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SUMMARY 

 

The studies described in this thesis aimed to determine the relationship between resistance to 

gastro-intestinal helminths and the development of diarrhoea in Merino sheep. Breeding for low 

FEC has been very successful but, in some animals, has increased the incidence of diarrhoea. The 

responses of the immune system must be involved so we investigated the roles of helminth-specific 

antibodies, immune effector cells and pro-inflammatory cytokines. The general hypothesis was that 

an immune-system trait would be suitable for breeding sheep that are simultaneously resistant to 

both worm infection and the development of diarrhoea. 

We used two selection Merino flocks, one bred for low faecal egg count (FEC) and one bred for low 

incidence of diarrhoea (measured as faecal consistency score; FS; scored 1 to 5 points). We used 

200 sheep that grazed pasture, from autumn through winter to spring, in a Mediterranean 

environment. Sheep were selected on the basis of their estimated breeding values (EBV) for high or 

low FS score (H or L) and for high or low FEC (H or L), and could thus be allocated into four distinct 

genotypes (HH, HL, LH, LL). The sheep were managed as per normal farming practice and were 

assumed to have the same intake of larvae. In 2017, they were sampled and measured in March (at 

age 8-9 months), May, June/July, August, and September. These sampling times were chosen 

because, in a Mediterranean climate, pasture is usually dry and senescent during autumn (so worm 

eggs and larvae struggle to survive), then germinates after the first rains arrive during the transition 

from autumn to winter. The seasons thus affect the ability of larvae to infect the sheep and induce 

immune responses. 

On each observation day, we measured FS and FEC, and sampled blood. We counted white blood 

cells and used ELISAs to measure plasma concentrations of helminth-specific immunoglobulins (IgA, 

IgE, total IgG, IgG1), interleukins (IL-1β; IL-6; IL-8) and tumour necrosis factor-α (TNF-α). At the end 

of the experiment (September), when the sheep were 14 months old, subsamples from each group 

(10 in HH; 10 in HL; 10 in LH; 8 in LL) were slaughtered so helminth populations could be assessed 

directly. Regression analysis was used to test the relationships between the values for FEC and FS 

and each measure of immune response. In addition, the four genotype groups (HH, HL, LH, LL) were 

compared using ANOVA to test for differences among them for each measure of immune response. 

Interpretation of the results is aided by understanding the temporal sequence in the field 

measurements as well as the limitation of field studies where relevant factors can be uncontrolled. 

The biggest uncontrolled factor in this study was the unexpected massive rainfall event in February 

2017, before the experiment was due to start, that led to out-of-season pasture germination. This 
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event was probably responsible for the immune-system responses in March. Notably, only 

monocytes, TNF α and IgA were affected, and there was a mild decline in FS. If the March results 

are considered as artefact, then we can focus on winter, the normal season of worm infection, and 

where all of the components of the immune system were recruited. Finally, it important to consider 

the difference in experimental power between the sequential measures, where there was a large 

number of replicates, plus repeated measures, and the slaughter study that involved only 38 

animals measured once. 

The results are presented below in a matrix that shows the significant relationships. The most 

striking feature of this matrix is that the strongest and most consistent relationships were observed 

in August, after presumed winter helminth infection. In general: i) IgE and IgG1 concentrations are 

related to the intensity of worm infection and the development of diarrhoea; ii) TNF-α 

concentration is strongly associated with the development of diarrhoea; circulating numbers of 

eosinophils, neutrophils and monocytes are related to the concentrations of antibodies and 

cytokines. 

The general hypothesis was supported because, following helminth infection, the circulating levels 

of white blood cells, antibodies and cytokines were clearly associated with the development of 

diarrhoea in Merino sheep that are genetically resistant to helminth infection. These immune 

responses probably suppress worm growth but, importantly, they also likely induce expulsion of the 

worms by the gastrointestinal tract, a process involving the production of watery faeces and thus 

diarrhoea. 

Whereas FS is the trait most directly related to the immune response to helminth infection, FEC 

was strongly associated with worm burden. The immune profiles differed among the four genotype 

groups, reflecting differences in the ability of these animals to inhibit the establishment of worms 

in their gut. It appears that sheep that are prone to develop diarrhoea (high FS, low FEC) have high 

circulating concentrations of IgE and IL-1β, but low circulating concentrations of TNF-α. 

In conclusion, it appears that sheep could be bred to be resistant to both worm infection and to the 

development of diarrhoea by simultaneously selecting for low FEC, low FS, low plasma 

concentrations of IgE, IgA and IL-1β, and high plasma concentrations of TNF-α. The immune-system 

parameters would need to be measured after worm challenge, preferably in late winter (around 

the month of August). 
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Matrix. Summary of relationships among measures of immune function, faecal worm-egg count (FEC) and 

faecal consistency score (FS), as the study progressed from autumn (March) through winter to spring 

(September).        indicates positive relationships        indicates negative relationships. The strength of the 

relationship is indicated by the number of arrows: weak (R value between 0 and 0.3, or 0 and –0.3); moderate 

(R value between 0.3 and 0.7, or –0.3 and –0.7); strong (R value between 0.7 and 1.0, or –0.7 and -1.0). A 

blank cell indicates no relationship. 

 

Parameter March May June August September 

IgA FEC 
 

   
 

FS      
IgE FEC   

 

 

 
FS    

 

 
total IgG FEC      

FS    
 

 
IgG1 FEC    

 
 

FS     
 

IL-1β FEC  
 

   
FS    

 

 
IL-6 FEC  

 

   
FS      

IL-8 FEC      
FS      

TNF-α FEC   
 

 

 
FS 

 

  
 

 
Neutrophils FEC    

 

 
FS   

 

 

 

IgA    
 

 
total IgG     

 

IgG1    
 

 
TNF-α    

 

 
IL-6    

 

 
Eosinophils FEC    

 

 
FS    

 

 
IgE    

 

 
total IgG    

 

 
TNF-α    

 

 
Monocytes FEC    

 

 
FS  

  
 

 

IgG1    
 

 
TNF-α    
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Chapter 1: General Introduction 

 

Gastro-intestinal nematode parasitism of small ruminants is a primary constraint to industry 

production and profitability, worldwide (McRae et al. 2015). Australian sheep industries are 

confronted by gastrointestinal worms (helminths) that can greatly reduce productivity and also 

cause large increases in production costs because of the need for monitoring, prevention and 

treatment (Besier & Love 2003). Scour worm infections in sheep cause pathological changes in  

the gastrointestinal tract, leading to poor appetite, weight loss and diarrhoea (Parkins & Holmes 

1989). Importantly, most of the production losses are probably caused by the host’s immune 

response to the helminth challenge (Greer et al. 2008). In addition, the diarrhoea leads to faecal 

soiling around the anus (the ‘breech’), where the faecal matter attached to the wool 

accumulates into solid deposits that are known in the industry as ‘dags’. The ‘dags’ encourage 

microbial growth in the wool, and produce odours that attract blowflies (eg, Lucilia cuprina), 

leading to flystrike, another major problem for productivity, health and welfare, particularly in 

Merino sheep. This helminth-diarrhoea-flystrike complex costs the Australian Merino industries 

about Au$180 m pa (Sackett et al. 2006); (Lane et al. 2015). 

Two issues make matters worse. First, helminth infection has been managed for the past 50-60 

years with anthelmintic drugs (‘drenches’) and most of these treatments have become 

ineffective because the helminths have developed resistance to many of the distinct drench 

groups, including macrocyclic lactone (known as “mectins”), amino-acetonitrile derivative 

(monepantel) and spiroindole (derquantel), in Australia and many other countries (Fleming et al. 

2006; Playford et al. 2014). Indeed, Western Australia (WA) has one of the highest levels of 

resistance to anthelmintics in the world, with almost every farm presenting resistance to white 

benzimidazole and clear levamisole anthelmintics – even the combination of these two 

medications is fully effective on less than 20% of properties (Cotter, 2017). Moreover, resistance 

to macrocyclic lactone anthelmintics in Teladorsgia spp has been observed in more than 80% of 

properties (Cotter 2017). In Western Australia, the helminth-diarrhoea problem is usually 

confined to the warm, wet winter that typifies the Mediterranean environment – these 

conditions increase survival and promote development of the egg to larval stages that are free-

living on pastures (Besier 2006). 

Without strong intervention and management, the worm problem is expected to worsen 

rapidly. There is an imperative to develop new anthelmintic drugs but history suggests that it is 

inevitable that the worms will become resistant to new ones in time. In any case, there is 
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increasing consumer resistance to the presence of drug residues in animal-sourced food, so we 

need to find strategies for parasite control that are more ‘clean, green and ethical’ (Martin et al. 

2004). 

An obvious solution is to breed sheep that are resistant to helminth infection. This approach has 

a long and successful history in the Rylington Merino flock, with more than 20 years of 

continuous breeding and selection by the Department of Primary Industries and Regional 

Development (DPIRD) in Western Australia (Karlsson & Greeff 2007). Sheep that are resistant to 

worm infection are selected on the basis that they have fewer worm eggs in their faeces (faecal 

egg count; FEC). Worm egg counts decreased in the selection line and the average breeding 

value for FEC at hogget age was –75% compared with the industry average of –1.6% (Sheep 

Genetics, April 2019). This outcome has been remarkably successful in reducing the worm 

burden in sheep and in reducing the contamination of pastures with effective worm larvae 

(Kemper et al. 2010). 

To attack the diarrhoea-fly problem directly, Greeff et al. (2014) also established a flock bred for 

resistance to diarrhoea using an indirect selection phenotype, faecal consistency score (FS), an 

assessment of the softness of faeces. The terminology in this area is inconsistent and often uses 

local farmer jargon so, throughout the thesis, I have tried to use only ‘diarrhoea’ and FS to 

describe the phenotype related to the genotype groups. The Breech Strike Flock was established 

in 2006 from industry and research flocks. Sheep were evaluated for breech strike resistance 

and there was no selection for low FEC. Data from these two flocks have been entered into an 

extensive database that provides breeding values for FEC and dag and allows identification of 

extreme individuals for both categories (high and low propensities for FEC and FS). These 

extreme sheep are clearly genetically either resistant or susceptible to gastrointestinal 

helminths as well as genetically prone or not prone to the development of diarrhoea (Greeff et 

al. 2020). Importantly, they also offer an excellent experimental resource for studying the 

responses of the immune system to helminth infection. In that context, it is important to note 

that these selection lines are not independent. Sires had been used across selection lines based 

on their breeding values for the trait of interest, and both lines had been run and managed 

together for the 10 years leading up to the present study. Therefore, the experimental animals 

were genetically linked and also belonged to the same management groups. 

Unfortunately, there is a negative correlation between the FEC and FS traits, so selection for low 

FEC is accompanied by an increase in the incidence of diarrhoea (Greeff & Karlsson 1997). 

Diarrhoea is a consequence of the immune response to gastrointestinal helminth infection so, 
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to resolve this situation, we need to investigate the relationships between components of the 

immune system, worm resistance and diarrhoea. Should we discover an optimum immune 

system profile, we might discover an indicator trait that can be used to select for sheep that are 

simultaneously resistant to worms and to the development of diarrhoea. 

Our experimental model is grazing sheep managed under farm conditions, where they ingest 

infective larvae that then inhabit the gastrointestinal tract (Bishop & Stear 2003). Infected sheep 

normally tackle helminth invasion by activating their immune system in an effort to eliminate 

them. Indeed, the development of diarrhoea in infected sheep is an outcome of the underlying 

immune mechanisms promoting worm expulsion, including an increase in the water content of 

the faeces (Parkins & Holmes 1989; Meeusen 1999). 

The immune response has two arms – innate and adaptive. The innate response is initiated 

within a few minutes after infection by the host’s defensive mechanisms. However, for long-

term resistance, the innate response must be backed up by an adaptive response, also known as 

acquired immunity, that may take several days to become fully effective but then provides the 

host with powerful defences (Motran et al. 2018). Acquired immunity is complex, comprising 

both humoral and cell-mediated components. Humoral immunity targets extracellular invaders 

by producing  protective molecules that promote the destruction of the worms, whereas cell-

mediated immunity targets intracellular invaders that damage infected cells (Tormo et al. 2011). 

The two arms of acquired immunity work in concert to disrupt worm growth, decrease the 

fecundity of female worms, and eliminate worms from the host (Tizard 2009; Motran et al. 

2018). 

The studies described in this thesis investigated immune function in Merino sheep from the two 

selection flocks described above – one bred for low FEC and one bred for high FS. Both flocks 

were always managed in one group, grazing naturally on the same pasture, from which they 

were assumed to take in a similar number of larvae. They were expected to display differences 

in their ability to prevent the establishment of larvae in the gut and in their susceptibility to 

diarrhoea. To confirm the phenotypes, we measured FEC and FS from autumn through winter to 

spring. To assess humoral immunity, we studied helminth-specific antibody production. To 

assess the function of chemical mediators, we studied the production of pro-inflammatory 

cytokines. Regression analysis was used to test the relationships between the values for FEC and 

FS and each measure of the immune response. 

These studies tested the general hypothesis that simultaneous selection for low FEC and low FS, 

plus appropriate immune indicators, could result in sheep that are resistant to both helminth 
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infection and diarrhoea. The aim was to find an indicator of immune function that could be 

added to the Merino breeding program and lead to a better approach to the management of 

helminth infection and diarrhoea. 
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Chapter 2: Literature Review 

2.1 Introduction and scope 

In this chapter, I will provide an overview of literature on the immune system in sheep as it 

relates to helminth infection and diarrhoea. I begin with pathophysiological responses of 

infected sheep to parasitic nematodes, then review the immune responses of the host to 

helminths, covering humoral and cell- mediated immunity, evasion of the immune system by 

helminths, and the issue of ‘hypersensitivity’ Type I reactions. Finally, the breeding of Merino 

sheep for resistance to helminths and resistance to diarrhoea will be described, leading to the 

formulation of hypotheses for my investigations into the development of diarrhoea in the 

helminth-resistant sheep. 

2.2 Immune responses to helminth infection 

Gastrointestinal helminth infection in sheep, primarily caused by grazing on pasture 

contaminated with abomasal and intestinal helminths (Bishop & Stear 2003), has serious 

impacts on the health and productivity of the animals and is therefore a major cause for 

concern in industry. For sheep living in a Mediterranean climate, with its wet winters (eg, south-

Western Australia), the most significant helminth species are Teladorsagia (formerly Ostertagia) 

circumcincta, Haemonchus contortus in the abomasum, Trichostrongylus colubriformis in the 

small intestine, and Chabertia ovina and Oesophagostomum columbianum in the large intestine 

(Greeff et al. 2020). These species are predominant in that environment because, outside the 

host, they can resist or avoid both desiccation in summer and the cold of winter (Besier & Love 

2003). Trichostrongylus, Teladorsagia and related species are linked with diarrhoea (‘scouring’) 

that, along with poor weight gain, is the main clinical sign of serious infection; indeed, extreme 

diarrhoea can lead to death (Parkins & Holmes 1989). Importantly, most of the production 

losses are probably caused by the host’s immune response to the helminth challenge (Greer et 

al. 2008). 

2.2.1 The biology of parasitic nematodes of sheep 

Adult Trichostrongylus colubriformis living in the intestine produce eggs that are passed in the 

faeces. Embryonated eggs will develop within 24 h under optimal conditions and, within 14 

days, free-living organisms will develop into infective third-stage (L3) larvae (Noble & Nobel 

1982 ) that remain in the environment where they can survive for many months, especially in 

cool, wet and humid conditions (Stevenson & Hughes 1988). Teladorsagia circumcincta inhabit 

the abomasum yet have a similar life cycle (Noble & Nobel 1982 ), with eggs passed in the 
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faeces and thus widely distributed on the ground and in pasture, where they develop into 

infective third-stage (L3) larvae and can survive for 5-6 days in the environment (Stevenson & 

Hughes 1988). 

The parasitic phase begins when the L3 larvae are ingested from contaminated pasture then 

migrate to their preferred site – abomasum for T. circumcincta and small intestine for T. 

colubriformis – where they differentiate into L4 and L5 stages over a 12-14-day period, after 

which they become sexually mature adults (Soulsby 1982). In adult females, the pre-patent 

period (the period between infection with a parasite and the egg production) varies with 

species, ranging from 14 to 42 days after infection (Soulsby 1982; Stevenson & Hughes 1988). 

Haemonchus contortus, also known as ‘barber’s pole worm’, can live in the abomasum, and can 

also pose a severe threat to intensive sheep production throughout Australia. As a blood-

feeding helminth, infections are associated with strong correlations between blood loss 

(anaemia), worm burden and faecal worm egg counts (Brik et al. 2019). Sheep can lose 0.05 mL 

of blood per worm per day after grazing pasture contaminated with L3 larvae that then develop 

into L4 larvae, blood feeding starts at the L4 stage after exsheathment (Machen et al. 1998; 

Qamar & Maqbool 2012). 

2.2.2 Pathophysiology of infected sheep 

Gastrointestinal parasitism is associated with a wide variety of clinical signs, including lack of 

appetite, weight loss and diarrhoea (Holmes 1987). The main clinical sign of infection with T. 

colubriformis and T. circumcincta is diarrhoea whereas, with H. contortus infection, it is anaemia 

leading to accumulation of clear oedema fluid under the skin of the lower jaw (‘bottle jaw’) and 

weakness (Parkins & Holmes 1989; Machen et al. 1998). Abomasal trichostrongylosis, caused by 

Teladorsagia spp. and H. contortus, is associated with an elevation of abomasal pH as well as an 

increase in the concentration of pepsinogen in the bloodstream (Holmes 1987; Jeffcoate et al. 

1992). Pepsinogen is normally secreted by mucus cells and chief cells into the gastric mucus to 

control protein digestion, but can ‘leak’ into the bloodstream because, with infection by an 

abomasum-dwelling species, notably T. circumcincta, mucosal permeability increases and 

lesions develop in the abomasum (Halliez & Buret 2015). An increase in gastric pH, caused by 

inflammation of the abomasal wall, reduces the release of pepsin thus reducing the conversion 

of pepsinogen. The outcome is poor digestion of protein and general abomasal dysfunction 

(Strain & Stear 1999). 
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On the other hand, blood concentrations of pepsinogen can be high in sheep with low worm 

burdens, despite being infected with T. colubriformis, a phenomenon first reported by Anderson 

(1972), who suggested that pepsinogen leakage is related to a ‘hypersensitive’ immune 

response to helminth infection. Support was provided by Jeffcoate et al. (1992) who also found 

increased plasma pepsinogen levels in helminth-immune sheep carrying low burdens of T. 

circumcincta. These observations led to the proposal that ‘hypersensitive’ immune responses to 

ingested larvae were associated with increased gut leakage and thus to the development of 

diarrhoea. 

Some studies have linked diarrhoea caused by gastrointestinal parasites with disruption of the 

Migrating Myoelectric Complexes (MMCs) that are responsible for contraction of gastric smooth 

muscles (peristalsis) during the inter-digestive phase. When MMCs are disrupted, undigested 

materials are transported into the small intestine and then into the colon. Bueno et al. (1982) 

reported that, 4-12 days after infection of sheep with H. contortus, both duodenal digesta flow 

rate and the number of MMCs were increased, with both outcomes related to high faecal 

moisture content. Gut motility has also been investigated by Roseby (1973) and Gregory et al. 

(1985) in sheep infected with T. colubriformis. Roseby (1973) found that digesta flow was 

attenuated from rumen but greatly increased in both the small and large intestines. However, 

Gregory et al. (1985) reported a decrease in gut motility and peristalsis in sheep infected with T. 

colubriformis. These responses to helminth infection also appear to increase the number of gut 

bacteria populations, another factor that can cause diarrhoea (Gregory & Miller 1989). 

2.2.3 Innate immunity: recognition and signalling mechanism 

The immune responses to gastrointestinal helminth infection are associated with processes in 

both innate and acquired immunity. The innate system is the first line of defence against 

infection – it is responsible for destroying invaders rapidly, within a few hours of infection. 

However, this response is inadequate for effective long-term resistance, so the innate system 

also initiates and drives the acquired immune response. The acquired response may take several 

days, even weeks, after infection to become fully effective, but thereafter provides the host 

with a powerful defensive mechanism. 

Innate immune responses to infection involve initiating factors that direct the adaptive immune 

response and these are less clearly understood (McNeilly et al., 2009). Migration of eosinophils, 

mast cells, and other granulocytes to the site of infection during the immune response aids in 

polarization of T-cells toward a Th-2 response in helminth infections (Perrigoue et al., 2008). 
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An essential role of the innate immune response is the release of key soluble factors 

(complement proteins, acute-phase proteins, cytokines that can contribute to the lysis of 

helminths).  The innate immune response also leads to phagocytosis by competent immune 

cells: the macrophages (Mo), dendritic cells (DCs), neutrophils, eosinophils, basophils, mast cells 

and natural killer cells (Tormo et al. 2011; Motran et al. 2018). Unlike other invaders, helminths 

are macro-pathogens, a condition that prevents them from being destroyed by phagocytosis by 

the immune cells. Therefore, during infection by helminths, the immune system uses other 

mechanisms, such as antibody-dependent cell-mediated cytotoxicity (ADCC), in order to 

eliminate them. Recognition through Fc receptor-bearing effector cells (eg, eosinophils, 

neutrophils, macrophages) leads to an attack in which helminths that are coated by antibodies 

elicit the release of lysosomal granular content, hydrogen peroxide (H2O2) or nitric oxide (NO); 

the outcome is lysis of the helminths (Motran et al. 2018). 

The innate immune response is initiated when pattern recognition receptors (PRRs), located on 

the surfaces of innate immune cells interact with pathogen-associated molecular patterns 

(PAMPs) on the surface of invading pathogens such as helminth parasites (Kawasaki & Kawai 

2014; Wu & Chen 2014; Vijay 2018). A major class of PRRs is the toll-like receptors (TLRs) that, 

after binding to PAMPs, elicit signalling within innate immune cells, evoking expression of genes 

that code for the pro-inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-12 (IL-12) 

and tumour necrosis factor-α (TNF-α), as well as anti-inflammatory cytokines such as 

interleukin-4 (IL-4) and interleukin-10 (IL-10; (Lesley 2011) (Motran et al. 2018). 

Thus, invading pathogen recognition by the innate immune cells elicits inflammatory responses 

and, as we shall see next, contributes to the induction of adaptive immunity, through the 

complement system and the sentinel cells. 

2.2.4 Innate immunity: the complement system 

The complement system is a primary defence mechanism for the host because it acts 

immediately and stimulates both the innate and acquired arms of the immune system. The 

principle product of the complement system, the complement proteins, are usually present in 

blood plasma and have inflammatory, protective and immune-regulatory functions. The 

complement proteins activate enzymatic pathways that produce specific proteins that bond to 

at the surface of infectious agents. 

There are three different activation pathways in the complement system: i) the alternative 

pathway and ii) the lectin pathway are both activated directly through pathogen-associated 
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molecular patterns; and iii) the classical pathway, activated by antibodies bonding to the surface 

of the pathogens and working in association with acquired immunity. The classical pathway is a 

part of acquired immunity as it cannot be activated until antibodies are produced. Once an 

antibody binds to an antigen, its shape changes exposing multiple active sites in its fragment 

crystallisable (Fc) region so they can interact with Fc receptors. This is a primary trigger of 

inflammation during helminth infection (Jokiranta et al. 1995; Tizard 2009; Mendes-Sousa et al. 

2013; Shao et al. 2019). The complement system also promotes the recruitment of white blood 

cells to infected tissues and modulate the function of cytotoxic effector cells, such as 

neutrophils and eosinophils (Tizard 2009). 

2.2.5 Innate immunity: sentinel cells 

The sentinel cells (macrophages, mast cells, dendritic cells) are also at the front line of the host’s 

defences. These cells sample the pathogen and upon activation via TLRs, they secrete cytokines 

(eg, interleukins, TNF-α) that stimulate inflammation and trigger acquired immunity. Sentinel 

cell responses are evoked by PAMPs, as described above, as well as by alarmins (normal cell 

constituents that are released by damaged cells; (Tizard 2009). 

Role of macrophages 

Macrophages are produced in bone marrow and circulate in the bloodstream in an immature 

form, the monocytes. After differentiating into mature macrophages, they migrate into specific 

local tissues. For example, histiocytes are found in connective tissue, Kupffer cells are found in 

liver, and microglia are found in brain tissue. Macrophages can detect invading pathogens and 

kill them by phagocytosis. When activated, macrophages secrete signalling cytokines (eg, TNF-α, 

IL-1, IL-6, IL-8, IL-12) that promote the host’s innate and acquired immune responses (Tizard 

2009; Arango Duque & Descoteaux 2014). Macrophages can also secrete chemokines 

(leukotrienes, prostaglandins) that play major roles in the pathophysiological responses to 

helminth infection, and are therefore related to diarrhoea (Arango Duque & Descoteaux 2014). 

However, helminth parasites are macro-pathogens and cannot be ingested by phagocytic cells 

such as macrophages. Instead, other mechanisms such as ADCC, come into play through Fc-

receptor-bearing effector cells that recognize and attack antibody-coated helminths by 

discharging their lysosomal or granular content (Motran et al. 2018). 

Role of mast cells 

Mast cells are also produced from bone marrow and are found in their greatest numbers in the 

tissues that have been exposed to pathogens, especially blood vessels, mostly underneath the 
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skin and near the intestine. The structure and chemistry of mast cells vary with the tissue in 

which they are located. For example, in the skin they are rich in histamine and heparin, whereas 

in the intestinal mucosa they are rich in chondroitin sulfate. Being located close to blood 

vessels, these cells can release their chondroitin sulfate to regulate the contraction and 

relaxation of smooth muscle, changing both blood vessel volume and local blood pressure. 

Intestinal mucosal mast cells are particularly significant in the response to helminths – during 

helminth infection, mast cells release IL-4, a cytokine that activates Th2 cells, perhaps 

contributing to the ‘hypersensitivity’ reaction (Hepworth et al. 2012). Mast cells also stimulate 

the gastro-intestinal tract by secreting specific molecules, a process that is observed under the 

microscope as ‘degranulation’. There are two mechanisms of degranulation – a rapid process 

and a slow process (‘piecemeal degranulation’). In the rapid process, IgE binds to antigens from 

parasitic worms and then triggers degranulation, rapidly releasing molecules that induce 

changes in the gastrointestinal tract, resulting in diarrhoea (Tizard 2009). This process will be 

detailed in the discussion of ‘hypersensitivity’ reactions (Page 36).  

Role of dendritic cells 

Dendritic cells are derived from stem cells in the bone marrow and migrate as mature DCs 

throughout the body to all tissues except brain, eye and testis (Tizard 2009). They have three 

key functions: 

i) Activation of the innate immune defences; 

ii) Triggering the acquired immune response, initially as antigen-processing cells (APCs) – 

they ingest antigens into a phagosome where they are fragmented by protease into small 

peptides that then attach to antigen-presenting receptors in the major histocompatibility 

complexes I or II (MHC class I or II); the MHC-bound antigenic peptides then bind to the 

surface receptor of T lymphocytes (T cell receptor); MHC class I bind to the CD8+ T cell and 

MHC class II bind to the CD4+ T cell, activating the processes leading to acquired 

immunity, beginning with cytokine synthesis; 

iii) Regulation of both innate and acquired immunities via cytokines/chemokines they 

produced to invading pathogens (Hume 2008; Tizard 2009). 

There are two major types of DC: i) the plasmacytoid DCs (PDCs or DC2), derived from lymphoid 

precursors, found in blood and lymphoid organs and associated primarily with viral infection to 

which they respond by massive production of interferons α and ß (IFN-α and IFN-β); and ii) the 

myeloid DCs (MDCs, or DC1) derived from blood monocytes (Tizard 2009; He et al. 2019). In 

parasitic helminth infection, dendritic cells function as antigen-presenting cells (APCs), capturing 
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helminth antigens within the intestinal mucosa and migrating to the regional lymph nodes to 

present the antigens to naïve T cells (Aboshady et al. 2020).  

2.2.6 Role of granulocytes in innate immune response to helminths 

The main types of granulocytes are eosinophils, neutrophils and basophils. They play essential 

roles in responses to helminth infection, with their principle function being phagocytosis. 

Eosinophils 

Eosinophils are known for their major role in responses to parasite infection and are thought to 

be involved in ‘hypersensitivity’ reactions. They generally comprise 0.5-5 % of the white blood 

cell population, but can reach 40% during helminth infection (Cadman & Lawrence 2010). They 

persist for up to two weeks in tissue, far longer than in circulating blood. In vitro studies have 

shown that eosinophils adhere to Trichinella larvae and then kill them (Venturiello et al. 1993). 

Eosinophils also secrete eosinophil cationic protein (ECP), a highly toxic protein that paralyses 

parasites (Makepeace et al. 2012). For sheep, this process seems to be highly effective, as 

demonstrated in vitro by (Rainbird et al. 1998) who found that L3 H. contortus were killed within 

24 h. A number of other studies with sheep have shown that eosinophils are involved in the 

development of resistance to infection by helminths such as T. colubriformis, T. circumcincta 

and H. contortus (Buddle et al. 1992; Balic et al. 2006; Henderson & Stear 2006). Balic et al. 

(2006) also reported that H. contortus larvae were killed by eosinophils.  

Neutrophils 

Neutrophils also originate in the bone marrow, where many of them remain until infection is 

detected, after which they are released into the bloodstream in high numbers through a process 

regulated by chemokines and cytokines, such as granulocyte colony-stimulating factor (G-CSF), 

granulocyte-macrophage colony-stimulating factor (GM-CSF), leukotriene B-4, IL-3, IL-8 and 

TNF-α cytokines (Tizard 2009; Cadman & Lawrence 2010; Makepeace et al. 2012). They have a 

shorter life span (6-8 h) in the bloodstream than eosinophils (Makepeace et al. 2012). 

Neutrophils are phagocytic but also produce secretions that combat invading pathogens and 

promote tissue repair (Luna-Gomes et al. 2014). Neutrophils are the first to accumulate, attack 

and kill bacteria through phagocytosis at the site of infection. They have also been associated 

with gastrointestinal helminth infection in the mouse and human (Anthony et al. 2006; Bonne-

Annee et al. 2013). In helminth infection, neutrophils specialise in the production and secretion 

of biologically active molecules and toxic proteins that suppress worm growth and therefore 
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reduce the number of worms in the gastrointestinal tract (Stone et al. 2010; Bonne-Annee et al. 

2013; McRae et al. 2015). 

Basophils 

Basophils make up only about 1% of the white blood cells produced by bone marrow (Cadman & 

Lawrence 2010; Nicholson 2016) and have been defined as initiators of immune responses 

rather than effectors. The granules in their cytoplasm contain histamine and IL-4 that, when 

released, activate mast cells to promote antigen-specific IgE binding to the high-affinity IgE 

receptor (FcεRI) in an allergic reaction (Cadman & Lawrence 2010).  

2.2.7 Acquired immunity to helminths 

Acquired immunity, also known as adaptive immunity, has two arms: humoral and cell-mediated 

immunity. Humoral immunity, or antibody-mediated immunity, is dominated by B lymphocytes 

that produce various antibodies against specific antigens to protect hosts from infection. By 

contrast, cell-mediated immunity involves the activation of naïve T lymphocytes to differentiate 

into different subsets of activated T cells including T helper and T cytotoxic cells that produce 

various cytokines that regulate immune cell functions (Balic et al. 2000; Tizard 2009). 

Acquired immunity is involved in immunity to helminths. Both humoral and cell mediated 

immune responses provides resistance against helminth infection in sheep after they have been 

exposed to infective larvae on pasture at 6-12 months of age (Stear et al. 1996; Stear et al. 

2004; Aboshady et al. 2020).  

Lymphocyte differentiation is a process where antigen is presented by antigen presenting cells, 

such as dendritic cells or macrophages, in association with MHC I or II molecules to naïve T cells, 

resulting in their activation after binding to the T cell receptor (TCR) on their cell surface 

(Pennock et al. 2013). There are three major groups of T cells: 

i) Cytotoxic T cell (Tc), also known as CD+8 T cells – activated APCs present their antigen to 

CD+8 T cells through MHC class I, exhibit either suppressor or cytotoxic activities and are 

functional in the destruction of targeted cells or other intracellular pathogens; 

ii) Helper T cells (Th), also known as CD4+ T cells – activated APCs present their antigen to 

CD+4 T cells through MHC class II, produce cytokines that activate the maturation of B 

cells, cytotoxic T cells and macrophages; the various subtypes (Th1, Th2, Th17) are 

defined by the cytokines they produce (Shakya et al. 2009); 
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iii) Regulatory T cells (Treg) regulate the immune system by suppressing the activity of 

other lymphocytes, so they are critical for the maintenance of immunological tolerance 

(Pennock et al. 2013). 

2.2.8 Th2 cell responses and helminth infection 

The immune response to helminth infection depends on the pattern of cytokine production 

(Horohov 2006). The Th2 responses are predominantly involved in antibody‐mediated immunity 

to protect against invasion by foreign organisms, including helminths (Kidd 2003). Upon 

stimulation, the Th2 cells produce cytokines, including IL-4, IL-5, IL-9, IL-13 and IL-25, that 

regulate other immune cells (Kidd 2003). Among these cytokines, IL-4 is important for activating 

B cells (Finkelman et al. 1994), with early studies in mice infected with Trichuris muris showing 

that the presence of IL-4 in the early stages of infection is critical for eliciting protective 

responses (Else et al. 1994). In sheep also, experimental infection with T. circumcincta and H. 

contortus induces Th2 production of IL-4 that is involved in the recruitment of basophils and 

eosinophils, leading to the production of antibodies, promoting the development of resistance 

to infection (Shakya et al. 2009; Gossner et al. 2013). 

2.2.9 Humoral immune responses and production of antibodies (immunoglobulins) 

The antibodies, or immunoglobulins (Ig), are large, water-soluble proteins of five different 

isotypes: IgG, IgM, IgD, IgA and IgE. With gastrointestinal helminth infection, IgA, IgE and IgG are 

predominant, a process driven by Th2-mediated processes. At the site of infection, the intestinal 

mucosa, helminths induce production of IgA that contributes to antibody-mediated clearance of 

the invading pathogen (Stear et al. 1995). Naïve B cells encounter antigen mostly in a T-

dependent manner via the B cell receptor, leading to B cells being activated and matured into 

plasma cells that secrete antibodies into the host bloodstream, where they bind to their specific 

antigens, a step towards elimination of the pathogens (Harris & Gause 2011). Plasma B cells 

thus become the ‘antibody factories’ in the immune response to helminth infections (Kumar et 

al. 2010; Vignali 2010; Pennock et al. 2013; Shaw et al. 2018). 

Immunoglobulin G (IgG) 

The blood concentration of IgG is the highest among the isotypes, a reflection of its major role 

in antibody-mediated immune defences and secondary immune responses. IgG is also the 

smallest of the immunoglobulins and can easily escape from blood vessels, allowing it to 

participate in tissue and body-surface defensive mechanisms when there is inflammation 

leading to increases in vascular permeability. However, IgG is susceptible to degradation by 

protease, especially in the intestine, so it is more likely to exert protective functions in the 
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respiratory tract than in the intestine. There are three different subclasses of IgG, with 

differences in the structure of their heavy-chain molecules: in sheep, they are IgG1, IgG2 and 

IgG3. IgG use their antigen-binding sites to bind to specific antigens such as those found on the 

surface of bacteria or viruses, clumping them together (agglutination). Agglutination contributes 

to phagocytosis by macrophages, a process that can eliminate invading pathogens. However, 

helminths are ‘macro-pathogens’ and cannot be ingested by phagocytic cells, so the immune 

system instead uses antibody-dependent cellular cytotoxicity (ADCC). The IgG recognizes the 

antigens on the surface of the parasite and binds to them, thus coating the parasite. 

Macrophage Fc receptors then bind to IgG coating the antigen, after which the macrophages 

produce molecules that cause lysis of the parasite (Motran et al. 2018). Therefore, the IgGs are 

essential for antibody-mediated immune mechanisms and vital for protection against helminth 

infection (George et al. 1984; Harris & Gause 2011). 

Circulating IgG has been studied in sheep with helminth infections. In a selected line of Romney 

sheep in New Zealand, a negative correlation was observed between faecal worm egg count and 

the concentrations of IgG and IgE (Douch et al. 1994; Bisset et al. 1996; Shaw et al. 1999). There 

were also reports that the levels of IgG in serum were significantly increased after challenge 

with H. contortus in Merino lambs (Gill et al. 1993) and after challenge with T. circumcincta in 

Scottish Blackface lambs (Sinski et al. 1995). It appears that B cell differentiation induces the 

production of IgG as part of the response to helminth infection in sheep. 

Immunoglobulin M (IgM) 

Immunoglobulin M (IgM) is observed at the second-highest concentration in the blood serum 

and lymph of most mammals, and presents a front-line defence in response to initial exposure 

of foreign antigens (Liu et al. 2019). IgM is a very large molecule that binds to pathogens, 

leading to phagocyte recognition, with functions similar to those of IgG in promoting 

agglutination and opsonisation, leading to neutralization of the pathogen (Liu et al. 2019). In 

Merino sheep challenged with T. colubriformis and T. circumcincta, Williams et al. (2010c) found 

a significant elevation of IgM concentration in blood serum. Bisset et al. (1996) had previously 

observed a high concentration of IgM in nematode-resistant Romney lambs with low FEC. We 

would therefore expect sheep with high levels of IgM to have a smaller worm burden. 

Immunoglobulin D (IgD) 

IgD begins to be expressed on the surface of naïve B cells as they develop and differentiate (Guo 

et al. 2011). Naïve B cells normally have IgD and IgM on their cell surface, where they act as 

receptors. After Th1 cells signal the B cells, through either IgD or IgM, the B cells differentiate 
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and produce IgA/IgE/IgG especially in the mouse and the human (Guo et al. 2011). Both IgD and 

IgM are abundant in the mucus of respiratory tracts where they promote mucosal immunity 

(Chen & Cerutti 2010), but there is little evidence that IgD participates in the immune response 

to helminth infection. 

Immunoglobulin A (IgA) 

In sheep, IgA is mainly derived from the intestine (Halliday et al. 2007), where it is produced 

locally by plasma cells at mucosal surfaces, and is secreted directly into the bloodstream where 

it is less abundant than IgG and IgM. Furthermore, IgA secreted at mucosal surfaces can traverse 

the epithelium to counteract invading extracellular pathogens in the gastrointestinal tract and 

other mucosal sites. Being produced in the wall of the host intestine, it is transported into 

intestinal fluid where it is protected from digestion by intestinal protease. The IgA disrupts 

pathogen adhesion to the surface of epithelial cells, an essential function in the intestine 

because it allows the pathogens to be expelled from the gastrointestinal tract. IgA can also bind 

to the antigens in tissues thus removing pathogens to the intestinal lumen from where they can 

be cleared. Furthermore, IgA is involved in antibody-dependent cell-mediated cytotoxicity 

(ADCC), because it can bind to the low-affinity receptor, FcαR1 (also known as CD89) on the 

surface of monocytes, eosinophils and neutrophils, facilitating opsonisation and phagocytosis 

(Woof & Kerr 2006; Tizard 2009; Lee et al. 2011). 

In the context of helminth infections in sheep, IgA has been reported as playing a critical role in 

suppression of helminth growth and development of L4 larvae, thus reducing worm length and 

fecundity in sheep naturally infected with T. circumcincta (Strain & Stear 1999; Stear et al. 2004; 

Halliday et al. 2007; McRae et al. 2014b). In Scottish Blackface lambs infected with T. 

circumcincta, there are positive correlations between worm burden, worm size, the presence of 

L4 larvae, and IgA concentrations in the abomasal mucosa (Stear et al. 1995). In Santa Ines lambs 

experimentally challenged with T.colubriformis, concentrations of IgA and IgE are high (Cardia et 

al. 2011). These studies show that, in sheep with high worm burdens, IgA production increases 

and disrupts worm growth and fecundity. As we shall see below, it also seems to act in concert 

with IgE to promote worm elimination and expulsion. 

Immunoglobulin E 

IgE is made by plasma B cells located in the lymph nodes. It binds to the mast cells at the 

intestinal wall, inducing them to release vasoactive molecules into the surrounding tissues, 

changing blood flow by increasing the permeability of small blood vessels, and increasing 

intestinal motility to force disengagement of the worms from the intestinal wall (Erb 2007). The 
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concentration of IgE in the circulation is very low, but it is nevertheless important in the defence 

against helminths and plays a major role in allergic immunity (Meeusen 1999; Tizard 2009). 

Because of its low concentration, IgE has more difficulty binding to coating antigen than the 

other antibodies (Tizard 2009), but it binds tightly to FcƐRI on mast cells and basophils, 

triggering the production of signal-transducing molecules that participate in acute inflammation 

(Sutton & Gould 1993; Fitzsimmons et al. 2014). 

There have been some studies of the association of IgE with the immune response to helminth 

infection in sheep. In sheep challenged with T. circumcincta, the levels of IgE in gastric lymph 

were shown to significantly increase during infection (Cardia et al. 2011). Likewise, in sheep 

challenged with T. colubriformis, it has been reported that serum IgE levels were significantly 

elevated and that there were more hIgE-positive cells in gut tissue (Harrison et al. 1999). 

Following challenge with L3 T. colubriformis, the levels of IgE in gastrointestinal tissues were 

higher in resistant than in susceptible sheep (Bendixsen et al. 2004; Pernthaner et al. 2005). In 

sheep naturally infected with T. circumcincta, greater numbers of IgE-positive lymphocytes were 

observed in resistant sheep than in susceptible sheep (Pettit et al., 2005). Overall, therefore, 

there is good evidence that IgE is involved in the immune response of sheep to helminths. 

Below, we will consider further the role of IgE in Type I hypersensitivity reactions in the 

response of sheep to worm infection. 

2.2.10 Cytokine production in helminth infection 

Cytokines are short-range signalling proteins that play major roles in the regulation of immune 

cell function. They are produced by various kinds of immune cells, including macrophages, mast 

cells, and B and T lymphocytes (Nicholson 2016). In response to an extracellular stimulus, 

cytokines are secreted through three different processes: i) T or B cell receptors; ii) antigen-

antibody complexes acting through Fc receptors; and iii) through pathogen-associated 

molecular patterns (PAMPs) with toll-like receptors (TLRs; (Tizard 2009). After they bind to their 

receptors on target cells, cytokines can stimulate either cell differentiation or soluble protein 

production. 

An early host response to helminth infection is the production of Th1 cells that then release their 

own specific cytokines, including IL-12, INF-γ, IL-1β, and TNF-α. Thereafter, Th2 cells become 

dominant and release IL-4, IL-5, IL-10, and IL-13, cytokines that promote helminth expulsion 

(Else et al. 1994; José Luis et al. 2019). A subset of Th1 cytokines (IL-12 and IFN-γ) promotes 

other aspects of the immune response to helminth infection: IL-12 is a heterodimeric cytokine 

and favours the differentiation of Th1 cells and induces the production of interferon-γ (IFN-γ; 
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(Estrada-Reyes et al. 2017) that suppresses intestinal mastocytosis, delaying worm expulsion 

and contributing to the worm burden in the gut (José Luis et al. 2019); on the other hand, IFN-γ 

is also responsible for inducing the expression of iNOS (inducible nitric oxide synthase), a 

mediator of host defence against helminth infection, and regulates the production of other pro-

inflammatory cytokines, such as TNF-α , that play a role in the development of intestinal 

pathology during helminth infection (José Luis et al. 2019). TNF-α is also associated with the 

expression of iNOS and therefore nitric oxide production. The functions of IL-1β, on the other 

hand, include mediation of the adhesion of neutrophils to vascular endothelial cells, and action 

on macrophages to stimulate synthesis of cyclooxygenase-2 (COX-2), leading to synthesis of 

eicosanoid that elicits changes in the host gastrointestinal tract (Meeusen et al. 2005; José Luis 

et al. 2019). 

The Th2 cytokines (IL-4, IL-5, IL-13) also play major roles in the response to helminth infection. 

IL-4 is a pleiotropic cytokine that is also produced by mast cells and NK cells, and it can affect 

the activity of several cell types, including the stimulation of B cells to produce IgE (Jean-Pierre 

et al. 1998). IL-5 is necessary for activation of eosinophils to enhance their anti-helminth 

functions (Tizard 2009; Girgis et al. 2013) and IL-13 stimulates epithelial cells, promoting their 

proliferation as part of the process of worm rejection (McRae et al. 2015). 

2.2.11 Regulatory responses 

The immune responses of the host to helminth infection must be regulated to enhance 

resistance as well as to decrease susceptibility to infection. In general, the acquired immune 

response is responsible for antigen exposure and should stop when antigen concentrations are 

below a critical level; failure of the inhibitory signal may result in autoimmunity or 

hypersensitivity (Maizels & McSorley 2016). 

The antibodies function in general to regulate immune responses. B cells begin to express both 

IgM and IgD on their surface when they reach maturity and are then ready to respond to 

antigen. When they encounter specific signalling molecules, they are activated and undergo 

‘antibody class switching’ and produce IgG, IgA or IgE. The production of each of these types is 

regulated by the antibody itself, or by other mediators such as cytokines, that regulate class 

switching. As an example of the antibody controlling its own production, IgG is regulated 

through a receptor (FcRn) that leads to suppression production of both IgG and IgM; in contrast, 

IgM probably only suppresses its own production. In addition, helper T cells also function to 

control antibody class switching in B cells (Kidd 2003; Guan et al. 2018). 
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The regulatory T cells (Treg) are the most important cells involved in the regulation of the host 

immune system. They differentiate from bone marrow in the thymus, under the control of 

transcription factor FoxP3 (Grainger et al. 2010), and comprise about 5% of the population of 

circulating T cells. They secrete two cytokines, IL-10 and transforming growth factor-β (TGF-β), 

that are predominant suppressors of undesired helper T cell activity. In addition, Treg seem to 

regulate Th1 cell production of IFN-ɤ, and therefore the suppression of IgE production, and Th2 

cell production of IL-10 and therefore the suppression of IL-2 production from dendritic cells 

(Maizels & Yazdanbakhsh 2003; Girgis et al. 2013; Maizels & McSorley 2016). More recently, 

Treg have been reported to be important in regulation of the immune system during helminth 

infection (Khan et al. 2014). 

2.3 Evasion of the immune system by helminths 

Helminths use diverse mechanisms to avoid the host’s immune responses so they can survive. 

Some species can induce immunosuppression. Immune cell signalling is a key mechanism of the 

immune system and parasites can generate similar signals, downregulating the immune system 

and thus interfering with the ability of the host to respond to infection (Hewitson et al. 2009; 

Tizard 2009). Parasites can secrete soluble excretory/secretory (ES) proteins which interact with 

the host immune cells to ligate or degrade them (Hewitson et al. 2009). The ES proteins and 

their functions are very diverse, varying with parasite species and stage of life cycle. On the 

other hand, the protein secreted by H. contortus and T. circumcincta are similar (Hewitson et al. 

2009). Adult H. contortus produce major antigens, including ES products (Hc15 and Hc24), 

venom allergen-like proteins (VALs), and cysteine and serine protease inhibitors. For T. 

circumcincta, L3, L4 and adult larvae produce VALs, cysteine proteases and thioredoxin 

peroxidase (Hewitson et al. 2009; Grainger et al. 2010). These worm-produced proteins are the 

most common blockers of innate immune cell function (Hewitson et al. 2009). Cysteine protease 

inhibitors reduce T cell-priming by APC cells, thus reducing APC presentation and therefore the 

recognition of worm antigens; they also suppress IL-10 secretion, thus reducing the co-

stimulation of APCs and suppressing T cell proliferation. The venom allergen-like proteins (VALs) 

inhibit neutrophil function as well as triggering a macrophage migration inhibitory factor that 

suppresses eosinophil function of (Hewitson et al. 2009; Grainger et al. 2010). 

Other strategies of parasite evasion include reduction of antigenicity by absorbing the host 

antibody, covering their antigens to avoid recognition, blocking macrophage proteases, 

inhibiting neutrophil function in the complement system, and inhibiting immune-splitting 

protease secretion and tolerance (Tizard 2009; Grainger et al. 2010). 



36 

 

2.4 Immediate hypersensitivity (Type I or IgE-mediated hypersensitivity) 

‘Hypersensitivity reaction’ refers to an inappropriate immune function that may cause harm to 

the host body. Differences in the immune mechanisms, as well as variations in immune cell 

types, led Gell and Coombs (Meeusen 1999) to propose four classifications of hypersensitivity 

reaction, three of which are immediate responses, and one a delayed response. However, with 

helminth infection and diarrhoea in sheep, type I hypersensitivity is most likely. 

Type I hypersensitivity is caused by excessive production of IgE that binds to mast cells and 

stimulates the rapid release of excessive amounts of proteins that cause inflammation. This 

process begins when activated Th2 cells release IL-4 that stimulates B cells to synthesise IgE. 

When the IgE binds to the high-affinity IgE receptor (FcƐRI) on mast cells, phospholipase A and C 

are activated, producing both arachidonic acid and protein kinases. The protein kinases promote 

gene transcription for production and secretion of IL-4, IL-5, IL-6, IL1-3, TNF-α and MIP-1α, 

cytokines that stimulate other immune cells. These processes are rapid, requiring only minutes 

to an hour for synthesis of the biologically active molecules (Meeusen 1999; Tizard 2009). 

Meanwhile, the oxidation of arachidonic acid leads to the mediators of lipid synthesis known as 

eicosanoids, such as prostaglandins, leukotrienes and platelet-activating factor, as well as 

histamine and serotonin. These molecules induce changes in the host gastrointestinal system, 

increasing gastrointestinal smooth muscle contractility, venula permeability, and mucus 

secretion. Excessive gastrointestinal mucus, accompanied by epithelial cell and vascular 

damage, leads to nutrient malabsorption and, eventually, diarrhoea in sheep (Meeusen 1999; 

Meeusen et al. 2005; Tizard 2009). 

2.5 Overview – helminth infection and diarrhoea in sheep 

Figure 1 provides an overview of the immune responses that could be activated following 

gastrointestinal helminth challenge in sheep. The immune response begins with detection of 

worm antigens – soluble proteins secreted by the worms that are recognised as ‘foreign’ (Tormo 

et al. 2011) that are taken up by dendritic cells (DCs) that then present and bind them to Class II 

molecules of the major histocompatibility complex (MHC). MHC II molecules stimulate 

differentiation of naïve T-cells into a variety of T-type cells, including Th1 and Th2, cells. The 

activated Th1 cells release TNF-α, a Th1-specific cytokine, that activates monocytes to become 

macrophages that then degranulate and release lysosomes that cause lysis of the helminth. The 

activated macrophages also released IL-1β and IL-6 to stimulate the Th2 cells as well as mast 

cells. On the one hand, the TNF-α, along with interferon-gamma (IFN-γ), also promotes 
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maturation of B cells for antibody production and produce TNF-α that activates eosinophils to 

attack the helminths. 

 

Figure 1. A schema outlining the components of the immune system that have potential roles in the 

response to gastrointestinal helminth infection in sheep, linking detection of helminth antigen to 

diarrhoea. DC: dendritic cells. MHC: major histocompatibility complex. Th1, Th2: types of T-cell. IL-1ß IL-4, 

IL-5, IL-6, IL-9, IL-13: interleukins (cytokines). TNFα: tumor necrosis factor-α (a cytokine). IFN-γ: interferon-

γ (a cytokine). IgA, IgE, IgG: immunoglobulins (antibodies). 

The Th2 cells produce interleukins (IL-4, IL-5, IL-9, IL-13), Th2-specific cytokines that recruit 

effector cells, such as eosinophils and mast cells, to the site of infection. The Th1 or Th2 

cytokines stimulate B cells to produce helminth-specific antibodies (IgA, IgE, IgG) and initiate the 

process of antibody-dependent cell-mediated cytotoxicity (ADCC) through eosinophils and 

neutrophils. The neutrophils degranulate and secrete their lysosomal/granular content, 

hydrogen peroxide (H2O2) and nitric oxide (NO) (Woof & Kerr 2006; Tizard 2009; Lee et al. 2011). 

Meanwhile, degranulation of eosinophils leads to secretion of toxins – basic proteins (MBP-1 

and MBP-2), eosinophil peroxidase, eosinophil cationic protein (ECP) and eosinophil-derived 

neurotoxin (EDN). The overall outcome of these processes is cytolysis of the helminths (Huang & 

Appleton 2016; Motran et al. 2018). Eosinophil degranulation also leads to secretion of 

histaminase that stimulates mast cells to release soluble mediators from lipid synthesis (the 

eicosanoids: prostaglandins, leukotrienes, platelet-activating factor, histamine, serotonin). 

These factors evoke gastrointestinal changes in the host, most significantly an increase in 

smooth muscle contractility, in venula permeability, and in mucus secretion. Excessive mucus 
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secretion leads to epithelial and vascular damage, nutrient malabsorption, and diarrhoea 

(Meeusen 1999; Tizard 2009; McRae et al. 2015). Finally, there is evidence of a functional link 

between antibodies and cytokines that affects the helminth habitats in the gastrointestinal tract 

leading to the expression of diarrhoea accompanies by worm eggs in the faeces. 

2.6 Breeding sheep that are resistant to helminths and diarrhoea 

The most sustainable long-term solution to the helminth problem in the sheep industry is to 

breed sheep that can better resist helminth infection while retaining maximum productivity 

(Bishop & Stear 2003). Resistance or susceptibility to helminth infection is evaluated by faecal 

worm egg count (FEC), a phenotype that has long been accepted as a practical approach to 

genetic selection because it is assumed to be a direct reflection of the worm burden in the 

gastrointestinal tract (Bisset & Morris 1996; Zhao et al. 2019). Several nematode-resistant flocks 

have been bred, including Romney (Baker et al. 1990) and Merino (Woolaston et al. 1990; 

Karlsson & Greeff 2006; Windon 1991). In the Rylington Merino, FEC has been reduced by 85% 

compared to the unselected line (Karlsson & Greeff 2007). However, low FEC is negatively 

correlated with production traits such as body weight and wool production (Morris et al. 2000; 

Pollott et al. 2004; Greer et al. 2008), as well as dag score (diarrhoea score), so is seen as 

slowing genetic progress. 

It was assumed that sheep that were selected to be resistant to scouring worms would be less 

prone to diarrhoea, but this was not the case. For the Rylington Merino flock, Karlsson et al. 

(1995) reported a tendency (P<0.1) for more diarrhoea in the helminth-resistant sheep than in 

the controls. This observation was subsequently supported when Greeff and Karlsson (1997) 

reported negative genetic correlations between FEC and faecal consistency score (FS) at both 

weaning (–0.21) and hogget age (–0.22). A negative genetic correlation (–0.03) between FEC and 

FS was also reported for Merino sheep by Pollott et al. (2004), and Karlsson et al. (2005) 

subsequently confirmed that selection for low FEC resulted in an undesirable increase in 

diarrhoea in a winter rainfall environment. Therefore, breeding sheep for worm resistance may 

in fact lead to the animals becoming more prone to diarrhoea. 

To combat the diarrhoea problem, a parallel program was established in which ‘dag score’ and 

‘faecal consistency score’ (FS) were used as indirect selection traits for predisposition for 

diarrhoea (Greeff et al. 2014). ‘Dag’ is an industry jargon term for faecal soiling around the 

‘breech’ (the anus), and is scored on a subjective scale with Score 0 being no faecal adhesion 

and Score 5 referring to the heaviest level of adhesion (AWI 2007). Similarly, faecal consistency 

score (FS) refers to the dryness of the faeces, with samples graded on a subjective scale, from 
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Score 0 indicating hard pellets to Score 5 indicating liquid faeces, or diarrhoea. This system was 

developed by Gordon in 1938 (unpublished work cited by Le Jambre et al. (2007) and applied 

locally by Larsen (1997). If selection for resistance to helminths causes diarrhoea, then selection 

for low FS or dags should also lead to low FEC. However, as Karlsson et al. (1995) found in the 

Rylington Merino flock, high FS was seen in low FEC animals. Hard evidence for this incongruous 

outcome was reported by Greeff and Karlsson (1997) who demonstrated the negative 

relationship between the FEC and FS traits at weaning and hogget age. In other words, breeding 

sheep for helminth resistance led to an increase in the incidence of diarrhoea. 

Diarrhoea is common in adult Merino sheep grazing improved pastures in the winter rainfall 

areas of Australia, occurring in sheep that otherwise appear healthy with no clinical signs of 

gastro-intestinal parasitism or bacterial infection (Larsen 1997). Larsen (1997) also noted that 

the ingestion of parasite larvae was a necessary cause for diarrhoea. On the other hand, worm 

numbers did not differ between sheep with severe diarrhoea (dag) and sheep with little or none 

Larsen et al. (1994), suggesting that size of worm burden was not related to severity of 

diarrhoea. The most plausible explanation for this situation was that the diarrhoea was caused 

by some form of ‘hypersensitive’ immune response to ingested larvae. In another study, severe-

dag sheep were found to have more tissue eosinophils in the pylorus and upper jejunum, and 

altered lymphocyte populations, compared to low-dag sheep (Larsen 1999). Such observations 

lend weight to the ‘hypersensitivity’ hypothesis. 

Immune-system phenotypes have been used in the past for selection of sheep for resistance to 

helminths: Douch et al. (1995) used IgG1 in selection for resistance to T. colubriformis, and 

(Woolaston & Baker 1996) used circulating eosinophil count. Both indicators of immune system 

responsiveness were found to be heritable, so there is good evidence that selection for low FEC 

can be combined with an immune-system phenotype, avoiding ‘hypersensitivity diarrhoea’. 

2.7 Statement of problem and research hypotheses 

Gastrointestinal helminths have major deleterious effects on sheep industries, increasing 

management costs, reducing productivity and, for Merino sheep in southern Australia 

(especially Mediterranean regions), causing diarrhoea that increases the risk of flystrike. In fact, 

there are regional and seasonal variations in the prevalence and severity of diarrhoea, 

suggesting variations in helminth species and environmental interactions. Karlsson et al. (2004) 

reported a large difference in diarrhoea (dag score) between summer and winter rainfall 

regions, with diarrhoea being strongly prevalent to winter in the Mediterranean regions. It is 

therefore recommended that, in winter rainfall environments, sheep should be selected for 
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both low FEC and low diarrhoea, a strategy that has proven very effective, resulting in the 

worm-resistant Rylington flock and the ‘breech-strike’ flock. These flocks offer sustainable long-

term solutions to the helminth-diarrhoea-flystrike complex (Karlsson & Greeff 2006; Greeff et al. 

2014). For the Rylington flock, faecal worm egg counts decreased in the selection line so the 

average breeding value for FEC at hogget age is –75%, much greater than the industry average 

of –1.6% (Sheep Genetics, April 2019). The breeding values for FS range from 0.69 to 2.88, 

whereas the breeding value for FEC at hogget age ranges from –39.87 to –53.67 (Zhao et al. 

2019).  

However, a significant proportion of the Rylington flock is plagued by a high incidence of 

diarrhoea, probably reflecting differences in the competence of the sheep in the immunological 

and pathological processes related to changes in the FEC phenotype. There is little doubt that 

the development of diarrhoea in worm-infected sheep is related to the immune mechanisms 

responsible for worm expulsion, a process involving the production of watery faeces. A better 

understanding of immunocompetence in relation to gastrointestinal helminth infection should 

allow us to discover a trait that can be used to select simultaneously for worm resistance and a 

low incidence of diarrhoea. 

The physiological links between resistance to worm infection and resistance to diarrhoea are 

not clear, but the immune system must be involved and both innate and acquired immune 

responses must be investigated. The innate response, the first line of defence against infection, 

begins with sensing the presence of the helminth and leads to initiation and driving of the 

acquired immune response (Tormo et al. 2011). These two arms of immunity work in concert to 

disrupt worm growth, decrease the fecundity of female worms, and eliminate worms from the 

host (Tizard 2009; Motran et al. 2018). 

This reasoning led to the general hypothesis tested in this thesis: components of the immune 

system that respond to gastrointestinal helminth infection are responsible for the development 

of diarrhoea in Merino sheep and have been affected by selection for resistance to helminth 

infection and to diarrhoea. 

Three specific hypotheses will be tested:  

1) The blood concentrations of antibodies and cytokines that reflect the host’s immune 

responses to gastrointestinal helminths, in helminth-resistant and -susceptible sheep, 

are negatively related to both FEC and FS; 

2) The counts of circulating white blood cells in the host are negatively related to both FEC 

and FS traits; 
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3) Worm burdens in the gastrointestinal tract strongly reflect FEC and FS, and are 

therefore negatively related to humoral immune mediators (antibodies), cellular 

immune mediators (cytokines), and counts of white blood cells, in resistant and 

susceptible sheep. 
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Chapter 3: General Materials and Methods 

All of the experimental chapters in this thesis are based on a single animal experiment that 

combined several complimentary protocols, allowing us to test several hypotheses. 

All animal experimentation was approved by the Animal Ethics Committee of the WA Department 

of Primary Industry and Rural Development (formerly Department of Agriculture and Food Western 

Australia), under the guidelines of the National Health and Medical Research Council’s Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (approval no: AEC 1-14-02). 

3.1 Experimental design 

To test my hypotheses, I used a field study. A fully controlled laboratory experiment might be 

preferable in some circumstances, but the field study offered a very large number of animals, 

genotypes that had taken decades to develop, and all of the human and technical resources needed 

for the work. These opportunities are beyond the means of most PhD projects. Moreover, the field 

study was far more relevant to real-world sheep management. 

Sheep from the Rylington Merino flock and the ‘breech strike’ flock were used in this experiment. 

The Rylington flock had been selected for low FEC since 1988 (Karlsson & Greeff 2006), whereas the 

‘breech strike’ flock had been bred since 2006 for FS, an indirect phenotype that is highly correlated 

with resistance to fly-strike (Greeff et al. 2014). Both flocks contain animals that have high potential 

for genetic resistance and susceptibility to natural helminth infection as well as diarrhoea. The 

breeding values for FEC were –41.45 at weaning and –48.65 at hogget age; for dag score at yearling 

age, the breeding value was  –0.13 (Zhao et al. 2019). 

It is important to note that these selection lines were not independent. Sires had been used across 

selection lines based on their breeding values for the trait of interest. In addition, the Breech Strike 

and Rylington lines had been run and managed together for the 10 years leading up to the present 

study. Therefore, the experimental animals were genetically linked and also belonged to the same 

management groups. Sheep from both flocks that were born in July-August in 2016 were managed 

as a single group in a normal production environment. From 6 weeks after the start of lambing until 

weaning in November 2016, the lambs and their dams were pooled and run as a single 

management group. At tail-docking, 6 weeks after the start of lambing, the lambs and their dams 

were pooled and run in two management groups until weaning in November 2016. 

At weaning, Dag and FEC data were collected for all lambs. These data, along with the completed 

pedigrees and the FEC and dag data from previous generations, were submitted to the Australian 
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national genetic evaluation scheme for sheep, Sheep Genetics (www.sheepgenetics.org.au), to 

obtain estimates of the ASBVs of the two traits in these flocks. The ASBVs for dag (score) and FEC 

(standardised to a percentage basis) were then used to identify the extreme high (H; ASBV for FEC 

from 0 to 100; ASBV for dag from 0 to 1) and low (L; ASBV for FEC from 0 to -100; ASBV for dag from 

0 to -1) animals for both categories, and 25 males (not castrated) and 25 females were selected for 

each treatment (HH, HL, LH, LL; the first letter refers to dag and the second to FEC). Their own 

phenotypes were not available at the time so were not considered in the process of allocation to 

the genotype groups. The 200 experimental sheep were the progeny of 167 dams and 17 sires (7 in 

HH; 9 in HL; 5 in LH; 9 in LL; 9) and each sire was represented in at least two of the genotype 

groups. The experimental design was factorial: 4 genotypes (HH, HL, LH, LL) x 2 sexes (females and 

testis-intact males). 

3.2 Animal management 

The experiment was carried out on the DPIRD Katanning Research Station in Western Australia 

(34o37’48’S, 117o40’01’E). The climate is Mediterranean type with hot, dry summers and cool, wet 

winters. The average annual rainfall is 480 mm, most of which falls in winter. The main period for 

pasture growth is from late autumn (May) to spring (September). In 2017, the year of the present 

study, there was an unusual, very large rainfall event in February (Figure 3), 3 months before the 

start of the experiment, that is important for interpretation of the results. 

 

Figure 3. Rainfall and mean daily minimum (broken line) and maximum (solid line) temperatures at Katanning 

during the year of the experiment (2017). 
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After weaning (November, 2016), when they were 8-9 months old, the males and females were 

separated and moved into separate new paddocks that were approximately 500 m apart but 

contained similar pasture. No sheep had grazed either of these two paddocks for the four months 

before the experiment started. The stocking rate was approximately 10 sheep per hectare.  The 

unusual massive rainfall in February (Figure 3) elicited pasture growth from March onward, so the 

animals grazed lush green pastures from March until the end of experiment in September. Both 

paddocks had a similar grass-clover pasture with some capeweed (Arctotheca calendula) scattered 

throughout (Greeff et al. 2020). Estimates for green feed on offer (FOO) from ‘Pastures from Space’ 

were 500 kg DM/ha in autumn, 800 kg DM/ha in early winter, and 2000 kg DM/ha in spring. 

Normally, gastrointestinal parasites are shed to the environment through the faeces and 

transmitted to the host during grazing. The surrounding herbage was therefore regularly 

contaminated with infective third-stage larvae of several species: Trichstrongylus sp, T. 

circumcincta, Chabertia sp, Oesophagostomum sp as well as Haemonchus contortus (for details, see 

Greeff et al. (2020). 

Blood was sampled and FS and FEC were assessed on five occasions from autumn through winter to 

spring in 2017 (Figure 2): March, May, June (ewes only), July (rams only), August and in September. 

The first measurement day in March, when the sheep were 8-9 months old, was after they had 

been moved to the new paddocks. In September, 5 males and 5 females from each of groups HH, 

HL and LH, and 4 males and 4 females from group LL, were slaughtered. 

Figure 2. Experimental design of the study. Each genotype group began with 25 males and 25 females, aged 

8-9 months. In September, 5 males and 5 females, were killed in each of Groups HH, HL, LH; in Group LL, 4 

males and 4 females were killed. 

3.3 Faecal worm egg counts (FEC) and faecal consistency scores (FS) 

On the five measurement days (Figure 2), faecal samples were collected directly from the anus of 

all 200 sheep. Faecal worm eggs were counted using the McMaster technique as modified by 

(Whitlock 1948). Note: larvae were only differentiated at slaughter (Chapter 7). Each sample was 

HL HH

LL LH

Genotype groups
HH high dag, high FEC
HL high dag, low FEC
LH low dag, high FEC
LL low dag, low FEC

Faecal Consistency Score (FS)
Faecal Egg Count (FEC)

Blood samples: white blood cells; 
cytokines; immunoglobulins

Slaughter: gastrointestinal
tract worm counts

March May August SeptemberJune/July
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also given a faecal consistency score (FS). This technique was developed by Gordon in 1938 

(unpublished work cited by Le Jambre et al. 2007) and applied locally by Larsen (1997). The scale 

ranged from 1 to 5, where Score 1 indicates hard pellets, Score 2 indicates pellets losing their form, 

Score 3 indicates faeces have no pellets form, Score 4 indicates faeces wet but do not run on a flat 

surface, and Score 5 indicates watery faeces that run on a flat surface. Both of these phenotypic 

traits, FEC and FS, were recorded individually on each occasion to allow tracing of the development 

of diarrhoea in response to helminth infection as the experiment progressed.  

3.4 Blood sampling 

On the five measurement days, jugular blood was sampled from all 200 sheep and mixed with EDTA 

(anti-coagulant) so the plasma could be separated. Plasma samples were stored at –20°C until assay 

for antibodies and pro-inflammatory cytokines. For the haematological analysis, whole blood 

samples were stored at 4oC and, within 24 hours, transferred to a commercial laboratory service 

(VetPath Laboratory Services, Ascot, WA, Australia 6104). 

3.5 Haematological procedures 

At VetPath Laboratory Services (Perth, Western Australia), a Cell-Dyn 3700 automated haematology 

analyser was used to count white blood cells (WBC). The Wright-Giemsa stain and a HEMA-TEK 

automated slide stainer were used to identify neutrophils, lymphocytes, monocytes, eosinophils 

and basophils. Stained blood was smeared on the WBC counting chamber that was placed under 

microscope for manual counting. We counted 100 white blood cells and the abundance of each cell 

type was expressed as a percentage, and this value was then multiplied by the WBC count to obtain 

an absolute count. 

Blood sampled in June/July and September 2017 was also used to characterise CD4 and CD8 

subpopulations of lymphocytes in an attempt to investigate whether they changed with helminth 

infection and diarrhoea. For technical reasons, this work was limited to being a preliminary study 

but, to ensure all data is available, it is provided in Appendix A. 

3.6 Antigen preparations 

To determine the concentrations of helminth-specific IgA, IgE, IgG and IgG1 in blood plasma, we 

used antigen from H. contortus. Although not from a scour worm, this antigen was used because 

large numbers of L3 H. contortus were readily available, giving us access to sufficient antigen. In any 

case, the adults and L3 larvae of H. contortus share common somatic antigens with T. circumcincta 
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and T. colubriformis (Hendrikx 1990; Cuquerella et al. 1994), allowing the use of H. contortus L3 

antigen as a surrogate for scour worm antigens. 

The third-stage larvae (L3) of Haemonchus contortus were received from DPIRD Development 

Diagnostic Laboratory Services (DDLS). Somatic larval antigen was prepared according to the 

method provided initially by the Institute of Biodiversity, Animal Health and Comparative Medicine, 

University of Glasgow, UK. The L3 larvae were centrifuged at 3214×g for 15 min at 4oC and the pellet 

was then washed twice in phosphate-buffered saline (0.15 M NaCl, 0.02 M phosphate, pH 7.4) 

supplemented with antimicrobials (streptomycin 5,000 IU penicillin 5 mg/mL, gentamycin 50 µL of 

10 mg/mL, and amphotericin B 0.5 mL of 250 µg/mL, SIGMA, St Louis, Missouri, USA), with 

centrifugation at 3214×g for 15 min at 4oC after each wash. The larvae were rewashed with Tris 

buffer (2 mL 1M Tris HCl, pH 8.3, 1 mL of a mix 0.5 M ethylene diamine tetra-acetic acid and 0.5 M 

ethylene glycol(β-aminoethylether)-N,N,N,N’-tetra-acetic acid solution, 1 mL of 0.33 M phenyl 

methyl sulfony flouride and 0.1 M N-tosyl-L-phenylalanine chloromethyl ketone and 1mM 

pepstatin, 2 mL of 0.1M N-ethylmaleimide solution, SIGMA, St Louis, Missouri, USA). Again, after 

the wash, the preparation was centrifuged at 3214×g for 15 min at 4oC. The supernatant was 

discarded, and the pellet was preserved at –20oC overnight. One mL of the Tris buffer, 

supplemented with 1% sodium deoxycholate, was used to re-suspend the pellet before 

homogenisation (30Hz frequency for 6 min) with Ribolyser beads (Ref 6925-500, MP Biomedicals, 

29525 Fountain Pkwy, Solon, OH 44139, USA) added into an Eppendorf tube with 1 mL of larval 

suspension. The supernatant was recovered by centrifugation at 13000×g for 5 min and filtered. 

Aliquots were stored at –20°C until use. 

3.7 ELISA for immunoglobulins 

All antibody assays were conducted using 96-well micro-ELISA plates (Greiner Bio-One Inc., 

Kremsmünster, Austria). All reagent volumes were 100 µL and all incubations were for 1 h at room 

temperature with constant shaking at 600 rpm, unless stated otherwise. All washes between steps 

were repeated five times using PBS-Tween washing solution (0.02 M phosphate, pH 7.4, 0.5% 

Tween20). For IgA, total IgG and IgG1 assays, H. contortus L3 antigen was used at 5 µg/mL in 0.05M 

carbonate-bicarbonate buffer pH 9.6 (SIGMA #C3041 St Louis, Missouri, USA) and wells were 

incubated overnight at 4°C without shaking. The antigen solution was discarded and free binding 

sites were blocked with blocking buffer (10% bovine serum albumin; SIGMA, Lab#A9418) in PBS-

Tween). After incubation, the blocking buffer was discarded and the plates were washed with PBS-

Tween solution. 
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Plasma samples were thawed daily for assay. For the IgE antibody assay, 80% saturated NH4SO4 was 

mixed with plasma samples at 1:1 in 96 deep well dilution plates, followed by shaking for 15 min 

and then incubation at 4°C overnight. The plate was then centrifuged at 1500xg for 30 min at 4°C 

and the supernatants collected for testing. Bovine serum albumin (Fraction V, Prod Lab No. A9418, 

SIGMA, St Louis, Missouri, USA) was diluted at 10% in PBS-Tween (0.02 M phosphate, pH 7.4, 0.5% 

Tween20) as blocking buffer. Table 1 provides details for primary and secondary antibodies for the 

IgA, IgE, total IgG and IgG1 assays. HRP substrate (Tetramethylbenzidine, Prod. No. ESKE1000, Lot 

No. 150815, TMB ELISA System) was used as the substrate solution and 0.5 M H2SO4 solution was 

used as the colour development stop solution in all assays. 

Table 1. Monoclonal antibodies and plasma dilutions used for the determination of anti-H. contortus IgA, IgE, 

total IgG and IgG1 antibodies by ELISA assays. 

Sample Dilution 
IgA IgE total IgG IgG1 

1: 10 1:30 1:50 1:50 

Primary antibody 
(dilution) 

Rabbit anti-ovine 
IgA-HRP, Serotec 

(1:50,000) 

Mouse anti-
sheep IgE 

monoclonal 
antibody (2FI), 

CSIRO 
(1:200) 

Anti-goat/sheep 
IgG-Peroxidase 
Clone GT-34, 

SIGMA 
(1:50,000) 

Mouse anti-
sheep IgG1 
monoclonal 

antibody (Clone 
MCM1), CSIRO 

(1:100) 

Secondary 
antibody 
(dilution) 

N/A Sheep anti-mouse immunoglobulins/ HRP conjugate 
(gamma and light-chain specific), Chemicon, Australia 
(1:1,500) 

 

Briefly, plates were coated with parasite antigen then incubated at 4oC overnight. The antigen 

solution was discarded and free binding sites were blocked with blocking buffer incubated at 37°C 

for 1 h with constant shaking at 600 rpm. The blocking buffer was then discarded, and the plates 

were washed. For all assays, duplicate plasma samples were diluted in PBST solution (0.02 M 

phosphate, pH 7.4, 0.5% Tween20), added to wells and incubated at 37°C for 1 h with constant 

shaking at 600 rpm. The plasma solution was discarded and the plates were washed. Monoclonal 

antibody for each assay (Table 1) was added to each well, followed by incubation at 37°C for 1 h 

with constant shaking at 600 rpm. For the IgA assay, after incubation and plate washing, HRP 

substrate was added and the wells were incubated at room temperature for 10 min; the colour 

development was stopped by addition of the stop solution. For the IgE, total IgG and IgG1 assays, 

after incubation and plate washing, sheep anti-mouse immunoglobulins/HRP conjugate was added, 

followed by incubation at 37°C and plate washing. The HRP substrate was then added, incubated at 

room temperature for 5-15 min, and colour development was stopped by addition of the stop 

solution.  
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Colour development was measured as optical density at 450 nm with a microplate absorbance 

reader (MultiScan Ascent). The positive reference controls were obtained as follows: for the IgA 

assay, 40 plasma samples were diluted 1:5, 1:10, 1:20 and 1:40 and tested as described above. 

Similarly, for the total IgG and IgG1 assays, 40 plasma samples were diluted 1:5, 1:25, 1:50 and 

1:100. For the IgE assay, 40 plasma samples were diluted 1:10, 1:20, 1:30 and 1:60. The highest 

antibody activities among those 40 plasma samples from each assay were included in each plate as 

the positive reference control (reference sample = 100%) in every assay. A negative control 

(without plasma) was included as a blank in each plate. The blank absorbance value was subtracted 

from all tested samples to correct for non-specific binding. The activities of IgA, IgE, IgG and IgG1 

were expressed as the percentage of the OD of the positive control plasma using the formula 

published by (González-Garduño et al. 2017): 

%OD = [(OD mean of the tested plasma sample – OD negative control)/(OD mean of the positive 

control plasma – OD mean negative control)] × 100. 

3.8 ELISA of cytokines 

Each cytokine capture antibody was diluted in 0.05M carbonate-bicarbonate buffer (Cat No. C3041, 

SIGMA, St Louis, Missouri, USA, pH 9.6). Aliquots (100 µL) were added into each well and incubated 

overnight at 4oC. The plate was then washed five times with washing buffer (PBS-Tween solution, 

0.02M sodium phosphate buffer, 0.15M sodium chloride, 0.5% Tween20, pH 7.4). Each well then 

received 100 µL of blocking buffer solution (5% skim milk in PBS) followed by incubation at room 

temperature for 2 h. The plate was then washed five times before the plasma samples and 

standards (Table 2) were added in duplicate (100 µL per well). After incubation (room temperature 

for 2 h), the plate was again washed five times with washing buffer. The primary antibody (100 µL 

per well; Table 2) was added and incubated at room temperature for 2 h. The plate was then 

washed five times before the addition of secondary antibody (100 µL). After incubation for 1 h at 

room temperature, the plates were washed six times with washing buffer before the addition of 

100 µL HRP substrate (Tetramethylbenzidine, Prod. No. ESKE1000, Lot No. 150815, TMB ELISA 

System) to each well. This time, the plates were incubation in the dark at room temperature for 5-

10 min, after which colour development was stopped by the addition of 50 µL 0.5 M H2SO4. 

Colour development was measured as optical density (OD) at 450 nm with a microplate absorbance 

reader (MultiScan Ascent). Background readings were subtracted from readings of the unknown 

samples. Values obtained were read against the standard curve to determine the concentrations of 
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the intact fusion protein in each assay. The concentrations of IL-1β, IL-6, IL-8 and TNF-α were 

expressed as pg/mL. 

Table 2. Antibodies and dilutions used for the assay of IL-1β, IL-6, IL-8 and TNF-α (Passmore et al. 2016). 

 IL-1β IL-6 IL-8 TNF-α 

Capture 

antibody 

(dilution) 

Mouse anti sheep 

IL-1β, MCA1658, 

Bio-Rad (1:200) 

 

Mouse anti sheep 

IL-6, MCA1659, 

Bio-Rad (1:200) 

Mouse anti sheep 

IL-8, MCA1660, 

Bio-Rad (1:200) 

Rabbit anti-bovine 

TNF-α, PBOTNFAI, 

Thermofisher (1:200) 

Standard 

 

Ovine IL-1β 

Recombinant 

protein, RP0656V, 

Kingfisher  

Ovine IL-6 

Recombinant 

protein, RP0367V, 

Kingfisher 

Ovine IL-8 

Recombinant 

protein, RP0488V, 

Kingfisher 

Bovine TNF-α 

Recombinant protein, 

RBOTNFAI, 

Thermofisher 

Primary 

antibody 

(dilution) 

Rabbit anti-sheep 

polyclonal IL-1β 

AHP423, Bio-Rad 

(1:500) 

Rabbit anti-sheep 

polyclonal IL-6 

AHP424, Bio-Rad 

(1:500) 

Rabbit anti-sheep 

polyclonal IL-8 

AHP425, Bio-Rad 

(1:1 000) 

Rabbit anti-bovine 

TNF-α biotin 

conjugated, PBOTNABI, 

Thermofisher (1:250) 

Secondary 

antibody 

(dilution) 

Anti-rabbit HRP, 

A16172, 

Thermofisher 

(1:5 000) 

Anti-rabbit HRP, 

A16172, 

Thermofisher 

(1:4 000) 

Anti-rabbit HRP, 

A16172, 

Thermofisher 

(1:10 000) 

Extravidine-Peroxidase, 

E2886, SIGMA 

(1:2 000) 

 

3.9 Gastrointestinal worm counts 

At the end of the experiment (September), when they were 14 months old, sheep from each 

genotype group were slaughtered (Figure 2) so worms could be counted in the gastrointestinal 

tract (GIT). Immediately after slaughter, the abomasum and the small intestine (duodenum plus 10 

m of ileum, from the proximal end) were tied off to allow collection of the full lumen contents.  

Each lumen was flushed with warm tap water and the flushing was collected and stored at 4oC until 

the worms could be counted. For the abomasum, the contents and digests were collected, and a 

gentle stream of warm tap water was used to wash the lining of the abomasum, with the surface 

being rubbed gently. All washings were added to the original contents. The small intestine was also 

flushed gently with warm tap water that was allowed to move down the length of the organ. All 

flushings were collected. The small intestine was opened with blunt-ended scissors so the internal 

surface could be exposed for gentle scraping. 
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All the collected liquid was passed through a 45 µm sieve and the contents, including the washings 

of the sieve, were transferred to a measuring cylinder of volume chosen according to the amount of 

herbage; normally the volume was made up to 1 L with warm water for the small intestine, or to 2 L 

for each abomasum. The total volume for each organ was recorded. 

A 10 mL sample of each flushing was counted with zoom stereo microscope. The species was 

identified for adult nematodes (Lapage 1962). Worms were also differentiated into the third stage 

larval (L3); early fourth stage larvae (EL4); developed fourth stage larvae (DL4); immature (L5); and 

mature nematodes (Wood et al. 1995). When no worms were found, a second 10 mL sample of 

content was counted. The total number of worms from the abomasum and small intestine was 

calculated from the raw counts in 10 mL by multiplying by a conversion factor (determined from 

the total volume of a sample divided by the volume of aliquot taken: (Georgi 1985). For each 

species: 

 

Total number of worms = worm numbers in aliquot 

 

3.10 Statistical analysis 

We attempted to normalise the data by logarithmic transformation: Log(FEC+10), Log(IgA+10), 

Log(IgE+10), Log(total IgG+10), Log(IgG1+10), Log(TNF-α+10), Log(IL-1β+10), Log(IL-6+10), Log(IL-

8+10), Log(monocytes+0.01), Log(eosinophils+0.01), Log(basophils+0.01), Log(total worm 

numbers+10) and Log(EL4 worm numbers+10). The raw and transformed data were both subjected 

to statistical analysis using R version i386 (R 2019). Genetic groups (HH, HL, LH and LL) and their 

interaction with sex (males and females) and month of measurement, and all 2-way interactions 

were included in the mixed model as fixed effects. Animal was fitted as a random effect. All non-

significant interactions were dropped from the model until the final model comprised statistically 

significant factors only. 

Pearson’s bivariate correlation analysis was used to test within-subject time-dependent 

correlations between measurements on the same individual. Regression analysis was used to assess 

the relationships between the values for FEC and FS and the measures of immune function in each 

month. In addition, the ASBV groups (HH, HL, LH, LL) were compared using ANOVA to test for 

significance of differences for each measure of immune response. 

 

Total volume of sample 

Volume of aliquot(s) taken for that species 

x 
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Abstract 

Context: Extreme sheep from the ‘Rylington’ flock are clearly genetically resistant or susceptible to 

gastrointestinal helminths, and those from the ’breech strike’ flock are clearly genetically prone or not prone 

to the development of diarrhoea. However, the resistant animals from both flocks still develop diarrhoea. It 

has long been known that development of diarrhoea in helminth-infected sheep is correlated with the 

underlying immune mechanisms responsible for an increase in the worm expulsion process, a process 

involving the production of watery faeces and thus diarrhoea. A better understanding of the role of the host 

immune system in the development of diarrhoea in Merino sheep could provide and offer new insights into 

genetic selection for resistance to nematode infection and diarrhoea. 

Aims The study aims to elucidate the relationships between the phenotypic traits, faecal worm-egg counts 

(FEC) and faecal consistency (FS) and the plasma antibody activities of the immunoglobulin classes IgA, IgE, 

IgG and IgG1 in adult Merino sheep against a generic worm larval antigen (derived from Haemonchus 

contortus third stage larvae). 

Methods: Enzyme-linked immunosorbent assays were used to determine the plasma antibody seasonal 

trends of IgA, IgE, IgG and IgG1 against H. contortus third-stage larval antigen. Lambs (aged 8-9 months) were 

classified into four genotype groups (HH, HL, LH and LL; the first letter refers to FS and the second to FEC), 

with 25 males and 25 females in each group. All animals were scored for FS, FEC and sampled for blood 5 
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times from autumn through winter to spring in March, May, June (males only)/July (females only), August, 

and September, 2017. Relationships among the variables were assessed by regression analysis.  

Key results: For all of the antibody types, except IgA, we observed low concentrations in March (autumn), 

followed by an increase (P < 0.001) to maximum values in September (spring). For the concentration of IgA, 

we observed a decrease from March to May, presumably because the March value was elevated by the 

helminth infection following the unusual rainfall event in February; thereafter, the IgA values followed the 

more typical pattern to also reach maximum levels in September. The concentration of IgA was negatively 

related to FEC in March (R = -0.348; P < 0.001) and September (R = -0.237; P < 0.01). The level of IgA was not 

correlated to FS. The levels of the worm-specific IgE antibodies was negatively correlated to FEC in June/July 

(R = -0.304; P < 0.05) and in August (R = -0.399; P < 0.001) and FS in August (R = -0.279; P < 0.001).  Antibodies 

of the IgG class were positively related to FS in September (R = 0.267; P < 0.001) but not related to FEC in any 

month. However, the level of antibodies of the IgG1 subclass was negatively related to FEC in August (R = -

0.264; P < 0.01) and in September (R = -0.247; P < 0.01) and positively correlated to FS in September (R = 

0.176; P < 0.05). 

Conclusions: We conclude that circulating IgE and IgG1 are reliable to combine with FEC and faecal 

consistency score for selection against diarrhoea in this sheep flock. 

Implications: In a Mediterranean environment, August is the best month for measuring phenotypic traits (FEC 

and FS) and indicators of immunity. 

Key words; Diarrhoea, phenotypic traits, immunoglobulins 

 

4.1 Introduction 

Ruminant livestock have problems with gastro-intestinal worms (helminths) that reduce 

productivity. In many cases, the worms also cause diarrhoea and, in Merino sheep, the diarrhoea 

leads to faecal accumulation in the ‘breech’ area (ie, around the anus) that attracts blowflies, 

leading to flystrike. Moreover, around the world, the worms are becoming increasingly resistant to 

anthelmintic medications (Besier & Love 2003). The lost productivity combines with the costs of 

treatment and other types of management costs to cause an annual loss of at least $600m to 

Merino-based industries in Australia alone (Lane et al. 2015). 

An obvious solution is to breed sheep so they become resistant to worm infection so, about 20 

years ago, a program of genetic selection for low faecal worm egg counts (FEC) was established by 

the Department of Primary Industries and Regional Development (DPIRD; formerly Department of 

Agriculture and Food) in Western Australia. The outcome has been a highly helminth-resistant flock 

of Merino sheep, the ‘Rylington’ flock (Karlsson & Greeff 2006). In addition, beginning in 2005, the 
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DPIRD team established a ’breech strike’ flock in which Merino sheep were bred indirectly for 

resistance to diarrhoea using the selection criterion of faecal consistency score (FS), an assessment 

of the softness of faeces (scale 1 to 5; Greeff et al. (2014)). 

Extreme sheep from the ‘Rylington’ flock are clearly genetically resistant or susceptible to 

gastrointestinal helminths, and those from the ’breech strike’ flock are clearly genetically prone or 

not prone to the development of diarrhoea (Greeff et al. 2020). However, there is a negative 

correlation between the FEC and FS traits, so selection for low FEC sheep accompanies an 

unfavourable incidence of diarrhoea (Greeff & Karlsson 1997). It has long been known that 

development of diarrhoea in helminth-infected sheep is correlated with the underlying immune 

mechanisms responsible for an increase in the worm expulsion process, a process that may involve 

the production of watery faeces and thus diarrhoea (Parkins & Holmes 1989; Meeusen 1999). 

Therefore, the situation in the ‘Rylington’ Merinos may reflect the changes in immunological and 

pathological processes that accompany selection for low FEC. 

Generally, the immune response of the host is activated by worm antigens – soluble proteins 

secreted by the worms that are recognised as ‘foreign’ (Tormo et al. 2011). There are two types of 

immune response: innate and acquired. The innate response is initiated by the host’s defensive 

mechanisms within a few minutes after infection (Motran et al. 2018). By contrast, the acquired 

immune response, also known as adaptive immunity, can take several days after infection to 

become fully effective, but it then provides the host with a powerful defensive mechanism. The 

acquired immune response is a complex, with both humoral and cell-mediated components. 

Humoral immunity is directed against extracellular invaders by protective molecules (antibodies or 

immunoglobulins) that promote the destruction of the worms, whereas cell-mediated immunity is 

directed against intracellular invaders that damage infected cells (Tormo et al. 2011). The two 

components of acquired immunity work in concert to disrupt worm growth, decrease the fecundity 

of female worms, and eliminate worms from the host (Tizard 2009; Motran et al. 2018). 

A principal role of humoral immunity is production of antibodies in response to foreign invasion. 

Antibodies are large proteins secreted by activated plasma B cells into the host bloodstream where 

they bind to specific target antigens in order to eliminate the pathogens (Harris & Gause 2011). The 

physiological links between worm resistance and increased diarrhoea need to be resolved, so the 

present study aimed to elucidate the role of humoral immunity be in describing the relationships 

between the production of immunoglobulins (Ig), FEC and diarrhoea to explain the development of 

diarrhoea in worm resistant and susceptible Merino sheep. This study tested whether the 
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concentrations of antibodies (immunoglobulins A, E, G and G1 subtype) to helminth antigen are 

negatively related to FEC and FS in resistant and susceptible sheep. 

4.2 Materials and Methods 

4.2.1 Experimental Design 

This study used sheep from the Rylington Merino flock (Karlsson & Greeff 2006) and the Breech 

Strike flock (Greeff et al. 2014). Both flocks had been run and managed together for the 10 years 

leading up to the present study. Therefore, the experimental animals were genetically linked and 

also belonged to the same management groups. 

The lambs were selected at weaning based on their predicted breeding value for faecal worm egg 

count (FEC) and dag at yearling age, and their own phenotypes were not considered in the selection 

process because the data were not available at selection. This approach allowed us to generate a 

wide range of breeding values for FEC and dag that could be used to generate groups based on the 

differences in Australian Sheep Breeding Values (ASBV) for dag and FEC. 

The lambs were born in July and August in 2016. After tail-docking, 6 weeks after the start of 

lambing, the lambs and their dams were pooled and run in two management groups until weaning 

in November 2016. Dag and FEC data were collected at weaning for all lambs and, along with 

completed pedigrees and FEC and dag data from previous generations, were submitted to Sheep 

Genetics (www.sheepgenetics.org.au), the Australian national genetic evaluation scheme for sheep, 

to estimate the ASBV of the two traits in these flocks. The breeding values for dag (score) and FEC 

(standardised to a percentage basis) were then used to identify the extreme high (H; BV for FEC 

from 0 to 100; BV for dag from 0 to 1) and low (L; BV for FEC from 0 to -100; BV for dag from 0 to -

1) animals for both categories, and 25 males and 25 females were selected for each treatment (HH, 

HL, LH, LL; the first letter refers to dag and the second to FEC). The 200 experimental sheep were 

the progeny of 167 dams and 17 sires (7 in HH; 9 in HL; 5 in LH; 9 in LL; 9) and each sire was 

represented in at least two of the groups. The experimental design was factorial: 4 (HH, HL, LH, LL 

groups) x 2 (males and females). All animals were assessed for faecal consistency score (FS) and 

FEC, and had their blood sampled, on five occasions, from autumn through winter to spring in 2017, 

in March (when they were 8-9 months old), May, June (ewes only), July (rams only), August and in 

September.  



4.2.2 Animals and management 

All animal experimentation was approved (approval No AEC 1-14-02) by the Institutional Animal 

Ethics Committee of DPIRD (formerly Department of Agriculture and Food Western Australia) under 

the guidelines of the National Health and Medical Research Council’s Australian code of practice for 

the care and use of animals for scientific purposes. Animals from the Rylington Merino flock and a 

‘breech strike’ flock were used. The flocks were based on the Katanning Research Station of DPIRD, 

Western Australia, Australia (34o37’48’S, 117o40’01’E). Sheep from both flocks that were born in 

July and August in 2016 were managed as a single group in a normal production environment. From 

6 weeks after the start of lambing until weaning in November 2016, the lambs and their dams were 

pooled and run as a single management group. After weaning, males and females were separated 

into different paddocks that were approximately 500 m apart but contained similar pasture. No 

sheep had grazed either of these two paddocks for the four months before the experiment started. 

The stocking rate was approximately 10 sheep per hectare. Due to the unusual climate year with a 

large amount of rain in February, when it is normally dry, the males and females, at age 8-9 

months, were moved to two new paddocks so they could graze on better, natural green pasture. 

These paddocks were contaminated with several species of gastrointestinal parasites: 

Trichstrongylus sp, T. circumcincta, Chabertia sp, Oesophagostomum sp as well as Haemonchus 

contortus (for details, see Greeff et al. (2020). 

4.2.3 Measurements and sampling 

On each measurement day, for all animals, we measured faecal consistency score (FS), FEC, and 

sampled blood. Faecal samples were collected directly from the anus. Faecal worm eggs were 

counted using the McMaster technique as modified by (Whitlock 1948). Each sample was also given 

a faecal consistency score (FS) on a 1 to 5 scale, where Score 1 indicates hard pellets and Score 5 

indicates watery fluid faeces. Both of these phenotypic traits, FEC and FS, were recorded 

individually on each occasion to allow tracing of the development of diarrhoea in response to 

helminth infection as the experiment progressed. 

In addition, jugular blood was sampled from all 200 sheep and mixed with EDTA (anti-coagulant), so 

the plasma could be separated. Plasma samples were stored at –20°C until assay for antibodies 

against somatic L3 larval antigen of Haemonchus contortus which was provided by DPIRD – 

Diagnostics and Laboratory Services (DDLS) - Animal Pathology, Western Australia.  
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4.2.4 Enzyme-linked immunosorbent assay (ELISA) 

4.2.4.1 Antigen preparation 

Third-stage larvae (L3) of H. contortus were received from DPIRD Development Diagnostic 

Laboratory Services (DDLS). Somatic larval antigen was prepared according to the method provided 

by the Institute of Biodiversity, Animal Health and Comparative Medicine, University of Glasgow, 

UK. The L3 larvae were centrifuged at 3214×g for 15 min at 4oC and the pellet was then washed 

twice in phosphate-buffered saline (0.15 M NaCl, 0.02 M phosphate, pH 7.4) supplemented with 

antimicrobials (streptomycin 5,000 IU penicillin 5 mg/mL, gentamycin 50 µL of 10 mg/mL, and 

amphotericin B 0.5 mL of 250 µg/mL, SIGMA, St Louis, Missouri, USA), with centrifugation at 

3214×g for 15 min at 4oC after each wash. The larvae were rewashed with Tris buffer (2 mL 1M Tris 

HCl, pH 8.3, 1 mL of a mix 0.5 M ethylene diamine tetra-acetic acid and 0.5 M ethylene glycol(β-

aminoethylether)-N,N,N,N’-tetra-acetic acid solution, 1 mL of 0.33 M phenyl methyl sulfonyl 

fluoride and 0.1 M N-tosyl-L-phenylalanine chloromethyl ketone and 1mM pepstatin, 2 mL of 0.1M 

N-ethylmaleimide solution, SIGMA, St Louis, Missouri, USA). Again, after the wash, the preparation 

was centrifuged at 3214×g for 15 min at 4oC. The supernatant was discarded, and the pellet was 

preserved at –20oC overnight. One mL of the Tris buffer, supplemented with 1% sodium 

deoxycholate, was used to re-suspend the pellet before homogenisation (30Hz frequency for 6 min) 

with Ribolyser beads (Ref 6925-500, MP Biomedicals, 29525 Fountain Pkwy, Solon, OH 44139, USA) 

added into an Eppendorf tube with 1 mL of larval suspension. The supernatant was recovered by 

centrifugation at 13000×g for 5 min and filtered. Aliquots were stored at –20°C until use. 

4.2.4.2 Determination of anti-H. contortus antibodies by ELISA 

All antibody assays were conducted using 96-well micro-ELISA plates (Greiner Bio-One Inc., 

Kremsmünster, Austria). All reagent volumes were 100 µL and incubations were for one hour at 

room temperature with constant shaking at 600 rpm unless stated otherwise. All washes as 

indicated between steps were repeated five times with washing PBS-Tween washing solution (0.02 

M phosphate, pH 7.4, 0.5% Tween20). For the IgA, total IgG and IgG1 assays, H. contortus L3 antigen 

was used at 5 µg/mL in 0.05M carbonate-bicarbonate buffer pH 9.6 (SIGMA #C3041, St Louis, 

Missouri, USA) and wells incubation overnight at 4°C without shaking. The antigen solution was 

discarded and free binding sites blocked with blocking buffer (10% of bovine serum albumin 

(SIGMA, Lab#A9418, St Louis, Missouri, USA) in PBS-Tween). After incubation, the blocking buffer 

was discarded and plates washed with PBS-Tween solution. Duplicate plasma samples were diluted 

1:10 for IgA, 1:50 for total IgG and IgG1, in PBS-Tween and added to each well and incubated. After 

incubation and discarding the plasma solution, plates were washed. For the IgA assay, rabbit anti-
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ovine IgA-HRP (Cat No. AHP949P, AbD Serotec, Oxford, UK) was diluted 1:50 000 in PBS Tween, for 

the total IgG assay monoclonal anti-goat/sheep IgG-Peroxidase Clone GT-34 (SIGMA#CA9452, St. 

Louis, Missouri, USA) was diluted 1:50 000 in PBS Tween, for the IgG1 assay, mouse anti-sheep IgG1 

monoclonal antibody (Clone MCM1, courtesy of the CSIRO Armidale Laboratory, Armidale, NSW, 

Australia) was diluted 1:100 in PBS Tween and 100 µL added to each well and incubation at 37°C for 

1 hour with constant shaking at 600 rpm. For the IgA assay, after incubation and washing the plates 

six times, 100 µL of HRP substrate (Tetramethylbenzidine, Prod. No. ESKE1000, Lot No. 150815, 

TMB ELISA System) was added to each well and incubated at room temperature for 10 min and the 

colour development stopped by the addition of 100 µL ml of 0.5 M H2SO4. 

For the total IgG and IgG1 assays, after incubation with unlabelled secondary antibody, plates were 

washed again and then incubated with sheep anti-mouse immunoglobulins/ HRP conjugate (Cat. 

No. AP326P, Catch No. C107C, gamma and light-chain specific, Chemicon, Australia) diluted 1:1500 

in PBS Tween. After washing the plates six times, 100 µL of HRP substrate (Tetramethylbenzidine, 

Prod. No. ESKE1000, Lot No. 150815, TMB ELISA System) was added into each well and incubated at 

room temperature for 5 min before stopping the colour development with 100 µL of 0.5 M H2SO4 

into each well. 

Colour development was measured as optical density (OD) at 450 nm with a microplate absorbance 

reader (MultiScan Ascent). The positive reference controls were obtained as follow: for the IgA 

assay, 40 plasma samples were diluted 1:5, 1:10, 1:20 and 1: 40 and tested as described above. 

Similarly, for the IgG and IgG1 assays, 40 plasma samples were diluted 1:5, 1:25, 1:50 and 1: 100. 

The highest antibody activities among those 40 plasma samples from each assay was included in 

each plate as the positive reference control (reference sample = 100%) in every assay. A negative 

control (plasma sample replaced by PBS-Tween) was included as a blank in each plate. The blank 

absorbance value was subtracted from all tested samples OD value to correct for non-specific 

binding. The activities of IgA, total IgG and IgG1 were expressed as the percentage of the OD of 

positive control plasma using the following formula (González-Garduño et al. 2017): 

% OD = [(OD mean of the tested plasma sample – OD negative control)/(OD mean 

of the positive control plasma – OD mean negative control)] × 100 

For the IgE assay, 80% of saturated NH4SO4 were mixed with plasma samples at 1:1 in 96 deep well 

dilution plates followed by shaking the plate for 15 min and then incubation at 4°C overnight. After 

incubation overnight, the plate was centrifuged at 1500xg for 30 min at 4°C and the supernatants 

collected for testing. ELISA micro plates (Greiner Bio-One Inc., Kremsmünster, Austria) were coated 
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with H. contortus L3 antigen, incubated and blocked with blocking buffer as describe in IgA assay 

above. The collected supernatants were diluted 1:30 in PBS Tween and pipetted 100 µL in each well 

in duplicate and incubation with 600 rpm constant shaking at 37°C for 1 hour. Plates were then 

washed five time with PBS Tween after incubation. One hundred µL of mouse anti-sheep IgE 

monoclonal antibody (2FI, obtained from the CSIRO Armidale Laboratory, Armidale, NSW, Australia) 

diluted 1:200 in PBS Tween, was pipetted to each well. Then incubation plates at 37°C for 1 hour 

with constant shaking at 600 rpm. After incubation and washing the plate five times with PBS 

Tween, 100 µL of sheep anti-mouse immunoglobulins/ HRP conjugate (Cat. No. AP326P, Catch No. 

C107C, gamma and light-chain specific, Chemicon, Australia) was diluted 1:1,500 in PBS Tween and 

added to each well before incubation at 37°C for 1 hour with 600 rpm constant shaking. The plate 

was washed six times after incubation and then 100 µL of HRP substrate (Tetramethylbenzidine, 

Prod. No. ESKE1000, Lot No. 150815, TMB ELISA System) was added to each well and incubation at 

room temperature for 15 min, followed by the addition of 100 mL of stop solution (0.5 M H2SO4). 

Plates were read with a microplate absorbance reader (MultiScan Ascent) at 450 nm and an 

absorbance optical density (OD) were recorded. The positive reference control was obtained from 

the assays as described in IgA assay. Highest IgE activity among 40 samples that were diluted 1:10, 

1:20, 1:30 and 1:60 and was used as positive reference control (reference 100%) and included in 

each plate in every assay. A negative control (plasma sample replaced by PBS-Tween) was included 

as a blank in each plate. A blank absorbance was subtracted from all tested samples to correct for 

non-specific binding. The activities of IgE were expressed as the percentage of the OD of positive 

control plasma as described above in the IgA assay. 

4.2.5 Statistical analysis 

The distributions of the data for IgA, IgE, total IgG, IgG1 and FEC were skewed so log 

transformations were used in an attempt to normalise the residuals. The raw data and the 

transformed data were both analysed using R version i386 (3.6.1) to evaluate the relationships 

between antibody activities and the observed FEC and FS scores (R 2019). The experimental design 

was factorial, so genetic groups (HH, HL, LH and LL) and their interaction with sex (males and 

females) and month of measurement (5 times) were fitted as fixed effects. Animal was fitted as a 

random effect. The final model comprised only statistically significant factors. Differences among 

sampling time points were detected using the Tukey test - ANOVA analysis. Values for mean %OD 

immunoglobulin activities were back-transformed for presentation. 

 

 



68 
 

4.3 Results 

Summary data for FEC, FS and immunoglobulins are presented in Table 3. Back-transformed means 

for FEC are shown in Figure 4a. The differences between males and females were significant (P < 

0.05). At the start of the experiment, the females shed approximately 60% of the number of worm 

eggs seen in the males. This difference reversed in May and, from June through to September, the 

difference increased dramatically, with the values in the females ending up 2-fold higher than the 

values in the males in August and September. The decline in FEC from May to June is most likely 

due to the low rainfall during that period, resulting in lower larval intake, and the development of 

immunity against the parasites before the larval challenge following the higher rainfall in July. 

Steady increases in FEC were observed from June/July right through to the end of the experiment in 

September. Figure 5a shows that the FEC was greater (P < 0.001) in the worm-susceptible groups 

(HH and LH) than in the worm-resistant groups (HL and LL) for all months of measurement. 

Table 3. Summary data for faecal worm-egg count (FEC), faecal consistency score (FS) and the concentrations 

of immunoglobulins (IgA, IgE, total IgG, IgG1) in Merino sheep grazing pasture from autumn through to spring 

in 2017. Values are combined for 100 males plus 100 females, and combined for all months. 

Variable Unit Minimum Maximum Mean SD 

FEC  Eggs/gram  0 3520 253 188 

FS  Score (1-5) 1 5 3 0.75 

Immunoglobulins IgA %OD of positive control 0.60 102 25 15 

 IgE %OD of positive control 0.95 108 26 31 

 Total IgG %OD of positive control 1.8 102 72 19 

 IgG1 %OD of positive control 0.20 109 35 44 

 

Figure 4b shows the trend over time in FS for males and females. There were significant changes as 

the experiment progressed from autumn through to spring (P < 0.01). For both sexes, FS increased 

in July, decreased in August and then increased again in September. Significant differences (P < 

0.05) were found between males and females, with the females having higher scores than the 

males in every month of measurement. The highest values were observed in June/July, probably 

because high FS at this time is the result of two mechanisms –increased larval ingestion and the 

high water content of the lush pastures. The high FS groups (HH and HL) had a greater FS values (P 

< 0.05) than the low FS groups (LH and LL) at every time point (Figure 5b). 
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4a 

 
4b 

 
Figure 4. Back-transformed faecal worm egg counts (FEC; a) and faecal consistency scores (FS; b) during the 

transition from autumn through winter to spring, showing the differences between males and females. 
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Figure 5. Back-transformed means (± SEM) of faecal worm egg count (FEC; a) and faecal consistency score 

(FS; b) of the four genotypes during the transition from autumn through winter to spring. Data were 

combined for males and females.  HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  

LL: low FS and low FEC. 

Back-transformed means of OD (as % of positive control) for circulating activities of antibodies 

against H. contortus L3 larval antigen, for all sampling times, are shown in Figure 6 to 13. For all four 

types of immunoglobulin activities, except for IgA, were initially low in March and then increased to 

reach maximum levels in September (P < 0.001 for all immunoglobulin types). The patterns of 

change in antibody concentrations during the transition from autumn to spring varied widely 

among the types of immunoglobulin. For example, total IgG activity was always greater than the 

activities of the other immunoglobulins, and the increase with time (from 60%OD to 80%OD, about 

a 30% increase) was much smaller than that seen in IgA activity (an increase of about 3-fold). For 

IgE activity, the month-by-month increase (about 4-fold) was robust and linear. Similarly, IgG1 

activity increased about 2-fold. 

0

100

200

300

400

500

600

700

800

900

1000

March May June/July August September

FE
C

 (
ep

g)

5a

c
b b

a
a

cc

b

a

c
c

b

a

0

1

2

3

4

5

March May June/July August September

FS

5b

b
b

b

ab

abab ba
a a

a
a

b
a

baa

a
b

a

a 

b 

 c 

a 

b b 

a 



71 
 

Sex of lamb significantly affected total IgG activity, with the values being higher in females than in 

males in March and May (P < 0.01). However, the seasonal changes in IgG activity were similar for 

males and females (Figure 10). Males and females did not differ significantly for IgA (P = 0.262), IgE 

(P = 0.076) or IgG1 (P = 0.558). 

The plasma concentrations of IgE (Figure 9) and IgG1 (Figure 13) were higher in the HL group than in 

any other groups in May, June/July, August and in September (P < 0.01 for both antibodies), 

whereas the plasma concentrations of IgA (Figure 7) were lower for the LL group than in any other 

groups in August and September (P < 0.05). The plasma concentrations of total IgG did not differ 

among genotypic groups for all sampling time points (Figure 11).  

 

Figure 6. Changes in plasma activities of immunoglobulins A against H. contortus L3 larvae in male and 

female sheep during the transition from autumn through winter to spring. Values are back-transformed 

means (± SEM) expressed as optical density (OD) as a percentage of positive control.  
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Figure 7. Back-transformed means (± SEM) of plasma activities of immunoglobulins A against H. contortus L3 

larvae of the four genotypes during the transition from autumn through winter to spring. Data were 

combined for males and females.    HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  

LL: low FS and low FEC. 

 

Figure 8. Changes in plasma activities of immunoglobulins E against H. contortus L3 larvae in male and 

female sheep during the transition from autumn through winter to spring. Values are back-transformed 

means (± SEM) expressed as optical density (OD) as a percentage of positive control. 
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Figure 9. Back-transformed means (± SEM) of plasma activities of immunoglobulins E against H. contortus L3 

larvae of the four genotypes during the transition from autumn through winter to spring. Data were 

combined for males and females.     HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  

LL: low FS and low FEC. 

 

 

Figure 10. Changes in plasma activities of immunoglobulins G against H. contortus L3 larvae in male and 

female sheep during the transition from autumn through winter to spring. Values are back-transformed 

means (± SEM) expressed as optical density (OD) as a percentage of positive control.  
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Figure 11. Back-transformed means (± SEM) of plasma activities of immunoglobulins G against H. contortus L3 

larvae of the four genotypes during the transition from autumn through winter to spring. Data were 

combined for males and females.    HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  

LL: low FS and low FEC. 

 

 

Figure 12. Changes in plasma activities of immunoglobulins G1 against H. contortus L3 larvae in male and 

female sheep during the transition from autumn through winter to spring. Values are back-transformed 

means (± SEM) expressed as optical density (OD) as a percentage of positive control.  
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Figure 13. Back-transformed means (± SEM) of plasma activities of immunoglobulins G1 against H. contortus 

L3 larvae of the four genotypes during the transition from autumn through winter to spring. Data were 

combined for males and females.    HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  

LL: low FS and low FEC. 

The relationships between observed FEC, FS and antibody activities, for each month of 

measurement, are shown in Table 4. Note that, except for FS, all relationships were analysed using 

log-transformed data. For IgA concentration, we observed negatively related to FEC in March and 

September, but not related to FS. The concentration of IgE was negatively related to FS in August 

and with FEC in June and August. For total IgG, we observed positively related to FS in September 

but no significant relationship with FEC in any month. The concentration of IgG1 was negatively 

related to FEC in August and September, and positively related to FS in September. 
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Table 4. Correlation coefficients between the activities of IgA, IgE, IgG and IgG1 and faecal worm-egg count 

(FEC) and faecal consistency score (FS) for each month of measurement. Note that, except for FS, all 

correlations were analysed using log-transformed data. Significant relationships are presented in bold type. * 

P < 0.05; ** P < 0.01; *** P < 0.001. 

Trait 

log(FEC)  FS 

Correlation 
coefficient  

R2 b SE  Correlation 
coefficient  

R2 b SE 

log(IgA) March     -0.348*** 0.121 0.343 0.076    -0.196 0.038 -0.121 0.050 

 
May      0.045 0.002 0.041 0.072    -0.002 0.000 -0.001 0.046 

 
June/July     -0.063 0.004 -0.060 0.129     0.144 0.021 0.053 0.050 

 
August      0.093 0.009 0.068 0.061     0.052 0.003 0.027 0.043 

  September     -0.237** 0.056 0.134 0.045    -0.004 0.000 -0.002 0.038 

log(IgE) March    -0.070 0.005 -0.058 0.068    -0.008 0.000 -0.004 0.043 

 
May    -0.102 0.010 -0.071 0.055     0.115 0.013 0.051 0.035 

 
June/July    -0.304* 0.093 -0.130 0.055     0.113 0.013 0.019 0.023 

 
August    -0.399*** 0.160 -0.446 0.086     -0.279*** 0.078 -0.219 0.063 

  September   -0.105 0.011 -0.044 0.034     0.053 0.003 0.018 0.028 

log(IgG) March   -0.083 0.007 -0.036 0.035     0.095 0.009 0.026 0.022 

 
May   -0.012 0.000 -0.005 0.034     0.071 0.005 0.020 0.022 

 
June/July    0.161 0.026 0.140 0.117     0.126 0.016 0.043 0.046 

 
August   -0.101 0.010 -0.019 0.016     0.081 0.007 0.011 0.011 

  September   -0.111 0.012 -0.017 0.012     0.267*** 0.073 0.033 0.010 

log(IgG1) March  -0.044 0.002 -0.045 0.085    -0.072 0.005 -0.047 0.054 

 
May   -0.071 0.005 -0.071 0.079     0.048 0.002 0.031 0.050 

 
June/July    0.106 0.011 0.108 0.138     0.017 0.000 0.007 0.054 

 
August  -0.264** 0.070 -0.276 0.084    -0.002 0.000 -0.001 0.061 

  September  -0.247** 0.061 -0.161 0.052      0.176* 0.031 0.094 0.043 

 

4.4 Discussion 

The aim was to elucidate the relationships between immunoglobulin activities and FS and FEC in 

Merino sheep. IgE antibody activity was negatively correlated to both FEC and FS in August. 

Therefore, our hypothesis is partially supported in that the IgE response to H. contortus L3 antigen, 

a surrogate for scour worm antigen, is associated with the development of diarrhoea in winter in 

Merino sheep. 

There were significant sex and month interactions for the total IgG response to H. contortus L3 

antigen. The ewes and rams were kept on different paddocks, so paddock and sex effects are 

confounded and either could have contributed to the interaction. With respect to month, 

immunoglobulin concentrations and FEC values both tended to increase from autumn through to 

spring, perhaps because the unusually high rainfall in 2017, the year of this study, resulted in lush 
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pasture from March right through to the end of the experiment in September (Greeff et al. 2020). 

The steady increase in antibody concentrations might reflect a steady increase in exposure of the 

grazing sheep to larvae. 

In addition to the sequence of immune responses during the transition from autumn through 

winter to spring, the present study revealed differences in immunocompetence between resistant 

and susceptible sheep. The four genotype groups did differ in the concentrations of IgA, IgE and 

IgG1. These observations suggest that the degree of immune response to the worm infection by 

antibody activities does differ, perhaps explaining variation in the genetic resistance to helminths.  

The IgE response by Th2 cells initiates several biological processes, including the production of 

eosinophils, mast cells and goblet cells (Kidd 2003). After activation, these immune cells release 

various cytokines that can be toxic to helminths and also cause inflammation in the gut-associated 

lymphoid system, such that helminth infection results in decreased absorption of water and 

electrolytes. It is known that, in general, host defence against helminths is associated with the 

production of IgE, that IgE is involved in allergic and hypersensitivity reactions, and that these 

responses contribute to diarrhoea (Meeusen 1999; Erb 2007). We found IgE concentration to be 

negatively related to FEC in June and in August, consistent with observations in a previous study of 

the Rylington flock (Zhao et al. (2019). In addition, Murphy et al. (2010) studied IgE activity against 

T. circumcincta tropomyosin, a highly conserved antigenic protein, and found a negative correlation 

with FEC. Therefore, our observations are consistent with helminth infection eliciting an allergic or 

hypersensitivity reaction, leading to fluid faeces or diarrhoea. 

Interestingly, a negative relationship between the concentration of IgA against the common worm 

antigen and FEC was observed in March and in September. Similarly, in naturally infected Scottish 

Blackface sheep, a negative correlation has been reported between FEC and IgA titres to antigen of 

L4 larvae of T. circumcincta (Strain et al. 2002). That study also reported that IgA titres were 

strongly associated with shorter adult nematodes. Immunoglobulin A is a significant antibody that 

is produced locally at mucosal surfaces (gut-associated lymphoid tissue) and secreted directly into 

the blood. In sheep, serum IgA is mainly derived from the intestine and the concentration is highly 

correlated with mucosal IgA concentration (Halliday et al. 2007; Aboshady et al. 2020), so we are 

confident of the value of measurements in blood plasma, and did not see extra value in assessment 

of intestinal mucosa. Following the ingestion of the larvae and their development to adult worms in 

sheep gastrointestinal tract, the host may increase the immune response to helminth invasions by 

inducing the production of antibodies against the infection. The present study shows the dramatic 

changes in the correlation between IgA activity and FEC during the experiment. Immunoglobulin A 
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activity (Figure 6) declined from intermediate values in March to a nadir in May, before significantly 

increasing to a peak in September (P < 0.01). This profile may be due to the unusual large rainfall 

event that occurred in February (Greeff et al. 2020) that resulted in lush pasture, with large, moist, 

green biomass, in March leading to ingestion of large numbers of L3. Once ingested, the larvae 

would have entered the gut, stimulating the host to start IgA production to arrest worm growth 

and fecundity (Stear et al. 2004). The heavy rainfall in July 2017, typical of this environment, would 

have led to highly contaminated pasture and consequently to ingestion of large numbers L3 in 

August. Consequently, IgA production increased from August to September to again suppress worm 

numbers. The negative trend between IgA and FEC also indicates an increased immune response to 

worm antigen in both March and September. 

Total IgG activity was not related to FEC, but was positively related to FS in September, whereas 

IgG1 activity was negatively related to FEC in August and September, and positively related to FS in 

September. These observations are consistent with those in two other studies: i) Gill et al. (1993) 

found a negative correlation between FEC and serum anti-H. contortus IgG1 in Merino sheep; ii) 

Douch et al. (1995) observed an association between low FEC and the concentration of IgG1 against 

T. colubriformis L3 antigen in Romney sheep. It is thus clear that IgG1 levels are elevated by worm 

burden, as expressed in FEC, probably reflecting the host’s response mechanisms, including the role 

of IgG1, to helminth challenge. 

In experimentally infected rodents, IgG and IgE play critical roles in accelerating the expulsion of 

Strongyloides venezuelensis (Matsumoto et al. (2013). Both IgE and IgG bind to high-affinity 

receptors on mast cells and initiate degranulation (Tkaczyk et al. (2001 ). Moreover, mast cells 

contribute to the induction of IgE during inflammation and consequently contribute to 

hypersensitivity reaction and diarrhoea. Therefore, our observation of elevated blood 

concentrations of IgG and IgG1 in sheep indicates inflammation in the gastrointestinal tract and an 

association with the development of diarrhoea. 

On the other hand, faecal consistency scores (FS) have been investigated as a possible indirect 

indicator trait for breeding for resistance to diarrhoea (Greeff et al. 2014). In the present study, we 

found no significant relationship between FS and IgA concentration during the experimental period, 

but there was a negative relationship between FS and IgE concentrations in August. This 

observation contrasts with that of Zhao et al. (2019) who reported a positive correlation between 

FS and both IgA and IgE against T. circumcincta L3 antigen in Rylington Merino sheep. The host 

would be expected to respond to worm antigens by increasing the production of IgE so as to 

sensitise mast cells that will degranulate and release vasoactive molecules to stimulate smooth 
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muscle contraction and increase in vascular permeability, leading to detachment of worms from 

the intestinal wall and to diarrhoea (Tizard 2009). In other words, a large IgE response may be part 

of the worm expulsion mechanism, through the development of diarrhoea (IgA does not seem to 

be involved in this process). Moreover, the positive relationships between FS and total IgG (R = 

0.267; P < 0.001) and IgG1 (R = 0.176; P < 0.05) activities that we observed in September suggest 

that sheep with high circulating concentrations of IgG and IgG1 are more prone to diarrhoea. 

Our observations in Merino sheep have revealed interesting relationships between FEC and FS and 

the plasma concentrations of IgA, IgE, total IgG and IgG1, and suggest that measurements of 

antibodies at certain times of year could be used to improve breeding for resistance to diarrhoea. 

Of particular interest is the low-moderate strength, negative relationship between FS and IgE 

concentration in August because it suggests that August is the best time for measuring plasma IgE if 

it is to become a trait in breeding for low FEC and FS. Importantly, Greeff et al. (2020) also 

suggested that August is the best time to measure FEC for genetic selection in the winter rainfall 

regions of Western Australia. 

4.5 Conclusion 

There were clear associations between both FEC and FS and circulating IgE and IgG1 activities 

against a common worm larval antigen, but it is important to note that they were limited to 

sampling dates associated with rainfall. These observations are a first step towards elucidating the 

physiological and pathological links between FEC, diarrhoea and the immune system, and might be 

useful for defining measures of immune function that could be used to develop new traits for 

selection. One possibility is that circulating concentrations of IgE and IgG1, probably best measured 

in August, could be combined with FEC and FS in the breeding of sheep that are resistant to both 

worm infection and diarrhoea. 
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Abstract 

Context 

The extreme genotypes of Merino sheep in the ‘Rylington’ flock and ‘breech-strike’ flock, can be classified on 

the basis of their estimated breeding value, as clearly genetically resistant or susceptible to gastrointestinal 

helminths as well as genetically prone or not prone to the development of diarrhoea. However, selection for 

worm resistance in the ‘Rylington’ flock has increased the incidence of diarrhoea. It has long been known that 

development of diarrhoea in helminth-infected sheep is caused by the immune mechanisms that promote 

worm expulsion, thus leading to watery faeces and diarrhoea. To resolve this situation, we need to 

investigate the relationships between components of the immune system, worm resistance and diarrhoea so 

we can determine whether there is an optimum immune system profile that allows sheep to be 

simultaneously resistant to worms and to the development of diarrhoea. 

Aims 

The study aims to elucidate the relationships between the two phenotypic traits, faecal worm-egg counts 

(FEC) and faecal consistency score (FS), and the plasma concentrations of pro-inflammatory cytokines (IL-1β, 

IL-6, IL-8, TNF-α) in adult Merino sheep. 

Methods 

For each of four genotype groups (HH, HL, LH and LL), 25 male and 25 female lambs (age 8 - 9 months) were 

selected on the basis of their estimated breeding values (EBV) for high or low FS (H or L) and for high or low 

FEC (H or L) from the Rylington and breech strike selection flocks. From autumn through winter to spring 

(March, May, June (ewes only), July (rams only), August and September) in 2017, as they grazed natural 

mailto:Graeme.Martin@uwa.edu.au
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pastures and became infected with gastrointestinal helminths, they were scored for FS and FEC and their 

blood was sampled. Enzyme-linked immunosorbent assays (ELISAs) were used to measure the plasma 

concentrations of IL-1β, IL-6, IL-8 and TNF-α, and to reveal seasonal changes and responses to worm 

infection. Relationships among the variables were assessed by regression analysis. 

Key results 

The changes in concentration with time were highly variable and differed among the cytokines. For IL-1β and 

IL-6, concentrations were low in March and then increased with time to reach maximum values at the end of 

the study, in September (P < 0.001). For TNF-α, we observed a small decrease in concentration from March to 

May, then a substantial increase to maximum values in June/July, a decrease in August, and finally another 

small increase in September (P < 0.05). For IL-1β and IL-6, we observed low concentrations in March, followed 

by an increase (P < 0.001 for both cytokines) to maximum values in September (P < 0.001 for both cytokines). 

The concentration of IL-1β was positively related to FS in August (R = 0.179; P < 0.05) and with FEC in May (R 

= 0.229; P < 0.01). The concentration of IL-6 was positively related to FEC in May (R = 0.209; P < 0.01), but was 

not related to FS at any time. The concentration of TNF-α was negatively related to FEC in June/July (R = -

0.262; P < 0.01) and August (R = -0.199; P < 0.01), and with FS in March (R = -0.231; P < 0.01) and August (R = -

0.280; P < 0.001). The concentration of IL-8 did not change throughout the experiment, and was not 

significantly related to either FEC or FS on any sampling date. 

Conclusion 

Circulating concentrations of two pro-inflammatory cytokines, IL-1β and TNF-α, are strongly related to FEC 

and FS in grazing Merino sheep, and the most robust relationships were observed in August (late winter). 

Implications 

Measurement of the plasma concentrations of IL-1β and TNF-α could be combined with FEC and FS to select 

against diarrhoea and for low FEC in these flocks. The best time to make cytokine measurements in a 

Mediterranean environment is late winter (August). 

Key words; Diarrhoea, phenotypic traits, pro-inflammatory cytokines 

 

5.1 Introduction 

The establishment of the Rylington flock and a ‘breech strike’ flock in the search for a sustainable 

long-term solution to the helminth-diarrhoea-problem in Merino sheep has been a most effective 

strategy (Karlsson & Greeff 2006; Greeff et al. 2014). Sheep that are resistant to worm infection can 

inhibit the establishment of larvae in the gut and have low numbers of worm eggs in their faeces 

(faecal egg count; FEC), and, theoretically, low incidence of diarrhoea (assessed in the field by 

faecal consistency score (FS) or ‘dag score’. However, in a significant proportion of the helminth-

resistant animals, there is a high incidence of diarrhoea. This situation can probably be explained by 

the differences in the competence of sheep in their immunological and pathological processes that, 
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in some cases, is exacerbated by the selection for low FEC. The development of diarrhoea in 

infected sheep is related to immune mechanisms, both innate and acquired, that are responsible 

for worm expulsion by the production of watery faeces and thus diarrhoea. It has been reported 

that acquired immunity to helminths in sheep evolves after exposure to infective larvae on pasture 

at 6-12 months of age (Stear et al. 1996). Activated dendritic cells and macrophages, after 

confronting a foreign antigen, migrate to the local lymph nodes via afferent lymph vessels where 

they act as antigen-presenting cells (APCs), displaying the antigens to T cell receptors via major 

histocompatibility complex (MHC) class I or II carrier molecules. The T cells then differentiate into 

cytotoxic T cells, helper T cells (Th) and regulatory T cells (Treg) that initiate the acquired immune 

response (Tizard 2009; McRae et al. 2015). They lead the fight against infection by producing 

essential signalling cytokines that activate the maturation of B cells, cytotoxic T cells and 

macrophages. The Th cells are classified into various subtypes (eg, Th1, Th2, Th17) according to the 

cytokines they produce (Shakya et al. 2009). The Th1 cell cytokines include the interleukins (IL-1β, 

IL-2), tumour necrosis factor- α (TNF-α) and interferon-gamma (INF-γ). The Th2 cytokines include 

the other interleukins (IL-4; IL-5; IL-10; IL-13;(Finkelman et al. 1991) and the Th17 cytokines include 

IL-17 and IL-22 (Finkelman et al. 1991). In sheep, Th1 and Th2 responses are thought to be most 

important for susceptibility and resistance to gastrointestinal helminths (Hassan et al. 2011). 

The cytokines from Th1 cells are associated with the survival of helminths in rodents, and with host 

susceptibility to infection (Else et al. 1994; Finkelman et al. 1994). TNF-α is a significant mediator of 

pro-inflammatory and immunological reactions, leading to cell destruction, activation of endothelial 

cells, and proliferation of T cells (Kawasaki et al. 2002). In sheep infected with T. colubriformis, gene 

expression for TNF-α is greater in resistant than in susceptible sheep (Pernthaner et al. 2005) and is 

upregulation upregulated in abomasal tissues of lambs infected with H. contortus (Jacobs et al. 

2016). Meanwhile, mRNA expression of IL-1β and IL-6 increase in sheep after infection with with T. 

colubriformis (Jie et al. 2000). IL-6 is predominantly involved in differentiation and activation of T 

cells and B cells (Titus et al. 1991). IL-1β is thought to be involved in the intestinal inflammatory 

response because high levels are observed during intestinal helminth infection (Ren & Torres 2009; 

Estrada-Reyes et al. 2017). These pro-inflammatory cytokines stimulate production of nitric oxide, 

and the synthesis of cyclooxygenase-2 (COX-2) and therefore eicosanoids, prostaglandins and 

leukotrienes. These molecules elicit major changes in the gastrointestinal function in the host 

(Tizard 2009) that, in infected sheep, eventually lead to diarrhoea. Thus, the pro-inflammatory 

cytokines act as triggers at the site of infection and are should be targeted in studies that aim to 

understand the development of diarrhoea. 
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For sheep grazing from autumn through winter to spring, we have thus far elucidated the 

relationships between FEC, FS and the plasma concentrations of antibodies against larval antigen 

(Chapter 4). In the present chapter, and those that follow, we have expanded on that work by 

following changes in the concentrations of the major Th1 cytokines as the sheep respond to 

helminth infection and develop diarrhoea. Specifically, this study tested whether the blood plasma 

concentrations of IL-1β, IL-6, IL-8 and TNF-α, are related to FEC and FS in adult Merino sheep as 

they graze from autumn through winter to spring. 

5.2 Materials and Methods 

Chapter 4 details the experimental design, experimental protocol, and trait measurements. 

5.2.1 Cytokine enzyme-linked immunosorbent assays (ELISAs) 

For assays of IL-1β, IL-6 and IL-8, we used cytokine capture antibodies (IL-1β: Mouse anti-sheep IL-

1β, MCA1658, Bio-Rad, California, United States, IL-6: Mouse anti-sheep IL-6, MCA1659, Bio-Rad, 

California, United States and IL-8: Mouse anti-sheep IL-8, MCA1660, Bio-Rad, California, United 

States). The antibodies were diluted 1:200 in 0.05M carbonate-bicarbonate buffer (Cat No. C3041, 

SIGMA, St. Louis, Missouri, USA, pH 9.6), 100 µL was added into in 96-well micro-ELISA plate 

(Greiner Bio-One Inc., Kremsmünster, Austria) that was then incubated overnight at 4oC. The plate 

was then washed five times with PBS-Tween (0.02M sodium phosphate buffer, 0.15M sodium 

chloride, 0.5% Tween20, pH 7.4) and 100 µL of blocking buffer (5% skim milk powder in PBS) was 

added into each well, followed by incubation at room temperature for 2 h. Plates were then 

washed five times and plasma samples (diluted 1:2 in PBS) and standards (IL-1β, IL-6 and IL-8 

recombinant protein, Kingfisher, London, UK) were added in duplicated (100 µL per well), followed 

incubation at room temperature for 2 h. The plates were washed five times with PBS-Tween, 

followed by the addition of 100 µL per well of diluted primary antibody (IL-1β: Rabbit anti-sheep 

polyclonal IL-1β (AHP423), Bio-Rad, 1:500, IL-6: Rabbit anti-sheep polyclonal IL-6 (AHP424), Bio-Rad, 

1:500 and IL-8: Rabbit anti-sheep polyclonal IL-8 (AHP425), Bio-Rad, 1:1 000). After incubation at 

room temperature for 2 h, the plates were washed five times with PBS-Tween before the addition 

of 100 µL of diluted secondary antibody (1:5 000 for IL-1β, 1:4 000 for IL-6 and 1:10 000 for IL-8, 

Thermofisher, Massachusetts, USA). After 1 h incubation at room temperature, the plates were 

washed six times with PBS-Tween and 100 µL of HRP substrate was added (Tetramethylbenzidine, 

Prod. No. ESKE1000, Lot No. 150815, TMB ELISA System) into each well. After incubation in the dark 

at room temperature for 5-10 min, colour development was stopped by adding 50 µL of stop 

solution (0.5 M H2SO4) to each well. 
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For TNF-α assay, ELISA microplates (Greiner Bio-One Inc., Kremsmünster, Austria) were coated with 

diluted capture antibody (Rabbit anti-bovine TNF-α (Cat No. PBOTNFAI), Thermofisher, 

Massachusetts, USA, 1:200) and then incubated at 4oC overnight. The plates were then washed five 

times with PBS-Tween before the addition of 100 µL of blocking buffer (5% skim milk powder in 

PBS) to each well. After incubation at room temperature for 2 h, the blocking buffer was discarded 

and PBS-Tween was used to wash the plate five times and wells received 100 µL of diluted plasma 

samples (1:2) and standard solution (bovine TNF-α recombinant protein, Cat No. RBOTNFAI, 

Thermofisher, Massachusetts, USA). Samples and standards were done in duplicate. After 

incubation at room temperature for 2 h, samples and standard solutions were discarded, the plates 

were washed five times with PBS-Tween, and each well received 100 µL rabbit anti-bovine TNF-α 

biotin-conjugated (Cat No. PBOTNABI, Thermofisher, Massachusetts, USA) that had been 1:250 in 

PBS. After incubation at room temperature for 2 h, the plates were washed six times and given 100 

µL diluted extravidine-peroxidase (Cat No. E2886, SIGMA, St. Louis, Missouri, USA, 1:2 000). After 

incubation at room temperature for 1 h, the plates were washed six times and then 100 µL of HRP 

substrate (Tetramethylbenzidine, Prod. No. ESKE1000, Lot No. 150815, TMB ELISA System) was 

added to each well. After incubation in the dark at room temperature for 5 min, 50 mL of stop 

solution (0.5 M H2SO4) was added to each well. 

Colour development was measured as optical density (OD) at 450 nm with a microplate absorbance 

reader (MultiScan Ascent). Background readings were subtracted from readings of the unknown 

samples and the resulting values were read against the standard curve to determine the 

concentrations of intact fusion protein. Concentrations of IL-1β, IL-6, IL-8 and TNF-α were 

expressed as pg/mL. 

5.2.2 Statistical analysis 

The data for FEC, IL-1β, IL-6, IL-8 and TNF-α were log10 transformed in an attempt to normalize the 

distributions before analysis. The raw FS data and all transformed data were analysed using R 

(version i386; 3.6.1) to evaluate the relationships between the FEC and FS and the concentrations 

of pro- cytokines (R 2019). The experimental design was factorial, so genetic groups (HH, HL, LH and 

LL) and their interaction with sex (males and females) and month of measurement (5 times) were 

fitted as fixed effects. Animal was fitted as a random effect. The final model comprised only the 

statistically significant factors. The differences among sampling times were detected using the 

Tukey test - ANOVA analysis. Values for mean concentrations were back-transformed for 

presentation. 
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5.3 Results 

Summary data for FEC, FS and cytokine concentrations are presented in Table 5. 

Table 5. Summary data for faecal worm-egg count (FEC), faecal consistency score (FS) and concentrations of 

pro-inflammatory cytokines (IL1-β, IL-6, IL8, TNF-α) in Merino sheep grazing pasture from autumn through to 

spring in 2017. IL-1β: interleukin-1β. IL-6: interleukin-6. IL8: interleukin-8. TNF-α: tumour necrosis factor-α. 

Values are combined for 100 males plus 100 females, and combined for all months. 

Variable Unit Minimum Maximum Mean SD 

FEC  Eggs/gram  0 3520 253 188 

FS  Score (1-5) 1 5 3 0.75 

Cytokines TNF-α pg/mL 1427 40388 6711 1720 

 IL1-β pg/mL 17 462 208 129 

 IL-6 pg/mL 167 3894 684 244 

 IL-8 pg/mL 25 1467 267 160 

 

The transition from autumn to spring is demonstrated for the cytokines in Figures 14, 16, 18 and 

20. The concentrations were highly variable and the patterns differed among the cytokines. For 

example, the concentrations of IL-1β increased about 4-fold (P < 0.001; Figure 14) and for IL-6 

concentrations (Figure 15), there was a robust, month-by-month, 2-fold increase (P < 0.001), 

whereas there was no significant change in the concentrations of IL-8 (Figure 16). The 

concentrations of TNF-α were much greater than those of the interleukins, and the pattern of 

change was non-directional (Figure 17), with a small decrease from March to May (P = 0.046), 

followed by a major increase to maximum values in June/July (P = 0.02), a decrease in August (P = 

0.02), and finally another increase in September (P < 0.05).  

The seasonal changes in the concentration for all cytokines were similar for male and females for all 

observed traits. There was no difference between males and females in the plasma concentrations 

for IL-1β (P= 0.456), IL-6 (P = 0.244), IL-8 (P = 0.940) and TNF-α (P = 0.389) during the experimental 

period. 

The plasma concentrations of IL-1β were higher in the HL group than in any other genotypic group 

in June/July, August and in September (P < 0.05; Figure 18). The observation was also found the 

concentrations of TNF-α were lower for the HL group and higher for LL group, compared to the 

other genotypic groups in March, May, June/July, August (P < 0.01) and in September (P < 0.05; 

Figure 21). The concentrations of IL-6 (Figure 19) and IL-8 (Figure 20) did not differ among groups.  
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Figure 14. Changes in the plasma concentrations of interleukins IL-1β during the transition from autumn 

through winter to spring. Values are back-transformed means (± SEM) for males and females. 

 

 

Figure 15. Changes in the plasma concentrations of interleukins IL-6 during the transition from autumn 

through winter to spring. Values are back-transformed means (± SEM) for males and females. 
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Figure 16. Changes in the plasma concentrations of interleukin IL-8 during the transition from autumn 

through winter to spring. Values are back-transformed means (± SEM) for males and females. 

 

Figure 17. Changes in the plasma concentrations of tumour necrosis factor- α (TNF-α) during the transition 

from autumn through winter to spring. Values are back-transformed means (± SEM) for males and females. 
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Figure 18. Back-transformed means (± SEM) of plasma cytokines of interleukin-1β (IL-1ß) for the four 

genotypes during the transition from autumn through winter to spring. Data were combined for males and 

females.    HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  LL: low FS and low FEC. 

 

 

 

Figure 19. Back-transformed means (± SEM) of plasma cytokines of interleukin-6 for the four genotypes 

during the transition from autumn through winter to spring. Data were combined for males and females.  

HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  LL: low FS and low FEC. 
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Figure 20. Back-transformed means (± SEM) of plasma cytokines of interleukin-8 (IL-8) for the four genotypes 

during the transition from autumn through winter to spring. Data were combined for males and females.  

HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  LL: low FS and low FEC. 

 

 

Figure 21. Back-transformed means (± SEM) of plasma cytokines of tumour necrosis factor–alpha (TNF-α) for 

the four genotype groups during the transition from autumn through winter to spring. Data were combined 

for males and females.   HH: high FS high FEC.  HL: high FS low FEC.  LH: low FS high FEC.  LL: low FS 

and low FEC. 

There were significant relationships between FEC, FS and the cytokine concentrations at various 
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observed at any time. The negative relationships between TNF-α concentration and FEC were 

observed in June/July and August, and FS were observed in March and August. 

Table 6. Coefficients of correlation between faecal worm-egg count (FEC) and faecal consistency score (FS) 

and the concentrations of IL-1β, IL-6, IL-8 and TNF-α and for each month of measurement. Note that, except 

for FS, all correlations were analysed using log-transformed data. Significant relationships are presented in 

bold type. * P < 0.05; ** P < 0.01; *** P < 0.001. 

Trait 

log(FEC)  FS 

Correlation 
Coefficient  

R2 b SE  Correlation 
Coefficient  

R2 b SE 

log 
(IL-1β) 

March 
0.045 0.002 0.019 0.034  -0.105 0.011 -0.028 0.021 

 
May      0.229 ** 0.052 0.107 0.035  0.034 0.001 0.009 0.019 

 
June/July -0.191 0.037 -0.109 0.079  0.171 0.029 0.037 0.030 

 
August -0.022 0.000 -0.002 0.008   0.179* 0.032 0.012 0.005 

 
Sept -0.116 0.013 -0.008 0.006   0.021 0.000 0.001 0.005 

log 
(IL-6) 

March 
0.124 0.015 0.019 0.012  -0.137 0.019 -0.013 0.008 

 
May     0.209** 0.044 0.034 0.012  0.052 0.003 0.005 0.007 

 
June/July -0.025 0.001 -0.012 0.068  -0.110 0.012 -0.020 0.026 

 
August 0.039 0.002 0.004 0.009  -0.021 0.000 -0.002 0.006 

  Sept -0.089 0.008 -0.016 0.015   0.044 0.002 0.007 0.012 
log 
(IL-8) 

March 
-0.064 0.004 -0.061 0.079  0.068 0.005 0.041 0.049 

 
May -0.014 0.000 -0.016 0.089  -0.050 0.003 -0.036 0.057 

 
June/July -0.037 0.001 -0.038 0.142  0.053 0.003 0.020 0.054 

 
August 0.050 0.003 0.045 0.077  0.069 0.005 0.043 0.053 

 
Sept 0.072 0.005 0.057 0.064   -0.049 0.002 -0.031 0.053 

log 
(TNFα) 

March 
0.019 0.000 0.012 0.052      -0.231** 0.054 -0.093 0.032 

 
May 0.056 0.003 0.035 0.049  -0.075 0.006 -0.030 0.032 

 
June/July   -0.262** 0.068 -0.153 0.080  0.104 0.011 0.023 0.031 

 
August -0.199* 0.040 -0.123 0.052      -0.280*** 0.079 -0.119 0.035 

 Sept       0.018 0.000 0.010 0.043   0.151 0.023 0.066 0.035 

 

5.4 Discussion 

The study used sheep grazing on natural pasture from which, judging by the FEC data, they ingested 

helminth larvae that would elicit immune responses. In interpreting these observations, we need to 

keep in mind the temporal sequence in the field measurements and the limitations of field studies 

where relevant factors can be uncontrolled and perhaps not even identified. Importantly, there was 

an unusual rainfall pattern, with a heavy fall in February that resulted in lush green pasture in 

March (as described in Chapter 3). The sheep might have been exposed to gastrointestinal 
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helminths in March, in contrast to the ‘normal’ winter infection. Indeed, in March, there was a 

relationship between FS and TNF-α concentrations, indicating a helminth infection caused by the 

summer rainfall event, although the correlation was weak so some other immune challenge could 

have been responsible other factors could have contributed. Importantly, no other immune 

responses were triggered at this time, so the observations in March could be artefact. In any case, it 

is important to focus on winter, the normal season for worm infections in this environment, and 

where our data show that all of the components of the immune system were recruited. 

There were both positive and negative relationships between FEC and FS and the concentrations of 

cytokines at various times during the transition from autumn through winter to spring, suggesting 

that some cytokine measurements at certain times of year could be used to improve breeding for 

resistance to diarrhoea. Most interesting was TNF-α, for which concentrations decreased from 

March to May then increased in June/July, reaching the highest levels observed in the study. Most 

importantly, in June/July, there was also a significant relationship between diarrhoea (FS) and TNF-

α concentration. June/July seems to be critical, presumably because winter is the normal season for 

the ingestion of large numbers of larvae. By August, there was a full manifestation of immune 

responses: there were negative relationships between TNF-α concentration and both FEC and FS, 

primarily because TNF-α concentrations had declined from the June/July peak to the lowest values 

observed in the study. 

We would expect the production of TNF-α to be an early step in the immune response, leading to 

the initiation of both the innate and acquired immune responses by activating the neutrophils, 

macrophages and eosinophils, with these cells secreting a variety of soluble proteins (Tizard 2009). 

Another function of TNF-α is mediation of adhesion of neutrophils to intestinal endothelial cells, 

allowing the neutrophils to migrate into the site of inflammation and tissue damage caused by the 

worms (Kawasaki et al. 2002). Adhesion to endothelial cells also elicits neutrophil degranulation 

and the secretion of soluble mediators that kill helminth larvae (Motran et al. 2018), reducing 

worm burden, gut damage and the incidence of diarrhoea. Overall, our observations lead to the 

conclusion that the immune system of the sheep responds to helminth infection by producing TNF-

α to activate eosinophils and neutrophils that, in turn, initiate processes that inhibit the 

development of diarrhoea and lead to low FEC. Peak concentrations of TNF-α were thus observed 

at the presumed time of infection, in June/July, then the concentrations returned to normal values 

in August-September, similar to those observed in March-May, when they were not related to 

either FEC or FS. 
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The concentration of IL-8 did not change at any time during the experiment, and we detected no 

significant relationship between IL-8 concentration and FEC or FS. It is unlikely that IL-8 plays a 

major role in the immune response to helminth infection. By contrast, the concentrations of both 

IL-1β and IL-6 increased as the study progressed, especially after June/July, suggesting that 

production of these two cytokines responded to winter ingestion of larvae and were involved in 

sustained action against the infection. Of course, the temporal association of the IL-1B and IL-6 

responses with worm infection in late winter does not preclude the possibility that other infectious 

agents were involved. In May, there were strong positive relationships between FEC and IL-1β and 

IL-6 concentrations, suggesting detection of worm infection in the gut. Thereafter, FS was also 

positively related to IL-1β concentration in August, after the presumed initiation of worm infection. 

We would expect the actions of these two cytokines to be related because they are both activate 

effector cells – macrophages, mast cells and eosinophils (Cuzzocrea & Salvemini 2007) – stimulating 

them to produce nitric oxide synthase (NOS2) and cyclooxygenase-2 (COX2), leading to synthesis of 

inflammatory lipids involved in the development of diarrhoea (José Luis et al. 2019). Our 

observations agree with those of Fernández et al. (2016) who also found high concentrations of IL-

1β in lambs with diarrhoea. Moreover, Gossner et al. (2013) reported a positive correlation 

between the IL-6 and FEC in Blackface sheep immunised against T. circumcincta. We can conclude 

that the production of IL-1β and IL-6 is related to FEC and FS following the helminth infection in 

Merino sheep.  

In addition to the sequence of immune responses during the transition from autumn through 

winter to spring, the present study revealed differences in immunocompetence between resistant 

and susceptible sheep. The four genotype groups did differ in the concentrations of IL-1β and TNF-

α. For example, the extreme low FEC/FS group (LL) showed lower circulating concentrations of IL-1β 

but higher concentrations of TNF-α, than the extreme high FEC/FS group (HH). These observations 

suggest that the degree of activation of those cytokines in response to scour worm infection does 

differ, perhaps explaining variation in the genetic resistance to helminths. 

5.5 Conclusion 

Following winter infection with gastrointestinal helminths, there are clear associations between 

both FEC and FS and the circulating concentrations of cytokines. These associations help to identify 

specific immune-system processes that affect FEC and diarrhoea and, in particular, have led to a 

focus on the possibility that TNF-α plays a major role the development of diarrhoea, and that the 

possibility that production of TNF-α has been affected by selection for low FEC and low FS. It is 

certainly worth considering TNF-α concentration post infection as a factor that could be added to 
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selection for low FEC and low FS to improve health outcomes for Merino sheep grazing in a 

Mediterranean environment. 
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Abstract 

Context 

Gastro-intestinal helminths are becoming increasingly resistant to the available anthelmintics and are the 

major cause of diarrhoea in winter rainfall regions, resulting in loss of production and increased costs for 

management. The breeding of sheep that are resistant to helminths and diarrhoea can provide a 

sustainable, long-term solution for the problem. However, selection for worm resistance in Merino sheep 

has increased the incidence of diarrhoea. With a view to the development of sheep that are resistant to 

both helminths and diarrhoea, we have investigated further the immunological changes evoked by 

helminth infection so we can identify an indicator of immune function that could be used to improve 

genetic selection. 

Aims 

The overall aim was to elucidate the relationships between the key phenotypic traits (FEC and FS) and the 

numbers of circulating white blood cells (monocytes, lymphocytes, basophils, neutrophils, eosinophils) 

and the plasma concentrations of immunoglobulins and pro-inflammatory cytokines. 

Methods 

For each of four genotype groups (HH, HL, LH and LL), 25 male and 25 female lambs (age 8 - 9 months) 

were selected based on their predicted breeding value for FEC and dag at weaning age. From autumn 

through winter to spring (March, May, June/July, August and September) in 2017, as they grazed natural 

pastures and became infected with gastrointestinal helminths, they were scored for FS and FEC and their 

blood was sampled. Enzyme-linked immunosorbent assays (ELISAs) were used to measure the plasma 

mailto:Graeme.Martin@uwa.edu.au
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concentrations of pro-inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α) and immunoglobulins (IgA, IgE, 

total IgG, IgG1). Blood measurements were differential white blood cell counts (WBC). Relationships 

among the variables were assessed by regression analysis. 

Key results 

Neutrophil counts were positively related to FEC (August only), FS (June/July, August, September), the 

concentrations of IgA (August only), total IgG (September only), IgG1 (August, September), and both TNF-

α and IL-6 (August only). Lymphocyte counts were positively related to the concentrations of IgA (August 

only) and IgE (June/July, August, September), and the concentrations of both TNF-α and IL1-β (August 

only). Monocyte counts were positively related to FEC (August only) and FS (March, August, September), 

and to the concentrations of IgG1 and TNF-α (August only). Eosinophil counts were negatively related to 

FEC and FS (August only), but positively related to the concentrations of IgE, total IgG and TNF-α (August 

only). Basophil counts were positively related only to IgA concentration in August. 

Conclusions 

We conclude that the numbers of circulating eosinophils, neutrophils and monocytes are related to 

specific antibody responses and cytokine produced in response to helminth infection, and the 

development of diarrhoea. 

Implications 

Measurement of the phenotypic traits FEC, FS, and the immunological traits (i.e. the concentrations of 

plasma antibodies and pro-inflammatory cytokines) with the circulating white blood cell counts should be 

tested as a selection criterion for breeding worm-resistant Merino sheep. The best time to make these 

measurements in a Mediterranean environment is late winter (August). 

Key words: Diarrhoea, phenotypic traits, white blood cells 

 

6.1 Introduction 

In Merino sheep in the Mediterranean regions of southern Australia, gastrointestinal helminth 

infections reduce productivity and scour worm species, such as Trichostrongylus colubriformis 

and Teladorsagia circumcincta, also cause diarrhoea, leading to accumulation of faeces around 

the anus that increases the risk of flystrike (Bell et al. 2019). Breeding for helminth resistance 

offers a key opportunity to control the epidemiology of these parasites. Diarrhoea is a symptom 

of infection, so it was originally assumed that sheep that selected to be resistant to scour worms 

would be less prone to diarrhoea. However, it is apparent that this is not the case. Karlsson et 

al. (1995) reported that, in the helminth-resistant Rylington Merino flock, faecal consistency 

score (FS) was higher in the selected line than in the control line. Similarly, Douch et al. (1995), 

working with Romney sheep in New Zealand, found higher dag scores and softer faeces in 
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animals bred for worm resistance than in unselected animals. These studies suggests that 

breeding for worm resistance may in fact lead to an increase in diarrhoea. 

The impacts of helminth burden on health and productivity are regulated by genetic factors as 

well as the responses of the host’s immune system to the invaders (McRae et al. 2015). 

Infection evokes a complex of inflammatory reactions that cause damage to gastrointestinal 

tissues, leading to increases in vascular blood flow and the accumulation of immune-system 

cells to tackle the worms (Tizard 2009). These immune cells, the ‘white blood cells’, develop in 

bone marrow and then enter the bloodstream as a key component of the host’s defences 

(Nicholson 2016). Five major types of white blood cell are counted routinely in blood tests. The 

neutrophils and the monocytes (immature cells that become macrophages) are the first to 

respond at the site of infection to attack the invaders by phagocytosis as well as to promote the 

host’s acquired immune responses to foreign antigens. The eosinophils and basophils play roles 

in allergic reactions as well as combatting parasite pathogens during the later phases of the 

host’s response. Finally, the lymphocytes play a major role in pathogen recognition and in 

evoking responses in three other types of cells that are critical to the host’s defensive 

mechanisms, the natural killer cells, the T-cells and the B-cells (Tizard 2009; Nicholson 2016). 

The immune-system cells are the primary source of various soluble proteins that they produce 

when the host encounters worms. Lymphocytes are responsible for the proteins that play roles 

in both antibody-mediated and cell-mediated responses. Neutrophils and macrophages (mature 

monocytes) are thought to collaborate and secrete neutrophil-derived myeloperoxidase, 

efficiently killing worm larvae (Bonne-Annee et al. 2013). Basophils are involved in the Type I 

hypersensitivity reaction that is thought to cause diarrhoea in sheep infected with 

gastrointestinal helminths (Meeusen 1999). Eosinophils have been characterised as ‘parasite 

killers’ because of the toxic proteins they secrete (Venturiello et al. 1993; Rainbird et al. 1998). 

The resistance of sheep to helminth infection is related to their ability to develop strong 

humoral and cellular immune responses through activation of immune-system cells, and the 

antibodies and cytokines they produce in response to the detection of worm antigens. For 

example, in response to helminth antigen, IgE binds to FcƐRI, the high-affinity receptor on the 

surface of mast cells, initiating degranulation in the mast cells, releasing eicosanoids and 

histamine, as well as cytokines, that induce alteration of gastrointestinal motility and a ‘leaky 

gut’, leading to diarrhoea (Meeusen 1999; Erb 2007).  

Thus, the underlying immune mechanisms related to resistance to helminths and diarrhoea are 

complex, but worthy of investigation if we are to develop an effective breeding strategy for 
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sheep. A part of this quest is the studies in this thesis. One aspect of immune function is 

activation of white blood cells. For the same animals and genotypes used in the present 

experiment, temporal changes in white blood cell populations have recently been published and 

show major changes with season, but no major differences among the genotype groups (Figure 

22). The present chapter expands on this initial work by evaluating the relationships between 

white blood cell counts, FEC and FS and plasma concentrations of immunoglobulins and pro-

inflammatory cytokines in worm resistant and susceptible Merino sheep. 

 

 

Figure 22. White blood cell counts for the genotype groups of sheep as they grazed from autumn through 

winter to spring. Bars indicate standard error of the mean. From Greeff et al. (2020) with permission. 
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Worms are macro-pathogens so, in contrast to microbial pathogens, they are not likely to be 

susceptible to phagocytosis by immune cells. On the other hand, some white blood cells, 

especially eosinophils, can attack helminths using antibody-dependent cellular cytotoxicity 

(ADCC), a mechanism used by immune effector cells to kill target cells coated with specific 

antibodies (Huang & Appleton 2016; Aboshady et al. 2020). Therefore, eosinophil number and 

function could be related to reduction of worm burden (FEC). Also, neutrophils can participate, 

with other immune cells such macrophages (mature monocytes), in the release of substantial 

amounts of neutrophil-derived myeloperoxidase, an enzyme that can also kill helminths (Bonne-

Annee et al. 2013), thus further reducing worm burden (FEC). With respect to diarrhoea, 

basophils share many similarities with mast cells, including a high affinity for IgE and release of 

histamine, both of which contribute to Type I hypersensitivity reactions (Stone et al. 2010), 

resulting in watery faces. 

However, we do not yet know what happens with these processes, or how they might interact 

in the context of sheep that are resistant or susceptible to helminths and diarrhoea. For sheep 

grazing from autumn through winter to spring, we have thus far elucidated the relationships 

between FEC, FS and the production of antibodies (Chapter 4) and key cytokines (Chapter 5). In 

this chapter, we tested the hypothesis that white blood cell counts are positively related to 

antibody and cytokine concentrations, therefore negatively related to FEC and FS. Although the 

functional links between antibodies, cytokines and white blood cells are well established, 

quantification of the strength of the relationships is critical in the practical application of 

immune-system theory. Access to extreme genotypes from unique selection lines offers a major 

opportunity to make progress. However, it is important to remember two aspects of the 

experimental model and protocol: a) in these flocks, FEC is negatively related to FS so breeding 

for helminth resistance using FEC has led to an exacerbation of the diarrhoea problem, and the 

relationships between the immune system and FEC might therefore differ from the relationships 

between the immune system and FS in this environment;  b) the experiment began in March – 

normally a hot and dry month when pasture would carry very few worm larvae – however, in 

the year of the experiment, there was a massive unexpected rainfall event in February so the 

animals began the experiment grazing on green, moist pasture (Chapter 3). 

6.2 Materials and Methods 

The experimental design, and experimental protocol, and measurements have been detailed in 

Chapter 4. The ELISA assays for immunoglobulin activities are described in Chapter 4 and the 

ELISA assays for pro-inflammatory cytokines are described in Chapter 5. 
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6.2.1 Haematological procedures 

Details are provided by Greeff et al. (2020). A Cell-Dyn 3700 automated haematology analyser 

was used to count white blood cells (WBC). The Wright-Giemsa stain and a HEMA-TEK 

automated slide stainer were used to identify neutrophils, lymphocytes, monocytes, eosinophils 

and basophils. Stained blood was smeared on a WBC counting chamber that was placed under a 

microscope for manual counting. We counted 100 white blood cells and the abundance of each 

cell type was expressed as a percentage, and this value was then multiplied by the WBC count 

to obtain an absolute count. 

6.2.2 Statistical analysis 

The distributions of the data for concentration of all immunoglobulins and cytokines were 

skewed so log transformations were used in an attempt to normalise the residuals. Log 

transformation was also applied to the data for counts of monocytes, eosinophils, and 

basophils. The raw numbers of white blood cells, FS and FEC, and the transformed data, were 

analysed using R, version i386 (3.6.1) to evaluate the relationships between WBC count and FEC, 

FS, and antibody and cytokine concentrations, in March, May, June/July, August and in 

September (R, 2019). Differences among the genotypic groups at each time point were assessed 

by ANOVA with Tukey’s test. The experimental design was factorial, so interaction of the genetic 

groups (HH, HL, LH, LL) with sex (male, female) and month of measurement (5 times) were fitted 

as fixed effects. Animal was fitted in the model as a random effect. The final model comprised 

statistically significant factors only. 

6.3 Results 

Summary data for the FEC, FS and white blood cells are presented in Table 7.  

Table 7. Summary data for faecal worm-egg count (FEC), faecal consistency score (FS) and numbers of 

white blood cells in Merino sheep grazing pasture from autumn through to spring in 2017. Values are 

combined for 100 males plus 100 females, and combined for all months. 

Variable Unit Minimum Maximum Mean SD 

FEC  Eggs/gram  0 3520 253 188 

FS  Score (1-5) 1 5 3 0.75 

White blood cells Monocytes Count x 109/L 0.00 1.81 0.24 0.18 

 Neutrophils Count x 109/L 0.05 15.71 3.34 1.65 

 Eosinophils  Count x 109/L 0.00 3.04 0.26 0.22 

 Lymphocytes Count x 109/L 0.93 10.8 4.3 1.69 

 Basophils Count x 109/L 0.00 0.61 0.05 0.03 
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There were no significant differences among genotype groups for the counts of any of the types 

of white blood cell (Greeff et al. 2020). There were significant effects of the interaction between 

sex and month for the numbers of eosinophils, lymphocytes and neutrophils. These interactions 

may have been due to the ewes and rams were kept on different paddocks, paddock and sex 

effects are therefore confounded and could have contributed to this interaction as described by 

Greeff et al. (2020). 

We assessed the relationships between white blood cell counts and the values for FEC, FS, and 

the concentrations of immunoglobulins and cytokines, for each month of measurement. It is 

important to remember that there is a risk of Type II statistical errors with large correlation 

matrices like those in Tables 8-13. In any case, all significant relationships are indicated in the 

tables. 

As shown in Tables 8 and 9, we observed positive relationships between neutrophil counts and 

FEC (August only), FS (June/July, August, September), the concentrations of IgA (August only), 

total IgG (September only), IgG1 (August, September), and both TNF-α and IL-6 (August only). As 

presented in Tables 8 and 10, lymphocyte counts were positively related to the concentrations 

of IgA (August only) and IgE (June/July, August, September), and the concentrations of both 

TNF-α, IL1-β (August only). 

As shown in Tables 8 and 11, monocyte counts were positively related to FEC (August only) and 

FS (March, August, September), to the concentrations of IgG1 and TNF-α (August only). As 

shown in Tables 8 and 12, eosinophil counts were negatively related to FEC and FS (August 

only), but positively related to the concentrations of IgE, total IgG and TNF-α (August only). As 

shown in Table 13, basophil counts were positively related only to IgA concentration in August. 
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Table 8. Correlation coefficients between the number of neutrophils, lymphocytes, monocytes, 

eosinophils, basophils and faecal worm-egg count (FEC) and faecal consistency score (FS), for each month 

of measurement. Note that, except for FS, all relationships were analysed using log-transformed data. 

Significant relationships are presented in bold type: * P < 0.05; ** P < 0.01; *** P < 0.001. 

Variable 
  FEC    FS 

Correlation 
Coefficient 

R2 b SE 
 

Correlation 
Coefficient  

R2 b SE 

log 
(neutrophils) 

March    -0.015 0.008 -0.062 0.056   0.045 0.008 0.102 0.098 

May   -0.010 0.009 -0.074 0.045   0.047 0.014 0.178 0.147 

June/July    0.072 0.011  0.098 0.897   0.171* 0.038 0.377 0.301 

August 0.277*** 0.036   0.203 0.174   0.212** 0.044  0.461 0.174  

September   -0.089 0.021      -0.142 0.102    0.188** 0.039  0.401 0.214 

log 
(lymphocytes) 

March    -0.107 0.006 -0.139  0.210     0.111 0.005  0.124  0.137  

May   -0.025 0.002 -0.108 0.322   0.155 0.004 0.112 0.124 

June/July   -0.092 0.001 -0.067 0.411   0.171 0.004 0.108 0.101 

August   -0.063 0.007 -0.141 0.245   0.125 0.003 0.084 0.041 

September   -0.036 0.011 -0.301 0.287    0.130 0.002 0.064 0.032 

log 
(monocytes) 

March    0.003 0.009 0.027 0.057    0.236*** 0.091 0.048 0.024 

May    0.028 0.040 0.104 0.112   0.176 0.022 0.008 0.005 

June/July    0.034 0.014 0.047 0.041   0.102 0.014 0.006 0.004 

August    0.164* 0.053  0.132 0.026    0.162* 0.080   0.036 0.016  

September    0.086 0.022 0.081 0.054    0.140* 0.064  0.018 0.014 

log 
(eosinophils) 

March    -0.005 0.021 -0.040 0.025    0.030 0.024 0.004 0.002 

May   -0.061 0.042 -0.074 0.065   0.046 0.044 0.005 0.004 

June/July   -0.074 0.051 -0.089 0.054   0.096 0.051 0.007 0.006 

August   -0.208** 0.094  -0.159 0.129   -0.305*** 0.095     -0.015 0.010  

September   -0.060 0.064 -0.124 0.102    0.007 0.050 0.008 0.005 

log 
(basophils) 

March    -0.103 0.001  -0.075  0.072     0.081 0.005 0.005 0.004 

May   -0.032 0.000  -0.037  0.041    0.025 0.004 0.003 0.002 

June/July   -0.021 0.002  -0.089  0.054   -0.027 0.002 0.002 0.001 

August   -0.056 0.007  -0.159  0.185   -0.003 0.006 0.006 0.005 

September   -0.001 0.007  -0.125  0.087     0.061 0.003  0.003  0.001  
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Table 9. Correlation coefficients between the number of neutrophils, immunoglobulin activities and 

cytokine concentrations for each month of measurement. Note that all relationships were analysed using 

log-transformed data. Significant relationships are presented in bold type: * P < 0.05; *** P < 0.001. 

  
Correlation 
Coefficient 

R2 b SE   
Correlation 
Coefficient 

R2 b SE 

  log (IgA) log (IgE) 

March  0.019 0.005 0.056 0.045   -0.077 0.010 -0.425 0.318 

May  0.074 0.014 0.104 0.114   0.101 0.011 0.451 0.325 

June/July  0.122 0.021 0.224 0.121   0.021 0.044 0.758 0.501 

August  0.148* 0.042 0.492 0.233   0.160 0.026 0.511 0.231 

September -0.085 0.011 -0.089 0.054    0.009 0.031 0.594 0.352 

 log (total IgG) log (IgG1) 

March 0.110 0.074 0.301 0.321    0.010 0.008 0.041 0.051 

May 0.116 0.088 0.421 0.484   0.090 0.064 0.300 0.311 

June/July 0.112 0.085 0.321 0.301   0.160 0.077 0.352 0.341 

August 0.028 0.005 0.081 0.08   0.149* 0.091 0.421 0.314 

September 0.241*** 0.100 0.682 0.498    0.228*** 0.102 0.523 0.511 

  log (TNF-α) log (IL1-β) 

March 0.028 0.009 0.098 0.092   -0.034 0.016 -0.985 0.829 

May 0.116 0.014 0.198 0.147   0.112 0.042 1.421 0.874 

June/July 0.016 0.008 0.079 0.068   0.066 0.010 0.897 0.701 

August 0.161* 0.020 0.250 0.605   0.011 0.008 0.495 0.106 

September 0.131 0.019 0.201 0.188    0.111 0.002 0.274 0.108 

  log (IL-6) log (IL-8) 

March -0.026 0.041 -0.102 0.238    0.021 0.004 0.087 0.098 

May -0.021 0.004 -0.003 0.085   0.056 0.100 0.197 0.114 

June/July -0.084 0.017 -0.048 0.061  -0.182 0.000 -0.037 0.04 

August  0.165* 0.085 0.181 0.089  -0.080 0.002 -0.050 0.054 

September  0.065 0.015 0.036 0.393    0.055 0.007 0.059 0.062 
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Table 10. Correlation coefficients between the number of lymphocytes, immunoglobulin activities, and 

cytokine concentrations for each month of measurement. Note that, all relationships were analysed using 

log-transformed data. Significant relationships are presented in bold type: * P < 0.05. 

  Correlation 
Coefficient 

R2 b SE   Correlation 
Coefficient 

R2 b SE 

  log (IgA)   log (IgE) 

March -0.039 0.006 -0.081 0.048  0.087 0.006 0.114 0.111 

May  0.032 0.008 0.108 0.102  0.015 0.004 0.087 0.052 

June/July  0.006 0.009 0.142 0.112  0.223* 0.104 0.321 0.201 

August  0.139* 0.024 0.312 0.185  0.181* 0.078 0.221 0.108 

September -0.090 0.014 -0.181 0.174   0.163* 0.087 0.209 0.154 

  log (total IgG)   log (IgG1) 

March 0.086 0.002 0.305 0.416  0.069 0.001 0.215 0.072 

May 0.095 0.004 0.458 0.521  0.077 0.000 0.107 0.041 

June/July 0.045 0.008 0.745 0.804  0.088 0.002 0.350 0.054 

August 0.025 0.007 0.645 0.502  0.017 0.004 0.659 0.185 

September 0.010 0.009 0.888 0.741   0.040 0.006 0.825 0.087 

    log (TNF-α)     log (IL1-β) 

March -0.108 0.078 -0.214 0.208  -0.077 0.001 -0.002 0.006 

May  0.039 0.009 0.087 0.074   0.130 0.075 0.237 0.329 

June/July  0.124 0.088 0.287 0.296   0.073 0.022 0.009 0.011 

August  0.147* 0.098 0.371 0.41   0.145* 0.185 0.457 2.345 

September  0.116 0.081 0.274 0.301    0.017 0.002 0.003 0.056 

  log (IL-6)   log (IL-8) 

March  0.092 0.092 0.043 0.025   0.056 0.004 0.031 0.029 

May  0.011 0.041 0.013 0.011   0.146 0.000 0.000 0.001 

June/July  0.013 0.039 0.010 0.008   0.017 0.041 0.359 0.427 

August  0.071 0.018 0.005 0.004   0.001 0.033 0.278 0.074 

September -0.034 0.011 -0.003 0.001    0.017 0.023 0.187 0.025 
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Table 11. Correlation coefficients between the number of monocytes, immunoglobulin activities and 

cytokine concentrations, for each month of measurement. Note that, all correlations were analysed using 

log-transformed data. Significant relationships are presented in bold type: * P < 0.05. 

  Correlation 
Coefficient 

R2 b SE   Correlation 
Coefficient 

R2 b SE 

  log (IgA)   log (IgE) 

March -0.056 0.001 -0.012 0.021    0.050 0.002 0.008 0.004 

May -0.015 0.001 -0.011 0.014   0.049 0.001 0.004 0.002 

June/July -0.106 0.002 -0.024 0.026   0.008 0.001 0.003 0.001 

August  0.022 0.002 0.028 0.030  -0.017 0.003 -0.015 0.027 

September  0.020 0.003 0.036 0.021    0.002 0.002 0.007 0.003 

  log (total IgG)   log (IgG1) 

March  0.049 0.007 0.054 0.046  -0.038 0.008 -0.049 0.106 

May  0.089 0.005 0.040 0.044  -0.005 0.002 -0.027 0.108 

June/July  0.047 0.002 0.021 0.011   0.071 0.015 0.034 0.080 

August  0.009 0.014 0.087 0.065   0.151* 0.175       0.965 0.631 

September  0.006 0.020 0.104 0.141   -0.008 0.083 -0.244 0.138 

  log (TNF-α)   log (IL1-β) 

March -0.091 0.007 -0.050 0.061   -0.099 0.013 -0.091 0.085 

May -0.050 0.005 -0.008 0.007  -0.023 0.002 -0.005 0.023 

June/July  0.081 0.006 0.032 0.028  -0.001 0.017 -0.136 0.197 

August  0.168* 0.047      0.097 0.087   0.045 0.021 0.165 0.325 

September  0.085 0.007 0.012 0.011   -0.080 0.043 -0.330 0.108 

  log (IL-6)   log (IL-8) 

March  0.057 0.064 0.082 0.090   -0.001 0.070 -0.126 0.088 

May -0.043 0.007 -0.014 0.030   0.066 0.184 0.079 0.043 

June/July -0.092 0.002 -0.002 0.022  -0.065 0.085 -0.127 0.032 

August  0.088 0.017 0.024 0.031   0.001 0.077 0.126 0.024 

September -0.045 0.002 -0.005 0.023    0.026 0.033 0.063 0.256 
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Table 12. Correlation coefficients between the number of eosinophils, immunoglobulin activities and 

cytokine concentrations, for each month of measurement. Note that, all relationships were analysed 

using log-transformed data. Significant relationships are presented in bold type: * P < 0.05; ** P <0.01; 

*** P < 0.001. 

  Correlation 
Coefficient 

R2 b SE   Correlation 
Coefficient 

R2 b SE 

  log (IgA)   log (IgE) 

March  0.010 0.007 0.006 0.021    0.105 0.004 0.005 0.002 

May -0.033 0.009 -0.009 0.01   0.082 0.008 0.008 0.004 

June/July  0.021 0.002 0.002 0.011   0.012 0.030 0.021 0.011 

August -0.041 0.000 -0.003 0.056   0.358*** 0.089 0.041 0.023 

September -0.040 0.003 -0.003 0.009    0.024 0.021 0.015 0.011 

  log (total IgG)   log (IgG1) 

March  0.073 0.020 0.030 0.025   0.063 0.086 0.244 0.3 

May  0.016 0.009 0.011 0.009   0.058 0.011 0.036 0.047 

June/July  0.080 0.024 0.044 0.021  -0.026 0.002 -0.016 0.023 

August  0.148* 0.048 0.073 0.039  -0.037 0.001 -0.007 0.008 

September  0.020 0.007 0.010 0.008    0.044 0.026 0.050 0.055 

  log (TNF-α)   log (IL1-β) 

March -0.098 0.008 -0.050 0.062    0.022 0.002 0.029 0.066 

May -0.050 0.006 -0.047 0.041   0.023 0.003 0.063 0.256 

June/July  0.078 0.006 0.052 0.047   0.039 0.003 0.039 0.197 

August  0.239** 0.084 0.147 0.122  -0.073 0.005 -0.071 0.116 

September  0.049 0.005 0.032 0.029    0.093 0.002 0.034 0.042 

  log (IL-6)   log (IL-8) 

March -0.015 0.024 -0.021 0.026   -0.071 0.028 -0.061 0.078 

May -0.034 0.004 -0.009 0.029  -0.018 0.004 -0.029 0.086 

June/July  0.094 0.034 0.078 0.013   0.075 0.184 0.079 0.043 

August -0.060 0.053 -0.089 0.002  -0.125 0.085 -0.027 0.032 

September  0.059 0.009 0.002 0.006    0.031 0.077 0.036 0.024 
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Table 13. Correlation coefficients between the number of basophils, immunoglobulin activities and cytokine 

concentrations, for each month of measurement. Note that, all relationships were analysed using log-

transformed data. Significant relationships are presented in bold type: ** P < 0.01. 

                    

  Correlation 
Coefficient 

R2 b SE   Correlation 
Coefficient 

R2 b SE 

  log (IgA)   log (IgE) 

March 0.105 0.001 0.008 0.004   0.068 0.005 0.004 0.013 

May 0.072 0.021 0.041 0.024  0.084 0.003 0.002 0.001 

June/July 0.132 0.041 0.068 0.051  0.078 0.001 0.001 0.001 

August  0.224** 0.084 0.112 0.102  0.092 0.001 0.001 0.001 

September 0.079 0.027 0.048 0.028   0.019 0.004 0.003 0.001 

                                log (total IgG)   log (IgG1) 

March 0.068 0.010 0.045 0.028  -0.035 0.008 -0.006 0.002 

May 0.006 0.010 0.047 0.032  0.042 0.077 0.036 0.024 

June/July 0.166 0.020 0.084 0.047  -0.040 0.000 -0.001 0.002 

August 0.047 0.020 0.081 0.054  0.004 0.007 0.004 0.002 

September 0.111 0.033 0.101 0.08   0.019 0.005 0.002 0.002 

  log (TNF-α)   log (IL1-β) 

March -0.020 0.045 -0.025 0.025   -0.005 0.010 -0.038 0.024 

May -0.063 0.001 -0.004 0.029  0.124 0.051 0.052 0.041 

June/July -0.175 0.007 -0.014 0.030  0.148 0.065 0.074 0.047 

August -0.043 0.000 -0.002 0.022  0.008 0.009 0.021 0.020 

September  0.050 0.017 0.024 0.031   0.079 0.007 0.018 0.014 

  log (IL-6)   log (IL-8) 

March 0.009 0.003 0.039 0.197   -0.078 0.032 -0.057 0.052 

May 0.018 0.002 0.024 0.198  -0.078 0.004 -0.027 0.08 

June/July 0.148 0.035 0.108 0.112  -0.009 0.038 -0.065 0.054 

August 0.094 0.018 0.077 0.110  0.075 0.017 0.013 0.031 

September 0.009 0.016 0.166 0.394   -0.103 0.002 -0.005 0.023 

 

6.4 Discussion 

We observed both positive and negative relationships between the numbers of circulating white 

blood cells and FEC and FS, at various times during the transition from autumn through winter to 

spring. We also found that the numbers of eosinophils, neutrophils and monocytes are related to 

specific antibodies and cytokines that these cells produce in response to infection. These outcomes 

suggest that, particularly during winter, the immune system of the host responds to helminth 

infection by producing white blood cells and that these responses are associated with the 

development of diarrhoea. 



112 

 

In interpreting these observations, we need to keep in mind the temporal sequence of the 

observations and how the sampling times followed the progress of possible infection (Table 14). 

Importantly, there was an unusual rainfall pattern, with a heavy fall in February that resulted in lush 

green pasture in March (as described in Chapter 3). The sheep were thus probably exposed to the 

gastrointestinal helminths in March, which unlikely to have been the ‘normal’ worm problem. We 

also need to remember that the preferred situation is low FS (hard pellets) and low FEC. 

Table 14. An overview of the statistically significant relationships faecal worm-egg count (FEC) and faecal 

consistency score (FS) and the numbers of white blood cells (neutrophils, eosinophils, monocytes) and the 

blood plasma concentrations of their related immunoglobulins (IgA, IgE, total IgG, IgG1) and cytokines (TNF-α, 

IL-6), as observed in each month of measurement (from autumn through winter to spring). The strength of 

the relationship is indicated by the number of arrows: weak (R value between 0 and 0.3, or 0 and –0.3); 

moderate (R value between 0.3 and 0.7, or –0.3 and –0.7); strong (R value between 0.7 and 1.0, or –0.7 and -

1.0). A blank cell indicates no relationship. 

Cell type Variable March May June/July August September 

Neutrophils FEC 
     

FS 
     

IgA 
     

Total IgG 
     

IgG1 
     

TNF-α 
     

IL-6 
     

Eosinophils FEC 
     

FS 
     

IgE 
     

Total IgG 
     

TNF-α 
     

Monocytes FEC 
     

FS 
     

IgG1 
     

TNF-α 
     

 

An immune relationship with FS was first seen in March with the recruitment of monocytes 

associated with the expression of diarrhoea (FS scores 2-3; Chapter 4), indicating a helminth 

infection following the unexpected rainfall event, but perhaps also reflecting a response to some 

other immune challenge (e.g., respiratory pathogens, GIT bacteria, protozoan parasites) caused by 

that event. However, it is feasible that the pasture germination induced by the heavy rain in 

February provided good conditions for ingestion of infective larvae in March, with, the subsequent 

dry weather through to June greatly reducing the numbers of worm larvae on the pasture and 

limiting the severity of infection, explaining the brevity of the relationship between FS and 

monocyte count. However, this seems unlikely because no other immune responses were evoked 

at this time, and certainly nothing comparable with the wide variety of relationships observed in 

August, when we observed strong relationships, for both FEC and FS, and the recruitment of the 
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effector cells (neutrophils, eosinophils, monocytes) and the production of antibodies and cytokines 

linked to those cells (Table 14). The full manifestation of responses in August is consistent with 

pasture germination at the ‘break of the season’ (June; winter) leading to the ingestion of large 

numbers of larvae. We can conclude that helminth infection in winter triggers both innate and 

acquired immune responses, and that the entire system contributes to the rejection of worms by 

the host, leading to reductions in FEC in particular. 

For FEC, there was a strong negative relationship with the numbers of eosinophils and a strong 

positive relationship with the numbers of neutrophils in August, suggesting that these white blood 

cells were recruited into the bloodstream as part of the early immune response to worm infection. 

These observations agree with those of Bell et al. (2019) who also reported associations between 

the numbers of eosinophils and neutrophils and FEC in female Romney-Merino cross ewes infected 

with H. cortortus. We would expect these eosinophils and neutrophils cells to migrate to the site of 

infection in the gut where the worms develop (abomasum for Teladorsagia circumcincta; and small 

intestine for Trichostrongylus colubriformis). The neutrophils and eosinophils specialise in the 

production and secretion of biologically active molecules and toxic proteins that suppress worm 

growth and therefore reduce FEC (Stone et al. 2010; Bonne-Annee et al. 2013; McRae et al. 2015). 

Our data support these functional relationships – we saw positive (if weak) relationships between 

neutrophil counts and the concentrations of IgA, TNF-α and IL-6 in August, consistent with the idea 

that TNF-α and IL-6 both participate in the production of endothelial adhesion molecules that 

mediate adhesion of neutrophils and endothelial cells before they migrate toward the site of 

inflammation or tissue damage caused by helminth invasion  (Kawasaki et al. 2002). At the site of 

helminth infection, the Fc receptors (FcαRI; CD89) on neutrophils interact with the Fc portion of the 

specific-IgA bound to the helminths, and initiate the process of antibody-dependent cell-mediated 

cytotoxicity (Ben et al. 2019). The neutrophils degranulate and thus secrete lysosomal/granular 

content, hydrogen peroxide (H2O2) and nitric oxide (NO), causing lysis of the helminth (Woof & Kerr 

2006; Tizard 2009; Lee et al. 2011). 

Alternatively, as the most common type of white blood cell in the bloodstream, neutrophils are 

among the first immune cells to defend against pathogens (typically a Th1 response). Thus, 

alterations in neutrophil biology may be a consequence of complications from tissue trauma 

associated with diarrhoea, rather than be specifically caused by helminth infection. Further work is 

needed to determine cause and effect in this relationship. 
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For FS, we observed a positive relationship with neutrophil number from winter right through to 

spring. This relationship suggests that, as soon as the worm invasion was detected high in the gut, 

neutrophils were recruited and began to produce vasoactive molecules, cytokines (TNF-α and IL-6) 

and proteases, as part of the host allergic response (Tizard 2009; Stone et al. 2010; Bonne-Annee et 

al. 2013). In addition, it seems that the recruitment of neutrophils against gastrointestinal 

helminths, having begun in winter, develops further into spring because, in September, there were 

strong positive relationships between neutrophil count and the concentrations of total IgG and 

IgG1. These two antibodies, through their Fc portion, are crucial for activating neutrophils by 

interacting with specific Fcγ receptors (FcγRs) on the cell surface – FcɤRI (CD64) for IgG as and 

FcɤRIIIb (CD16b) for IgG1 (Stone et al. 2010; Ben et al. 2019). These cell surface receptors trigger the 

ADCC mechanism and thus enable neutrophils to degranulate this releasing the soluble molecules 

that could be effected the changes in gastrointestinal tract (Motran et al. 2018).These molecules 

would lead to rejection of worms embedded in the intestinal mucosa by stimulating smooth muscle 

contraction and increasing vascular permeability (‘leaky gut’). The outcome would be heavy 

contractions of the intestinal smooth muscles and watery faeces, leading to worm expulsion (Tizard 

2009; Chen et al. 2014). Thus, winter diarrhoea would result from an increase in the recruitment of 

white blood cells, such as neutrophils, as an immune response against worm infection. Finally, we 

have evidence of a functional link between changes in FEC as well as FS and humoral immunity (IgA, 

total IgG, IgG1), the stimulatory cytokines (TNF-α, IL-6), and the neutrophil count. 

For eosinophil number, there was a negative relationship with FEC in August. This observation is 

consistent with other studies: Woolaston and Baker (1996) who studied Merino sheep selected for 

resistance to H. contortus, although their correlation coefficient (–0.62) was greater than ours (–

0.21); in their study of sheep infected with T. circumcincta, Stear et al. (2004) found a similar 

correlation coefficient (–0.13 to –0.33); and tissue eosinophil numbers and eosinophil-potentiating 

activity are also inversely related to FEC (Bisset & Morris 1996; Douch et al. 1996). In addition, in 

August, we also observed positive relationships between eosinophil number and the concentrations 

of IgE, total IgG and TNF-α. The positive relationship with TNF-α was expected because it is involved 

in eosinophil adhesion to endothelial cells, and for activating degranulation in eosinophils. 

Eosinophils use ADCC mechanisms to attack helminths that are coated with specific IgE and IgG 

antibodies but, in this case, the toxins secreted during degranulation are basic proteins (MBP-1 and 

MBP-2), eosinophil peroxidase, eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin 

(EDN). The overall outcome is cytolysis of the helminths (Huang & Appleton 2016; Motran et al. 

2018). For eosinophil count in August, on the other hand, there was a strong negative relationship 
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with FS, in contrast with a study of sheep challenged with T. colubriformis where a non-significant 

relationship between eosinophil number and FS was observed (Shaw et al. 1998). We could also 

hypothesize that the recruitment of eosinophils at the site of infection leads to worm elimination, 

because eosinophils are toxic to helminths so can reduce the number of worms in the gut without 

causing tissue damage, leading to low diarrhoea plus low FEC. Thus, recruitment of eosinophils in 

response to helminth infection could lead to a low incidence of diarrhoea as well as a low FEC 

under the host immune mechanisms. 

It is known that monocytes (immature stages and subsequently macrophages) are the earliest 

white blood cells to arrive at the site of infection, where the macrophages migrate into local tissues 

and initiate secretion of their signalling cytokines, including TNF-α, to promote host innate and 

acquired immune responses to the invasion (Arango Duque & Descoteaux 2014). The number of 

monocytes was positively related to the concentration of IgG1 (as well as FS) in August, but the 

relationships were weak and short-lived. The Fc receptors for IgG1 (FcRn) on the cell surface of 

monocytes facilitate the ADCC mechanism that leads to the release of the pro-inflammatory 

cytokines (IL-1β, IL-6, TNF-α) that promote the changes in the gastrointestinal tract. In the present 

study, only TNF-α concentrations were both related to monocyte number, and again the 

relationship was weak and short-lived. We would expect extra macrophages to increase the supply 

of chemokines, leukotrienes and prostaglandins, significant factors in host pathophysiology in 

helminth infection, to affect the incidence of diarrhoea (Arango Duque & Descoteaux 2014), and to 

increase the supply of factors that cause lysis of the helminth, thus reducing worm burden (FEC). 

However, the weak, short-duration relationships between monocyte counts and FEC and FS (Table 

12) suggest that, compared to neutrophils and eosinophils, monocytes play a minor role in the 

immune response to worm infection. 

6.5 Conclusions 

There are clear associations between the white blood cell counts and FS and FEC, as well as the 

production of immunoglobulins and cytokines, following infection with gastrointestinal helminths. 

This study has helped elucidate the underlying immune links between FEC and diarrhoea and 

suggest that the development of diarrhoea is associated with the recruitment of neutrophils and 

eosinophils, into circulation, and with the activation of those cells to produce immunoglobulins and 

cytokines. Those processes of activation seem to have responded to selection for low FEC and low 

FS. It appears that the circulating IgE and eosinophil count could be combined with FEC and FS to 

improve the outcomes of selection for resistance to nematode infection and diarrhoea. 
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Abstract 

Context 

In grazing Merino sheep, infection with gastrointestinal helminths reduces productivity and also leads to 

severe diarrhoea, increasing the risk of flystrike. A solution is to breed sheep that are resistant to helminth 

infection by selection for low faecal worm egg count (FEC). This strategy is very effective at reducing worm 

burden but, in the low-FEC sheep, there is an increased incidence of diarrhoea as assessed by faecal 

consistency score (FS). The diarrhoea is almost certainly caused by the immune response to worm infection, 

so we investigated the relationships between worm burden in the gastrointestinal tract and components of 

the immune system. The aim was to identify measures of immune function that could be used to modify 

genetic selection, allowing the breeding of sheep that are resistant to both helminths and diarrhoea. 

Aim 

The aim was to describe the relationships between worm numbers in the gastrointestinal tract, the 

phenotypic traits that had been used for selection (FEC, FS), and the plasma concentrations of 

immunoglobulins and pro-inflammatory cytokines, and the white blood cell counts in adult Merino sheep. 

Methods 

From two flocks, one selected for low FEC and the other for low dag, 38 sheep were selected at age 14 

months on the basis of their estimated breeding values (EBV) for resistance or susceptibility to helminths 

(FEC), or resistance or susceptibility to the development of diarrhoea (dag). They could thus be allocated into 

four genotypic groups: HH, HL, LH, and LL (the first letter is for dag and the second for FEC). There were 5 

mailto:Graeme.Martin@uwa.edu.au
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males and 5 females in Groups HH, HL and LH, and 4 males and 4 females in Group LL. They were slaughtered 

in September 2017, having grazed on pasture since March. For both Teladorsagia circumcincta and 

Trichostrongylus colubriformis, third stage larvae (L3), early fourth stage larvae (EL4), developed fourth stage 

larvae (DL4), and immature and mature worms were counted. Regression analysis was used to analyse 

relationships between worm numbers and FEC measured at slaughter, FEC and FS measured throughout the 

grazing period, and blood-borne components of the immune system, also measured throughout the grazing 

period. The immune system components measured were: plasma concentrations of immunoglobulins (IgA, 

IgE, total IgG, IgG1) and pro-inflammatory cytokines IL-1β), IL-6, IL-8, TNF-α), and counts of white blood cells 

(neutrophils, lymphocytes, monocytes, eosinophils, basophils). 

Key results 

Sheep with high FEC (HH and LH) had many more worms than those with low FEC (LL and HL). The FEC value 

was positively related to the numbers of T. circumcincta in the gut, for both immature (R = 0.361; P < 0.05) 

and mature stages (R = 0.750, P < 0.001). Similarly, FEC values were positively related to the number of T. 

colubriformis at both immature (R = 0.477, P < 0.01) and mature stages (R = 0.427, P < 0.01). 

The FEC values observed at slaughter were positively related to the FEC values on the measurement day (R = 

0781, P < 0.001); number of DL4 larvae (R = 0.365, P < 0.05); number of mature worms (R = 0.487, P < 0.01); 

and overall number of worms (R = 0.358, P < 0.05). By contrast, FS was not related to any worm count in the 

gastrointestinal tract. Plasma concentrations of IgA were negatively related to the number of EL4 larvae (R = -

0.391, P < 0.01), and concentrations of IgG1 were negatively related to FEC at slaughter (R = -0.308, P < 0.05). 

Eosinophil count was negatively related to the numbers of T. colubriformis at immature (R = -0.360, P < 0.05) 

and mature stages (R = -0.316, P < 0.05), as well as the total number of mature worms (R = -0.304, P < 0.05). 

Lymphocyte count was negatively related to the numbers of L3 larvae (R = -0.344, P < 0.05), EL4 larvae (R = -

0.367, P < 0.05), total worm numbers (R = -0.370, P < 0.05), numbers of mature T. colubriformis (R = -0.329, P 

< 0.05) and the total numbers of mature worms (R = -0.338, P < 0.05). Concentrations of pro-inflammatory 

cytokines were not related worm burden. 

Conclusions 

FEC is a strong, direct indicator of worm numbers in the gastrointestinal tract, whereas FS is not. With respect 

to the immune response, worm burden was only related to the numbers of eosinophils and lymphocytes, and 

the concentration of IgA. 

Implications 

Selection based on low FEC (and perhaps low FS) should be combined with eosinophil and lymphocyte 

counts, and the concentration of IgA, following infection, in breeding programs that aim reduce the impact of 

helminths on Merino-based sheep industries. 

Key words: Diarrhoea, phenotypic traits, immune indicators, worm burden 
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7.1 Introduction 

Western Australia (WA) has a Mediterranean climate with a cold and wet winter that provides an 

optimal environment for gastrointestinal helminths. When the first rains arrive, during the 

transition from autumn to winter known as ‘break of season’, the pasture germinates and the dry 

dung pellet dissolves, allowing worms to hatch and the larvae to migrate into the growing pasture 

where they can be ingested by grazing sheep. Ingested larvae then inhabit in their preferable sites 

in the gastrointestinal tract (Bishop & Stear 2003). Once helminths enter into the gut, worm 

invasions may lead to severe diarrhoea, known as ‘scours’ in industry jargon (hence the reference 

to ‘scour worms’). Infection with these helminths, primarily Teladorsagia circumcincta and 

Trichostrongylus colubriformis in the WA environment, has major deleterious effects on the health 

and productivity, including a heightened risk of diarrhoea and therefore flystrike, causing losses in 

excess of Au$500 million pa in industries that are based on Merino sheep (Lane et al. 2015).  

The worm burden will be greater if the host presents an inadequate immune response. Normally, 

the host immune system should suppress the growth and development of worms, and promote 

worm expulsion from the gut. Worm-resistant sheep have a low incidence of diarrhoea and few 

worm eggs in their faeces, whereas worm-susceptible sheep have a less robust immune response 

and therefore, a much greater worm burden in the gut, as well as a greater incidence of diarrhoea 

and more worm eggs in the faeces. The problem is that, the numbers of worms in the gut are 

similar in high and low diarrhoea sheep (Larsen et al. (1994). Clearly, we need to investigate the 

relationships between gastrointestinal worm number and measures of immune function if we are 

to understand immune competence in the face of helminth infection, particularly in relation to the 

development of diarrhoea. 

For sheep grazing from autumn through winter to spring, we have thus far elucidated the 

relationships between FEC and FS and: the plasma concentrations of antibodies against larval 

antigen (Chapter 4); the plasma concentrations of key cytokines (Chapter 5); and the numbers of 

circulating white blood cells and plasma concentrations of antibodies and cytokines (Chapter 6). In 

these chapters, we studied Merino sheep that had been slaughtered in spring, at the end of the 

grazing experiment, presumably having consumed worm-contaminated pasture in winter. Data 

from these animals were used to assess the relationships between the phenotypic traits used for 

sheep breeding (FEC, FS), the actual numbers of worms in the gastrointestinal tract, and aspects of 

immune function. We expected the low FEC sheep (ie, worm-resistant) to have fewer larvae and 

adult worms in the gut than high FEC sheep. We also expected FEC and FS to be negatively related 



122 

 

to humoral immune mediators (antibodies), cellular immune mediators (cytokines) and 

inflammatory white blood cells. 

7.2 Materials and Methods 

7.2.1 Animal and management 

The lambs were born in July and August in 2016. After tail-docking, 6 weeks after the start of 

lambing, the lambs and their dams were pooled and run in two management groups until weaning 

in November 2016. After weaning, all lambs were faecal sampled and subsequently administered a 

broad-spectrum oral drench (Monepantel; 1 mL/10 kg body weight). Dag and FEC data were 

collected at weaning for all lambs and, along with completed pedigrees and FEC and dag data from 

previous generations, were submitted to Sheep Genetics (www.sheepgenetics.org.au), the 

Australian national genetic evaluation scheme for sheep, to estimate the ASBV of the two traits in 

these flocks. The breeding values for dag (score) and FEC (standardised to a percentage basis) were 

then used to identify the extreme high (H; BV for FEC from 0 to 100; BV for dag from 0 to 1) and low 

(L; BV for FEC from 0 to -100; BV for dag from 0 to -1) animals for both categories, and 25 males and 

25 females were selected for each treatment (HH, HL, LH, LL; the first letter refers to dag and the 

second to FEC). The 200 experimental sheep were the progeny of 167 dams and 17 sires (7 in HH; 9 

in HL; 5 in LH; 9 in LL; 9) and each sire was represented in at least two of the groups. The 

experimental design was factorial: 4 (HH, HL, LH, LL groups) x 2 (males and females). All animals 

were assessed for faecal consistency score (FS) and FEC, and had their blood sampled, on five 

occasions, from autumn through winter to spring in 2017, in March (when they were 8-9 months 

old), May, June (ewes only), July (rams only), August and in September. In September, 5 males and 

5 females in each of groups HH, HL and LH, and 4 males and 4 females in group LL, were 

slaughtered. 

7.2.2 Experimental design 

This experiment was designed as factorial: 4 (HH, HL, LH and LL genotypic groups) x 2 (males and 

females). There were 5 males and 5 females in Groups HH, HL and LH, and 4 males and 4 females in 

Group LL) and they were slaughtered at the end of the main experiment (September 2017), when 

they were 14 months old. 

7.2.3 Measurements and sampling  

The procedures for measurement of the phenotypic traits (FEC and FS) and blood sampling have 

been detailed in Chapter 3. The full details of the ELISAs for specific immunoglobulin activities are 



123 

 

provided in Chapter 4, and the ELISAs for cytokines are fully described in Chapter 5. Haematological 

procedures and assessment are described in Chapter 6. 

7.2.4 Gastrointestinal worm counts 

Immediately after slaughter, the abomasum and the small intestine (duodenum plus 10 m of ileum, 

from the proximal end) were tied off to allow collection of the full lumen contents. Each lumen was 

flushed with warm tap water and the flushings were collected and stored at 4oC until the worms 

could be counted. For the abomasum, the contents were collected, and a gentle stream of warm 

tap water was used to wash the lining of the abomasum, with the surface being rubbed gently. The 

further steps and details for the worm collection and identification have been provided in Chapter 

3. 

Note: Haemonchus contortus larvae, found in 4 of the 38 sheep, were excluded from the analysis of 

worm counts, although their hosts were retained for all other aspects of the study. The low 

numbers of H. contortus were probably due to the drench applied after weaning. 

7.2.5 Statistical analysis 

The data comprised records of 18 males and 20 females in the four genotypic groups. The 

distributions of the data for the circulating concentrations IgA, IgE, IgG, IgG1, TNF-α, IL-1β, IL-6, IL-8, 

the data for FEC, neutrophils, lymphocytes, total worm number, and EL4 worm counts were skewed 

so log transformations were used in attempt to normalise the residuals. The raw worm counts for 

each stage and category or development, as well as the log-transformed data, were analysed using 

R, version i386 (3.6.1) to evaluate the phenotypic relationships with the concentrations of 

antibodies, cytokines, white blood cell counts, FEC and FS (R, 2019). The differences among genetic 

groups were detected using one -way ANOVA (for the observed traits) using R (version i386 (3.6.1). 

Tukey test was used subsequently to determine if mean values were significantly different (P < 

0.05). The experimental design was factorial, so genetic groups (HH, HL, LH and LL) and their 

interaction with sex (males and females) were fitted as fixed effects. The final model comprised 

only statistically significant factors.  

7.3 Results 

The data for FEC, FS, immunoglobulin traits, cytokine concentrations, circulating white blood cell 

numbers and numbers of worms in the gastrointestinal tract are presented in Table 15. 

The total worm counts for each of the four genotype groups are presented in Figure 23. Sheep with 

high FEC (HH and LH) had many more worms in their tract than sheep with low FEC (LL and HL; P < 
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0.001). Similarly, as shown in Figure 24, sheep with high FEC (HH and LH) had much greater values 

for FEC at slaughter (P < 0.001) than sheep with low FEC (LL and HL). 

Table 15. Summary statistics for faecal worm-egg count (FEC), faecal consistency score (FS), concentrations of 

immunoglobulins and pro-inflammatory cytokines, numbers of white blood cells, and worm counts, and FEC 

at slaughter in 38 Merino sheep. Values are combined for 18 males and 20 females, and all genotype groups. 

Parameter Unit Minimum Maximum Mean SD 

FEC eggs/gram  0 2455 381 288 

FS score (1-5) 0 5 3.5 1.1 

Immunoglobulins      

IgA ELISA unit 11 105 46 33 

IgE ELISA unit 19 122 49 27 

Total IgG ELISA unit 45 98 81 12 

IgG1 ELISA unit 6 97 49 2790 

Cytokines      

TNF-α pg/mL 1,737 18,709 6,325 4,197 

IL-1β pg/mL 358 455 421 32 

IL-6 pg/mL 794 1,769 1,110 252 

IL-8 pg/mL 40 746 207 199 

White blood cells      

Monocytes Count x 109 /L 0 1.23 0.28 0.29 

Neutrophils Count x 109 /L 1.42 6.62 3.53 1.36 

Eosinophils  Count x 109 /L 0 1.77 0.41 0.43 

Lymphocytes  Count x 109 /L 1.76 9.05 4.92 1.65 

Basophils Count x 109 /L 0 0.51 0.04 0.09 

Worm numbers      

L3 worms number 0 3700 819 927 

EL4 worms number 250 62,800 17,543 17,929 

DL4 worms number 0 14,600 3,786 3,722 

Immature T. circumcincta number 0 1,500 296 486 

Immature T. colubriformis number 0 2800 253 749 

Mature T. circumcincta number 0 6100 881 1515 

Mature T. colubriformis number 0 15,100 3,902 3,854 

Total mature worms number 0 15,200 4,144 4,119 

Total worms (all stages) number 250 86,200 28,002 26,850 

FEC at slaughter number 0 6,300 802 1,358 
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Figure 23. Back-transformed means (± SEM) of total number of worms (all stages) at slaughter among the 

four genotypes. Data are combined for the 18 males and 20 females. HH: high FS high FEC, HL: high FS low 

FEC. LH: low FS high FEC. LL: low FS and low FEC. 

 

Figure 24. Back-transformed means (± SEM) of FEC measured at slaughter, among the four genotypes. Data 

are combined for the 18 males and 20 females. HH: high FS high FEC, HL: high FS low FEC. LH: low FS high FEC. 

LL: low FS and low FEC. 

The numbers of L3 larvae, EL4 larvae, and DL4 larvae, and total mature worm counts are presented 

in Figure 25. No significant difference was observed among genotypic groups for L3 counts, but 

sheep with high FEC (HH and LH) had many more EL4 larvae (P < 0.05), DL4 larvae (P < 0.01) and 

total mature worms (P < 0.05) than sheep with low FEC (LL and HL). 
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Figure 25. Back-transformed means (± SEM) of the numbers of L3 (NS), EL4 and DL4 larvae, and total numbers 

of mature worms in the four genotypes.  HH: high FS, high FEC.  HL: high FS, low FEC.  LH: low FS, high 

FEC.  LL: low FS and low FEC. Data for 18 males and 20 females combined. 

The numbers of immature and mature T. circumcincta and T. colubriformis in the four genotypic 

groups are presented in Figure 26. The most common species was T. colubriformis. Sheep with high 

FEC (HH and LH) had many more immature (Figure 26a) and mature larvae (Figure 26b) of both 

species than sheep with low FEC (HL and LL; P < 0.05 for both stages). 

a 

 
b 

 
Figure 26. Back-transformed means (± SEM) of the numbers of T. circumcincta ( ) and T. colubriformis ( ) 

at immature (a) and mature stages (b), for the four genotypes. HH: high FS high FEC, HL: high FS low FEC. LH: 

low FS high FEC. LL: low FS and low FEC. Data combined for 18 males and 20 females. 
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The relationships between FEC, FS and worm counts in the gastrointestinal tract at slaughter are 

presented in Table 16. For T. circumcincta, FEC was positively related to worm count, at both 

immature and mature stages. Similarly, for T. colubriformis, FEC values were positively related to 

the numbers of immature and mature worms. Values for FEC measured as the experiment 

progressed were also positively related to values measured at slaughter for: FEC, number of DL4 

larvae, total mature worm count, and overall number of worms. By contrast, FS measured as the 

experiment progressed was not related to any count of worms in gastrointestinal tract at slaughter. 

 

Table 16. Correlation coefficients between the total worm counts, FEC measured at slaughter, counts of 

larvae (L3, EL4, DL4), and immature and mature worms (for T. circumcincta and T. colubriformis), the total 

number of mature worms, and faecal worm-egg count (FEC), faecal consistency score (FS) in Merino sheep. 

Note that FEC, total worm count and EL4 counts were analysed using log-transformed data. Data combined 

for the 18 males and 20 females that were slaughtered. Significant relationships are presented in bold type: * 

P < 0.05; ** P < 0.01; *** P < 0.001. 

Variable 
Log(FEC)   FS 

Correlation 
coefficients R2 b SE   

Correlation 
coefficients R2 b SE 

log(total worms) 0.358* 0.113 0.136 0.064  0.108 0.003 0.039 0.197 

FEC at slaughter 0.781*** 0.474 0.609 0.242  0.035 0.008 0.052 0.128 

L3 worms 0.232 0.102 0.109 0.063  0.071 0.002 0.024 0.031 

log(EL4 worms) 0.243 0.084 0.079 0.043  0.139 0.002 0.025 0.028 

DL4 worms 0.365* 0.118 0.142 0.064  0.070 0.004 0.041 0.086 

Immature T. circumcincta 0.361* 0.112 0.136 0.067  0.093 0.007 0.044 0.03 

Immature T. colubriformis 0.477** 0.224 0.212 0.063  0.013 0.003 0.034 0.019 

Mature T. circumcincta 0.750*** 0.450 0.573 0.107  0.080 0.008 0.06 0.045 

Mature T. colubriformis 0.427** 0.232 0.277 0.076  0.116 0.004 0.048 0.029 

Total mature worms 0.487** 0.248 0.295 0.072   0.067 0.005 0.056 0.032 

 

The relationships between plasma immunoglobulin concentrations and worm counts in the 

gastrointestinal tract at slaughter are presented in Table 17. The concentration of IgA was 

negatively related to EL4 larvae count. The concentration of IgG1 was negatively related to FEC at 

slaughter. 
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Table 17. Correlation coefficients between the total worm counts, FEC measured at slaughter, counts of 

larvae (L3, EL4, DL4), immature and mature worms (for T. circumcincta and T. colubriformis), total number of 

mature worms, and antibody activities in Merino sheep at slaughter. Note that, all traits were analysed using 

log-transformed data. Data combined for 18 males and 20 females of slaughtered sheep. Significant 

relationships are presented in bold type: * P < 0.05. 

Variable 
IgA   IgE 

Correlation 
coefficients 

R2 b SE  Correlation 
coefficients 

R2 b SE 

log (total worms) 0.278 0.038  0.065 0.054  -0.143 0.058 -0.085 0.034 

FEC at slaughter 0.129 0.026  0.050 0.055  -0.013 0.016 -0.030 0.033 

L3 worms     -0.219 0.039 -0.069 0.046  -0.138 0.039 -0.049 0.026 

log (EL4 worms)  -0.391* 0.102 -0.136 0.067  -0.119 0.062 -0.072 0.067 

DL4 worms     -0.132 0.068 -0.079 0.055  -0.251 0.066 -0.071 0.045 

Immature T. circumcincta     -0.060 0.075 -0.085 0.033  -0.111 0.085 -0.095 0.051 

Immature T. colubriformis     -0.241 0.042 -0.071 0.016  -0.027 0.041 -0.061 0.025 

Mature T. circumcincta 0.115 0.022  0.039 0.011  -0.060 0.062 -0.089 0.031 

Mature T. colubriformis 0.285 0.034  0.059 0.038  -0.202 0.074 -0.091 0.034 

Total mature worms 0.285 0.042  0.081 0.074  -0.187 0.047 -0.052 0.024 

Variable 

Total IgG   IgG1 

Correlation 
coefficients 

R2 b SE  Correlation 
coefficients 

R2 b SE 

log (total worms) -0.056 0.009 -0.022 0.022  -0.170 0.015 -0.105 0.052 

FEC at slaughter -0.069 0.004 -0.019 0.008    -0.308* 0.089 -0.212 0.027 

L3 worms -0.073 0.001 -0.008 0.002  -0.236 0.004 -0.058 0.042 

log (EL4 worms) -0.062 0.002 -0.014 0.012  -0.133 0.009 -0.082 0.047 

DL4 worms -0.156 0.008 -0.021 0.011  -0.195 0.002 -0.052 0.012 

Immature T. circumcincta -0.064 0.009 -0.026 0.022  -0.014 0.008 -0.080 0.067 

Immature T. colubriformis -0.099 0.001 -0.005 0.002  -0.028 0.006 -0.062 0.006 

Mature T. circumcincta -0.158 0.004 -0.015 0.006  -0.216 0.001 -0.022 0.012 

Mature T. colubriformis -0.025 0.003 -0.013 0.004  -0.162 0.004 -0.062 0.042 

Total mature worms -0.001 0.001 -0.072 0.06   -0.214 0.010 -0.097 0.062 
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As shown in Table 18, no significant relationships were observed between the concentrations of 

cytokines and the numbers of any type of worm in the slaughtered sheep. 

Table 18. Relationships among total worm counts, FEC measured at slaughter, counts of larvae (L3, EL4, DL4), 

counts of immature and mature worms (for T. circumcincta and T. colubriformis), total numbers of mature 

worms, and the concentrations of cytokines in Merino sheep. Note that, all measures were analysed using 

log-transformed data. Data combined for 18 males and 20 females of slaughtered sheep. Significant 

relationships: bold type: * P < 0.05. 

  
Correlation 
coefficients R2 b SE   

Correlation 
coefficients R2 b SE 

TNF-α  IL-1β 

log (total worms) 0.101 0.004 0.006 0.005  
-0.138 0.005 -0.073 0.034 

FEC at slaughter 0.218 0.003 0.005 0.005  
-0.082 0.002 -0.010 0.008 

L3 worms 0.052 0.004 0.007 0.005  
-0.181 0.004 -0.005 0.006 

log (EL4 worms) 0.148 0.002 0.006 0.006  
 0.155 0.006 0.007 0.007 

DL4 worms 0.012 0.007 0.009 0.005  
 0.043 0.007 0.007 0.005 

Immature T. circumcincta 0.088 0.008 0.011 0.013  
 0.144 0.009 0.009 0.005 

Immature T. colubriformis 0.221 0.004 0.008 0.002  
 0.092 0.004 0.006 0.005 

Mature T. circumcincta 0.119 0.002 0.004 0.001  
-0.010 0.006 -0.009 0.002 

Mature T. colubriformis 0.136 0.003 0.006 0.004  
-0.143 0.007 -0.009 0.001 

Total mature worms 0.084 0.004 0.008 0.007   -0.112 0.005 -0.005 0.002 

Variable IL-6  IL-8 

log (total worms)  0.031 0.004 0.015 0.006  
-0.173 0.002 -0.014 0.012 

FEC at slaughter -0.145 0.001 -0.008 0.002  
-0.034 0.007 -0.029 0.008 

L3 worms -0.071 0.004 -0.015 0.006  
 0.192 0.009 0.022 0.012 

log (EL4 worms) -0.019 0.002 -0.014 0.012  
-0.198 0.003 -0.013 0.004 

DL4 worms -0.156 0.008 -0.021 0.011  
-0.032 0.004 -0.016 0.006 

Immature T. circumcincta  0.275 0.009 0.022 0.012  
 0.047 0.009 0.032 0.012 

Immature T. colubriformis  0.204 0.001 0.072 0.06  
-0.181 0.008 -0.021 0.011 

Mature T. circumcincta -0.185 0.008 -0.026 0.021  
-0.097 0.008 -0.026 0.011 

Mature T. colubriformis -0.016 0.003 -0.013 0.004  
-0.123 0.001 -0.009 0.004 

Total mature worms -0.030 0.002 -0.015 0.002   -0.119 0.002 -0.015 0.002 

 

The relationships between white blood cell counts and worm numbers in the gastrointestinal tract 

at slaughter are presented in Table 19. For eosinophils, we observed negative relationships with the 

numbers of immature and mature T. colubriformis, as well as with total numbers of mature worms. 

For lymphocytes, we observed negative relationships with the numbers of L3 EL4 larvae, total worm 

count, the numbers of mature T. colubriformis and the total mature worm count. No significant 

relationships were observed between the numbers of monocytes, neutrophils, basophils and any of 

the worm counts. 
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Table 19. Correlation coefficients between the total worm counts, FEC measured at slaughter, counts of 

larvae (L3, EL4, DL4), immature and mature worms (for T. circumcincta and T. colubriformis), total number of 

mature worms, and white blood cells counts in Merino sheep at slaughter. Log-transformed data were used 

for all traits. Data combined for 18 males and 20 females of slaughtered sheep. Significant relationships are 

presented in bold type: * P < 0.05. 

  
Correlation 
coefficients 

R2 b SE   
Correlation 
coefficients 

R2 b SE 

Variable log(Neutrophils)  Lymphocytes 

log (total worms)  0.014 0.034 0.065 0.054   -0.370* 0.185 -0.294 0.051 

FEC at slaughter  0.206 0.024 0.050 0.025      -0.197 0.88 -0.078 0.063 

L3 worms -0.067 0.066 -0.071 0.045  -0.344* 0.145 -0.201 0.124 

log (EL4 worms) -0.032 0.085 -0.095 0.051  -0.367* 0.165 -0.251 0.155 

DL4 worms -0.028 0.041 -0.061 0.025      -0.259 0.090 -0.125 0.098 

Immature T. circumcincta  0.183 0.062  0.089 0.031      -0.248 0.091 -0.130 0.062 

Immature T. colubriformis  0.215 0.074  0.091 0.067      -0.227 0.087 -0.081 0.064 

Mature T. circumcincta  0.034 0.022  0.039 0.021      -0.258 0.088 -0.084 0.035 

Mature T. colubriformis -0.078 0.034 -0.059 0.045  -0.329* 0.178 -0.280 0.201 

Total mature worms -0.018 0.042 -0.081 0.024   -0.338* 0.166 -0.260 0.188 

Variable Monocytes  log(Eosinophils) 

log (total worms)  0.106 0.004 0.015 0.008  -0.262 0.085 -0.095 0.031 

FEC at slaughter  0.219 0.001 0.005 0.001  -0.167 0.044 -0.061 0.035 

L3 worms -0.034 0.001 -0.068 0.05  -0.167 0.074 -0.078 0.044 

log (EL4 worms) -0.061 0.004 -0.019 0.006  -0.233 0.062 -0.089 0.051 

DL4 worms  0.164 0.001 0.008 0.004  -0.166 0.047 -0.056 0.044 

Immature T. circumcincta -0.099 0.009 -0.026 0.012  -0.282 0.039 -0.094 0.046 

Immature T. colubriformis -0.136 0.009 -0.022 0.012    -0.360* 0.152 -0.179 0.063 

Mature T. circumcincta -0.232 0.008 -0.021 0.019  -0.245 0.088 -0.082 0.051 

Mature T. colubriformis -0.130 0.003 -0.013 0.009    -0.316* 0.132 -0.157 0.076 

Total mature worms -0.078 0.002 -0.014 0.009     -0.304* 0.102 -0.121 0.062 

Variable Basophils   

log (total worms) -0.090 0.008 -0.025 0.011   

FEC at slaughter -0.106 0.009 -0.029 0.014   

L3 worms  0.075 0.004 0.016 0.009   

log (EL4 worms) -0.106 0.009 -0.022 0.022   

DL4 worms -0.037 0.003 -0.011 0.004   

Immature T. circumcincta  0.020 0.001 0.007 0.06   

Immature T. colubriformis  0.076 0.002 0.011 0.012   

Mature T. circumcincta  0.058 0.004 0.014 0.006   

Mature T. colubriformis -0.032 0.001 -0.005 0.001   

Total mature worms -0.042 0.001 -0.008 0.004   
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7.4 Discussion 

An overview of the key finding relationships is presented in Table 20. There were significant 

positive relationships between FEC, as measured repeatedly during the season, FEC measured at 

slaughter, and the total worm burden in the gastrointestinal tract. Clearly, FEC is a direct and strong 

indicator of worm burden. By contrast, FS is poorly related to worm burden as has previously been 

demonstrated by the relationships in Table 16. 

Sheep that had been bred for low FEC (LL and HL) led to a smaller number of worms than those 

bred for high FEC (HH and LH). We conclude that the worm-resistant sheep in our study achieved 

lower FEC values by reducing the number of worms in their gastrointestinal tract, illustrated by the 

observation of the mean worm burden in helminth resistant (LL and HL) was lower than susceptible 

genotypes (HH and LH). 

It is clear that field measurement of FEC in sheep at pasture is a potential indicator of actual worm 

burden, with the definitive assessment being worm counts at slaughter. Moreover, the 

relationships between FEC, worm counts and measures of immune function, such as 

immunoglobulin activity and immune cell counts, show that the process of genetic selection for low 

FEC has led to changes in the immune response to helminth infection, as evidenced by the results in 

the previous chapters. The relationships with FEC show that the host immune system, presumably 

in response to larval antigens, was able to suppress worm development and fecundity. 

By contrast, faecal consistency score (FS) was not related to any measure of the worm burden 

(Table 20), suggesting that the process of worm rejection, theoretically enhanced by the production 

of more fluid faeces and therefore diarrhoea, is not a major factor in reduction of worm burden. 

The numbers of T. circumcincta were lower than the numbers of T. colubriformis, for both mature 

and immature stages (Table 15), perhaps reflecting the lack of association between T. circumcincta 

and other immune traits. Similarly, Greeff et al. (2020) studied both rams and ewes of the same 

experimental flock and reported a decrease in the percentage of T. circumcincta from March to 

September, while the percentage of T. colubriformis increased significantly. Numerous internal and 

external factors can influence parasite numbers, including host immunity, pasture composition and 

management, humidity, temperature and season. Moreover, the worm species have different 

epidemiological patterns and preferred developmental conditions, leading to differences in 

patterns of distribution throughout the year. Specifically, T. circumcincta eggs passed in the spring 

develop slowly to become infective larvae but, those passed in summer hatch over a very short 

period of time in the following autumn, causing diarrhoea in predominantly young lambs. By 
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contrast, T. colubriformis eggs require a low temperature (minimum threshold temperature of 

10oC) in order to develop into infective larva (Soulsby 1982). 

Table 20. Summary of relationships, for the 38 slaughtered sheep, between faecal worm-egg count (FEC) and 

faecal consistency score (FS), as measured in the field (September), and measurements at slaughter of FEC, 

numbers of T. circumcincta and T. colubriformis, antibody concentrations, counts of eosinophils and 

lymphocytes.        indicates positive relationships;       indicates negative relationships. The strength of the 

relationship is indicated by the number of arrows: weak (R value between 0 and 0.3, or 0 and –0.3); moderate 

(R value between 0.3 and 0.7, or –0.3 and –0.7); strong (R value between 0.7 and 1.0, or –0.7 and -1.0). A 

blank cell indicates no relationship. 
 

Worm FEC FS IgA IgG1 Eosinophils Lymphocytes 

Total worm count 
 

     
 

FEC at slaughter 
 

      

L3 worms      
 

EL4 worms   
 

  
 

DL4 worms 
 

     

Immature T. circumcincta 
 

     

Immature T. colubriformis 
 

   
 

 

Mature T. circumcincta 
 

     

Mature T. colubriformis 
 

   
 

 

Total number of mature worms 
    

  

 

In this study of animals slaughtered in spring, there were poor (if any) relationships between worm 

burden and the concentrations of the immunoglobulins E and G. This observation agrees with those 

of Williams et al. (2010) who observed no relationships between IgE concentration and the 

numbers of both immature and adult T. colubriformis and T. circumcincta in Rylington Merino 

sheep, the source flock of the animals used in the present study. Similarly, we found no 

relationships between worm burden and the concentrations of pro-inflammatory cytokines. Thus, 

some of the measures of the immunological response to worm infection appear to be unrelated to 

worm burden. We hypothesise that diarrhoea (FS) is, to a great extent, quantitatively independent 

of worm burden, and is caused by an inappropriate immune response by the host, not by worm 

invasion itself. This situation reflects the ‘hypersensitivity reaction’ that has become widely 

recognised in Australia as a significant cause of worm-related diarrhoea in sheep without large 

adult worm burdens (Jacobson et al. 2020). Thus, even low levels of larvae ingestion and low 

numbers of worms in the gastrointestinal tract can induce worm expulsion and associated 

diarrhoea in some individuals (Larsen 1997; Williams et al. 2010a). Sheep could be responding to 

even a small number of worms in the gut by mounting an exaggerated Th2 response and producing 
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an excessive amount of IgE (Williams et al. 2010a). Excessive production of IgE leads to the 

pathological changes in the gut, leading diarrhoea and thus present as a hypersensitivity reaction. 

For FEC measured at slaughter, there was a negative relationship with the concentration of IgG1, 

suggesting that the host increases their immune response to the worms in the gut and thus reduces 

the number of the worm eggs in the faeces. A number of other studies have also shown that IgG1 

concentration was negatively related to FEC in parasite-resistant sheep  for example, Gill et al. 

(1993) reported a negative correlation between serum anti-Haemonchus IgG1 and FEC in Merino 

sheep, and Douch et al. (1995) found a high concentration of IgG1 against T. colubriformis L3 antigen 

was associated with low FEC in resistant Romney sheep. In humans, IgG1 binds to high-affinity 

receptors (FcƐRI) on mast cells and activates degranulation (Tkaczyk et al. (2001 ), releasing various 

substances that effect pathological changes in the host gut, theoretically leading to worm 

detachment and expulsion in diarrhoea. This concept is support by the work of Matsumoto et al. 

(2013) who studied rodents and found that IgG1 plays a critical role in accelerating expulsion of S. 

venezuelensis from the gut. Therefore, we would expect the circulating concentration of IgG1 to 

contribute to the rejection of worms by the host, leading to a reduction in FEC. 

The high-FEC genotypes (HH and LH) had more worm larvae, from EL4 to mature stages, in the gut 

than the sheep from the low-FEC groups (LL and HL). This observation suggests that worm-resistant 

sheep are better able than worm-susceptible sheep to control infection by activating the antibody-

dependent cellular cytotoxicity mechanisms (ADCC) that disrupt worm development and fecundity. 

The role played by the immune system is indicated by the negative relationship between EL4 count 

and IgA activity, an observation that fits with other studies showing that IgA is important role for 

suppressing the growth, development and fecundity of EL4 larvae (Strain & Stear 1999; Stear et al. 

2004; Halliday et al. 2007; McRae et al. 2014a; Aboshady et al. 2020). With high IgA concentrations, 

we would expect a low FEC as well. Interestingly, in Table 4 (Chapter 4) we did observe a negative 

relationship between IgA and FEC and in September, in samples from the entire flock taken 2 days 

before the slaughter of the 38 sheep that provided the data for Tables 17 and 20 (this chapter). It is 

not clear why the relationships between IgA, EL4 count and FEC did not persist over those two days, 

but it could simply be a question of reduced statistical power. Although IgA is produced locally at 

the mucosal surfaces and serum IgA is derived from the gastrointestinal tract, few studies have 

measured mucosal IgA, possibly because of the difficulties in sampling mucus. Blood circulating IgA 

is easier to measure and, in any case, is highly correlated with mucosal IgA. 

The production of lymphocytes is also linked to the worm burden in the gut, as evidenced by the 

negative relationships between lymphocyte count and most measures of worm burden. Worm-
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susceptible sheep probably have a poor ability to mount an immune response to helminth infection 

and this produce fewer lymphocytes than worm-resistance sheep. We would expect high numbers 

of lymphocytes in the bloodstream to help reduce worm burden because they produce soluble 

proteins with roles in both antibody and cellular immune responses that lead to worm elimination 

(Kidd 2003; Tizard 2009). 

Eosinophil count was also negatively related to several measures of worm burden as shown in 

Table 20, in agreement with a number of the studies showing that they are involved in the 

development of resistance to T. colubriformis, T. circumcincta and Haemonchus contortus (Buddle 

et al. 1992; Balic et al. 2006; Henderson & Stear 2006). Indeed, in their in vivo experiments, Balic et 

al. (2006) found that H. contortus larvae were attacked by toxins secreted by eosinophils. We now 

know that eosinophils attack helminths that have been coated with specific IgE using an antibody-

mediated cell cytotoxicity (ADCC), in which several toxins are secreted during degranulation: basic 

proteins (MBP-1 and MBP-2), eosinophil peroxidase, eosinophil cationic protein, and eosinophil-

derived neurotoxin (Huang & Appleton 2016; Motran et al. 2018). Thus, high blood eosinophil 

counts are a characteristic of helminth-infected sheep, reflecting the role of these cells in reducing 

the numbers of worms in gastrointestinal tract, leading to low FEC. Post-infection eosinophil count 

could therefore be a trait for genetic selection for worm resistance. 

7.5 Conclusions 

There is a clear association between the phenotypic trait, FEC, and the numbers of worms in the 

gastrointestinal tract, so FEC should continue to be a major selection criterion for breeding Merino 

sheep for helminth resistance. As evidence of the effectiveness of this approach over the past 2 

decades, we found many more gastrointestinal worms in sheep with high FEC (HH and LH) than in 

sheep with low FEC (LL and HL). As a selection criterion for diarrhoea resistance, FS has been 

effective, but it is poorly related to worm burden. Thus, in breeding programs for Merino sheep, 

selection based on low FEC should be combined with some immune system phenotype, such as 

eosinophil counts, lymphocyte counts, or IgA concentration following infection, so resistance to 

helminths can be targeted. 
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Chapter 8: General Discussion 

 

8.1 Introduction 

The general hypothesis tested in this thesis was that the components of the immune system 

(helminth-specific antibodies and immune-cell specific cytokines) are involved in resistance to 

gastrointestinal helminths (as measured by FEC) and resistance to the development of diarrhoea (as 

measured by FS) in Merino sheep. For FEC, this hypothesis was supported because strong and 

consistent relationships were observed between the phenotypic trait, worm counts and several 

measures of immune function. For FS, on the other hand, some relationships were significant but 

the overall outcomes are neither as consistent nor as robust as with FEC. 

Overall, breeding for helminth resistance based on FEC could be optimized by adding measures of 

immune response to worm infection, and this combination of criteria might allow genetic selection 

that simultaneously provides resistance to worm infection and reduces the incidence of diarrhoea. 

This chapter provides a general interpretation of the key findings described in the preceding 

experimental chapters, leading to the main conclusions of the study. 

8.2 Key findings 

An overview of the key findings is presented in Table 21. Interpretation of this complex list of 

interwoven variables will be aided by understanding the temporal sequence in the field 

measurements and the limitations in field studies where relevant factors can be uncontrolled and 

perhaps not even identified. This obvious example was the massive rainfall event in February, 

before the experiment was due to start that led to out-of-season pasture germination that was 

probably responsible for the immune effects in March. Notably, only monocytes, TNF α and IgA 

were affected, and there was a mild decline in FS. If we can treat the results in March as artefact, 

we can then focus on winter, the normal season when worm infections begin in this environment, 

and where all of the components of the immune system are recruited. Finally, the other factor to 

consider is the difference in experimental power between the sequential measures, where there 

was a large number of replicates, plus repeated measures, and the slaughter study that involved 

only 38 animals measured once. This will colour the discussion of any disagreements between the 

studies. 
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Table 21. Summary of relationships among measures of immune function, faecal worm-egg count (FEC) and 

faecal consistency score (FS), as the study progressed from autumn (March) through winter to spring 

(September).        indicates positive relationships        indicates negative relationships. The strength of the 

relationship is indicated by the number of arrows: weak (R value between 0 and 0.3, or 0 and –0.3); moderate 

(R value between 0.3 and 0.7, or –0.3 and –0.7); strong (R value between 0.7 and 1.0, or –0.7 and -1.0). A 

blank cell indicates no relationship. 

Parameter March May June August September 

IgA FEC           

FS           

IgE FEC           

FS           

total IgG FEC           

FS           

IgG1 FEC           

FS           

IL-1β FEC           

FS           

IL-6 FEC           

FS           

IL-8 FEC           

FS           

TNF-α FEC           

FS           

Neutrophils FEC           

FS           

IgA           

total IgG           

IgG1           

TNF-α           

IL-6           

Eosinophils FEC           

FS           

IgE           

total IgG           

TNF-α           

Monocytes FEC           

FS           

IgG1           

TNF-α           
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8.3 Interpretation of observations 

The general hypothesis, that the immune system is involved in resistance to gastrointestinal 

helminths and resistance to the development of diarrhoea, comprised several specific hypotheses 

focussed on individual components of the immune system. The observations presented in the 

experimental chapters have allowed us to accept or reject those specific hypotheses and thus draw 

conclusions about which immune pathways are most important in the responses of sheep to 

infection by T. circumcincta and T. colubriformis (Figure 27). 

The low FEC values in the helminth-resistant sheep were achieved by reducing the establishment of 

both T. circumcincta and T. colubriformis, demonstrating the value of selective breeding based on 

FEC. The success of this process is marred by the fact that, as FEC has been driven down, the 

incidence of diarrhoea has increased (Greeff & Karlsson 1997; Karlsson et al. 2004). This conundrum 

led to the aim of the studies in this thesis: to examine the components of the immune system 

involved in helminth resistance and identify those that could be used as an additional trait in 

selection programs so helminth-resistant (low FEC) sheep could also become resistant to diarrhoea. 

An important observation, described in Chapter 7, is that direct counts of helminth populations in 

the gastro-intestinal tract were directly related to FEC, whether it was measured at slaughter or 

measured in the field after presumed worm infection from grazing. This observation is supported 

by the studied of McKenna (1981), those who was reported the high correlation coefficient of 0.23 

between egg counts and total worm counts in over 12 months of age sheep and 0.74 in up to 12 

months of age and suggests that faecal egg counts are of considerable diagnostic value of worm 

infected sheep. In addition to validating FEC as a powerful and direct approach for increasing 

resistance, it also validates FEC as a robust variable for testing associations with measures of 

immune function. By contrast, FS was not related to any measure of worm burden, even though it 

had been used effectively as a selection criterion to reduce the incidence of diarrhoea (Greeff et al. 

2014). It appears that the worm rejection process that has led to more watery faeces and diarrhoea 

is poorly related to the number of worms in the gut, although it could be related to the induction of 

an immune response.  

In addition to this, measures of immune response, such as blood concentration of IgA, and counts 

of eosinophils and lymphocytes, were negatively related to the worm burden (as measured by 

numbers of EL4) in the gut, suggesting that these immune mediators and effector cells were 

recruited into the bloodstream as part of the immune response to worm infection, after exposure 

in the gut mucosa (Figure 27). 
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It is clear that B lymphocytes are important because they are responsible for producing 

immunoglobulins (antibodies), and mucosal IgA is known to reduce the length and fecundity of 

adult helminths (Strain & Stear 1999; Stear et al. 2004; Halliday et al. 2007; McRae et al. 2014a; 

Aboshady et al. 2020). In the present study, we measured IgA in blood plasma, not in the intestinal 

mucosa, but plasma IgA is derived from the gastrointestinal tract so plasma and mucosal 

concentrations are strongly correlated (Aboshady et al. 2020). Our measurements of blood IgA are 

likely to reflect mucosal IgA activity. 

 

 

Figure 27. A schema outlining the components of the immune system, illustrating the pathways that the 

studies in this thesis suggest as being most important in the response to gastrointestinal helminths in sheep, 

with an emphasis on diarrhoea as an outcome. Colour highlights: red indicates positive relationships; green 

indicates negative relationships; blue indicates the final outcome of a negative relationship. Thick lines are 

strong relationships and thin lines are weak relationships. The broken green line connecting the monocyte to 

antibodies indicates a pathway that was apparently activated by the unusual rainfall event in summer before 

the experiment started. It is not considered relevant to the normal infection in winter. DC: dendritic cells. 

MHC: major histocompatibility complex. Th1, Th2: types of T-cell. IL-1ß IL-4, IL-5, IL-6, IL-9, IL-13: interleukins 

(cytokines). TNFα: tumor necrosis factor-α (a cytokine). IFN-γ: interferon-γ (a cytokine). IgA, IgE, IgG: 

immunoglobulins (antibodies). 

There is also a clear role for IgG1 (Figure 27), presumably because it binds to high-affinity receptors 

(FcƐRI) on eosinophils and activates these cells to degranulate and secrete toxins that reduce gut 
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worm numbers, and therefore FEC (Tkaczyk et al. 2001 ). Our observations are consistent with the 

long-known negative relationship between IgG1 and FEC (Gill et al. 1993; Douch et al. 1995). Thus, 

the functional links between IgA, IgG1 and lymphocytes are very likely to have played a major role in 

the suppression of L4 larvae and the fecundity of mature worms, contributing to low FEC (Figure 

27). 

Eosinophil counts were negatively related to the numbers of immature and mature T. colubriformis 

as well as the overall numbers of mature worms in the gut (Chapter 7), probably because 

eosinophils use antibody-dependent cell-mediated cytotoxicity (ADCC) to attack helminths that 

have been coated with specific IgE (Huang & Appleton 2016; Motran et al. 2018). Thus, in response 

to helminth infection, we observed an increase in eosinophil numbers in association with reduced 

helminth numbers, leading to low FEC (Figure 27), consistent with anti-helminth immune responses 

observed in sheep and other species.  

The link of diarrhoea (FS) and neutrophil count, as well as the relationship between FEC and some 

immune traits (IgE and TNF-α), were noticed in June, winter; the start of presumed worm infection 

(Table 21). The full manifestation of responses in August, the strong relationships for both FEC and 

FS, and the recruitment of the effector cells and the production of antibodies and cytokines linked, 

is consistent with pasture germination at the ‘break of the season’ (June; winter) leading to the 

ingestion of large numbers of larvae. These responses develop further from winter into spring 

because, in September, there were strong positive relationships between both FEC and FS and 

some of immune traits. We can conclude that helminth infection in the transition from autumn 

through winter to spring triggers both innate and acquired immune responses, and that the entire 

system contributes to the rejection of worms by the host, leading to reductions in FEC in particular. 

For FEC, we observed strong negative and positive relationships with the concentrations of 

antibodies (IgA, IgE, IgG1), cytokines (IL-1β, IL-6, TNF-α) and white blood cell counts (neutrophils 

and eosinophils), as presented in Table 21. Our finding of a negative relationship between FEC and 

eosinophil numbers is not consistent with the studies by others (Larsen et al. 1994; Bisset & Morris 

1996; Shaw et al. 1998; Shaw et al. 1999), so the outcome must be affected by other factors, such 

as sheep breed, management, experimental design, climate and season. Critical effectors that could 

reduce FEC are IgE, IgG1, TNF-α and eosinophil production, all of which were negatively related to 

FEC in August, after the presumed worm infection. We would expect the recruitment of eosinophils 

to the site of infection in the gut (the abomasum for T. circumcincta; the small intestine for T. 

colubriformis). Eosinophils specialise in the production and secretion of biologically active 

molecules and toxic proteins that suppress worm growth and fecundity, therefore reducing FEC 
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(Stone et al. 2010; Bonne-Annee et al. 2013; McRae et al. 2015), functions that are consistent with 

the relationships that we observed in the high-worm season – a moderate positive relationship 

between eosinophil counts and the concentrations of IgE as well as weak positive relationship with 

TNF-α in August. We would expect the positive relationship with TNF-α because it is involved in 

eosinophil adhesion to endothelial cells, and for activating eosinophil degranulation. Eosinophils 

use ADCC mechanisms to attack helminths that are coated with specific IgE (FcεRI) and IgG1 

(FcγRIIa: CD32a) antibodies (Ben et al. 2019). The toxins secreted during degranulation are basic 

proteins (MBP-1 and MBP-2), eosinophil peroxidase, eosinophil-cationic protein (ECP) and 

eosinophil-derived neurotoxin (EDN). The final outcome is a reduction in the number of worms by 

cytolysis, leading to a low FEC (Huang & Appleton 2016; Motran et al. 2018). On the other hand, 

with fewer worms there would also be less tissue damage caused by the worms, reducing 

diarrhoea, so the recruitment of eosinophils after worm infection could lead to a low incidence of 

diarrhoea to accompany the low FEC. 

However, the recruitment of white blood cells after the presumed worm infection, such as 

neutrophils, as a first defence against worm infection, could increase the incidence of winter 

diarrhoea. The evidence that supports this observation is a positive relationship between 

neutrophil number and FS from winter right through to spring (Table 21). This relationship suggests 

that, after the worm invasion was detected high in the gut, neutrophils were recruited to the site of 

infection and started to produce vasoactive molecules, cytokines (TNF-α and IL-6) and proteases, as 

part of the host allergic response (Tizard 2009; Stone et al. 2010; Bonne-Annee et al. 2013). The 

activation of neutrophils by the ADCC mechanism through interaction of IgG (FcɤRI: CD64) and IgG1 

(FcɤRIIIb: CD16b) could also lead to worm degradation (Bonne-Annee et al. 2013; Ben et al. 2019). 

This possibility is supported by the positive relationships between IgG and IgG1 in the study. The 

outcome of the neutrophils degradation is the vasoactive molecules would lead to rejection of 

worms embedded in the intestinal mucosa by stimulating smooth muscle contraction and 

increasing vascular permeability (‘leaky gut’) and watery faeces, leading to worm expulsion (Tizard 

2009; Chen et al. 2014). Thus, winter diarrhoea would result from an increase in the recruitment of 

neutrophils, as an immune response after the presumed worm infection.  

For monocytes, known as immature stages of macrophages, the number was strongly positively 

related to FS only in autumn (March), perhaps in the very early stage of helminth infection, but 

perhaps in response to some other immune challenge caused by the unusual summer rainfall event 

(Table 21). We do not know if the lush green pasture induced by the heavy rain in February 

provided good conditions for ingestion of infective larvae in March. Following that event, the 
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monocyte counts was positively related to the concentration of IgG1 (as well as FS) in August, after 

the presumed worm infection, but the relationships were weak and short-lived. Monocytes are 

precursor cells that can differentiate into macrophages, the earliest white blood cells to arrive at 

the site of infection, where they migrate into local tissues and start secreting their signalling 

cytokines, including TNF-α, to promote host immune responses to helminths (Arango Duque & 

Descoteaux 2014). The Fc receptors for IgG1 (FcRn) on the cell surface of monocytes facilitate the 

ADCC mechanism that leads to the release of the pro-inflammatory cytokines such as TNF-α that 

promote the changes in the gastrointestinal tract. In the present study, the TNF-α concentration 

was related to monocyte counts, but the relationship was weak and short-lived (Table 21). We 

would expect extra macrophages (mature monocytes) to increase the productions of chemokines, 

leukotrienes and prostaglandins, essential factors in host pathophysiology in helminth infection, 

increase the worm expulsion process and affect the incidence of diarrhoea with high FEC (Arango 

Duque & Descoteaux 2014). Thus, the recruitment of monocytes that could differentiate into 

macrophages at the site of worm infection could increase the incidence of diarrhoea in winter. 

However, the weak and short-duration relationships between monocyte counts and FEC and FS in 

winter suggest that monocytes play a minor role in the immune response to worm infection, 

compared to others effector cells such as neutrophils and eosinophils. 

For FS, there were clear relationships with potential immune traits measured in winter: negative 

relationships with IgE, TNF-α and eosinophils, and positive relationships with IgG, G1, IL-1β, 

neutrophils and monocytes, as presented in Table 21. However, the critical functions that could 

have reduced FS are the interactions among IgE, TNF-α and eosinophils. Immunoglobulin E, a 

primary factor that interacts with mast cells and eosinophils, is thought to promote a 

hypersensitivity reaction in the gastrointestinal tract, causing diarrhoea (Meeusen 1999). In 

hypersensitivity diarrhoea, Merino sheep with low FEC that have a high incidence of diarrhoea (dag 

or FS) had a high number of eosinophils in the pylorus and small intestine (Larsen et al. 1994). A 

number of studies have also noted correlations between FS and gut tissue eosinophils or/and IgE 

(Bisset & Morris 1996; Shaw et al. 1998; Shaw et al. 1999; Williams et al. 2010b). Therefore, 

hypersensitivity diarrhoea is, to a great extent, quantitatively independent of worm burden, and is 

caused by an inappropriate immune response by the host, not by worm invasion itself. However, 

our observations suggest that interactions of eosinophils with both IgE and TNF-α would promote a 

reduction in the number of worms in the gut without causing tissue damage, permitting low 

diarrhoea accompanied by low FEC. Thus, the recruitment of eosinophils after worm infection 

would be a critical outcome. 
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In addition to the sequence of immune responses during the transition from autumn through 

winter to spring, the present study revealed differences in the immune profiles between resistant 

and susceptible sheep. Sheep that are resistant to both worm infection and to the development of 

diarrhoea (the extreme low dag/FEC group; LL) showed lower circulating concentrations of IgA, IgE 

and IgG1, and higher concentrations of TNF-α, than the extreme high dag/FEC group (HH). Whereas 

sheep that are prone to develop diarrhoea (the extreme high FS with low FEC; HL) have high 

circulating concentrations of IgE and IL-1β, but low circulating concentrations of TNF-α. However, 

the four genotypes did not differed in the counts of monocytes, lymphocytes, basophils, 

neutrophils, eosinophils which has been reported by Greeff et al. (2020). These observations 

suggest that, although the recruitment of effector cells does not differ among the genotype groups, 

the degree of activation of neutrophils, eosinophils and monocytes does differ, suggesting the 

variation in the genetic resistance to helminths. 

Currently, FEC is widely used to assess worm resistance because sheep selected on the basis of low 

FEC also have lower total worm burdens at post-mortem examination (Bisset and Morris (1996); 

Gruner et al. (2004). Dag formation, a measure of diarrhoea, is also heritable (Greeff et al. 2014) 

offering the possibility of selecting simultaneously for both FEC and dag score as a way to improve 

both worm resistance and expression of diarrhoea. Importantly, both measures are simple and low-

cost. We can now see that immunological traits, such as eosinophil counts and parasite-specific 

immunoglobulin concentrations, measured in blood sampled at the appropriate time of year, could 

also be used as selection traits. They could be combined with FEC and dag score to further improve 

the resistance of sheep to helminths and diarrhoea. However, two issues need to be addressed: i) 

the cost and complexity of blood sampling, haematology and cytokine assay; and ii) the risk that the 

balance of genetic selection will be disrupted by the addition of more traits, slowing genetic gain in 

other important measures of productivity and health. More research is needed to resolve these 

problems. 

8.4 Future research directions 

There appear to be differences in immune profiles among the genotypes, reflecting the ability of 

the host to inhibit the establishment of worms in the gastrointestinal tract. Our observations 

suggest that, after worm infection in winter, FEC is directly associated with worm burden, whereas 

FS is directly associated with the immune response of the host. However, the issue that diarrhoea is 

caused by both parasite burden per se and by increasing resistance to worm burden complicates 

the relationship between FEC and FS, and needs to be addressed. Other topics for future work 

include histopathology tests for gut eosinophils and specific antibodies, changes in the overall 
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outcome of selection when immune measures are added to FEC and FS, and the genetic 

relationships needed for accurate predictions of selection responses. On the other hand, with 

guidance from effective phenotypic traits, we are now in a position to focus genomic markers and 

candidate genes associated with diarrhoea resistance in worm-infected sheep as a way to approach 

the ideal of worm resistance plus diarrhoea resistance. Most importantly, any approach to selection 

must be reliable if it is to be implemented by sheep producers. 

8.5 Conclusions 

In conclusion, the general hypothesis was partially supported because helminth infection induced 

the production of antibodies and cytokines that are associated with the development of diarrhoea 

in Merino sheep that are genetically resistant to helminth infection. The IgA response probably 

suppresses worm growth and fecundity but, importantly, FS was strongly related to the production 

of IgE, TNF-α and eosinophils, three immune responses that promote worm expulsion by the 

gastrointestinal tract, through the production of watery faeces, and thus diarrhoea. In general 

terms, our observations suggest that FEC is strongly associated with worm burden, whereas the FS 

is most directly related to the immune response to worms. 

The immune profiles differed among the genetic groups, reflecting differences in their ability to 

inhibit the establishment of worms in their gut. It appears that sheep that are prone to develop 

diarrhoea (high dag, low FEC) have high circulating concentrations of IgE and IL-1β, but low 

circulating concentrations of TNF-α. Importantly, it appears that sheep that are resistant to both 

worm infection and the development of diarrhoea could be bred by simultaneous selection for low 

FEC and low dag or FS, and that the accuracy and rate of genetic progress could be improved by 

adding selection criteria for low plasma concentrations of IgE, IgA and IL-1β, and high plasma 

concentrations of TNF-α, after winter infection, preferably measured in late winter. 
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Appendix A 

Peripheral blood CD4 and CD8 subpopulations of Merino sheep  

 

In my part of this project, I have characterised lymphocyte subpopulations of CD4 and CD8 cells 

in Merino sheep in order to investigate whether the change in these two lymphocyte 

subpopulations is associated with the immune response to helminths infection and diarrhoea in 

Merino sheep selected for nematode resistance and breech strike. 

T cell populations are considered part of host immune response to helminth and associated with 

diarrhoea in sheep. There has been reported by Larsen (1997), who studied in Merino sheep and 

found the changes of CD4 and CD8 populations which were correlated with dag scores and 

diarrhoea. 

For further understanding in host immune response against the helminths in Merino sheep raising 

in winter rainfall area, the changes in the lymphocyte compositions of the peripheral blood in 

sheep will be used to indicate changes in immune cell patterns of selected for nematode 

resistance and breech strike Merino sheep.  

Materials and methods  

Experimental animals 

Merino rams and ewes were selected from both helminth resistant the Rylington flock and breech 

strike flock, were used in the study. Sheep from both flocks were born in July and in August in 

2016 and managed in one group in a normal production environment as described in chapter 3. 

Two hundred sheep, consisting of 25 sheep per cell from four genetic groups (HH; HL; LH; LL; the 

first letter refers to dags and the second to WEC), were sampled three times in June/July, 

September and in December of 2017.  

Blood collecting and preparation of PBMCs: 

Blood was collected by venepuncture obtained from the jugular vein and collected into EDTA 

tubes. Peripheral blood mononuclear cells (PBMCs) were isolated from 1 mL of whole blood. Add 

1.5 mL of lysing buffer (1 g KHCO3, 8.3 g NH4Cl, 0.75 g EDTA, pH 7.2); gentle mix then incubated 

at room temperature for 10 minutes and centrifugation at 400xg for 5 minutes. Carefully discard 

supernatant and repeat procedure once. Add 1.6 mL of PBS/BSA buffer and store in a travel cooler 

box at 4oC before transferred to DPRID parasitology laboratory for further steps.  
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Preparation of flow cytometry analysis: 

CD4-AlexaFluor 647® and CD8 FITC antibodies were obtained from BioRad Laboratories Inc 

(California, USA).  For two-colour flow cytometric analysis, 1 x 106 PBMC cells and incubation in 

PBS containing 1 % bovine serum albumin (BSA) in a total volume of 1 mL with 1:20 diluted of 

CD4-AlexaFluor 647 ® monoclonal antibody and CD8 conjugated to fluorescein isothiocyanate 

isomer 1 (FITC) for 30 minutes at 4oC. Cells were then washed by centrifugation at 400xg for 5 

minutes at 4oC and carefully discard the supernatant. Resuspend cell pellet in 200 µL of PBS buffer 

and proceed by flow cytometer. 

Flow cytometric analysis: 

Flow cytometric analysis was performed using a BD FACS Jazz cell sorter (BD Bioscience, United 

States) at flow cytometry laboratory, Curtin University. Dead cells, granulocytes and other cells 

were excluded on the basis of forward and side scatter. At least 2 x 104 cells were analysed from 

each sample. For two-colour immunofluorescence, AF647+ and FITC+ cells were quantitated after 

correction for non-specific fluorescence of control samples.  

Results 

Means of CD4 and CD8 cells in percentages of total PBMC cells of four treatment groups are 

shown in figure 1. The significant differences among treatment groups were found in both CD4 

(P < 0.01) and in CD8 (P < 0.05). CD 4 and CD8 percentages of total PBMC cells in different 

sampling time points are shown in Figure 2. There were observed the significant differences in 

various sampling time points of both CD4 and CD8 in the study (P < 0.001). Both observed cells 

appeared at the high initial level in June/July, followed by the slightly decreased to the 

minimum level in September before slightly increased again in December. There were observed 

the significant effects of sex on both CD4 and CD8 cells (P < 0.001), however, both males and 

females appeared to show similar patterns in their cells percentages of total PBMCs (Figure 3). 
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Figure 1. Means of CD4 and CD8 cells in percentages of total PBMC cells of four genotypic groups. Bars 

indicate standard error of the mean. 

 

 

Figure 2. Mean (± SEM) of CD4 (P < 0.001) and CD8 (P < 0.001) cells in different sampling time points and 

expressed as percentages of total PBMC cells.  
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Figure 3.  Mean (± SEM) of males and females of CD4 (a; P < 0.001) and CD8 (b; P < 0.001) cells in different 

sampling time points and expressed as percentages of total PBMC cells.   

Discussion 

T cell subpopulations are divided into two subpopulations based on the accessory molecules; CD4 

and CD8 that supports their activities and functions (Tizard 2009). Helper T cells (Th) as known as 

CD4+ T cells which express essential signal to activate the maturation of B cells, cytotoxic T cells 

and macrophages. Also, Th cells are functionally to lead the fight against infection and capable of 

binding to MHC class II molecules in T cell activations (Pennock et al. 2013). Whiles, cytotoxic T 

cell (Tc) as known as CD+8 T cells, exhibit either suppressor or cytotoxic activities and are 

functional to killing targeted cells or other intracellular pathogens, capable of binding to MHC 

class I molecules on an antigen-presenting cell (APC) in T cell activation mechanisms (Pennock et 
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al. 2013). The CD4 and CD8 ratio would indicate the healthy host as well as host immune 

dysfunctions.  

 

Quantification cell numbers by using Flow cytometry technique are generally accepted and is a 

wildly used method for characterisation of different cell surface expression as well as to 

identifying different cell types in the miscellaneous cell populations (Lee et al. 2008). The present 

study was also performed CD4 and CD8 cell quantifications by using this technique, but the lacks 

of some standard procedures were noticed. At the PBMCs preparation processes, no propidium 

Iodide (PI) was applied to the samples before the surface labelling of PBMCs by CD4-AlexaFluor 

647® and CD8 FITC. The PI is necessarily for dead cells detections and used to exclude those dead 

cells from the analysis for enhancing analysis accuracy in high-throughput. In addition, CD4 as a 

glycoprotein and presented on the cell surfaces not only T helper cells, but also monocytes, 

macrophages, and dendritic cells (Vignali 2010). To ensure those CD4 cells from the analysis are 

from T helper cells, pan T cell markers are also necessary to specify the target molecules (CD4) 

which could found on the T helper cells only and help in the differentiation of one cell type from 

others. However, no pan T cell marker was applied in the present study. Therefore, interpretation 

of the analysis was unsure whether CD4 cells percentages in PBMCs were from T helper cells or 

from other cells. Furthermore, absolute cell counts should be done beforehand in term of cell 

numbers should represent from the analysis rather than in percentages of PBMC populations.  

Conclusion 

Overall, the methodology of the study of CD4 and CD8 cell populations in PBMCs has not met the 

minimum requirements of a Flow Cytometry technique (Lee et al. 2008). Therefore, these results 

of this study could be presented as a preliminary study in the PhD thesis and may provide some 

useful technique in regard with PBMC cell preparations for Flow Cytometry technique, for further 

investigations in the future.  
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