCACCAACGGAGAGACTTCCCCAACTGTGTCCATGGCAGAACTAGAA 957 

RORA_TV5      CCCTACTGCTCTTTCACCAACGGAGAGACTTCCCCAACTGTGTCCATGGCAGAACTAGAA 876 

              ************************************************************ 

 

RORA_TV3      CACCTTGCACAGAATATATCTAAATCACATCTGGAAACTTGCCAATACTTGAGAGAAGAG 803 

RORA_TV4      CACCTTGCACAGAATATATCTAAATCACATCTGGAAACTTGCCAATACTTGAGAGAAGAG 837 

RORA_TV1      CACCTTGCACAGAATATATCTAAATCACATCTGGAAACTTGCCAATACTTGAGAGAAGAG 731 

RORA_TV2      CACCTTGCACAGAATATATCTAAATCACATCTGGAAACTTGCCAATACTTGAGAGAAGAG 1017 

RORA_TV5      CACCTTGCACAGAATATATCTAAATCACATCTGGAAACTTGCCAATACTTGAGAGAAGAG 936 

              ************************************************************ 

 

RORA_TV3      CTCCAGCAGATAACGTGGCAGACTTTTCTGCAGGAGGAGATTGAGAATTATCAAAACAAG 863 

RORA_TV4      CTCCAGCAGATAACGTGGCAGACTTTTCTGCAGGAGGAGATTGAGAATTATCAAAACAAG 897 

RORA_TV1      CTCCAGCAGATAACGTGGCAGACTTTTCTGCAGGAGGAGATTGAGAATTATCAAAACAAG 791 

RORA_TV2      CTCCAGCAGATAACGTGGCAGACTTTTCTGCAGGAGGAGATTGAGAATTATCAAAACAAG 1077 

RORA_TV5      CTCCAGCAGATAACGTGGCAGACTTTTCTGCAGGAGGAGATTGAGAATTATCAAAACAAG 996 

              ************************************************************ 

 

RORA_TV3      CAGCGGGAGGTGATGTGGCAATTGTGTGCCATCAAAATTACAGAAGCTATACAGTACGTG 923 

RORA_TV4      CAGCGGGAGGTGATGTGGCAATTGTGTGCCATCAAAATTACAGAAGCTATACAGTACGTG 957 

RORA_TV1      CAGCGGGAGGTGATGTGGCAATTGTGTGCCATCAAAATTACAGAAGCTATACAGTACGTG 851 

RORA_TV2      CAGCGGGAGGTGATGTGGCAATTGTGTGCCATCAAAATTACAGAAGCTATACAGTACGTG 1137 

RORA_TV5      CAGCGGGAGGTGATGTGGCAATTGTGTGCCATCAAAATTACAGAAGCTATACAGTACGTG 1056 

              ************************************************************ 

 

RORA_TV3      GTGGAGTTTGCCAAACGCATTGATGGATTTATGGAACTATGTCAGAACGATCAAATTGTG 983 

RORA_TV4      GTGGAGTTTGCCAAACGCATTGATGGATTTATGGAACTATGTCAGAACGATCAAATTGTG 1017 

RORA_TV1      GTGGAGTTTGCCAAACGCATTGATGGATTTATGGAACTATGTCAGAACGATCAAATTGTG 911 

RORA_TV2      GTGGAGTTTGCCAAACGCATTGATGGATTTATGGAACTATGTCAGAACGATCAAATTGTG 1197 

RORA_TV5      GTGGAGTTTGCCAAACGCATTGATGGATTTATGGAACTATGTCAGAACGATCAAATTGTG 1116 

              ************************************************************ 

 

RORA_TV3      CTTCTCAAAGCAGGTTCTCTAGAGGTGGTATTTATCAGAATGTGCCGTGCCTTTGACTCT 1043 

RORA_TV4      CTTCTCAAAGCAGGTTCTCTAGAGGTGGTATTTATCAGAATGTGCCGTGCCTTTGACTCT 1077 

RORA_TV1      CTTCTCAAAGCAGGTTCTCTAGAGGTGGTATTTATCAGAATGTGCCGTGCCTTTGACTCT 971 

RORA_TV2      CTTCTCAAAGCAGGTTCTCTAGAGGTGGTATTTATCAGAATGTGCCGTGCCTTTGACTCT 1257 

RORA_TV5      CTTCTCAAAGCAGGTTCTCTAGAGGTGGTATTTATCAGAATGTGCCGTGCCTTTGACTCT 1176 

              ************************************************************ 
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RORA_TV3      CAGAACAATACCGTGTACTTCGATGGGAAATATGCTAGCCCCGATGTCTTCAAATCCTTA 1103 

RORA_TV4      CAGAACAATACCGTGTACTTCGATGGGAAATATGCTAGCCCCGATGTCTTCAAATCCTTA 1137 

RORA_TV1      CAGAACAATACCGTGTACTTCGATGGGAAATATGCTAGCCCCGATGTCTTCAAATCCTTA 1031 

RORA_TV2      CAGAACAATACCGTGTACTTCGATGGGAAATATGCTAGCCCCGATGTCTTCAAATCCTTA 1317 

RORA_TV5      CAGAACAATACCGTGTACTTCGATGGGAAATATGCTAGCCCCGATGTCTTCAAATCCTTA 1236 

              ************************************************************ 

 

RORA_TV3      GGTTGTGAAGACTTTATTAGCTTTGTATTTGAATTTGGAAAGAGTTTATGTTCTATGCAC 1163 

RORA_TV4      GGTTGTGAAGACTTTATTAGCTTTGTATTTGAATTTGGAAAGAGTTTATGTTCTATGCAC 1197 

RORA_TV1      GGTTGTGAAGACTTTATTAGCTTTGTATTTGAATTTGGAAAGAGTTTATGTTCTATGCAC 1091 

RORA_TV2      GGTTGTGAAGACTTTATTAGCTTTGTATTTGAATTTGGAAAGAGTTTATGTTCTATGCAC 1377 

RORA_TV5      GGTTGTGAAGACTTTATTAGCTTTGTATTTGAATTTGGAAAGAGTTTATGTTCTATGCAC 1296 

              ************************************************************ 

 

RORA_TV3      CTGACTGAAGATGAAATTGCATTATTTTCTGCATTTGTCCTGATGTCAGCAGATCGCTCA 1223 

RORA_TV4      CTGACTGAAGATGAAATTGCATTATTTTCTGCATTTGTCCTGATGTCAGCAGATCGCTCA 1257 

RORA_TV1      CTGACTGAAGATGAAATTGCATTATTTTCTGCATTTGTCCTGATGTCAGCAGATCGCTCA 1151 

RORA_TV2      CTGACTGAAGATGAAATTGCATTATTTTCTGCATTTGTCCTGATGTCAGCAGATCGCTCA 1437 

RORA_TV5      CTGACTGAAGATGAAATTGCATTATTTTCTGCATTTGTCCTGATGTCAGCAGATCGCTCA 1356 

              ************************************************************ 

 

RORA_TV3      TGGCTGCAGGAAAAGGTAAAAATTGAAAAGCTGCAACAGAAAATTCAGCTAGCTCTTCAA 1283 

RORA_TV4      TGGCTGCAGGAAAAGGTAAAAATTGAAAAGCTGCAACAGAAAATTCAGCTAGCTCTTCAA 1317 

RORA_TV1      TGGCTGCAGGAAAAGGTAAAAATTGAAAAGCTGCAACAGAAAATTCAGCTAGCTCTTCAA 1211 

RORA_TV2      TGGCTGCAGGAAAAGGTAAAAATTGAAAAGCTGCAACAGAAAATTCAGCTAGCTCTTCAA 1497 

RORA_TV5      TGGCTGCAGGAAAAGGTAAAAATTGAAAAGCTGCAACAGAAAATTCAGCTAGCTCTTCAA 1416 

              ************************************************************ 

 

RORA_TV3      CATGTCCTACAGAAGAATCACCGAGAAGATGGAATACTAACAAAGTTAATATGCAAGGTG 1343 

RORA_TV4      CATGTCCTACAGAAGAATCACCGAGAAGATGGAATACTAACAAAGTTAATATGCAAGGTG 1377 

RORA_TV1      CATGTCCTACAGAAGAATCACCGAGAAGATGGAATACTAACAAAGTTAATATGCAAGGTG 1271 

RORA_TV2      CATGTCCTACAGAAGAATCACCGAGAAGATGGAATACTAACAAAGTTAATATGCAAGGTG 1557 

RORA_TV5      CATGTCCTACAGAAGAATCACCGAGAAGATGGAATACTAACAAAGTTAATATGCAAGGTG 1476 

              ************************************************************ 

 

RORA_TV3      TCTACATTAAGAGCCTTATGTGGACGGCATACAGAAAAGCTAATGGCGTTTAAAGCAATA 1403 

RORA_TV4      TCTACATTAAGAGCCTTATGTGGACGGCATACAGAAAAGCTAATGGCGTTTAAAGCAATA 1437 

RORA_TV1      TCTACATTAAGAGCCTTATGTGGACGGCATACAGAAAAGCTAATGGCGTTTAAAGCAATA 1331 

RORA_TV2      TCTACATTAAGAGCCTTATGTGGACGGCATACAGAAAAGCTAATGGCGTTTAAAGCAATA 1617 

RORA_TV5      TCTACATTAAGAGCCTTATGTGGACGGCATACAGAAAAGCTAATGGCGTTTAAAGCAATA 1536 

              ************************************************************ 

 

RORA_TV3      TACCCAGACATTGTGCGACTTCATTTTCCTCCATTATACAAGGAGTTGTTCACTTCAGAA 1463 

RORA_TV4      TACCCAGACATTGTGCGACTTCATTTTCCTCCATTATACAAGGAGTTGTTCACTTCAGAA 1497 

RORA_TV1      TACCCAGACATTGTGCGACTTCATTTTCCTCCATTATACAAGGAGTTGTTCACTTCAGAA 1391 

RORA_TV2      TACCCAGACATTGTGCGACTTCATTTTCCTCCATTATACAAGGAGTTGTTCACTTCAGAA 1677 

RORA_TV5      TACCCAGACATTGTGCGACTTCATTTTCCTCCATTATACAAGGAGTTGTTCACTTCAGAA 1596 

              ************************************************************ 

 

RORA_TV3      TTTGAGCCAGCCATGCAGATTGATGGGTAAATGTATCACCTAAGCACTTCTAGAATGTCT 1523 

RORA_TV4      TTTGAGCCAGCCATGCAGATTGATGGGTAAATGTATCACCTAAGCACTTCTAGAATGTCT 1557 

RORA_TV1      TTTGAGCCAGCCATGCAGATTGATGGGTAAATGTATCACCTAAGCACTTCTAGAATGTCT 1451 

RORA_TV2      TTTGAGCCAGCCATGCAGATTGATGGGTAAATGTATCACCTAAGCACTTCTAGAATGTCT 1737 

RORA_TV5      TTTGAGCCAGCCATGCAGATTGATGGGTAAATGTATCACCTAAGCACTTCTAGAATGTCT 1656 

              ************************************************************ 

 

RORA_TV3      GAAGTCCAAACAATGAAAAGCAAACAAACAAATCAATTAACCGAGACACTTTATATGGCC 1583 

RORA_TV4      GAAGTCCAAACAATGAAAAGCAAACAAACAAATCAATTAACCGAGACACTTTATATGGCC 1617 

RORA_TV1      GAAGTCCAAACAATGAAAAGCAAACAAACAAATCAATTAACCGAGACACTTTATATGGCC 1511 

RORA_TV2      GAAGTCCAAACAATGAAAAGCAAACAAACAAATCAATTAACCGAGACACTTTATATGGCC 1797 

RORA_TV5      GAAGTCCAAACAATGAAAAGCAAACAAACAAATCAATTAACCGAGACACTTTATATGGCC 1716 

              ************************************************************ 

 

RORA_TV3      CTGCACAGACCTG- 1596 

RORA_TV4      CTGCACAGACCTG- 1630 

RORA_TV1      CTGCACAGACCTGA 1525 

RORA_TV2      CTGCACAGACCTG- 1810 

RORA_TV5      CTGCACAGACCTG- 1729 

                ************* 

Figure 2 Ovine RORA transcript variant sequence alignments. Start and 

stop codons highlighted in green. Accession numbers LN848235 – 

LN848239. TV; transcript variant.  
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RORC2_FL       CCCGGCCCAGAAGCATTGGGGGAGAGCTAGGTGCAGAGCTGCGGACTGAGGCTCTGCCAC 60 

RORC2v1        CCCGGCCCAGAAGCATTGGGGGAGAGCTAGGTGCAGAGCTGCGGACTGAGGCTCTGCCAC 60 

               ************************************************************ 

 

RORC2_FL       GAGGGCCTGGCCCCCACCCTTGCTGTCAGCTGCGCCCCATCCCTGGACCACCCCGGCTGA 120 

RORC2v1        GAGGGCCTGGCCCCCACCCTTGCTGTCAGCTGCGCCCCATCCCTGGACCACCCCGGCTGA 120 

               ************************************************************ 

 

RORC2_FL       GAAGGACAGGGAGCCCAGGCGGCAAAGCCCAGGACTCAGTCATGAGAACACAAATTGAAG 180 

RORC2v1        GAAGGACAGGGAGCCCAGGCGGCAAAGCCCAGGACTCAGTCATGAGAACACAAATTGAAG 180 

               ************************************************************ 

 

RORC2_FL       TGATTCCGTGCAAAATCTGTGGGGACAAGTCATCTGGGATCCACTACGGGGTTATCACCT 240 

RORC2v1        TGATTCCGTGCAAAATCTGTGGGGACAAGTCATCTGGGATCCACTACGGGGTTATCACCT 240 

               ************************************************************ 

 

RORC2_FL       GTGAGGGGTGCAAGGGCTTCTTCCGCCGGAGCCAGCAGTGCAACGTGGCCTACTCCTGCA 300 

RORC2v1        GTGAGGGGTGCAAGGGCTTCTTCCGCCGGAGCCAGCAGTGCAACGTGGCCTACTCCTGCA 300 

               ************************************************************ 

 

RORC2_FL       CCCGTCAGCAGAACTGCCCCATTGACCGCACGAGCCGCAACCGATGCCAGCACTGCCGCC 360 

RORC2v1        CCCGTCAGCAGAACTGCCCCATTGACCGCACGAGCCGCAACCGATGCCAGCACTGCCGCC 360 

               ************************************************************ 

 

RORC2_FL       TGCAGAAGTGCCTGGCCCTGGGCATGTCCCGAGATGCTGTCAAGTTTGGCCGCATGTCCA 420 

RORC2v1        TGCAGAAGTGCCTGGCCCTGGGCATGTCCCGAGATGCTGTCAAGTTTGGCCGCATGTCCA 420 

               ************************************************************ 

 

RORC2_FL       AGAAGCAAAGGGACAGCCTGCATGCAGAGGTGCAGAAACAGCTGCAGCAGCGGCAACAGC 480 

RORC2v1        AGAAGCAAAGGGACAGCCTGCATGCAGAGGTGCAGAAACAGCTGCAGCAGCGGCAACAGC 480 

               ************************************************************ 

 

RORC2_FL       AGCAACGGGAACAAGCGGCCAAAACCCCTCCCGTGGGAGCCCAAGGAGCAGAACCCCTCG 540 

RORC2v1        AGCAACGGGAACAAGCGGCCAAAACCCCTCCCGTGGGAGCCCAAGGAGCAGAACCCCTCG 540 

               ************************************************************ 

 

RORC2_FL       CCTGCACCTTGGGGCTCCCGGATGGGCAGCTACCCCTGGGCTCCTCGCCTGACCTGCCAG 600 

RORC2v1        CCTGCACCTTGGGGCTCCCGGATGGGCAGCTACCCCTGGGCTCCTCGCCTGACCTGCCAG 600 

               ************************************************************ 

 

RORC2_FL       AGGCCTCAGCCTGTCCCCCCAGTCTCCTGAGAGCTCCAGGCTGCGGGCCCTCCTACTCCA 660 

RORC2v1        AGGCCTCAGCCTGTCCCCCCAGTCTCCTGAGAGCTCCAGGCTGCGGGCCCTCCTACTCCA 660 

               ************************************************************ 

 

RORC2_FL       ACAGCCTGGCCAAGGCCAGGCTCAACGGGGCCTCGTACCACCTGGAATACAGCCCTGAGC 720 

RORC2v1        ACAGCCTGGCCAAGGCCAGGCTCAACGGGGCCTCGTACCACCTGGAATACAGCCCTGAGC 720 

               ************************************************************ 

 

RORC2_FL       GGGGAAAGGCTGAGGGCAGGGAGAACTTCTACGGCACAGGCAGCCAGCTGGCCCCGGACA 780 

RORC2v1        GGGGAAAGGCTGAGGGCAGGGAGAACTTCTACGGCACAGGCAGCCAGCTGGCCCCGGACA 780 

               ************************************************************ 

 

RORC2_FL       GGGGTGGACTTCACTCTGAGGACTCCAGGCGTCCTGGGCTTGGGGAGCCAGGACGGGGCC 840 

RORC2v1        GGGGTGGACTTCACTCTGAGGACTCCAGGCGTCCTGGGCTTGGGGAGCCAGGACGGGGCC 840 

               ************************************************************ 

 

RORC2_FL       TGGACAGCTACTTCACCCCCAGTTTCCGCAGCACCCCACAGGTGCCTTATGCTTCCCTGA 900 

RORC2v1        TGGACAGCTACTTCACCCCCAGTTTCCGCAGCACCCCACAGGTGCCTTATGCTTCCCTGA 900 

               ************************************************************ 

 

RORC2_FL       CGGAGACTGAGCACCTGGTGCAGAACGTTTGCAAGTCCTACCGGGAGACGTGTCAGCTGC 960 

RORC2v1        CGGAGACTGAGCACCTGGTGCAGAACGTTTGCAAGTCCTACCGGGAGACGTGTCAGCTGC 960 

               ************************************************************ 

 

RORC2_FL       GGCTGGAGGACCTGCTCCGTCAGCGCTCCAACATCTTCTCGAGCGAGGAGGTGGCTGGCT 1020 

RORC2v1        GGCTGGAGGACCTGCTCCGTCAGCGCTCCAACATCTTCTCGAGCGAGGAGGTGGCTGGCT 1020 

               ************************************************************ 

 

RORC2_FL       ACCAGAGGAAGTCGATGTGGGAGATGTGGGGACGCTGTGCCCACCGACTCACCGAGGCCA 1080 

RORC2v1        ACCAGAGAAAGTCGATGTGGGAGATGTGGGGACGCTGTGCCCACCGACTCACCGAGGCCA 1080 

               ******* **************************************************** 
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RORC2_FL       TTCAGTATGTGGTGGAGTTCGCTAAGAGGCTCCCGGGCTTTATGGAGCTCTGCCAGAACG 1140 

RORC2v1        TTCAGTATGTGGTGGAGTTCGCTAAGAGGCTCCCGGGCTTTATGGAGCTCTGCCAGAACG 1140 

               ************************************************************ 

 

RORC2_FL       ACCAGATCGTGCTGCTCAAAGCAGGAGCCATGGAAGTGGTGCTGGTCAGGATGTGCCGGG 1200 

RORC2v1        ACCAGATCGTGCTGCTCAAAGCAGGAGCCATGGAAGTGGTGCTGGTCAGGATGTGCCGGG 1200 

               ************************************************************ 

 

RORC2_FL       CCTACAACGCTGACAACAACACAGTCTTTTTTGAAGGCAAATACGGTGGCGTGGAGCTGT 1260 

RORC2v1        CCTACAACGCTGACAACAACACAGTCTTTTTTGAAG------------------------ 1236 

               ************************************                        

 

RORC2_FL       TCCGAGCCTTGGGCTGCAGTGAACTCATCAGCTCCATCTTTGACTTCTCCCGCTCCCTGA 1320 

RORC2v1        ------------GCTGCAGTGAACTCATCAGCTCCATCTTTGACTTCTCCCGCTCCCTGA 1284 

                           ************************************************ 

 

RORC2_FL       GTGCCTTGCGCTTTTCAGAGGATGAGATCGCCCTCTACACAGCCCTCGTGCTCATCAATG 1380 

RORC2v1        GTGCCTTGCGCTTTTCAGAGGATGAGATCGCCCTCTACACAGCCCTCGTGCTCATCAATG 1344 

               ************************************************************ 

 

RORC2_FL       CCAACCGGCCAGGGCTCCAAGAGAAAAGGAAAGTAGAACAGCTGCAGTGCAATCTGGAGC 1440 

RORC2v1        CCAACCGGCCAGGGCTCCAAGAGAAAAGGAAAGTAGAACAGCTGCAGTGCAATCTGGAGC 1404 

               ************************************************************ 

 

RORC2_FL       TGGCCTTTCATCATCATCTCTGCAAGACTCATCGCCAAGGCATCCTGGCAAAGCTGCCAC 1500 

RORC2v1        TGGCCTTTCATCATCATCTCTGCAAGACTCATCGCCAAGGCATCCTGGCAAAGCTGCCAC 1464 

               ************************************************************ 

 

RORC2_FL       CCAAGGGGAAGCTGCGGAGCCTGTGTAGCCAGCACGTGGAAAAGCTGCAAACCTTCCAGC 1560 

RORC2v1        CCAAGGGGAAGCTGCGGAGCCTGTGTAGCCAGCACGTGGAAAAGCTGCAAACCTTCCAGC 1524 

               ************************************************************ 

 

RORC2_FL       ATCTCCACCCTATCGTGGTCCAAGCTGCTTTCCCTCCACTCTACAAGGAACTCTTCAGCA 1620 

RORC2v1        ATCTCCACCCTATCGTGGTCCAAGCTGCTTTCCCTCCACTCTACAAGGAACTCTTCAGCA 1584 

               ************************************************************ 

 

RORC2_FL       CTGAAATCGAGTCACCCGAGGGACTGTCCAAGTGACCTGGAGGAGGGACTCCGTTGCCTT 1680 

RORC2v1        CTGAAATCGAGTCACCCGAGGGACTGTCCAAGTGACCTGGAGGAGGGACTCCGTTGCCTT 1644 

               ************************************************************ 

 

RORC2_FL       TCCTATAGCCTGCTGGCTCACCTTTCCCTTGGTCTTTTCCTTTCCTGTGGCCCCTGGAGG 1740 

RORC2v1        TCCTATAGCCTGCTGGCTCACCTTTCCCTTGGTCTTTTCCTTTCCTGTGGCCCCTGGAGG 1704 

               ************************************************************ 

 

RORC2_FL       GTGGTCTCTGACTGTTTGGGGGGGTGGGTGAACAAACGCTGAGA 1784 

RORC2v1        GTGGTCTCTGACTGTTTGGGGGGGTGGGTGAACAAACGCTGAGA 1748 

                 ******************************************** 

 

Figure 3 Ovine RORC2 transcript variant sequence alignments. Start and 

stop codons highlighted in green. Accession numbers LN848233 and 

LN848234. Verified SNPs highlighted in red. FL; full length.  
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TGAGCAGATGATGTGAAAAGAAAAGGAAGAGCGTCGTTAGGTTGGTGACGCCAACCACACCACAAACTCAGGACTG

AGCTGTCCCCAGCTGCTTCTGTCCTGTCTCCTTTTGTAGTTGGTTGAGGAAGAGGGGGGGTCAAGAAAGATTCTGA

GGTTCACCTGCTGTATCCTGGCCCACCGAGAAACCTGTGAGGACTGTCCTCTGCCCCAACTACAGTCATATACCTG

GTGCTGCTTCTGGCTGTGGGTTCCCAGCTGGAGAACATAAAATGGACCACGGAAGGTCTGGGACACAAAAGAGCTT

CCTCTCTTCTGCAGGTTGGGGTTGGGCTTGGGGGTGGGGGTGTCAGGGTCAGGTGGGATGGCCCAGCTGGAGACTC

AGATCTCTTCCTCTGTAGAGTAACTGTCAGCATTTTCATTTCTGTGTGTGTTAATCCCTGATATGGAAATAAAGAC

ACGTGGATTTTGTAAGTCAGCCAGCCAGGGTCAGGGAGAGGACCCGAGTGACTTTGAACAACTGGCCTGGGCCCCA

CCCTCTTAGACACAGTGGAGTCCTGAGGAAGGGGCTGGCAAGGGGGTGGGGATTGTGCATGACTCAAGAAGCAAAG

TCTTGAGATTTCCCAAGTGGCTCGGTGGTAAAGAATCTGCCTGACAGTGCAGAAGACACAGGGTTTAATCCCTGAC

CCGGGAAGATCTCACATGCCATGGGGCAACTAAGCCTGTGCCCCGCCACCATTGAGCCTGTGTCCTGGAGCCCGGG

AGCTGAACCTGCTGAGCCCACGTGCTGCAGCTGCTGAACCCAGCGAGCCTAGAGCCTGCGCTCTGAAACAAAAGAC

GCCGCCTCAATGAGAAACCTACATCCCACAGCTAGAGAGTAGCCCCGCAAGTAGGGAAATGCTCCGCACAGCACTG

AAGACCCAGCACAGCCAAAAATAAATAAATAAACTAATTTTTTCATTTTAAAAAAGAGCACTGACTTGCCAAGGGG

ACAGGGGATGGTGTGTAAGGATGCATTTTTCTTTTTTTGGGAAACAGGGGAGGCTATTTATTGTACAGAGAGTGGT

GTCCAGA  

 

Figure 4 TBX21 3’ UTR sequence. Accession number XM_004012818.3 for 

first 475 bp. Stop codon highlighted in green. Verified SNPs highlighted in 

red. Primers underlined. 
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A.  

atgaaccaggtcacaattcattgggatgtggtaatagctctctacatattcttcagttgg    60 

 M  N  Q  V  T  I  H  W  D  V  V  I  A  L  Y  I  F  F  S  W     20 

tgtcatggagggattacaaatataaactgctctggacacatctgggtagaacctgccaca    120 

 C  H  G  G  I  T  N  I  N  C  S  G  H  I  W  V  E  P  A  T     40 

atttttaggatgggcatgaatatctctatatattgccaagcagcaattaggaactgccaa    180 

 I  F  R  M  G  M  N  I  S  I  Y  C  Q  A  A  I  R  N  C  Q     60 

ccaaggaaactttatttttataaaaatggcatcaaagaaagatttcatatcacaagaatc    240 

 P  R  K  L  Y  F  Y  K  N  G  I  K  E  R  F  H  I  T  R  I     80 

aataaaacaacagctcgcctttggtataacaactttgtggagccacaagcctttgtgtac    300 

 N  K  T  T  A  R  L  W  Y  N  N  F  V  E  P  Q  A  F  V  Y     100 

tgtactgctgaatgttccagatattttccagagacactgatttgtggaaaagacatttct    360 

 C  T  A  E  C  S  R  Y  F  P  E  T  L  I  C  G  K  D  I  S     120  

tctggatatccaccagatgtacctgacaaagtaacctgtgtcatttatgaatattcaggc    420 

 S  G  Y  P  P  D  V  P  D  K  V  T  C  V  I  Y  E  Y  S  G     140 

aacatgacttgtacctggaaccctgggaggcccacctacatagacacaaagtatgtggtg    480 

 N  M  T  C  T  W  N  P  G  R  P  T  Y  I  D  T  K  Y  V  V     160 

tacgtgaagagtttagagacagaagaagagcaagaatatctcacttcaagttacattaac    540 

 Y  V  K  S  L  E  T  E  E  E  Q  E  Y  L  T  S  S  Y  I  N     180 

atctccactgattcattgcaaaagggaaagaagtatttggtttgggtccaagcttcaaat    600 

 I  S  T  D  S  L  Q  K  G  K  K  Y  L  V  W  V  Q  A  S  N     200  

gtactgggcacggaaaagtcaaaacaactacaaattcatctggacgatatagtgatacct    660 

 V  L  G  T  E  K  S  K  Q  L  Q  I  H  L  D  D  I  V  I  P     220 

tctgcatccattatttccagggctgaggatataaatactacagtgtccaagactgtaatc    720 

 S  A  S  I  I  S  R  A  E  D  I  N  T  T  V  S  K  T  V  I     240 

cactggaatagtcaaacatcaattgaaaaagtttcctgcgaaatgagatacaaagctaca    780 

 H  W  N  S  Q  T  S  I  E  K  V  S  C  E  M  R  Y  K  A  T     260  

acaaaccaaacttggaacgttaaagaatttgataccaattttacatatgagcaacagtca    840 

 T  N  Q  T  W  N  V  K  E  F  D  T  N  F  T  Y  E  Q  Q  S     280 

gaattctacttgcagccaaatgctacatacgtatttcaagtgagatgtcaagaaacaggt    900 

 E  F  Y  L  Q  P  N  A  T  Y  V  F  Q  V  R  C  Q  E  T  G     300 

aaaaggtactggcagccctggagttcacccttttttcataaaactcctgaaatagttcct    960 

 K  R  Y  W  Q  P  W  S  S  P  F  F  H  K  T  P  E  I  V  P     320 

caggtcacaatgaaatcattccaacatgatactcagaattctggacttctaattgcttcc    1020  

 Q  V  T  M  K  S  F  Q  H  D  T  Q  N  S  G  L  L  I  A  S     340  

atctttaaaaaacaccttacttctgacaacgggaaacaagacattggacttttattggga    1080  

 I  F  K  K  H  L  T  S  D  N  G  K  Q  D  I  G  L  L  L  G     360 

atggtcttctttgctgttatgctgtcagttctatctttgtttgggatatttaacaaatcg    1140  

 M  V  F  F  A  V  M  L  S  V  L  S  L  F  G  I  F  N  K  S     380 

cttcgaactggaattaaaagaagaatcttattgctaataccaaaatggctctatgaagat    1200 

 L  R  T  G  I  K  R  R  I  L  L  L  I  P  K  W  L  Y  E  D     400 
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B.  

Chromosome number 1: 42487805 

AAGGTAAAGGTGCTTAGGGCCCATGAAAGTCACACCGTGACCCTGGATGGTCTTGATTATGTTTTCAAA

AATGAAACAAATTTTGATTCATTTAAAAGCGAAAGTGCATTCTGTAAGCAAGCTAAAAAGACAGCATCAAAAAATT

GAAGAATAATTTCTTCAACATAACTGGTGATCATAATCTTTCTCTTTTTGTTAAGTTTAGAGACAGAAGAAGAGCA

AGAATATCTCACTTCAAGTTACATTAACATCTCCACTGATTCATTGCAAAAGGGAAAGAAGTATTTGGTTTGGGTC

CAAGCTTCAAATGTACTGGGCACGGAAAAGTCAAAACAACTACAAATTCATCTGGACGATATAGGTAAAGAATAAA

AAATTCTGTAATGTCTTTACAAATAAACAACTAATTTGCACTGACCTAATCAAATGAAGTCAAGATCTGAAAGGAG

TTCCCCTAAAGGTCCCAAAAAATCATGATAAAGAAAATAAGCATTACCCATAACCCGCTGCCTGAGACAAGTCAAA

GATAAGTGAGGCTGCCTTTGTTTTATATATCCTTTC  42488365 

 

Figure 5 Ovine IL23R sequence.  

A. IL23R (LN868336) 5’ coding region SNPs; B. IL23R intronic SNPs, 

exon 5 underlined. 

Non-synonymous SNPs highlighted in red, intronic SNPs highlighted in 

purple, WSxWS motif highlighted in blue, start codon highlighted in green.  
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