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Summary 
 
The studies presented in this thesis describe the diarrhoea-susceptibility in sheep that have 

been bred for resistance to helminth infection. Selective breeding for resistance to helminth 

infection, and diarrhoea, is a successful and sustainable solution to a major problem in the 

Merino sheep industry in Australia. However, in a flock bred to be resistant to two major 

helminths, Trichostrongylus colubriformis and Teladorsagia circumcincta, a significant 

number of sheep show increased susceptibility to the development of diarrhoea, even 

though they carry only a small helminth burden. The expression of diarrhoea is largely seen 

as an immune response, so it seems likely that, in these animals, breeding for resistance has 

led to some level of ‘hypersensitivity’ to infection.  

 

We used Merino sheep that have been bred for lower propensity to diarrhoea and for low 

faecal egg count (low-FEC). Based on Australian Sheep Breeding Values (ASBVs) for 

diarrhoea and helminth resistance, 200 sheep were grazed and managed similarly and 

considered to have the same exposure to the infective larvae. At the age of 9 months in 

2017, sheep were measured and sampled for diarrhoea and FEC score in March, May, June, 

July, August and September. The rationale to select this particular time was the 

Mediterranean climate which favours the survival of larvae on the pasture by the onset of 

rainfalls in early winter. At the end of the trial in September 2017, 38 sheep (14 months of 

age) were ethically slaughtered to collect tissues and luminal contents (from different 

sections of the gastrointestinal tract) and faeces and were preserved for later use.  

 

The first part of this thesis used analysis of gene expression to test the general hypothesis 

that inflammatory immune response in the gastrointestinal tract explains susceptibility to 

diarrhoea in sheep that have been bred to resist helminth infection. We used RNASeq to 

reveal immune-system transcriptomes in the duodenum, the site of infection, and the 

ileum, where histological analysis had shown an increase in the numbers of eosinophils and 

masts cells, compared to the other sections of the gastrointestinal tract. The results for the 

duodenum did not support the general hypothesis because the up-regulated genes, and 

associated molecular mechanisms, were linked with tissue repair processes and extracellular 

matrix organization, and were enriched into functional terms, including collagen fibril 
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organization, tissue and epithelium morphogenesis and circulatory system development. On 

the other hand, the down-regulated genes were related to an overall suppression of the 

immune response, antigen processing and presentation and suppression of immune 

tolerance. Therefore, in this part of the gastrointestinal tract, diarrhoea is a response to 

damage caused by the helminths rather than an immune response. In contrast, the ileum 

transcriptome results supported the general hypothesis because the up-regulated genes 

and associated molecular mechanisms were linked with inflammation, a major contributor 

to the development and severity of diarrhoea. On the other hand, the down-regulated 

genes in diarrhoea-susceptible sheep were associated with mechanisms of ion transport, 

muscle physiology and mechanisms that prevent inflammation. Overall, these mechanisms 

were contributing to the development and severity of diarrhoea, and thus supported the 

general hypothesis. 

 

The second part of this thesis addresses the rapidly increasing awareness of the importance 

of the gut microbiome for many aspects of general health in humans as well as animals. It 

seems very likely that, in sheep, helminth infection will affect the microbial composition in 

the various sections of the gastrointestinal tract, with potential consequences for animal 

health and productivity. In this work, led by co-author Erwin Paz, we used analysis of 16S 

rRNA gene frequency to reveal the structure and composition of the microbial communities 

in helminth-resistant and helminth-susceptible sheep. The results revealed that each section 

of the gastrointestinal tract supports a specific composition of bacterial species. Of 

particular interest was our observation that, in helminth-resistant sheep, the species 

composition was richer and more diverse in the duodenum than in other sections of the 

gastrointestinal tract, and also richer and more diverse than in any section of the tract of 

helminth-susceptible sheep. 

 

Finally, in addition to understanding the roles of the host immune system and 

gastrointestinal microbiology in host-parasite interactions, we improved genome assembly 

for the major helminth, Teladorsagia circumcincta. This work was considered important as a 

step towards the identification of molecules in the helminth, such as small non-coding RNAs 

that can modulate host immunity, as well as the identification of candidates for vaccines 

and medication. The original draft assembly of the genome was highly fragmented, and a 
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large number of unplaced scaffolds exaggerated the genome size. Using Hi-C methods, we 

improved the draft genome assembly to a chromosome-length scaffolds assembly that is 

smaller, more contiguous, with fewer haplotypes and repeats, and with better synteny and 

more orthologs with another nematode of the same clade, Haemonchus contortus.  

 

In conclusion, to resolve the diarrhoea problem, sheep should be bred by taking into 

consideration the important genes that maintain the physical barriers and tissue repair in 

the duodenum, to resist helminth establishment, as well as the genes that influence 

inflammation and immune tolerance, in addition to the key phenotypes (low-diarrhoea; low 

faecal egg count). Furthermore, breeding sheep for helminth resistance seems to affect the 

duodenal environment, enriching and diversifying the microbiota, an outcome that might 

help explain the restricted development of helminths. Finally, the improved genome 

assembly for Teladorsagia circumcincta should present opportunities for the identification 

of vaccine and drug targets to control helminth infections. 
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Chapter 1: General Introduction 

Globally, sheep farming most commonly features a traditional grazing system and produces 

commodities (wool, meat, milk and hides) with export values (www.fao.org). This system 

exposes the sheep to many challenges, including parasitic helminths, with adverse effects 

on health and production, resulting in financial penalties due to the costs of prevention and 

treatment of infections (Taylor 2012). These same issues arise in southwestern Australia 

where the Mediterranean climate, with its winter rainfall, favours the survival of the 

abomasum-dwelling helminth, Teladorsagia circumcincta, and the small-intestine-dwelling 

helminth, Trichostrongylus colubriformis, because the larvae can flourish on moist pastures 

(Larsen et al. 1994). 

Parasitic helminthiasis is a recurrent problem because the infective-stage larvae are 

ingested during grazing of contaminated pasture and then become adults in the 

gastrointestinal tract (GIT), eventually laying eggs that appear in faeces to contaminate the 

pasture again. The pathological changes in the gastrointestinal tract reduce weight gain and 

lead to diarrhoea that soils the wool on the hindquarters (‘dags’). These are the main clinical 

signs (Jacobson et al. 2020). The accumulation of faecal material around the anus and down 

to the hock-joint (the ‘breech’) favours microbial growth that produces odours that attract 

flies, resulting in flystrike (myiasis). This helminth-diarrhoea-flystrike complex costs the 

Australian Merino sheep Industry about A$ 600 m pa for prevention, treatment and 

production losses (Lane et al. 2015). 

For decades, the control strategies have relied on the use of anthelmintic medications but, 

over time, many of the helminth species have become increasingly resistant to most of the 

available drugs (Williams 2011). To date, there are no commercial vaccines available to 

control T. circumcincta or T. colubriformis (Claerebout and Geldhof 2020). Pasture rotation 

is a sustainable option, but the management cost and the area required to execute it make 

it unfeasible. 

The genetic selection of sheep that naturally resist helminth infection seems to be the most 

sustainable long-term solution (Karlsson and Greeff 2006), and is a strategy investigated for 

more than two decades by the Department of Primary Industries and Regional 

Development, Western Australia. The outcome is the ‘Rylington flock’, a flock of Merino 
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sheep that are highly resistant to helminths, with very low faecal egg counts (FEC) for the 

dominant Teladorsagia and Trichostrongylus species (Karlsson et al. 1995; Bisset and Morris 

1996; Karlsson and Greeff 2006). 

The genetic selection has been very successful but breeding for helminth resistance 

apparently has led to an increase in susceptibility to diarrhoea in some animals (Larsen et al. 

1999; Karlsson et al. 2005), with an attendant increase in the risk of a fly-strike. Therefore, 

to tackle the risk of fly-strike, Greeff et al. (2014) established the ‘breech strike’ flock by 

breeding for resistance to diarrhoea using diarrhoea score (or faecal consistency score; FS) 

as a selection trait. 

Data from this flock and the Rylington flock has been added to a database that allows the 

identification of extreme animals based upon FEC and diarrhoea score. Further investigation 

led to the conclusion that FEC and diarrhoea are negatively correlated, indicating that 

selection for low-FEC can result in an increase in susceptibility to diarrhoea (Greeff and 

Karlsson 1997). 

The immune system must be involved resulting in the pathological changes in the GIT, 

exacerbating attempts to expel the helminths (Karlsson et al. 2005). Therefore, there is a 

great need to understand both the host immune responses to helminth infection and the 

molecular mechanisms involved in the development of diarrhoea in diarrhoea-susceptible 

sheep. 

Indeed, helminths incite both innate and adaptive immune responses (McRae et al. 2015). 

The adaptive (long-term) response is evoked by the binding of helminth antigen to CD4+ T 

cells through molecules of the major histocompatibility complex class II (MHC-II), eliciting a 

Th2 antibody-mediated response. Infiltration of eosinophils and mast cells, production of 

antibodies (IgE and IgA), and the secretion of Th2-type cytokines (IL-4, IL-5, IL-13), are all 

characteristics of the adaptive immune response to helminth infection (Anthony et al. 2007; 

Paul and Zhu 2010). On the other hand, the innate immune response comprises the 

maintenance of physical barriers and muscle contractions (Douch et al. 1984; Harrison et al. 

2003), pattern recognition receptors (Ingham et al. 2008), proinflammatory and cytotoxic 

cells (Henderson and Stear 2006), and various chemo-attractants (Rosenberg et al. 2013). 

The innate responses, collectively, act to expel the helminths from the gastrointestinal tract, 
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a process that often involves diarrhoea. In addition to the damage to gastrointestinal 

mucosa caused by the helminths (Williams and Palmer 2012), diarrhoea can be the 

consequence of a heightened immune response to the larvae – termed as ‘hypersensitivity 

diarrhoea’. However, diarrhoea is a complex problem and the immune responses in 

diarrhoea-susceptible sheep need further investigation at a molecular level (Stanger et al. 

2018). 

The importance of the gastrointestinal microbiome in health and disease has gained 

significant attention recently and technological advances are allowing the exploration of GIT 

microbial composition in great detail. In addition to the host and the parasite, therefore, the 

microbiome can be seen as a third contributing factor in gut pathophysiology. In this 

triangular relationship, helminth infection would be expected to alter the diversity and 

population structure of native gut microbiota (Li et al. 2016). For example, infection with H. 

contortus in goats affects butyric acid-producing bacteria that regulate tissue repair and 

inflammation (Li et al. 2016). On the other hand, gut microbiota can support sheep 

resistance to infection with H. contortus (Mafuna et al. 2021). In this scenario, therefore, the 

effects of genetic selection for helminth-resistance (against T. circumcincta and T. 

colubriformis) on the GIT microbiome need elucidation. 

In the studies described in this thesis, we used natural conditions that mimic real-world 

farming conditions where grazing sheep naturally ingest infective-stage larvae. The sheep 

had been sourced from the Rylington and breech-strike flocks, from which individuals with 

extreme genetic propensity (breeding value) for resistance or susceptibility to diarrhoea and 

helminth infection were chosen. These animals offer an excellent genetic resource for 

studying responses of the immune system and the gut microbiome. It is important to note 

that the animals were chosen purely on the basis of breeding values for the traits of 

selection, with the sires being used across the selection lines and flocks, and all sheep being 

managed and run together for more than a decade. Consequently, the flocks are genetically 

linked, belong to the same management group, and are not independent. 

In addition to genetic selection for resistance, an attractive intervention to control helminth 

infection is the identification of novel vaccine and drug targets. To date, there are no 

commercially available vaccines to prevent sheep helminthiasis. This difficulty might be due 

to the helminths releasing molecules (for example, microRNAs originating from intronic 
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parts of the DNA), that modulate the host’s immune machinery. To discover novel vaccine 

and drug targets, and perhaps the origin of helminth microRNAs, we need a chromosome-

length genome assembly, but the current version of T. circumcincta genome assembly is 

highly fragmented. Part of the work in this thesis aimed to improve on this situation. 

In conclusion, the diarrhoea problem is expected to get worse and the science needs to go 

beyond phenotype (FEC and dags), environmental and seasonal factors. The studies in this 

thesis, therefore, investigated the molecular mechanisms (particularly immune-related 

biological processes and pathways) by using gene expression analysis. To test whether an 

inflammatory immune response, at both infection and non-infection sites, can explain 

susceptibility to diarrhoea, we identified pathways and associated genes (enriched in 

diarrhoea-susceptible and diarrhoea-resistant sheep) that might be used in a breeding 

program to better manage the diarrhoea and helminth-infection problems. We also 

investigated the effects of genetic selection on the gut microbiome in helminth-resistant 

and helminth-susceptible Merino sheep. Finally, we aimed to improve the draft genome 

assembly of an economically important helminth, T. circumcincta, to a chromosome-length 

genome assembly by using the chromosome conformation capture technique. 
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Chapter 2: Literature Review 

2.1 Scope 

I will develop a case through this literature review as to how the immune system in sheep 

responds to helminth infection and contributes to the severity of diarrhoea. I have divided 

this literature review into three parts. In the first part, I will describe the life cycle and 

parasitism of the major helminths in South Western Australia; then, I will describe the 

responses of the ovine immune system to helminth infection and the processes that are 

known to be involved in the development of diarrhoea (including diarrhoea due to an 

inflammatory immune response); finally, I will propose solutions to helminth infection with 

a focus on a sustainable solution, namely ‘selective breeding of Merino sheep for resistance 

to helminths’. The second part focuses on the importance of the gastrointestinal GIT 

microbiome in sheep and the third part describes the significance of improving the draft 

genome to a chromosome-length assembly for a helminth parasite. The outcome of the 

review will be the formulation of the hypotheses tested in my experimental work. 

2.2  Helminths in the sheep production system 

Major parasite species 

Sheep production systems face many challenges, including food-borne illnesses, predators 

and diseases caused by a variety of organisms such as viruses, bacteria, fungi, protozoa and 

external and internal parasites (Taylor 2012). Among the major internal parasites, 

particularly in grazing systems in south-western Australia, are the GIT helminths (Karlsson 

and Greeff 2012). In this Mediterranean region, where rainfall is prevalent in winter, the 

most important helminth species are Teladorsagia circumcincta (winter), Haemonchus 

contortus (summer and spring) in the abomasum, Trichostrongylus colubriformis (winter) in 

the duodenum and Oesophagostomum columbianum and Chabertia ovina in the large 

intestine (Abbott et al. 2018; Greeff et al. 2020). These helminths infect sheep ranging from 

young lambs to mature adult sheep and cause disease with variable severity depending on 

age, sex, health status and prior exposure. 

In and out: The helminth nematode’s life cycle 
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The life cycle of helminth parasites starts after eggs appear in faeces and are distributed on 

the grazed field. Under optimum conditions, the embryonated eggs will hatch within 24 h 

into first-stage larvae (L1). Within the next 12-14 days, the L1 will develop through to the 

infective third stage larvae (L3) in which growth is arrested until ingestion by grazing sheep. 

The L3 are ensheathed and are resistant to harsh environmental conditions (Stear et al. 

1995; Stear and Bishop 1999), allowing these species to dominate because they can avoid 

extreme weather, in both summer and winter (Besier and Love 2003). 

The disease pathogenesis 

The ingestion of L3-stage larvae begins the infection cycle while the sheep are grazing on 

pasture. Soon after ingestion, T. circumcincta larvae localize in the abomasum whereas T. 

colubriformis larvae localize in the duodenum (Soulsby 1982). The larvae then exsheathe so 

they can continue their development. They transition through to L4 and L5 stages over 

approximately two weeks, and finally become sexually active mature adults, with the 

females laying eggs (Stevenson and Hughes 1988; Soulsby 1982). 

T. circumcincta burrows through the abomasal mucosa, causing significant damage leading 

to dysplasia of the abomasal glands and a decrease in HCl-secreting cells. These events can 

lead to an increase in abomasal pH and the increased permeability of the mucosa of 

abomasum leads to an elevation of pepsinogen concentration in the blood of infected 

animals (Parkins and Holmes 1989; Fox 1997). The outcome is a significant reduction in the 

digestion of proteins mainly due to the loss of pepsinogen and the decrease in the 

production of the HCl that is required to convert pepsinogen into its active form, ‘pepsin’ 

(Fox 1997; Halliez and Buret 2015). 

By contrast, infection with intestinal helminths such as T. colubriformis leads to goblet cell 

hyperplasia, decreased villous to crypt (villous:crypt) ratio, and severe atrophy (Pullman et 

al., 1989). The increased turnover of GIT mucosae can lead to sloughing of enterocytes into 

the intestinal lumen (Pullman et al. 1989; Williams and Palmer 2012). 

The clinical signs associated with GIT parasite infection generally include anorexia, weight 

loss, diarrhoea and, in rare cases, death in young animals carrying a heavy parasite burden 

(Holmes 1987; Abbott and Mcfarland 1991). The prominent clinical sign is diarrhoea in 

which watery faeces accumulate around the anus and hock joint area (Jacobson et al. 2020). 
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2.3 Diarrhoea and its causes 

In addition to GIT parasites, diarrhoea in sheep can have other causes. 

Associated with fodder 

In the Mediterranean climate, the parasite life cycle is favoured by the onset of winter 

rainfall and, in addition, lush green pasture becomes available with a high content of water 

and soluble carbohydrates that leads to watery diarrhoea (Watts et al. 1978). In the absence 

of clinical signs of parasitism, postmortem only reveals a large volume of water in the 

content of the various parts of the GIT. The soluble carbohydrates alter the concentration 

gradient in the GIT leading to increased retention of water (Glastonbury, 1990). 

Infectious diarrhoea 

Many pathogens, including viruses, bacteria, protozoa and parasites, can cause diarrhoea in 

small ruminants. Bovine diarrhoea virus affects cattle in Australia, and it can also cause 

diarrhoea in many small ruminant species, including sheep (Hyera et al. 1991; Nelson et al. 

2016). Yersinia pseudotuberculosis, Y. enterocolitica, Salmonella typhimurium and 

Clostridium perfringens types C and D are among the bacterial species that cause 

gastroenteritis, causing varying degrees of diarrhoea in sheep in various parts of Australia 

(Uzal and Songer 2008; Knight and Riley 2013; Stanger et al. 2018). Coccidiosis and 

Cryptosporidiosis are protozoal diseases that cause GIT anomalies including diarrhoea such 

as black scours in sheep (Foreyt 1990; Chartier and Paraud 2012). 

However, the helminths are the most prevalent cause of diarrhoea during winter and early 

spring in the South West of Australia, with T. circumcincta and T. colubriformis being the 

major species responsible (Jacobson et al. 2020). Infection with these helminths causes 

significant economic penalties, in the form of production losses and costly control strategies 

(Larsen et al. 1995a). In general terms, diarrhoea is considered to be the outcome of a heavy 

helminth burden when other reasons (viral, bacterial, protozoal, feed-related) have been 

ruled out, especially in young sheep (less than one-year-old) as they are not as immune to 

the infection as adult sheep (Adams 1995; Balic et al. 2000a; Williams and Palmer 2012). On 

the other hand, diarrhoea and helminth infection are independent of each other in adult 

sheep where an immune response to the helminths has been established (Larsen and 
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Anderson 2000). Various studies have shown that diarrhoea is not correlated with the 

number of infective larvae or the total worm burden in the GIT or with the faecal egg count 

(FEC; Larsen et al. 1995b; Larsen and Anderson 2000). This ‘low-FEC diarrhoea’ has been 

referred to as “larval hypersensitivity scouring syndrome”, and was thought to be caused by 

an overly reactive immune response (Larsen et al. 1994, 1999; Larsen and Anderson 2000). 

Hypersensitivity diarrhoea (diarrhoea caused by the immune response) 

Diarrhoea in sheep is a complex, multifactorial process, so it does not depend on any single 

factor (Hein 2012). Diarrhoea caused by a large number of adult helminths is 

understandable because it would be a direct response to gut damage caused by the 

parasites (McClure et al. 1992). However, low-FEC diarrhoea, or ‘hypersensitivity diarrhoea’, 

is ascribed to an excessive inflammatory response to the infective larvae (Larsen et al. 

1994). The phenomenon is heritable and repeatable as the same sheep is likely to develop 

the disease phenotype several times (Larsen et al. 1995a). In the Mediterranean climate, 

there are no distinct patterns in the development of ‘hypersensitivity diarrhoea’ with 

respect to the season from year to year, and sheep are affected regardless of age (Jacobson 

2006). 

The factors that determine the susceptibility of individual sheep to hypersensitivity 

diarrhoea, as well as the methods for diagnosing the disease, are still largely unknown. 

Investigations to date have revealed variations in immune cells, such as a greater number of 

eosinophils and mast cells at the pylorus and in the small intestine, and smaller numbers of 

CD4+  cells and cells positive to interferon-gamma (IFN-γ; Larsen et al. 1994, 1999). Antibody 

concentrations in the serum, mesenteric lymph nodes, or gut tissue do not differ between 

affected and non-affected sheep (Larsen et al. 1999). Sheep susceptible and not susceptible 

to developing diarrhoea also do not present any differences in their haematology profiles – 

white blood cell count, red blood cell count, haemoglobin, and packed cell volume (Greeff et 

al. 2020). Therefore, the only significant indicator for hypersensitivity diarrhoea is a greater 

number of eosinophils and mast cells, and concentrations of IgE, in the gut mucosa (Bisset, 

Vlassoff, et al. 1996). 
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Diarrhoea is real so other factors must be responsible for the phenomenon, and such factors 

offer an opportunity to use molecular analysis to investigate the complex biological 

processes and pathways involved, at the site of infection and at a systemic level. 

2.4 Host responses to helminth infection 

The host responds to any infection with, in broad terms, an innate immune response and an 

adaptive (or acquired) immune response, both of which we will consider here in the context 

of helminth infection. 

2.4.1 Innate immune response: the first line of recognition and defense 

The first line of defense, a general non-specific response to invading helminths, comprises 

various types of immune cells and recognition receptors. The primary task is to identify the 

invader and alert the adaptive immune response so that more specific actions can be 

initiated (McRae et al. 2015). Among the earliest components to identify helminths are the 

pattern-recognition receptors (PRRs), the toll-like receptors (TLRs) and the C-type lectin 

receptors (CLRs) (Geijtenbeek and Gringhuis 2009). Potent ligands for PPRs are protein 

markers such as pathogen-associated molecular patterns (PAMPs) from helminths. The PPRs 

are expressed by innate immune cells (Glass 2012) that, once activated, recruit cytokines 

and induce signaling mechanisms to alert and activate the more precise adaptive immune 

response (Hansen et al. 2011). With respect to the TLR family members, including TLR9, 

TLR4 and TLR2, expression is up-regulated in sheep that are genetically resistant to helminth 

infection (Ingham et al. 2008). 

The PPRs are expressed by several types of innate immune cells, including antigen-

presenting immune cells (APCs), dendritic cells, mast cells, mucosal surface cells, 

macrophages, mast cells, eosinophils, basophils, neutrophils and natural killer (NK) cells 

(Glass 2012). These cells can be allocated among three functional classes: a) the antigen-

presenting cells (APCs), including dendritic cells and macrophages; b) the proinflammatory 

cells, including mast cells, eosinophils, basophils and neutrophils; and c) cytotoxic cells, 

including natural killer cells (NKs). The classification of cells in the innate and adaptive 

immune systems is shown in Figure 1. 
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Figure 1. The hierarchy of innate and adaptive immune cells (except for those in red text). The blue 
boxes indicate relevant groups of cells connected with cells through red arrows. 

 

The innate responses are an integral part of innate immunity and have evolved to expel the 

helminth larvae, and they include maintenance of GIT barrier function, increased mucous 

production, and increased peristaltic activity. The GIT barrier is the interface between the 

gut lumen and lamina (propria and mucosa), and it comprises physical (epithelium) and 

secretory components (mucous and mucin, hydrochloric acid, immunoglobulin-A and 

antimicrobial peptides) (Turner 2009).  

Helminths tend to damage the epithelial barrier as they establish, feed and reproduce. In 

doing so, they affect gut permeability and ion transport, both of which are important for 

maintaining a concentration gradient inside and across the gut lumen (McKay et al. 2017). 

Changes in permeability and ion transport can severely inhibit the absorptive function of the 

GIT, leading to loss of important nutrients and fluids, and to diarrhoea (Hoque et al. 2012). 

Thus, in responding to helminth infection, host mechanisms attempt to repair and maintain 

the integrity of physical barriers by replacing the damaged epithelium, increasing mucous 

production, and increasing in smooth muscle contraction, thus accelerating peristalsis 

(Shea-Donohue et al. 2012; McKay et al. 2017). The epithelial cells secrete alarmins (thymic 
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stromal lymphopoitein or TSLP, IL-33 and IL-25) that activate innate lymphoid cells (ILC2) 

that, in turn, secrete IL-13 to activate dendritic cells (DCs) that polarize the immune 

response to a Th2 phenotype (explained in Section c). 

The GIT epithelium has the highest turnover rate in an animal’s body due to the continual 

barrage of challenges by external pathogens. An increase in epithelium turnover will 

promote worm expulsion (Cliffe et al. 2005). Hyperplasia in mucous-producing goblet cells 

and in tuft cells will lead to an increase in gut permeability and other changes that are 

characteristic of infection with helminths (Grencis 2015). The intestinal smooth muscles 

show a hypercontractile response to IL-4 and IL-13, two signaling molecules involved in the 

Type-2 immune response that is required to control helminth infection (Shea-Donohue et al. 

2012). All these innate immune events, elicited by helminth infection, can promote 

diarrhoea, as outlined in Figure 2. 

Antigen-presenting cells (APCs): Macrophages 

Macrophages are a mature form of monocytes derived from bone marrow (Alberts et al. 

2002) and derive their name from the tissue in which they are located – for example Kupffer 

cells (liver), histiocytes (connective tissue), osteoclasts (bone), alveolar macrophages (lungs), 

Langerhans cells (skin), and microglial cells (brain) (Italiani and Boraschi 2015). Macrophages 

are classified into; classically activated and alternatively activated, with the latter being 

activated during helminth infection (Kreider et al. 2007). Macrophages are phagocytic and 

they normally detect, ingest and kill invading pathogens, but helminths are large and thus 

avoid phagocytosis (Italiani and Boraschi 2015). Instead, the macrophages sample the 

antigenic parts of helminths and present them to more ‘professional’ cells of the adaptive 

immune response through a process known as antigen processing and presentation (Cruse 

et al. 2004; Robinson et al. 2012). In addition, they secrete important signaling molecules 

such as proinflammatory cytokines (TNFα, IL-1, IL-6, IL-8, IL-12), anti-inflammatory cytokines 

(IL-10, TGFβ), and chemokines (CXCL (1,2,8,9,10,11), CCL5(RANTES)), that alert other cells 

and components of the innate and adaptive immune responses, and also lead to the 

pathophysiology of diarrhoea (Arango Duque and Descoteaux 2014). 

Antigen-presenting cells (APCs): Dendritic cells 
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Dendritic cells are classified as conventional (cDC) or myeloid (mDC; Jiang et al. 2015). The 

myeloid dendritic cells are derived from blood monocytes and are recruited during helminth 

infection – they are considered to be ‘professional’ APCs because they process and present 

antigens (Hilligan and Ronchese 2020). They also contribute to the defense response by 

using cytokines and chemokines to communicate with, and enlist, the more ‘professional’ 

adaptive immune system (Hilligan and Ronchese 2020). The dendritic cells detect sample 

and process helminth antigens, then present those antigens to cell-surface molecules of the 

major histocompatibility complex (MHC), of which there are two distinct types: Class I 

(MHC-I) and Class II (MHC-II) (Wieczorek et al. 2017). The MHC-I molecules bind CD8+ T-

lymphocytes and thus initiate a Type-I cytotoxic immune response that controls viral, 

bacterial and intra-cellular parasite infections. Helminth infection, on the other hand, 

involves MHC-II binding to CD4+ T-lymphocytes that then induce a Type-2 antibody-

producing adaptive immune response (McRae et al. 2015). 

Pro-inflammatory cells: Mast cells 

The mast cells have potent inflammatory properties due to the presence of granules in their 

cytoplasm (also categorized as granulocytes) which contain histamine (with inflammatory 

properties) and heparin (with anticoagulant properties). Mast cells originate from myeloid 

progenitor cells and are present in large numbers locally, in the skin and in mucosal barrier 

tissues (including the intestine; Ryan and Oghumu 2019). Accumulation of mucosal mast 

cells is observed in helminth infections (Miller 1984). Mast cells have effector functions 

mediated by their high affinity for immunoglobulin-E (IgE; an antibody important for 

helminth infection control; discussed below) and by the presence of FcεR1 receptors on the 

cell surface (Ryan and Oghumu 2019). Mast cells store and release a number of mediators, 

including proteases, histamine, leukotrienes, and cytokines, that stimulate dendritic cells, 

eosinophils, neutrophils and T lymphocytes (Hepworth et al. 2012), and can induce a type I 

hypersensitivity reaction by promoting local blood flow, vascular permeability and smooth 

muscle contraction (Abraham and John 2010). The cytokines of mast cells (IL-4, IL-5, IL-13) 

are particularly important in mounting a type 2 adaptive immune response during helminth 

infection (Hepworth et al. 2012; Ryan and Oghumu 2019). However, the inflammatory 

properties of mast cells caused by degranulation at the site of infection can also stimulate 

the GIT, perhaps leading to diarrhoea (Winter et al. 1997). 
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Pro-inflammatory cells: Eosinophils 

Eosinophils are granulocytes and develop from myeloid progenitor cells in the bone marrow 

(Alberts et al. 2002). Their number rapidly increases in blood during helminth infections 

(‘eosinophilia’), a diagnostic indicator for parasitic infections. They migrate to and target the 

site of infection (Miller 1984; Balic et al. 2000a). During helminth infection, eosinophils play 

roles in immune regulation, resist the invasion of helminth larvae by degranulating to 

release important chemokines (such as CCL5), heal the damaged tissue and consequently kill 

many species of helminth larvae (Meeusen and Balic 2000; Balic et al. 2006). Eosinophils are 

important in the development of resistance to helminths because a decrease in blood 

eosinophilia reflects an increased migration of eosinophils into the intestine. A surge in 

tissue eosinophils is also observed in resistant Romney sheep, Texel and Suffolk lambs, 

Scottish Blackface breeds, as is an increase in blood eosinophils in Merino sheep (Bisset, 

Morris, et al. 1996; Balic et al. 2000b; Greeff et al. 2020). 

Apart from their role in resistance to helminth infection, eosinophils are involved in the 

development of inflammation and allergic/hypersensitive immune responses because they 

accumulate locally in large numbers (Larsen et al. 1994). Diarrhoea in sheep, where all other 

possible causes (bacteria, virus, protozoa, and high worm burden) have been ruled out, 

could be caused by an inflammatory response due to ‘eosinophilic enteritis’ (Jacobson et al. 

2020). An increase in the number of eosinophils in the intestinal mucosa has been 

correlated with high diarrhoea (Bisset et al. 1996; Williams et al. 2010), but the infiltration 

of eosinophils alone cannot be indicative of a hypersensitive immune response (Jacobson et 

al. 2020). 

Pro-inflammatory cells: Basophils 

Basophils are granulocytes with cytoplasmic granules that contain histamine and important 

signaling molecules. They are produced in bone marrow from myeloid progenitor cells, 

constitute less than 1% of total white blood cells (Alberts et al. 2002) and are similar to mast 

cells in that they have receptors with an affinity for IgE (Ohnmacht and Voehringer 2009). 

Basophils produce type 2 cytokines (Il-4, IL-5, IL-13) and initiate a type 2 immune response 

in helminth infections (Voehringer 2009) by promoting activation of AAM and contributing 

to worm expulsion (Ohnmacht and Voehringer 2009). Recently, using a basophil-deficient 



 
 

32 
 

mouse, it was shown that dendritic cells alone are not sufficient for an immune response 

against helminth infection and that basophils are needed to process parasite antigen to 

stimulate naïve CD4 cells to elicit a Th2 immune response (Perrigoue et al. 2009). The roles 

of basophils in sheep infected with helminths have not been fully elucidated and present a 

knowledge gap.  

Pro-inflammatory cells: Neutrophils 

Neutrophils, the first respondents during infection, are also granulocytes derived from bone 

marrow myeloid progenitor cells and are the most abundant (65%) of the white blood cells 

(Alberts et al. 2002). Like macrophages, they are phagocytic and this role is well established 

in bacterial and intracellular parasite infections. More recently, it has been shown that 

neutrophils alter their transcriptional profile and ‘train’ macrophages to adopt long term 

defensive properties against helminth infections (Grainger and Grencis 2014). In sheep 

abomasum, neutrophils and macrophages both prevent the establishment of Haemonchus 

contortus larvae (Bowdridge et al. 2015). Neutrophils are more active in oxidative killing of 

ensheathed helminths (larvae) than eosinophils (Butterworth 1984), but excessive release of 

granule proteins can result in inflammation, tissue damage and perhaps diarrhoea (Gigon et 

al. 2021). 

Cytotoxic innate cells: Natural Killer (NK) cells 

Natural killer cells are large granular innate lymphocytes (ILCs) derived from the same 

progenitors as B and T lymphocytes (Abel et al. 2018). They respond without prior exposure 

and are cytotoxic to tumor cells (Abel et al. 2018) and to cells infected with intracellular 

protozoa, such as Cryptosporidium parvum (Olsen et al. 2015) and Plasmodium (Burrack et 

al. 2019). Recent studies in animal models have shown that NK cells help mitigate the tissue 

damage by surrounding the invading helminth larvae (Gentile et al. 2020). Their role in 

sheep helminth infection can be predicted from model animals, but has not yet been fully 

explored. 

2.4.2 Adaptive/acquired immune response 

The adaptive or acquired immune response is more specific than the innate immune 

response. It has two major components – cell-mediated immunity and antibody-mediated 
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immunity. The cell-mediated adaptive immune response involves the activation of naïve T 

lymphocytes, by the APCs, into different subsets of T cells (helper and cytotoxic T cells) and 

various signaling molecules (cytokines) that interact and regulate the antibody-mediated 

immune response. The antibody-mediated immune response, on the other hand, involves 

the production of helminth-specific antibodies by activated B cells that neutralize the 

helminths and control the infection (Shakya et al. 2009; Zaph et al. 2014). Figure 2 outlines 

an overview of the adaptive immune response to helminths. 

a. Cell-mediated immunity: the T-lymphocyte response 

T-lymphocytes are key cells in cell-mediated responses. They have T cell receptors (TCR) that 

bind antigens presented by the MHC molecules present on the surface of APCs of the innate 

immune system (McRae et al. 2015). Depending on the type of antigen and type of MHC 

molecule (MHC-I or MHC-II), naïve T cells differentiate into T-helper cells or T-cytotoxic cells. 

i. T-helper (CD+4 T cells that express the CD4 surface protein) receive antigens from 

the APCs through class II MHC molecules. These CD+4 T cells produce cytokines (IL-4, 

IL-5, IL-13) and promote the maturation of B cells into antibody-producing activated 

B cells setting off the antibody-mediated immune response, macrophages and T-

cytotoxic cells. Depending on their cytokine profile, the activated CD+4 T cells are 

further classified as helper Th1, Th2, Th17 and regulatory T-cells (Treg; Lee 2018). 

The Th2 response is associated with the control of parasitic infections (explained 

below) whereas the Th1 responses are linked with viral, protozoal and intracellular 

bacterial infections. However, with helminth infection, the Th1 response can result in 

disease susceptibility in sheep. Treg cells are important for maintaining 

immunological homeostasis by suppressing other lymphocytes, resulting in 

immunological tolerance (Zaph et al. 2014; McRae et al. 2015; Wieczorek et al. 2017; 

Hilligan and Ronchese 2020). 

ii. T-cytotoxic cells (CD+8 T cells that express the CD8 surface protein), or Tc, receive 

antigens from the APCs through class I MHC molecules. Tc is cytotoxic against 

intracellular pathogens and tumour cells. Th1 cytokines promote the proliferation of 

Tc cells and a greater abundance of Tc is linked with susceptibility to GIT-helminths 

(Gill et al. 2000; Craig et al. 2014). 

T helper type 2 (Th2) immune response is essential for controlling helminth infection 
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The patterns of signaling molecules (cytokines) determine the type of immune cells that are 

recruited. Thus, a Th2 antibody-stimulating response is initiated during a helminth infection 

via the Th2-cytokines (IL-4, IL-5, IL-13, IL-9, IL-25), induction of mast cells and eosinophils, 

and production of antibodies (IgA, IgE). IL-4 is critical in that it initiates a Th2 response while 

suppressing the differentiation of naïve Th cells into Th1 cells (McRae et al. 2015) and being 

involved in the activation of B cells for antibody production. IL-5 enhances the production of 

IgA from B cells and attracts eosinophils to the site of infection. IL-13 promotes epithelium 

repair, mucous production by goblet cells and activation of mucosal mast cells at the site of 

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

b. Antibody-mediated immunity: the B-lymphocyte response 

Cell-mediated immunity transitions the innate immunity to a highly specific antibody-

mediated immune response. The antibodies are immunoglobulins (Ig), large proteins 

produced by activated B cells (Haase and Voehringer 2021). Other immune cells involved in 

antibody-mediated immunity include activated B cells and memory cells. The effector 

functions of B cells also involve the production of cytokines (IL-4, IL-6, IL-10, IL-13, the 

regulation of Th2 immune response and, when activated, the presentation of antigens to 

CD4+ T cells (Wojciechowski et al. 2009). There are several isotypes of antibodies but, in 

attacking helminths, the most important are IgE, IgA and IgG1. 

IgE 

Similar to eosinophilia, an increase in circulating concentrations of IgE is a characteristic 

feature of infection with helminths (Jarrett and Miller 1982). For example, during infection 

with T. circumcincta and T. colubriformis, concentrations of IgE were found to be raised in 

gastric lymph and serum, respectively (Harrison et al. 1999; Cardia et al. 2011). Increased 

concentrations of IgE have also been associated with allergic and inflammatory responses. 

The increased concentrations of IgE are induced by IL-4 and IL-5 and are important in 

helminth rejection as IgE leads to major cell-mediated cytotoxicity that kills helminths 

(Miller 1996). IgE has a strong affinity for the FcεR1 receptor, so it stimulates mast cells and 

eosinophils (Sutton and Gould 1993). It also stimulates epithelial cell secretions, increases 

mucosal permeability and increases intestine contractions, thus ultimately contributing to 

helminth expulsion (Baird and O’Malley 1993; Miller 1996). However, higher concentrations 

of IgE can also increase mucous secretion, irritation and inflammation, three factors that 
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contribute to a Type-I hypersensitivity reaction could be the cause of immune-mediated 

diarrhoea in sheep infected with T. colubriformis (Shaw et al. 1998, 1999). 

IgA 

In response to helminth infection, IgA is produced by activated B cells and is the dominant 

isotype in GIT mucosal surfaces where it conveys mucosal immunity. IgA acts to reduce 

helminth fecundity and helminth length by arresting the growth of L4-stage larvae (Stear 

and Bishop 1999). Other studies have also indicated that IgA is important in helminth 

rejection – infected sheep have elevated concentrations of IgA in the circulation and in the 

intestinal mucosa that, together with eosinophils, help to reject helminths (Stear et al. 1995; 

Henderson and Stear 2006). 

IgG 

Compared to other immunoglobulins isotypes, IgG dominates antibody-induced cellular 

cytotoxicity (AICC), and the concentrations increase after infection with T. colubriformis, T. 

circumcincta and H. contortus (Schallig et al. 1995; Sinski et al. 1995; Sutherland et al. 1999). 

AICC is a process during which the antibody opsonizes the helminths and attracts phagocytic 

cells (e.g., macrophages and neutrophils) that then release the phagocytic molecules that 

cause lysis of the helminths (Motran et al. 2018). 

Overall, immunoglobulins present a negative correlation with FEC and play important roles 

in resisting helminth infection because resistant sheep have higher total circulating and local 

antibody concentrations compared to susceptible sheep (Aboshady et al. 2020). However, 

higher concentrations of IgE in sheep have also been associated with inflammation and 

hypersensitive immune response resulting, probably, in diarrhoea.
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Figure 2. A schema of innate (left) and adaptive (right) immune responses to helminth infection). Alarmins (IL-25, IL-33, TSLP) are released from epithelial 
cells that, upon contact with helminths, activate innate lymphoid cells (ILC-2). The ILC-2 release IL-33 that, along with TSLP and IL-13, polarize dendritic cells 
to a Th2 phenotype that then increase the production of IL-4, IL-5, IL-9, and IL-13. These Th2 cytokines induce hyperplasia of goblet cells (thus increasing 
mucous production) and tuft cells, increase smooth muscle contraction, and induce a dominant Th2 antibody-producing adaptive immune response. The 
result is helminth rejection or the development of diarrhoea (solid black arrows). In the initial phases of infection, a Th1 response (broken black arrows) is 
also initiated that is later dominated by the Th2 response in resistant animals. A persistent Th1 response can lead to susceptibility to helminth infection.
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2.5 Resistance, susceptibility and immune regulation during helminth infections 

It has been established that a dominant Th2 antibody (helminth-specific IgE, IgA and IgG1) 

producing adaptive immune response along with induction of immune cells (eosinophils, 

mast cells and globule leucocytes) and Th2 cytokines (IL-4, IL-5 and IL-13) are essential to 

resist the helminths (Finkelman et al. 1988; McRae et al. 2015). Gill et al. (2000) have shown 

that randomly-bred resistant Merino lambs have an increased IgE and IgG1 antibody 

production and increased expression of IL-5 cytokine. The resistance to helminths is 

heritable and variation exists in animals due to different genetic backgrounds (Morris et al. 

2000). In mice infected with the Trichuris muris model, an early rise in the concentration of 

IL-4 is responsible for a protective immune response and for suppressing the differentiation 

of naïve T helper cells into Th1 cells (Else et al. 1994). In contrast, a Th1 response 

traditionally stimulates cytotoxic CD+8 T cells, macrophages and Th1 cytokines (IFN-y) and is 

associated with susceptibility to helminth infections in sheep infected with T. colubriformis 

(Pernthaner et al. 2005). The Th1 response is initiated by IL-12 (a cytokine produced by DCs 

and macrophages) in responses to bacteria, viruses and protozoa, which induces the 

production of IFN-y. IFN-y is a principal Th1 cytokine that differentiates naïve CD4 T cells to 

differentiate into Th1 cells whereas both IL-12 and IFN-y inhibit the production of IL-4 

(Finkelman et al. 1994). 

Regulation of immune response: Immune tolerance 

During infections, the immune response to helminths must be regulated, if not, pathological 

outcomes can result. One such regulation is maintained by regulatory T cells (Tregs) (White 

et al. 2020). Tregs increase in numbers and are considered ‘an immune system self-check’ 

(Finney et al. 2007) – immune down-modulation during infection is necessary to prevent the 

host from pathological outcomes of an immune response. The Tregs cells have been shown 

to block the effector T cell proliferation in vitro (Finney et al. 2007). Deficiency in Treg cells 

can result in autoimmunity and allergic responses (Grainger et al. 2010). 

Immune modulation by helminth parasites 

In addition to the host regulating the immune responses, different studies have shown that 

helminths modulate (to suppress and evade) the host immune response in order to 

establish. The chronic infections of Trichuris trichiura (human whipworm) and Trichuris 
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muris (murine whipworm) are sustained by the ability of helminths to induct Foxp3+ Treg 

cells that suppress the effector T cells, therefore resulting in longer survival of the helminths 

(D’Elia et al. 2009; White et al. 2020). The excretory-secretory proteins from helminths (T. 

circumcincta and Heligmosomoides polygyrus) have been shown to stimulate Foxp3-

expressing Tregs in vitro, which ultimately suppress the effector T-cells (Grainger et al. 

2010). The other excretory-secretory proteins include protease inhibitors (cysteine and 

serine) and venom allergen like proteins (VALS), that are capable of blocking the functions of 

innate immune cells, for example antigen presentation (Hewitson et al. 2009). The protease 

inhibitors hamper the priming process of T-cells by APCs, therefore affecting antigen 

processing and presentation (Hewitson et al. 2009). However, the immune modulating 

mechanisms during helminths infections in sheep are largely unknown. 

2.5.1 Summary – immunity and diarrhoea 

A schematic overview of the immune responses activated during helminth infection has 

been presented in the Figure 2. Innate immune responses are initiated in response to 

epithelial damage caused by helminths. The resulting mechanisms involve increases in 

mucous production, epithelial turnover, goblet and tuft cell hyperplasia and muscle 

contraction. Meanwhile, signaling molecules (TSLP and IL-13) activate the antigen-

presenting cells which present the helminth antigen to cells of the adaptive immune 

response to start the cascades of cell-mediated and antibody-mediated immunity. The 

cumulative effects of all these processes are lysis and expulsion of the helminths – helminth 

resistance. In contrast, sheep with ‘hypersensitivity diarrhoea’ have greater numbers of 

eosinophils and mast cells, but the mechanisms involved are largely unknown. Possibilities 

include a Th1 response, involving cytokines (such as IL-6) or a persistent Th2 response with a 

lack of immune tolerance because Tregs cells are suppressed and effector T cells are 

consistently promoted by antigen-presenting cells. These gaps present an opportunity to 

explore the molecular mechanisms involved in the development of diarrhoea in diarrhoea-

susceptible sheep. 

2.6 Selective breeding: the sustainable solution 

The solutions to helminths include; use of anthelmintics, vaccination, pasture management 

and selective breeding. Licensed vaccines are not available for T. circumcincta and T. 
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colubriformis (Claerebout and Geldhof 2020). Therefore, the dominant approach for many 

decades has been to use anthelmintic medications (Karlsson and Greeff 2012). But, the 

helminths are becoming increasingly resistant to them (Williams 2011). Therefore, the most 

sustainable and long-term solution is to breed animals that naturally resist helminth 

infection and do not develop diarrhoea (Karlsson and Greeff 2006). Since 1988, the 

Department of Primary Industries and Regional Development (DPIRD) has been breeding 

sheep that resulted in the ‘Rylington Merino’ flock; a highly helminth-resistant Merino flock 

(Karlsson et al. 1995; Bisset and Morris 1996). There has been a significant reduction (85%) 

in FEC in the ‘Rylington Merino’ flock compared to non-selected sheep (Karlsson and Greeff 

2006). 

Diarrhoea (dags) exposes sheep to the risk of fly-strike. Therefore, to address diarrhoea and 

fly-strike problem, Greeff and colleagues established the breech-strike flock by breeding 

against diarrhoea-susceptibility using diarrhoea as a selection trait (Greeff et al. 2014). 

Although selective breeding has been successful, some animals have an increased 

propensity to develop diarrhoea even with low FEC (Karlsson et al. 1995). Further 

investigations indicated a negative correlation between diarrhoea and FEC, showing that 

they are independent of each other (Greeff and Karlsson 1997). Other studies indicated that 

the severity of diarrhoea was independent of administered doses of larvae (Larsen et al. 

1995b; Larsen and Anderson 2000). There must be other factors involved, such as a 

‘heightened immune response’, where larvae can induce immune responses resulting in a 

pathological outcome – ‘hypersensitivity scouring’ (Larsen et al. 1999). 

Pathogenesis and diagnosis involved in hypersensitivity scouring 

The hypersensitive immune response has four types (I-IV), where Type-I is the most relevant 

to helminth infection. Hypersensitivity Type-I is characterized by increased production and 

binding of IgE isotype to pro-inflammatory cells (eosinophils, mast cells, basophils) surface 

resulting in the release of inflammatory mediators. The process begins with stimulation of B 

cells by IL-4 produced by activated Th2 cells and activated B cells produce IgE. The binding of 

IgE to its high-affinity Fc receptors (FcεRI and FcεRII) on mast cells stimulates the secretion 

of cytokines (IL-4, IL-6, IL-5, TNF-α) and the production of inflammatory mediators including 

histamine, leukotrienes, prostaglandins, platelet-activating factor, serotonin and proteases 

(Meeusen et al. 2005). These mediators generate allergic responses in host GIT resulting in 
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excessive mucous secretion, increased vascular permeability and smooth muscle 

contraction, malabsorption of nutrients due to epithelium damage and eventually diarrhoea 

(Larsen et al. 1994; Meeusen et al. 2005; Williams and Palmer 2012). 

Eosinophilia in the abomasum (pyloric region) and small intestine, and a reduction in 

numbers of CD4 cells compared to CD8 cells, are the major changes in diarrhoeic sheep 

(Larsen et al. 1994, 1999). But Larsen (1999) did not observe any significant changes when 

affected and unaffected control sheep were compared for their dermal and circulating 

eosinophils, and antibody concentrations in circulation, gut or lymph nodes. Further 

investigations by Greeff (2020) revealed non-significant differences in sheep susceptible and 

not susceptible to develop diarrhoea in terms of their haematological profiles, including 

differential white blood cell count, red blood cell count, haemoglobin and packed cell 

volume. Although a number of studies have correlated the high diarrhoea with increased 

gut eosinophils or IgE (Larsen et al. 1994; Bisset and Morris 1996; Shaw et al. 1998; Williams 

et al. 2010) these findings alone cannot be an indicator of the disease or its diagnosis, so 

further investigations are required (Jacobson et al. 2020). Therefore, these findings offer an 

opportunity to investigate the molecular mechanisms (gene expression analysis) involved in 

the development of hypersensitivity diarrhoea. 

Gene expression potential in exploring molecular markers and mechanisms 

The phenotype traits (FEC and diarrhoea score) have been used to select animals that resist 

helminth infections and diarrhoea. However, the inclusion of molecular markers has the 

potential to improve the selection process. Mapping quantitative trait loci (QTL), genome-

wide association studies (GWAS) and gene expression analysis offer potential avenues for 

exploring the molecular/genetic markers (Knight et al. 2011). Gene expression analysis 

through transcriptome studies offers a wider and more practical approach to evaluating the 

links in variations between phenotypes and molecular markers (Knight et al. 2011). Further, 

a group of genes with increased expression can enable researchers to functionally enrich 

them into biological processes and pathways in which these gene are involved. To date, 

various studies exploring underlying resistance and susceptibility to helminths in sheep in 

various organs (abomasum and abomasal lymph nodes) and the circulation have identified 

potential genes. 
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Abomasal transcriptome analysis revealed 726 differentially expressed genes (DEGs) and 

‘coagulation and complement cascades’, ‘tissue repair’ and adhesion and ‘migration of 

granulocytes and agranulocytes’ as major pathways in Merino sheep resistant to 

Haemonchus contortus infection (Zhang et al. 2019). A transcriptome comparison of 

abomasal lymph nodes in susceptible and resistant Scottish Blackface lambs identified 194 

DEGs in resistant lambs whereas an earlier immune response was responsible for resistance 

to T. circumcincta (McRae et al. 2016). A microarray-based gene expression study revealed 

down-regulation of immune system-related genes in afferent lymph by T. colubriformis in 

Romney lambs (Knight et al. 2010). In an attempt to investigate the mechanisms of 

resistance in Canaria Hair Breed sheep (CBH) to H. contortus infection, Guo et al. 2016 

identified 711 DEGs and ‘complement activation, ‘acute inflammatory response’, 

‘immunity’, ‘rapid cell proliferation’ and ‘tissue repair’ mechanisms to be responsible to 

develop resistance in CBH sheep. 

A quantitative PCR (qPCR) gene expression study in intestinal lymph (afferent and efferent) 

immune cells investigated the resistance to T. colubriformis in sheep. The genes IL-5, IL-13 

and TNF-α showed a consistent up-regulation in resistant compared to susceptible lines of 

sheep. However, IL-4 and IL-10 were expressed more in afferent lymph cells and, overall, 

the resistant line developed a Th2-type cytokine profile (Pernthaner et al. 2005). A 

microarray gene expression study exploring abomasal lymph nodes for mechanisms of 

resistance in Blackface lambs showed that genes for IL-4, IL-13 and IL13RA2, along with 

‘antibody-mediated immune response’, ‘control and suppression of inflammation’, ‘protein 

synthesis’, and ‘haematological system development’ pathways, were all significantly up-

regulated in the resistant phenotype (Gossner et al. 2013). An RNASeq (next-generation 

sequencing) transcriptome study of abomasal mucosa and lymph nodes, investigating 

resistance to infection with T. circumcincta in Churra sheep, identified 106 DEGs (IL5RA, 

ITLN2, CLAC1 and galectins) with the following pathways activated by the infection: ‘cellular 

response to cytokines’, ‘cytokine-mediated immune response’, ‘PPARG signaling pathway’, 

‘gastrointestinal disease’ and ‘inflammation’ (Chitneedi et al. 2018). A study of peripheral 

blood mononuclear cell transcriptome, exploring genetic resistance to helminths in goats, 

identified 2369 DEGs including a cluster of 31 up-regulated genes related to immune 
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response and a number of pathways (cell adhesion molecules pathway, mitogen-activated 

protein kinase pathway) in resistant goats (Bhuiyan et al. 2017). 

Resistance to helminths was characterized in Angus cattle by investigating mechanisms 

involved using a transcriptomic approach. A number of genes were significantly over-

expressed in resistant cattle, including ITLN2, MUC12, FABP6, APOA1, C2, A4 and B100. The 

pathways identified linked with resistance included ‘arachidonic acid metabolism’, ‘FXR/RXR 

activation’, ‘LXR/RXR activation’ and ‘LPS/IL-1 mediated inhibition of RXR’ (Li et al. 2011). 

Therefore, the gene expression (transcriptome analysis) through RNASeq offers a great 

potential to explore the complex mechanisms involved to better understand the immune-

mediated diarrhoea in Merino sheep. 

2.7 Microbial composition and selection for helminth-resistance 

The GIT microbiome has gained significant attention recently because of its critical roles as a 

moderator that simultaneously interacts with ingested diet, immune signals and host 

genetics, ultimately affecting the host health, immune responses to infection and 

metabolism (Thaiss et al. 2016). GIT helminth infections can alter the microbial composition 

(Li et al. 2016), although the implications of selection for helminth-resistance on microbial 

diversity need further elucidation. Therefore, we studied the sections of GIT and assessed 

variations in microbial diversity and richness to test whether resistance orsusceptibility to 

helminth infection has any significant effect on microbial composition. 

2.8 Teladorsagia circumcincta genome assembly 

Genome assembling is a process by which whole DNA sequences are incised and stitched 

back together in order to develop a representative assembly of how an individual’s DNA 

architecture is built (Baker 2012). The importance of a genome assembly is evident from the 

fact that it contains all the information that makes an organism and defines its interaction 

and survival in a particular environment. Therefore, a genome assembly is crucial in order to 

understand the biology, life cycle, survival and interactions with the host and environment 

of any unicellular or multicellular organism (Baker 2012). 

Recent advances in technology has revolutionized the field of genomics as genome 

assembly projects have become dramatically cost-effective, enabling individual projects to 
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thrive instead of consortia. Despite the advances, there are still challenges, including the 

availability of high-quality DNA (due to the small size of organisms), genetic diversity and 

haplotypes that surround the genome sequencing and assembling process (Doyle et al. 

2020). 

The parasitic helminth-nematodes are important with respect to their roles in public and 

animal health. Recently, there have been significant interventions to develop databases and 

genomic resources for these helminths (Coghlan et al. 2019). Some of the species have 

recently been sequenced to near-complete high-quality genome assemblies, but few other 

species either require a de novo assembling or improvements in the current versions of their 

assemblies (Coghlan et al. 2019). 

T. circumcincta is distributed worldwide and is an economically important parasitic 

nematode that infects small ruminants including sheep and goats (Chitneedi et al. 2018). 

Although a draft genome assembly is available, it is highly fragmented and needs further 

improvement (Choi et al. 2017). Through this project, we have attempted to resolve the 

issue of fragmentation, haplotypes, misassembles, repeats and contiguity in the current 

version of the draft assembly. The improved reference genome assembly will be finished at 

chromosome-length scaffolds (Rao et al. 2014; Durand et al. 2016; Dudchenko et al. 2017). 

Genome annotation, functional annotation, synteny and ortholog analyses will also be 

conducted on the improved version of the assembly. 

2.9 Problem statement and hypotheses  

The diarrhoea associated with helminths affects the sheep industry negatively due to 

production losses and the risk of flystrike. Indeed, the severity and prevalence of diarrhoea 

vary with season and with region, suggesting the importance of variation in environmental 

factors and helminth species. Selective breeding has resulted in a reduction in FEC and a 

skimmed re-infection rate, due to low helminth carriage by adult sheep, affecting the overall 

epidemiology of the helminth infection. However, the problem still persists because some 

sheep in the resistant line are still susceptible to developing diarrhoea, possibly due to a 

hypersensitive immune response. Efforts by Greeff et al. (2020) to identify blood-borne 

markers to differentiate between sheep susceptible and not susceptible to development of 

diarrhoea have revealed no significant differences between the groups in their haematology 
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traits. Investigations by Prapawan Krommarin (PhD Thesis, University of Western Australia, 

2021) suggested that sheep can be bred that are resistant to helminths yet are not 

susceptible to developing diarrhoea and have low plasma concentrations of IgA, IgE and IL-

1β. However, the molecular mechanisms (complex biological processes and pathways) 

involved in the immuno-pathology of hypersensitivity diarrhoea in the sheep GIT (at the site 

of infection and other parts of GIT) need further elucidation. Therefore, the present study 

investigated the transcriptomes of the duodenum and ileum to elucidate the differences in 

gene expression and molecular networks (in which these genes are enriched) between 

sheep susceptible and not susceptible to the development of diarrhoea. In the first part, we 

tested the general hypothesis that an inflammatory immune response is responsible for 

susceptibility to diarrhoea at the site of infection and other parts of the intestine (Ileum). 

The specific hypotheses include: i) diarrhoea is caused by an up-regulation of genes related 

to inflammatory immune response at the duodenum; ii) an inflammatory immune response 

at sites other than infection (Ileum) contributes to the development and severity of 

diarrhoea. In the second part of the thesis, we tested whether selection for helminth-

resistance impacts the composition and richness of the microbiome in the various sections 

of GIT. Finally, we attempted to improve the draft genome assembly of economically 

important helminth-nematode Teladorsagia circumcincta to a chromosome-length 

assembly. 
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Chapter 3: General Materials and Methods 

 
The studies presented in this thesis consisted of a field experiment and downstream 

laboratory protocols that helped to test our hypotheses. The field experiment was preferred 

because it offers natural conditions that mimic the real-world sheep production system. The 

study included a large number of animals (that took decades to develop certain genotypes) 

and resources that are usually beyond the scope of some of the PhD projects. 

3.1 Ethics statement, Animals and Experimental design 

All the experimental work done in this study was approved by Animal Ethics Committee, 

Department of Primary Industries and Regional Development, Western Australia (AEC 

No.17-1-02 v 2.1) and endorsed by The University of Western Australia. 

The Merino sheep used in this study were selected on the basis of their Australian sheep 

breeding values (ASBVs) for diarrhoea and FEC, and were sourced from the flocks that have 

been used to address the helminth-diarrhoea-flystrike problem (Karlsson and Greeff 2006, 

Greeff et al. 2014). ASBVs are projected using the ‘Best Linear Unbiased Prediction mixed 

model’ that utilizes available pedigree data and adjusts for any factors that can affect the 

phenotypic measurement, such as animal sex, birth status, and animal age and management 

groups (Henderson 1984). Thus, ASBVs offer an unbiased estimate of the genetic value of an 

animal and are the most precise method for genetically distinguishing between animals and 

for identifying sheep that are genetically superior. 

The flocks include sheep that have significant genetic potential for susceptibility or 

resistance to helminth infection and to the development of diarrhoea. The experimental 

sheep belonged to the same management group and were genetically linked because sires 

had been used across the selection lines for the selection traits based on the breeding 

values. The sheep were kept at the Katanning Research Facility in Western Australia. The 

facility is located at an elevation of 300 m, longitude 117.5 5°E and a latitude of 33.7 °S, 

where there is an average yearly rainfall of 480 mm, predominantly in winter, typical of a 

Mediterranean climatic zone. 
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3.1.1 Flock management 

A total of 986 lambs were available for the study, born in July-August 2016. Until weaning, 

the dams and their lambs were pooled and managed as a single group. At weaning age (3 

months) in November 2016, the lambs were given a broad-spectrum anthelmintic 

(monepantel; 1mL/10 kg body weight) orally. Diarrhoea scores and faecal egg counts at 

weaning were recorded for all lambs and completed pedigrees were submitted to Sheep 

Genetics (www.sheepgenetics.org.au) for the estimation of ASBVs. Individuals with extreme 

low and high ASBVs for diarrhoea and FEC scores were then identified, and 100 males and 

100 females were selected. These 200 experimental lambs were the offspring of 17 sires 

and 167 dams. 

From November 2016 until September 2017, the lambs were kept in single-sex flocks in 

separate fields, but were otherwise managed similarly, at a stocking rate of 10 lambs per 

hectare. Lambs grazed an annual grass-clover pasture scattered with capeweed (Arctotheca 

calendula). The ‘green feed on offer’ estimates was 0.5 t DM/ha in autumn, 0.8 t DM/ha in 

winter and 2 t DM/ha in spring. From November 2016 until experiment began in March 

2017, the pasture had not been grazed for four months. In contrast to the normal season 

when green fodder does not become available until May, the pastures were kept green 

during the experiment by unusual rain in February, followed by rainfalls in March, April and 

May; the sheep thus had access to green fodder throughout the experiment until it finished 

at the end of September. The GIT helminths are shed through faeces thus contaminating the 

pastures where the host acquires a natural infection during grazing. The dominant parasite 

species were T. circumcincta, Trichostrongylus spp., Oesophagostomum venulosum, 

Chabertia ovina and a small fraction of Haemonchus contortus. (Greeff et al. 2020). 

 

3.1.2 Diarrhoea and FEC monitoring, and sample collection 

In March, May June, August, and September (Figure 3), all 200 lambs were scored for 

diarrhoea, using a scale of 1 to 5 (low to high) based on the amount of faecal material 

accumulated on the hindquarters, between the anus and the hock joint. At the same time, 

FEC was measured. Note that FEC ≥ 500 helminth eggs per gram of faeces is considered high 

under these conditions. In September 2017, 38 lambs were slaughtered for the collection of 
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tissues, luminal contents and faecal material; all samples were stored at –80°C until 

processing. 

 
Figure 3. Schema of the experimental protocol, showing the timing of measurements (FEC and 
diarrhoea score sheep) from March (autumn) through to September (spring). For the 4-month pre-
experimental period leading up to the first measurement, the pasture was not used for grazing to 
avoid contamination with helminth eggs. In this environment, helminth infection is usually 
associated with the onset of winter rains in April-May. 

 

3.2 Duodenum and Ileum Transcriptome analyses 

The ASBVs for diarrhoea were used to identify sheep that were diarrhoea-susceptible or 

diarrhoea-resistant. Four biological replicates from each of the two groups were selected for 

this experiment with an equal sex ratio. The samples of duodenum and ileum had been 

stored in RNAlater solution (Sigma-Aldrich, St. Louis, United States) at –80°C, as per the 

manufacturer’s instructions before RNA extraction. 

3.2.1 RNA extraction, library preparation, quality control and sequencing 

Total RNA was extracted from approximately 30 mg duodenum and ileum from each sheep 

using the RNeasy mini plus kit (Qiagen, Hilden, Germany), according to the manufacturer’s 

instructions with minor modifications. Before extraction, RNaseZAP (Thermo Scientific™; 

Waltham, Massachusetts, U.S) was used to decontaminate RNases on working surfaces and 

pipettors. The tissue samples were placed in 700 µL lysis buffer and homogenized using 

tissue Lyser-II (Qiagen, Hilden, Germany). The homogenate was centrifuged at 14,000 g for 3 

min and the resulting supernatant was loaded onto genomic DNA (gDNA) removal columns 

and centrifuged at 10,000 g for 1 min. An equal volume of 70% (v/v) molecular grade 

ethanol was added to the flow-through from each gDNA column, mixed thoroughly by 

repeated pipetting, and loaded onto RNA binding columns, centrifuged at 10,000 g for 15 s. 

The flow-through was discarded and the columns were washed with 350 µL RW1 wash 

buffer. To ensure complete removal of gDNA, an additional step of on-column gDNA 

digestion was included, using DNase-I (0.34 Kunitz/µL; Qiagen, Hilden, Germany) for 15 min 
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at room temperature. The columns were washed again with 350 µL RW1 wash buffer before 

being washed twice with 500 µL of RPE buffer, followed by elution for the final time with 

RNAse-free water. 

A Qubit fluorometer (Thermo Scientific™; Waltham, Massachusetts, U.S) was used to 

quantify RNA with an RNA-BR kit. The quality was checked on a 2% agarose gel by assessing 

the 28S/18S rRNA ratio. The purity was checked using a NanoDrop 2000 (Thermo 

Scientific™; Waltham, Massachusetts, U.S) and only samples with an OD 260/280 ratio of 

greater than 2 and 260/230 ratio of 1.8 or greater were retained for further processing. The 

samples were sent to BGI-Hong Kong for library preparation and sequencing. To establish 

the RNA Integrity Number (RIN), samples were also analyzed on an Agilent Bioanalyzer-2100 

(Agilent, Santa Clara, California, USA). Samples with RIN values ≥7 were further processed 

for library preparation and sequencing. All the libraries were sequenced with at least a 

depth of ≥ 20 million reads/sample using the pair-end approach (read length 100 base pairs) 

on a DNBseqTM platform (BGI, Hong Kong). 

3.2.2 Bioinformatics analysis; identification of differentially expressed genes (DEGs) 

The quality of the reads was checked by FastQC and reads with a score greater than 30 were 

aligned with the reference genome (Oar_rambouillet_v1.0) using STAR (v2.7.3a) (Dobin et 

al. 2013), a very robust and accurate alignment tool. Before alignment, indexes were 

created using the reference annotation gtf file (NCBI Ovis aries Annotation Release 103) and 

a reference genome (Oar_rambouillet_v1.0) fasta file. The featureCounts function in 

Subread software v2.0.0 (Liao et al. 2014) was used to count raw genes after mapping with 

the following parameters: -t gene --primary -p. The DESeq2 R package was used to study 

differentially expressed genes, with the diarrhoea-resistant group acting as the control (Love 

et al. 2014). A gene with a false discovery rate (FDR) cut-off < 0.05 and a log2fold change ≥ 1 

was considered to be differentially expressed. A principal component analysis (PCA) was 

performed on the DESeq2-normalised count data after regularised log transformation to 

estimate and visualize the variations between samples. 
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3.2.3 Functional enrichment of DEGs 

A web-based tool, DAVID (The Database for Annotation, Visualization and Integrated 

Discovery) (Huang et al. 2009), was used to provide further information about the gene 

ontology (GO) terms that were significantly enriched in the DEGs. Additionally, the 

clusterProfiler (v3.18.1) R package was used for Gene Set Enrichment Analysis (GSEA) with 

org.Bt.eg.db (Bos taurus) being the source of annotation as the genome-wide annotation list 

for sheep was not available. The focus in GO terms was Biological Processes and KEGG 

pathways with a standard false discovery rate of less than 5% (FDR < 0.05). The Search Tool 

for the Retrieval of Interacting Genes/Proteins (STRING, v11) (Szklarczyk et al. 2019), a 

biological database and a web resource, was used to highlight functional interactions among 

the DEGs. This biological database collects and integrates all functional interactions 

between the proteins/genes by linking projected and known protein-protein interaction 

(PPI) data for many organisms. STRING was used to generate PPI with these options 

selected: interactions discarded with a confidence score < 0.4; ‘disconnected nodes hidden’ 

and ‘no more than 5 interactors to show in 1st and 2nd shell’. To cluster and visualize gene 

sub-networks in Cytoscape (v 3.7.2), the ClusterONE plugin was used that clusters genes by 

functional relevance. Clusters were used that had a P-value < 0.05 cut-off and a minimum > 

5 genes per cluster. Another web-based tool, Enrichr, was used to study the pathways and 

biological functions related to genes in the sub-networks (Chen et al. 2013). 

3.3 Gastrointestinal tract microbiome analysis 

3.3.1 Animal grouping and DNA extraction 

The ASBVs for FEC were used to identify 10 helminth-resistant (low-FEC) and 10 helminth-

susceptible (high-FEC) sheep and they were compared and analysed for microbial 

composition in the second experiment. Seven segments of the GIT (rumen, abomasum, 

duodenum, jejunum, ileum, caecum, colon) and faeces were selected and DNA was 

extracted from each using the QIAamp® Fast DNA Stool Mini kit (Qiagen, Germany), with 

considerable alterations. Approximately 250 mg of each luminal or faecal sample was mixed 

with 1 mL InhibitEX buffer individually and incubated for 5 min at 95°C. The resultant 

supernatant was transferred to a new tube including 600 µL buffer AL and 25 µL of 

proteinase K incubated for 1 h at 70°C. The cell lysate was thoroughly mixed with one 



 
 

60 
 

volume of phenol:chloroform:isoamyl alcohol solution (25:24:1) for 1 min and centrifuged at 

10,000 x g for 5 min. After recovery from the aqueous phase, the process was repeated. 

Subsequently, the aqueous phase was transferred into a new 1.5 mL tube before adding an 

equal volume of chloroform:isoamyl alcohol solution (24:1). The mixture was vortexed for 1 

min and centrifuged at 10,000 x g for 5 min. The aqueous phase was again transferred into a 

new 1.5 mL tube, after which was added with two volumes of ice-cold 95% (v/v) ethanol to 

precipitate the DNA. The resulting DNA pellet was washed with 70% (v/v) ethanol and 

resuspended in 50 µL Tris-EDTA buffer (10 mM Tris-HCL, pH 8.0, 1 mM EDTA). DNA integrity 

was checked on a 1% (w/v) agarose gel electrophoresis and the amount of DNA was 

quantitated using a Nanodrop spectrophotometer. 

3.3.2 16S rRNA gene library preparation  

The V3-V4 hypervariable region of the 16S rRNA gene was amplified using the primer sets as 

specified in Illumina’s 16S metagenomic sequencing library preparation protocol. In the 

initial round of PCR amplification, the reaction mixture contained 30 ng of input DNA, 2 

units of Taq DNA polymerase (New England Biolabs, United States), 10 mM dNTP, 10 µM 

each of the forward and reverse primers, and 1x standard Taq reaction buffer. The PCR 

conditions comprised an initial denaturation at 95°C for 30 s, followed by 29 amplification 

cycles comprising denaturation (95°C for 30 s), annealing (55°C for 40 s), extension (68°C for 

1 min), and a final extension at 68°C for 5 min. PCR amplicons were visualized using gel 

electrophoresis on a 1.5% (w/v) agarose gel. Following purification of PCR products using 

AMPure XP beads (Beckman Coulter, United States), indexing PCR was performed using 

Nextera® XT Index kit (Illumina, United States) according to the manufacturer’s instructions. 

The libraries were sequenced on an Illumina MiSeq instrument using the 2 × 300 bp paired-

end v3 chemistry. 

3.3.3 Data analysis 

Raw sequencing data were subjected to quality and adapter trimming using the bbduk.sh 

command available in BBTools (https://jgi.doe.gov/data-and-tools/bbtools/) with the 

following parameters: qtrim=r; trimq=20; ktrim=r; k=23; mink=11; tpe; tbo; hdist=1; and 

minlen=200. After merging overlapping paired-end reads using MeFiT software with default 

parameters, sequences with less than 400 bp were filtered (Parikh et al. 2016). The 
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remaining sequences were subjected to de novo unoise clustering at 97% sequence identity 

threshold by running the micca otu command in Micca software (version 1.7.2) to obtain 

operational taxonomic unit (OTU) sequences (Albanese et al. 2015). Taxonomic classification 

of each representative OTU sequence was performed using the Bayesian LCA-based 

taxonomic classification method against the NCBI RefSeq 16S rRNA database (Gao et al. 

2017), where the acceptance of a taxonomic assignment at each level was based on a 

minimum confidence score of 80. The OTU table and the taxonomic information are 

available in Table S4. 

Alpha and beta diversities were estimated using microbiomeSeq R package 

(https://github.com/umerijaz/microbiomeSeq) and QIIME v1.9.1 (Caporaso et al. 2010). 

Following rarefaction at the sequence depth level of 1722, alpha diversity was analyzed on 

the basis of OTU richness and Shannon index metrics, and compared between groups using 

one-way analysis of variance (ANOVA) with Tukey's Honestly Significant Difference (HSD) 

post-hoc test. For analysis of beta diversity, principal coordinates analysis (PCoA) was 

performed at the OTU level using the weighted UniFrac measure and the statistical 

significance of the distance matrix was tested using permutational multivariate analysis of 

variance (PERMANOVA). Pairwise differences in beta diversity between GIT segments were 

calculated using beta-group-significance command implemented in QIIME2 v2021.11 

(Bolyen et al. 2019). For a variable to be considered to have a significant influence on 

differences between groups in microbiota composition, a minimum R2 value of 0.25 and a p-

value less than 0.05 were both needed. 

3.3.4 Differentially abundant taxa between groups 

To identify bacterial phyla and genera that differed significantly among GIT segments, and 

between the high and low FEC groups within GIT segment, the analysis of composition of 

microbiomes (ANCOM) procedure (Mandal et al. 2015) was performed on the raw 

abundance data using the ANCOM v2.1 R script 

(https://github.com/FrederickHuangLin/ANCOM). Bacterial taxa present in less than 15% of 

samples were excluded from the analysis. We adjusted the GIT segment comparisons for 

FEC level. The p-values were adjusted using the Benjamini-Hochberg procedure at the 

significance level of 0.05. Bacterial taxa with significant associations were declared by using 

ANCOM’s W-statistic with a threshold of 0.7 (Table S5). For each bacterium that differed 
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significantly between GIT segments, further pairwise comparisons were performed based on 

centered log-ratio (CLR)-transformed abundance data using Wilcoxon signed rank test with 

p-values adjusted using the Benjamini-Hochberg method. The results are available in Table 

S7. 

3.4 Teladorsagia circumcincta genome assembly workflow 

3.4.1 Helminth collection and identification 

Helminths were collected from the abomasum (predilection site for T. circumcincta) of 

sheep obtained from Western Australian Meat Marketing Company (WAMMCO). The sheep 

had been naturally infected with T. circumcincta, the predominant helminth in the 

southwest of Western Australia. The abomasal contents were carefully scraped onto a sieve 

(mesh size 150 µm) and washed thoroughly and placed in a petri-dish from which individual 

helminths were removed with the aid of a dissecting microscope. Helminth species were 

identified on the basis of morphological characteristics (Figure 4) using differential contrast 

and compound microscopy. Males were identified by the shape and length of spicules which 

are up to 450 µm in length; females were identified by the presence of a vulvar flap, annular 

rings and their body length (10-12 mm) (Roeber et al. 2013). Eggs can also be seen in 

females near the vulvar flap from where they are laid. The worms were then thoroughly 

washed with physiological saline and stored at –80 °C until processing. Extracted DNA (see 

below) was subjected to PCR using helminth-specific ITS2 primers, as previously described 

(Learmount et al. 2009). Helminth identity was confirmed by Sanger sequencing of the PCR 

product followed by a blastn search against the NCBI database. 
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Figure 4. Morphological identification of T. circumcincta. a) Eggs towards the posterior end of the 
female; b) Vulvar flap towards the posterior end of the female; c) Annular rings towards the 
posterior end of the female; d) and e) Spicules towards the posterior, a specific characteristic of the 
male of this species. 

3.4.2 DNA extraction 

Briefly, the helminths were mechanically homogenized using a sterile micro-pestle in a 

microcentrifuge tube containing 200 µL of Tris-EDTA buffer, 1% (v/v) β-mercaptoethanol, 

200 mg proteinase K, 10 mg/ml RNAase, 0.5 M EDTA and 10% (v/v) sodium dodecyl 
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sulphate. The cell lysate was then incubated at 65 °C for 2 h. After incubation, an equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added and the mixture was 

centrifuged at 10,000 ´ g for 5 min. The supernatant was collected into a sterile 

microcentrifuge tube and resuspended with an equal volume of chloroform:isoamyl alcohol 

(24:1). After centrifugation, the supernatant was again collected into a sterile 

microcentrifuge tube, this time with ice-cold ethanol (95% v/v) to precipitate the DNA. The 

DNA pellet was washed with ethanol (70% v/v) before being resuspended in 50 µL DEPC 

water. The integrity of the extracted DNA was assessed by electrophoresis on 1% (w/v) 

agarose gel. The quality and quantity of the DNA were assessed using a NanoDrop 2000 

spectrophotometer (Thermofisher, USA) and a Qubit 2.0 fluorometer (Thermofisher, USA). 

3.4.3 PCR amplification of the helminth-specific ITS2 region 

The ITS2 primer sequences were 5’-CTTAATGATCTCGCCTAGACG-3’ (forward) and 5’-

TTTCATCGATACGCGAATCG-3’ (reverse). A 50 µL reaction mixture (reaction buffer 10 µL; 

forward and reverse primer 2 µL each; DNA polymerase 1 µL; DNA sample 3 µL; water 32 µL) 

was run through 35 cycles of PCR with MyTaq HS DNA (Bioline, Canada), using the following 

conditions: initial denaturation at 95 °C for 1 min followed by 35 amplification cycles, each 

comprising denaturation at 95 °C for 15 sec, annealing at 54 °C for 30 sec, and extension at 

72 °C for 10 sec. 

3.4.4 Hi-C sequencing, chromosome-length scaffolding and quality assessment 

In situ Hi-C sequencing was performed as described previously (Rao et al. 2014) using 100 

adult T. circumcincta, including both males and females. We constructed one in situ library 

which was then sequenced using the Illumina NovaSeq 6000 platform. The generated Hi-C 

reads were used to anchor, order, orient, and correct misjoins in the existing draft genome 

assembly (GCA_002352805.1) using the 3D de novo assembly (3D-DNA) pipeline [16]. The 

resulting assemblies were then polished using the Juicebox Assembly Tools [17]. The 

resulting contact maps were visualized using Juicebox visualization software [17]. QUAST 

(v5.0.2) was used to assess the assembly metrics (Gurevich et al. 2013). Benchmark for 

Universal Single Copy Orthologues (BUSCO, v5.1.2) was used in genome mode to determine 

the genome completeness (Simão et al. 2015). 
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3.4.5 Genome and functional annotations 

The original (GCA_002352805.1) and Hi-C integrated draft genome assemblies were 

annotated using Braker2 v2.1.6(Brůna, Hoff, et al. 2020). First, each genome was 

softmasked using RepeatMasker v4.1.1 [52] with a custom repeat library built upon itself by 

RepeatModeler v2.0.1 [52]. The Braker2 was run with the --etpmode parameter enabled to 

train GeneMark-ETP (Brůna, Lomsadze, et al. 2020) with RNA-Seq data and protein hints. 

The GeneMark-ETP predictions were then used for training AUGUSTUS, following which 

genes with hints were predicted by AUGUSTUS (Lomsadze et al. 2005; Iwata and Gotoh 

2012; Gotoh et al. 2014; Buchfink et al. 2015; Brůna, Lomsadze, et al. 2020). Five sets of T. 

circumcincta RNA-Seq data (sequence read accession numbers SRX1507697, SRX1507698, 

SRX2485888, SRX2485887, SRX2485886) were derived from two previous studies (Choi et al. 

2017; McNeilly et al. 2017), were downloaded from the NCBI Database and aligned to both 

the original draft and our improved Hi-C version of genome assemblies, using STAR (v2.7.6a) 

with default parameters [27]. The Caenorhabditis elegans proteome from the UniProt 

Database served as protein hints when running Braker2. BUSCO was run in protein mode to 

assess the annotation results. After genome annotation, functional analysis was performed 

using the web-based Gene Ontology Functional Enrichment Annotation Tool (GO FEAT) 

(Araujo et al. 2018). 

3.4.6 Genome synteny and orthology analyses 

Genome-wide synteny was analysed using Cactus v1.3.0 and halSynteny (Paten et al. 2011) 

to compare the Hi-C integrated T. circumcincta genome assembly with the original 

GCA_002352805.1 genome assembly, and the genome of a closely-related helminth species, 

Haemonchus contortus (GCA_000469685.2). A hierarchical alignment (hal) output file was 

generated using the Cactus package, and a PSL output file with syntenic links was generated 

using the halSynteny function within Cactus, using the following parameters: --minBlockSize 

10,000 --maxAnchorDistance 1,000,000. The syntenic links were bundled using Circos tools 

v0.69-8 in Galaxy platform v7 (Krzywinski et al. 2009; Rasche and Hiltemann 2020) and then 

visualized using shinyCircos (Yu et al. 2018). The single-copy orthologs in both the original 

and Hi-C integrated T. circumcincta genome assemblies, as well as the draft assembly of 

Haemonchus contortus, were inferred using Orthofinder (Emms and Kelly 2019). 



 
 

66 
 

OrthoVenn2 (Xu et al. 2019) was also used to compare the orthologs between four 

nematode species: Burgia malayi; Trichinella spiralis; H. contortus; T. circumcincta (Coghlan 

et al. 2019). 
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Abstract 

Gastrointestinal helminths infect livestock causing health problems including severe 

diarrhoea. To explore the underlying biological mechanisms relating to the development 

and control of diarrhoea, we compared four sheep that were susceptible to the 

development of diarrhoea with four sheep that were diarrhoea-resistant. Transcriptomes in 

the tissues where the parasites were located were analyzed using RNASeq. By considering 

low-diarrhoea sheep as control, we identified 114 genes that were down-regulated and 552 

genes that were up-regulated in the high-diarrhoea phenotype. Functional analysis of DEGs 

and PPI sub-network analysis showed that down-regulated genes in the high-diarrhoea 

phenotype were linked to biological processes and pathways that include suppression of 

‘antigen processing and presentation’, ‘immune response’, and a list of biological functional 

terms related to ‘suppression in immune tolerance’. On the other hand, up-regulated genes 

in the high-diarrhoea phenotype probably contribute to repair processes associated with 

tissue damage, including ‘extracellular matrix organization’, ‘collagen fibril organization’, 

‘tissue morphogenesis’, ‘circulatory system development’, ‘morphogenesis of an 

epithelium’, and ‘focal adhesion’. The genes with important roles in the responses to 

helminth infection could be targeted in breeding programs to prevent diarrhoea. 

 

4.1 Introduction 

The sheep is globally relevant to the production of milk, meat, and wool for human 

consumption. These industries contribute significantly to the world economy and are 

particularly important for Australia, one of the largest sheep-producing countries in the 

world (www.fao.org)1. One major challenge is disease caused by internal parasites2. For 

example, in southwestern Australia, owing to its Mediterranean climate, the winter rainfall 

season provides conditions that allow the larvae of gastrointestinal helminths to flourish on 

pasture, and thus infect grazing sheep. The major helminth species in this region, 

Teladorsagia circumcincta and Trichostrongylus colubriformis3, are responsible for 

significant losses in productivity and they also cause diarrhoea that predisposes the host to 

flystrike, a serious concern for animal welfare. 
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As licensed vaccines are not available for T. circumcincta or T. colubriformis4,5, the dominant 

approach for many decades has been to use anthelmintic medications6. However, the 

helminths are becoming increasingly resistant to them4. Moreover, there is an increase in 

consumer demand for residue-free and chemical-free products, placing extra pressure on 

this option7. The most promising long-term solution seems to be genetic selection of sheep 

that resist helminth infection8, a path taken in 1988 by the Department of Primary 

Industries and Regional Development, Western Australia. The outcome has been the 

‘Rylington’ flock of Merino sheep that are highly resistant to helminths, with very low faecal 

egg counts (FEC) for the dominant Teladorsagia and Trichostrongylus species8–10. However, 

breeding for helminth resistance appears to have led to an increase in susceptibility to 

diarrhoea11,12. To further address the diarrhoea problem, a ‘breech-strike flock’ was 

developed by selecting for the low-diarrhoea phenotype. In both flocks, diarrhoea has been 

assessed by faecal consistency score (known more colloquially as ‘dag’ score), a subjective 

measure of the amount of faecal matter accumulated around the anus – it is a heritable 

trait13. 

Helminths evoke both adaptive and innate immune responses14. The adaptive (long-term) 

response is initiated by the binding of helminth antigen to CD4+ T cells through molecules of 

the major histocompatibility complex class II (MHC-II), eliciting a Th2 antibody-mediated 

response. This leads to the secretion of Th2-type cytokines (IL-13, IL-5, IL-4), infiltration of 

mast cells and eosinophils, and production of antibodies (IgE and/or IgA15,16). The innate 

immune response, on the other hand, comprises the physical barriers (gut mucus layer, 

defensins, trefoil factors, enteric muscle contractility)17,18, pattern recognition receptors (C-

type lectin receptors and Toll-like receptors expressed by antigen-presenting immune cells 

in tissues)19, proinflammatory and cytotoxic cells (eosinophils, mast cells)20, and various 

chemo-attractants (such as IL-5, eotaxin family of chemokines CCL26, CCL24, CCL11)21. 

These innate responses act to expel the helminths from the gastrointestinal tract, and often 

involve diarrhoea. However, diarrhoea can also be caused by damage to gastrointestinal 

mucosa by the helminths, increased gut permeability, changes in gut motility22,23 and, in 

some cases, ‘hypersensitivity scouring/diarrhoea’– a heightened immune response to the 

larvae12,27,28. A number of studies have linked susceptibility to helminths in sheep to a Th1-

mediated immune response, involving production of Th1-type cytokines (IL-12, INF-γ) and 
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proliferation of CD8+ cytotoxic T cells26. The diarrhoea is thus a complex problem and does 

not depend upon any single factor27. 

To resolve the problem, we need to go beyond the measurements of environmental factors 

and phenotypic aspects (FEC, diarrhoea score), and develop an understanding of the 

biological mechanisms that underlay the helminth-diarrhoea relationship. Most of the 

physiological mechanisms are controlled by normal gene expression and most of the 

pathological processes can be explained by disrupted gene expression28. Therefore, analysis 

of gene expression and the associated molecular pathways should be useful for studying 

and grouping genes that are responsible for a phenotype. Such studies have already 

provided promising gene candidates with respect to helminth resistance and diarrhoea 

control29. For example, IL-13, IL-4 and IL-5, the humoral immune response, protein synthesis 

and the inflammatory response, were all found to be central to a phenotype for resistance 

to T. circumcincta infection in the abomasal lymph node transcriptome30. In another study 

of abomasal mucosa and abomasal lymph nodes, ITLN2, CLAC1, galectins, the PPARG 

signaling pathway and the cytokine-mediated immune response, were associated with 

resistance to T. circumcincta infection in sheep29. Moreover, resistance to helminths has 

been associated with allelic forms of candidate genes, including those for MHC Class I and 

II31 and MHC-DRB32. 

So far, the genetic selection of animals has relied on two phenotypic traits – FEC (described 

above) and an indicator trait for diarrhoea33 – and there has been no exploration of 

molecular markers that could be more reliable for high resolution selection34. The three 

ways to identify such markers include genome-wide association studies (GWAS), the 

mapping of quantitative trait loci (QTL) and potential gene expression analysis (RNASeq), 

with the latter being more practical for evaluating links between variation in gene 

expression and phenotypic traits30,35. Generally, the relationship between helminths and 

diarrhoea has been considered an outcome of the infection36 but it is clear that the two can 

be independent, as shown by studies in sheep where the level of diarrhoea is often not 

related to FEC, total helminth burden, or the number of infective larvae administered24,37,38. 

It is thus important to compare animals that are susceptible and not susceptible to the 

development of diarrhoea. In addition, most studies on the molecular links to low- and high-

diarrhoea phenotypes have been studied under controlled conditions, using tissues other 
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than the duodenum (the site of infection). For example, in our previous study of Merino 

sheep that were genetically prone or not prone to develop diarrhoea, and genetically 

resistant and susceptible to helminth infection, in a winter rainfall region, we assessed 

haematology (haemoglobin, red blood cell count, packed cell volume, white blood cell 

count) and found no significant differences among the groups39. However, haematology 

profiles are still useful as indicators of Haemonchus contortus infestations in summer rainfall 

regions40. 

In the current study, we therefore investigated the molecular mechanisms and pathways in 

the duodenum through differential gene expression analysis in sheep that were susceptible 

or resistant to the development of diarrhoea. We tested whether the susceptibity to 

diarrhoea is caused by the up-regulation of genes related to the innate and adaptive 

immune responses. Specifically, we tested the hypothesis that diarrhoea is caused by up-

regulation of genes related to the inflammatory/hypersensitive immune response. 

 

4.2 Materials and Methods 

4.2.1 Animals, Location, Experimental design, and Ethics statement 

All of the experimental work was approved by the Animal Ethics Committee of the 

Department of Primary Industries and Regional Development, Western Australia (AEC 

No.17-1-02). Lambs were selected on the basis of Australian Sheep Breeding Values (ASBVs) 

and sourced from the flocks that had been maintained at the Katanning Research Facility 

(Western Australia) since 2015 as part of a large, long-term study addressing the helminth-

diarrhoea-flystrike complex. The Katanning facility is located at an elevation of 300 m, 

longitude 117.5 5°E and a latitude of 33.7 °S, with an average yearly rainfall of 480 mm, 

predominantly in winter, typical of a Mediterranean climatic zone. 

The experiment started with a total of 986 lambs. Faeces were sampled from them all at 

weaning (100 days of age) when they were also given a broad-spectrum anthelmintic 

(monepantel; 1mL/10 kg body weight) orally in November 2016. For all lambs, diarrhoea 

scores at weaning and completed pedigrees had been submitted to Sheep Genetics 

(www.sheepgenetics.org.au) for the estimation of Australian Sheep Breeding Values 
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(ASBVs). Individuals with extreme high and low breeding values for diarrhoea scores were 

then identified, and 100 males and 100 females were selected. 

From November 2016 until September 2017, the lambs were kept in single-sex flocks in two 

fields, but otherwise managed similarly, and they grazed an annual grass-clover pasture with 

capeweed (Arctotheca calendula). The stocking rate was kept at 10 lambs per hectare. The 

pasture had not been grazed for four months before the experiment began in March 2017, 

allowing the lambs to acquire a natural helminth infection under natural conditions. The 

pastures were kept green by unusual rain in February and subsequent rainfalls (in March, 

April and May), so the sheep had access to green fodder throughout the experiment, from 

February until the end of September, in contrast to the normal season when green fodder 

does not become available until May. The dominant parasite species at the start of the 

experiment were Teladorsagia spp., then Trichostrongylus spp., followed by Chabertia ovina 

and Oesophagostomum venulosum, and a small fraction of Haemonchus contortus. This 

species composition changed by the end of the experiment as Trichostrongylus spp. became 

dominant, followed by C. ovina, O. venulosum, Teladorsagia spp. and a small fraction of H. 

contortus39. 

In March, May, June, August, and September (Fig. 5), all 200 lambs were scored for 

diarrhoea, using a scale of 1 to 5 (low to high) based on the amount of faecal material 

accumulated on the hindquarters, between the anus and the hock joint.  

 

Figure 5. Schema of the experimental protocol, showing timing of measurements (FEC and diarrhoea 
score sheep) from March (autumn) through to September (spring). For the 4-month pre-
experimental period leading up the first measurement, the pasture was not used for grazing to avoid 
contamination with helminth eggs. In this environment, helminth infection is usually associated with 
the onset of winter rains in April-May. 

At the same time, FEC was measured. Note that FEC ≥ 500 helminth eggs per gram faeces is 

considered as high under these conditions. In September 2017, 18 diarrhoea-resistant (low-

diarrhoea; LD) and 20 diarrhoea-susceptible (high-diarrhoea; HD) lambs were slaughtered 

for the collection of duodenal tissues. From these 38 lambs, four replicates from each of the 
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two groups were selected for the present study. Each HD or LD consisted of two males and 

two females. The tissues were kept in RNAlater solution (Sigma-Aldrich, St. Louis, United 

States) and stored as per manufacturer’s instructions at –80°C before RNA extraction. 

4.2.2 RNA extraction, library preparation, quality control and sequencing 

From each of the eight selected lambs, approximately 30 mg of tissue was sampled from the 

duodenum. Total RNA was extracted using the RNeasy mini plus kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions with minor modifications. Briefly, 

after tissue homogenization in lysis buffer, tubes were centrifuged at 14,000 � g for 3 min. 

The supernatant was loaded onto the gDNA removal column and centrifuged at 10,000 � g 

for one min, following which an equal volume of 70% (v/v) ethanol was added to the flow-

through fraction and mixed by pipetting. The mixture was loaded onto the RNA binding 

column and centrifuged at 10,000 � g for 15 s. The column was washed once with RW1 

wash buffer, prior to adding 80 µL of DNase-I (0.34 Kunitz/µL) (Qiagen, Hilden, Germany) for 

15 min to ensure complete gDNA removal. Subsequently, the column was washed again 

with RW1 buffer and twice with RPE buffer before eluting the RNA sample with RNAse free 

water. 

The RNA content was quantified with a Qubit fluorometer using an RNA-BR kit and the 

purity was checked using NanoDrop. Quality was checked on a 2% agarose gel by assessing 

the 28S/18S ribosomal RNA ratio. Only samples with an OD 260/280 ratio of greater than 2 

and a 260/230 ratio of 1.8 or greater were sent to BGI Genomics in Hong Kong for library 

preparation and sequencing. The sequencing libraries prepared from RNA samples with RIN 

(RNA integrity number) values ≥7 were sequenced using the 100 bp paired-end chemistry on 

DNBseqTM platform, with a depth of ≥ 20 million reads/sample. 

4.2.3 Data processing 

The quality of the reads was checked by FastQC and they all scored above 30. The reads 

were then aligned with the reference genome (Oar_rambouillet_v1.0) using STAR (v2.7.3a)41 

with default parameters. After alignment, the featureCounts function in the Subread 

(version 2.0.0)42 software was used to enumerate the number of reads mapping to each 

gene using the following parameters; -p --primary -t gene. Differential gene expression 

analysis was aided by the DESeq2 R package, using the low-diarrhoea samples as the 



 
 

78 
 

reference group. A differentially expressed gene (DEG) was defined as a gene with a false 

discovery rate (FDR) < 0.05 and a log2 fold change > 1. To estimate and visualize the 

variations between samples, a principal component analysis (PCA) was performed on the 

DESeq2-normalised count data after regularized log transformation. 

4.2.4 Functional enrichment analysis 

Functional enrichment analysis using the up-regulated and down-regulated DEGs was 

performed using the web-based tool, DAVID (The Database for Annotation, Visualization 

and Integrated Discovery)44. Additionally, the clusterProfiler (v3.18.1) R package was used 

for Gene Set Enrichment Analysis (GSEA) with org.Bt.eg.db (Bos taurus) being the source of 

annotation as the genome-wide annotation list for sheep was not available. Significant Gene 

Ontology (GO) terms for biological processes and KEGG pathways with an FDR < 0.05 are 

reported. 

To highlight functional interactions among the DEGs, the web-based Search Tool for the 

Retrieval of Interacting Genes/Proteins (STRING)45 database (v11), was used with the 

following options selected: ‘disconnected nodes hidden’; ‘interactions discarded with a 

confidence score < 0.4’; ‘no more than 5 interactors to show in 1st and 2nd shell’. Gene sub-

networks that each contain at least five genes and a p-value < 0.05 were generated in 

Cytoscape (v 3.7.2) using the ClusterONE plugin that clusters genes by functional relevance. 

Enrichr, another web-based tool, was used to study the biological functions and pathways 

associated with genes in the sub-network analysis46. 

4.3 Results 

Diarrhoea scores and FEC 

The groups differed significantly for diarrhoea score (p-value = 0.02) but not for FEC (p-value 

= 0.85) on a student’s t.test. The difference in diarrhoea score, along with the ASBV data 

used to select the animals studied, supports the use of gene expression analysis to 

investigate the genes associated with the tendency to develop diarrhoea. 

RNA-Seq data description and PCA outcome 

In this study, a total of 187,757,422 paired-end reads were generated, ranging from 

21,654,075 to 25,460,771 paired-end reads per sample, with a minimum of 21,048,774 
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reads were successfully mapped against a reference genome. The average unique mapping 

rate was 77% for the HD group and 81% for the LD group (Fig. 6). Next, our PCA plot (Fig. 7a) 

showed a tight clustering of the LD samples, whereas the HD samples were irregularly 

distributed, with PC1 representing 56.2% of the total variance and PC2 representing 17.8% 

of the total variance, indicating that there are inherent gene expression differences 

between the LD and HD duodenal samples. 

Figure 6. The mapping statistics for the RNASeq data. Each bar displays the mean total number of 
paired-end reads generated (white), the percentage of total reads successfully aligned against the 
reference genome (black), and the percentage of uniquely mapped reads (grey). 
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Figure 7. a) PCA plot showing differences between HD and LD in gene expression. The PC1 and PC2 
axes represent 56.2% and 17.2% respectively of the total variance. b) Venn-diagram presenting the 
total number of differentially expressed genes (DEGs), and the numbers of up-regulated and down-
regulated DEGs. 

Differential gene expression and functional enrichment analyses 

In the HD sheep samples, we identified 666 DEGs, of which 114 were down-regulated and 

552 were up-regulated (Fig. 7b). For the LD samples, the control group in this study, the list 

of identified DEGs is presented in Supplementary File S1. A heatmap illustrating the top 100 

most significant DEGs is presented in Supplementary Fig. S1. The 10 most significant up-

regulated and down-regulated DEGs are shown in Fig. 8. Among the up-regulated DEGs 

were IGF-I, SEMA3C, EML1, DUSP27, PRDM5, SLC8A1, RYR2, SORBS1, PRUNE2 and CHRM2. 

Among the down-regulated DEGs were IDO2, TTI2, and several genes with functions that are 

yet to be determined. 
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Figure 8. Volcano plot showing the 10 most significant up-regulated and down-regulated DEGs in HD 
sheep duodenal samples. 

Functional enrichment analyses, for the identification of significantly enriched GO biological 

process terms and KEGG pathways, were performed using DAVID and the GSEA approach 

available in clusterProfiler. Importantly, the enrichment outcomes from both methods were 

similar. For the GO terms significantly enriched in the HD samples, both methods reported 

the up-regulation of ‘mesenchyme development’ and ‘organ development’, and the down-

regulation of ‘immune response’-related biological processes (Fig. 9). The enrichment 

analysis based on DAVID revealed 13 significant KEGG pathways and the analysis GSEA 

revealed 63 significant KEGG pathways. The up-regulated KEGG pathways found in both 

analyses included ‘focal adhesion’, ‘PI3K-Akt signaling pathway’ ‘hypertrophic 

cardiomyopathy’, ‘dilated cardiomyopathy’, ‘ECM-receptor interaction’, ‘vascular smooth 

muscle contraction’ and ‘oxytocin signaling pathway’ (Fig. 10). The common down-regulated 

KEGG pathways comprised ‘allograft rejection’ and ‘antigen processing and presentation’. It 

is important to note that GSEA analysis showed significant suppression of the pathway for 

‘intestinal immune network for IgA production’ in the HD samples. 
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Figure 9. Functional enrichment analysis for GO biological process terms in the HD samples. a) 
Analysis with DAVID using the up-regulated DEGs and down-regulated DEGs as the input data; the 
values on the x-axis represent the number of genes associated with each significant GO biological 
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process term. b) Analysis with GSEA utilizing the entire DESeq2-normalised dataset; the top 20 
significantly enriched GO biological process terms are shown. 

 

 

Figure 10. Functional enrichment analysis for KEGG pathways in the HD samples. a) Analysis with 
DAVID using the up-regulated DEGs and down-regulated DEGs as the input data; the values on the x-
axis represent the number of genes associated with each significant KEGG pathway. b) Analysis with 
GSEA utilizing the entire DESeq2-normalised dataset; the top 20 significantly enriched KEGG 
pathways are shown in this figure. 

PPI network and sub-network analysis 

The DEGs were further annotated using the online STRING database to determine the 

relationships among them and how they interact to form protein-protein interaction (PPI) 
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networks. In the HD samples, 74 of 114 down-regulated genes and 481 of 552 up-regulated 

genes were annotated as significant (PPI enrichment p-value < 0.001). The up-regulated 

genes formed only one significant subnetwork (SN) and were mostly associated with GO 

biological processes for ‘vesicle organization and vesicle-mediated transport’ and ‘calcium 

ion-dependent exocytosis’, and KEGG pathways for ‘synaptic vesicle cycle’, ‘SNARE 

interactions in vesicular transport’ and ‘insulin secretion’. The subnetwork plot of the up-

regulated genes is presented in Supplementary Fig. S2. 

 

The down-regulated genes were clustered into five significant SNs, as shown in Fig. 11. The 

genes in SN1 were significantly associated with biological processes linked to ‘antigen 

processing and presentation of exogenous peptide antigen via MHC class II’, ‘regulation of 

complement activation’ and ‘regulation of humoral immune response’. The KEGG pathways 

associated with SN1 included ‘antigen processing and presentation’, ‘intestinal immune 

network for IgA production’ and ‘complement and coagulation cascades’. For SN2, the genes 

were significantly linked to the KEGG pathway ‘tryptophan metabolism’. The full list of 

biological processes and KEGG pathways associated with each SN cluster are presented in 

Supplementary File S2. 

 

Figure 11: Protein-protein interaction (PPI) networks associated with down-regulated DEGs derived 
from STRING with subnetworks (SN) generated using the Cytoscape ClusterONE plugin. SN1 (dark 
green nodes); SN2 (orange nodes); SN3 (red bordered nodes); SN4 (yellow nodes); SN5 (blue 
bordered nodes). 
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4.4 Discussion 

The molecular processes and pathways that are activated by worm infection, and apparently 

influenced by genetic selection, differ clearly between sheep that are susceptible (HD) and 

resistant (LD) to the development of diarrhoea. The HD sheep tend to keep intact the 

physical barriers and promote tissue repair in an attempt to elicit diarrhoea to expel the 

helminths, whereas the LD sheep tackle the diarrhoea through innate and adaptive (Th2-

mediated) immune responses (activated in low-diarrhoea and suppressed in high-

diarrhoea). Following a natural helminth infection, a number of DEGs were up-regulated in 

HD duodenum that are related to repair mechanisms, whereas the down-regulated DEGs 

were mostly linked with a required immune response, not a hypersensitive immune 

response. These down-regulated DEGs were up-regulated in LD duodenum, explaining why 

fewer but more specific genes are up-regulated in specific biological processes and 

pathways that control diarrhoea. While some aspects of these issues could be better 

explored in a fully controlled laboratory experiment, the field study that we used offered an 

opportunity to select extreme genotypes from a large number of animals that had taken 

decades to develop, with outcomes that are relevant to real-world sheep management. 

Despite the limitations, we were able to reveal clear and strong relationships related to 

diarrhoea that are consistent with the literature and with the theoretical basis of immune 

responses to helminth infection. 

In HD sheep, the biological processes and pathways associated with up-regulated genes 

indicate activation of repair mechanisms rather than activation of the immune system, 

specifically ‘tissue morphogenesis’, ‘focal adhesion’, ‘ECM-receptor interaction’, 

‘cardiovascular system development’, ‘sensory organ development’, ‘vasculature 

development’, ‘vascular smooth muscle contraction’ and ‘PI3K-Akt signaling pathway’. 

Tissue morphogenesis is an important aspect not only during embryonic morphogenesis but 

during tissue repair. The response to tissue injury is a dynamic process, involving 

biochemical signals and mechanical forces leading to the formation of a fibrotic scar. The 

extracellular matrix (Fig. 12) links to the intracellular cytoskeleton through ‘focal adhesions’, 

a collection of multiple-protein complexes playing a vital role in the proliferation of initial 

mechanical signals into a wide-ranging network of biochemical signals. 
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Figure 12. a) The ECM-receptor interaction49, an important KEGG pathway, indicated by up-
regulated genes in the high diarrhoea group. b) A category Netplot (CNET) showing the relationships 
among genes in ECM-receptor interaction pathway. 
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These biochemical signals result in extensive downstream effects including angiogenesis 

(development of blood vessels, as indicated by some of the biological processes), collagen 

biosynthesis and fibroblast propagation47. The epithelial transition to mesenchymal cells 

occurs during tissue/organ fibrosis as a result of injury and ‘PI3K-Akt signaling pathway’ 

mediates the process of this transition48. Some of the up-regulated genes included insulin-

like growth factor-I (IGF-I), semaphorin 3C (SEMA3C), tenascin-C (TNC), transforming growth 

factor-β (TGFβ2), and genes for the families of fibroblast growth factors, integrins and 

collagens. 

IGF-I and SEMA3C have a developmental role in tissue repair, regulation of epithelial 

junction and epithelium morphogenesis50,51. TNC is an extracellular-matrix (ECM) 

glycoprotein that is highly expressed during embryogenesis and re-appears in response to 

tissue injury, during wound healing, and with Crohn’s disease and ulcerative colitis52–56. TGF-

β promotes the expression of TNC so both are linked to the induction of tissue repair 

mechanisms with diarrhoea52. TGF-β is also important in the healing of intestinal epithelium, 

preventing susceptibility to injury57 and the promotion of tissue fibrosis. In the high-

diarrhoea sheep, we observed several up-regulated genes in the FGF family, including FGF5, 

FGF10, FGF11 and FGFR1, all of which play roles in tissue repair, homeostasis and organ 

development, including the gastrointestinal tract58. FGFR1 is a receptor for fibroblast growth 

factor 2 (FGF2), a factor that interacts with IL-17 in the repair of damaged intestinal 

epithelium59. 

The organization of the ECM also involves genes that transcribe for collagen, including 

COL5A1, COL6A3, COL8A2 and COL27A1, also known for their role in tissue healing60 and are 

activated as a result of tissue damage. Similarly, the integrin family helps maintain the 

integrity of the ECM by promoting ECM adhesion, one of the most important biological 

processes identified in our GO analysis61. Overall, therefore, we have shown that the 

fibroblast, integrin and collagen family genes are activated in the high-diarrhoea sheep, 

strongly indicating ongoing fibrosis. As they establish in the gut mucosa, the helminths 

promote fibrosis and are thus able to evade the immune response mounted by the host. 

Fibrosis can also lead to alterations in the way the immune system responds, as seen in 

cystic fibrosis, where there is a decrease in the expression of MHC class II molecules62, a 
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similar scenario observed in high diarrhoea animals (decreased expression of Ovar-DRB1 

and DQA). 

On the other hand, most of the genes that were down-regulated with high diarrhoea, 

compared to low diarrhoea, are directly or indirectly involved in the immune response, the 

regulation of immune response and immune tolerance: ‘antigen processing and 

presentation’, ‘antigen processing and presentation of peptide or polysaccharide antigen via 

MHC class II’, ‘intestinal immune network for IgA production’, ‘primary immunodeficiency’ 

and ‘immune response’. The processing, conversion and presentation of helminth antigen 

through MHC-II molecules is critical in mounting a protective immune response so down-

regulating this process can make the sheep susceptible to infection, leading to helminth 

establishment and possibly diarrhoea63,64. Immunoglobulin-A (IgA) has been associated with 

the length and fecundity of helminths65 so down-regulation of ‘intestinal immune network 

for IgA production’ suggests a failure to arrest helminth growth and reproduction, allowing 

the establishment of a successful population and ultimately gut damage leading to 

diarrhoea. 

Other DEGs that were down-regulated in the high-diarrhoea group include Ovar-DRB1, DQA, 

TREM2, TFF3, ITLN2, CD74, CCL5, and CCR3. Ovar-DRB1, a Major Histocompatibility Complex 

class II (MHC-II) gene, is widely associated with resistance to nematodes in sheep32,66,67 and 

underpins the presentation of antigenic molecules to T-cells, an integral component of the 

adaptive immune response68. MHC-II molecules, present on antigen-presenting cells, tend 

to present parasitic antigens to T-helper type 2 (TH2) cells to initiate the antibody-producing 

adaptive immune response that is required to control helminths14,69. In addition to its role in 

resistance to roundworms, Ovar-DRB1 has been associated with resistance to tapeworms in 

Chinese Merino sheep70. Carriers of Ovar-DRB1 show reductions in duodenal contractile 

force and FEC31,32,66 so down-regulation of Ovar-DRB1 may increase duodenal contractions71 

and thus explain our high-diarrhoea phenotype. DQA is similar to Ovar-DRB1 in that it is a 

MHC-II molecule that plays an important role in adaptive immunity by presenting processed 

antigen to T-cells72,73. 

The triggering receptor expressed on myeloid cells (TREM2), also found on intestinal 

macrophages and lamina-propria DCs, has inflammatory activities, so down-regulation of 

TREM2 would lead to immune suppression by decreasing pro-inflammatory cytokine 
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production and T-cell activation74,75. Trefoil factor 3 (TFF3) and sheep intelectin-2 (ITLN2) 

normally help the host to combat helminths by altering luminal mucus76,77, but here we see 

a down-regulation of these genes with the high-diarrhoea phenotype, indicating a reduction 

of two important Th2-cytokines, IL-4 and IL-1378. Cluster of differentiation (CD74) is a class-II 

cell surface receptor for the macrophage migration inhibition factor (MIF) that is expressed 

by antigen-presenting cells (APCs) and epithelial cells79. Binding of MIF to CD74 induces 

intracellular cell survival cascades80 and regeneration of intestinal epithelial cells81 leading to 

healing of the mucosa.  

Chemokine ligand 5 (CCL5; also known as RANTES), an important chemokine found in 

eosinophil granules, is required for normal T-cell function and for recruiting lymphocytes, 

such as monocytes and T-cells, to the site of infection/inflammation82. CCL5 interacts with 

CCR3 (a chemokine receptor) leading to a Th2-polarised immune response83. Thus, the 

down-regulation of CCL5 in high-diarrhoea sheep complements an overall suppression of 

the immune response to helminth infection. 

In addition to suppression of the immune system, the sub-network analysis also identified a 

set of down-regulated genes related to immune tolerance, a way of limiting the immune 

response after it has been initiated in response to a foreign antigen/pathogen. It is 

important for the response to subside, or at least be kept under control, so the host does 

not develop autoimmunity/hypersensitivity84. One such check is mediated by 

Indoleamine2,3-Dioxygenase (IDO), an important rate-limiting enzyme that catabolises 

tryptophan85,86 to kynurenine. This process is crucial in modulating an adaptive immune 

response by inhibiting effector T-cell proliferation and by diverting the immune response 

from effector T-cells to regulatory T-cells87. In inflammatory bowel syndrome (IBD) and 

murine models of colitis, the severity of the disease is restrained by induction of IDO88. In 

general, therefore, IDO suppresses immune responses promoting immune tolerance and 

preventing autoimmunity89–91. The suppression of immune tolerance in the high-diarrhoea 

sheep could lead to a potential inflammatory/hypersensitive immune response but, overall, 

the down-regulation of the immune response outweighs the possibility that ‘suppressed 

immune tolerance’ could lead to a pathological hypersensitive immune response. 
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4.5 Conclusion 

We have been able to identify pathways and biological processes in the immune system that 

respond to helminth infection and might explain why some sheep are susceptible to the 

development of diarrhoea while others are not. Importantly, it has become clear that 

diarrhoea in the diarrhoea-susceptible sheep is not an outcome of an 

inflammatory/hypersensitive immune response because most of the up-regulated genes are 

related to repair mechanisms in the duodenum and most of the down-regulated genes are 

related to different components of the immune response. The literature shows that Ovar-

DRB1 is associated with helminth resistance and, in our study, down-regulation Ovar-DRB1 

was associated with diarrhoea rather than the parasitism itself. The immune tolerance due 

to tryptophan catabolism by IDO shows how the immune system is regulated and kept in 

check in low-diarrhoea sheep. Several up-regulated genes in the high-diarrhoea group are 

related to ECM organization leading to fibrosis, perhaps explaining why these animals have 

a high-diarrhoea because the focus of these genes is repair rather than addressing the 

primary cause. The organization of ECM could also be linked to the maintenance of physical 

barriers as another way to resist the helminths and maintain tissue integrity. With diarrhoea 

or helminth infection, the injury could change gut morphology for a certain period, perhaps 

affecting subsequent immune responses. The extent of fibrosis, and its resolution, are yet to 

be determined but our observations lead us to suggest a ‘remodeled immune’ response and 

fibrosis that probably provides a ‘helminth hideout’. Some of the biological processes and 

pathways that we have revealed could explain how diarrhoea develops, but we are still not 

really sure how some sheep resist diarrhoea while others readily develop it. 
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Abstract 

Gastrointestinal helminths are a global health issue, for humans as well as domestic animals. 

Most studies focus on the tissues that are infected with the parasite, but here we studied 

the ileum, a tissue that is rarely infected by helminths. We tested whether inflammation in 

the ileum contributes to the development and severity of diarrhoea, by comparing sheep 

that are susceptible (n = 4) or resistant (n = 4) to the disease. We analyzed the ileum 

transcriptome using the RNASeq sequencing approach and various bioinformatics tools 

including FastQC, STAR, featureCounts, DESeq2, DAVID, clusterProfiler, Cytoscape 

(ClusterONE) and EnrichR. We identified 243 differentially expressed genes (DEGs), of which 

118 were up-regulated and 125 were down-regulated DEGs in the diarrhoea-susceptible 

animals compared to the diarrhoea-resistant animals. The resulting DEGs were functionally 

enriched for biological processes, pathways and gene set enrichment analysis. The up-

regulated DEGs suggested that an inflammatory immune response was coupled with genes 

involved in ‘Th2 immune response’ and ‘anti-inflammatory response’. The down-regulated 

DEGs were related to ion transport, muscle contraction and pathways preventing 

inflammation. We conclude that i) susceptibility to helminth-induced diarrhoea involves an 

inflammatory response at a non-infectious site; ii) down-regulation of pathways preventing 

inflammation can contribute to the severity of diarrhoea; and iii) genes involved in anti-

inflammatory responses can reduce inflammation and diarrhoea. 

Keywords: Ileum; helminths; RNA-Seq; inflammatory immune response; diarrhoea; Th2 

immunity 

5.1 Introduction 

Gastrointestinal helminths are a global health issue, for humans as well as domestic animals, 

including sheep, where helminth-induced diarrhoea is a major cause of production losses 

(1). We have been studying helminth-sheep interactions in a Mediterranean region where 

winter rainfall is dominant and conducive to infection of Merino sheep by Teladorsagia 

circumcincta and Trichostrongylus colubriformis, the major causes of diarrhoea, or ‘winter 

scouring’ (2). The climate favours the development of L3 stage larvae on pastures from 

where they are ingested by sheep as they graze. In the gastrointestinal tract (GIT), the larvae 

damage the mucosae, develop to the adult stage and start laying eggs that are then passed 
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into the faeces and deposited on the pasture where they hatch, thus completing the life 

cycle (3). 

After ingestion, T. circumcincta primarily infects the abomasum (the equivalent of the 

stomach of non-ruminant animals), whereas T. colubriformis infects the duodenum (the first 

few metres of the small intestine; 4). Predilection sites (sites preferred by helminths) have 

generally been the focus of studies of the disease process using histopathology, 

immunohistochemistry and gene expression analysis. Consequently, very little is known 

about the roles of other parts of the GIT, such as the ileum (the final segment of the small 

intestine), in the development, persistence and severity of helminth-induced diarrhoea. 

The processes leading to diarrhoea are multifactorial and include the damage to the GIT 

epithelium by the invading helminths, disruption of ion transport and fluid absorption of 

due to changes in gut motility and permeability (5,6) and, in some cases, an ‘inflammatory 

immune response’ (2,7,8). The immune response to GIT helminths involves both the innate 

and the adaptive components of immune system, and they combine to expel and resist 

infection. Ingestion of L3 stage larvae first provokes the innate immune component, leading 

to the presentation of physical barriers (increases in smooth muscle contraction; thickening 

of the mucous layer, and production of defensins; 9–11), the recruitment of cytotoxic and 

pro-inflammatory cells (mast cells, eosinophils; 12–14), activation of pattern-recognition 

receptors (e.g., toll-like receptors, C-type lectin receptors expressed by antigen-presenting 

immune cells; 15), and production of chemoattractant molecules (the eotaxin family of 

chemokines, including CCL11, CCL24 and IL-5; 16). The innate immune response leads to 

activation of the more precise adaptive immune response by presenting helminth antigens 

to specialized molecules, from the major histocompatibility complex (MHC-II), that are 

present on antigen-presenting cells. This outcome leads to infiltration of mast cells and 

eosinophils, activation of the Th2-mediated (T-helper cell type 2) antibody response 

(IgA/IgE), through the agency of Th2-cytokines (IL-4, IL-5, IL-13), ultimately resulting in 

reduced establishment of larvae, helminth expulsion, or reduced helminth fecundity (17). If 

the helminth burden overcomes the immune response, diarrhoea can result. Alternatively, 

the host can become susceptible to helminth infection if a Th1-mediated (T helper cell type 

1) immune response is initiated with involvement of Th1 cytokines (INF-γ, IL-12) and CD8+ 

cytotoxic T cells (18–20). 
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In our previous work, we investigated the haematology profiles of sheep that were 

genetically susceptible or resistant to the development of diarrhoea (assessed by diarrhoea 

score and faecal consistency score) and of sheep that were genetically resistant or 

susceptible to helminth infection (assessed by faecal worm egg count). The haematology 

profiles included haemoglobin content, packed cell volume, red blood cell count and white 

blood cell count. The results led us to conclude that the haematological profile does not 

explain susceptibility or resistance to infection or diarrhoea, and thus offers no promise as 

traits for genetic selection (21). We then investigated the transcriptomes of the duodenum 

(the site of infection) where we compared the expression profiles of genes involved in the 

immune responses, again comparing diarrhoea-susceptible diarrhoea-resistant animals to 

test whether a hypersensitive inflammatory or immune response explains diarrhoea in 

animals with a low worm burden (75). Our observations made it clear that the mechanisms 

of immune suppression, tissue repair and maintenance of physical barriers were activated in 

diarrhoea-susceptible sheep, leading us to reject the hypersensitivity hypothesis. 

Conversely, a Th2 immune response was activated in diarrhoea-resistant-resistant sheep, 

explaining their phenotype. 

These studies led us to question whether another section of the intestine, where infection 

does not occur, would present support for an inflammatory/hypersensitive immune 

response. The ileum came into focus because our histological analysis showed that this 

intestinal segment had more eosinophils and masts cells than to the other sections of the 

GIT (Niu et al; in preparation, 76). Therefore, in the present study, we tested whether the 

expression of the genes that control the inflammatory immune response is related to the 

development and severity of diarrhoea after helminth infection in sheep. 

5.2 Materials and Methods 

5.2.1 Animal source, experimental design, and Ethics statement 

The lambs used in this experiment were sourced from the flocks that had been maintained 

at the Katanning Research Facility in Western Australia since 2015 and, prior to that, at the 

Mount Barker Research Station, as part of a long-term breeding experiment addressing the 

helminth-diarrhoea-flystrike complex (21). The Katanning Research facility is situated at an 

altitude of 300 m, latitude of 33.7°S and longitude 117.55°E, and experiences 480 mm yearly 



 
 

102 
 

rainfall, with a winter distribution characteristic of a Mediterranean climate. This study was 

sanctioned by the Animal Ethics Committee of the Department of Primary Industries and 

Regional Development, Western Australia (AEC No.17-1-02 v 2.1). 

In November 2016, 986 lambs at weaning age (about 3 months) were sampled for faecal 

worm egg count (FEC), administered a broad spectrum anthelmintic (Monopantel® @ 1 

mL/10 Kg body weight), scored for diarrhoea (‘dag score’, an indicator of the amount of 

faecal material accumulated on the hindquarters between hock joint and anus; scale of 1–5 

with 5 being high). These data and similar data from previous generations were submitted 

to Sheep Genetics (www.sheepgenetics.org.au) to obtain estimates of the Australian Sheep 

Breeding Values (ASBV) for ‘dag score’ and FEC. The ASBV values for ‘dag score’ were used 

to identify 100 males and 100 females that were most or least susceptible to diarrhoea. 

Males and females were managed similarly but kept in separate paddocks at a stocking rate 

of 10 animals/1000 m2, and they were allowed to graze winter-spring pasture composed 

primarily of Trifolium subterraneum, Trifolium michelianum, Trifolium glomeratum and 

Trifolium repens. To minimize contamination with helminth eggs, the paddocks were not 

grazed for four months before the start of experiment. Green feed would normally not 

become available until May but, in the year of the experiment, the sheep had access to 

green pastures from February to September due to unusual rainfall before the start of the 

experiment. In this environment, the cycle of helminth infection is typically related to the 

onset of winter rains in April-May. 

For all 200 lambs, diarrhoea score and FEC were determined in March, May, June (males 

only), July (females only), August, and September, when the experiment ended. At the end 

of September, 20 diarrhoea-susceptible and 18 diarrhoea-resistant sheep were identified 

and slaughtered. Tissues from the GIT were sampled from four diarrhoea-susceptible and 

four diarrhoea-resistant sheep for the study of gene expression. Helminth infection was 

verified by monitoring FEC monthly and, at slaughter, helminths were counted. The 

dominant species were T. circumcincta in the abomasum and T. colubriformis in the small 

intestine, as reported in previously (21). Helminths were generally absent from the ileum. 

These observations agree with previous studies showing that the predilection sites are the 

abomasum for T. circumcincta (77) and the first few meters of the duodenum for T. 

colubriformis (78). We also monitored the health of the sheep, during the experiment and at 
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slaughter, for symptoms related to causes of diarrhoea other than helminth infection. By 

monitoring FEC on monthly basis and counting each helminth species in the GIT at 

slaughter, we excluded other causes of diarrhoea (protozoal, viral, bacterial). The tissue 

samples were stored in RNAlater (Sigma-Aldrich, St. Louis Missouri, US) at –80°C until RNA 

extraction, as per the manufacturer’s instructions. 

5.2.2 RNA extraction, library preparation, quality control and sequencing 

Total RNA was extracted from approximately 30 mg of ileum tissue from each sheep using 

the RNeasy mini plus kit (Qiagen, Hilden, Germany), according to the manufacturer’s 

instructions with minor modifications. Before extraction, RNaseZAP (Thermo Scientific™; 

Waltham, Massachusetts, U.S) was used to decontaminate RNases on working surfaced and 

pipettors. The tissue samples were placed in 700 µL lysis buffer and homogenized using 

tissue Lyser-II (Qiagen, Hilden, Germany). The homogenate was centrifuged at 14,000 g for 3 

min and the resulting supernatant was loaded onto genomic DNA (gDNA) removal columns 

and centrifuged at 10,000 g for 1 min. An equal volume of 70% (v/v) molecular grade 

ethanol was added to the flow-through from each gDNA column, mixed thoroughly by 

repeated pipetting, and loaded onto RNA binding columns, centrifuged at 10,000 g for 15 s. 

The flow-through was discarded and the columns were washed with 350 µL RW1 wash 

buffer. To ensure complete removal of gDNA, an additional step of on-column gDNA 

digestion was included, using DNase-I (0.34 Kunitz/µL; Qiagen, Hilden, Germany) for 15 min. 

The columns were washed again with 350 µL RW1 wash buffer before being washed twice 

with 500 µL of RPE buffer, followed by elution for the final time with 50 µL RNAse-free 

water. 

A Qubit fluorometer (Thermo Scientific™; Waltham, Massachusetts, U.S) was used to 

quantify RNA with an RNA-BR kit. The quality was checked on a 2% agarose gel and purity 

was checked using a NanoDrop 2000 (Thermo Scientific™; Waltham, Massachusetts, U.S). 

The samples with 28S/18S rRNA ratio greater than 1.5, an OD 260/280 ratio greater than 2, 

and an OD 260/230 ratio of 1.8 or greater, were retained for further processing. The 

samples were sent to BGI-Hong Kong for library preparation and sequencing. To establish 

the RNA Integrity Number (RIN), samples were also analyzed on an Agilent Bioanalyzer-2100 

(Agilent, Santa Clara, California, USA). Samples with RIN values ≥7 were further processed 

for library preparation and sequencing. All the libraries were sequenced with a depth of ≥ 22 
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million reads/sample using the pair-end approach (read length 100 base pairs) on a 

DNBseqTM platform (BGI, Hong Kong). 

5.2.3 Bioinformatics analysis; identification of differentially expressed genes (DEGs) 

The quality of the reads was checked by FastQC and reads with a score greater than 30 were 

aligned with the reference genome (Oar_rambouillet_v1.0) using STAR (v2.7.3a)(22), a very 

robust and accurate alignment tool. Before alignment, indexes were created using the 

reference annotation gtf file (NCBI Ovis aries Annotation Release 103) and a reference 

genome (Oar_rambouillet_v1.0) fasta file. The featureCounts function in Subread software 

v2.0.0 (23) was used to count raw genes after mapping with the following parameters: -t 

gene --primary -p. The DESeq2 R package was used to study differentially expressed genes, 

using the diarrhoea-resistant group as the control (24). A gene with a false discovery rate 

(FDR) cut-off < 0.05 and a log2fold change ≥ 1 was considered to be differentially expressed. 

A principal component analysis (PCA) was performed on the DESeq2-normalised count data 

after regularised log transformation to estimate and visualize the variations between 

samples. 

5.2.4 Functional enrichment of DEGs 

A web-based tool, DAVID (The Database for Annotation, Visualization and Integrated 

Discovery) (25), was used to provide further information about the gene ontology (GO) 

terms that were significantly enriched in the DEGs. Additionally, the clusterProfiler (v3.18.1) 

R package was used for Gene Set Enrichment Analysis (GSEA) with org.Bt.eg.db (Bos taurus) 

being the source of annotation as the genome-wide annotation list for sheep was not 

available. The focus in GO terms was Biological Processes and KEGG pathways with a 

standard false discovery rate of less than 5% (FDR < 0.05). The Search Tool for the Retrieval 

of Interacting Genes/Proteins (STRING, v11) (26), a biological database and a web resource, 

was used to highlight functional interactions among the DEGs. This biological database 

collects and integrates all functional interactions between the proteins/genes by linking 

projected and known protein-protein interaction (PPI) data for many organisms. STRING was 

used to generate PPI with these options selected: interactions discarded with a confidence 

score < 0.4; ‘disconnected nodes hidden’ and ‘no more than 5 interactors to show in 1st and 

2nd shell’. To cluster and visualize gene sub-networks in Cytoscape (v 3.7.2), we used the 
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ClusterONE plugin that clusters genes by functional relevance. Clusters were used that had a 

P-value < 0.05 cut-off and a minimum of > 5 genes per cluster. Another web-based tool, 

Enrichr, was used to study the pathways and biological functions related to genes in the 

sub-networks (27). 

5.3 Results 

RNA-Seq Data description and Principal component analysis 

The sequencing resulted in 198,340,385 pair-end reads with a range from 22,267,551 to 

26,038,920 pair-end reads per sample and a minimum of 21,683,292 reads in each sample 

successfully mapped to the reference genome. Average unique mapping rates were 84% in 

the diarrhoea-susceptible group and 83% in the diarrhoea-resistant group (summarized in 

Fig. 13). 

 

Figure 13. The mapping statistics from the RNASeq analysis of the ileum from sheep with high and 
low susceptibility to diarrhoea. 

The PCA plot (Fig. 14a) showed a tight clustering of the diarrhoea-susceptible samples, and a 

variable distribution of diarrhoea-resistant samples, with PC1 and PC2 representing 29.8% 

and 19.1% of the total variance, respectively, indicating inherent differences between 
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diarrhoea-susceptible and diarrhoea-resistant sheep in gene expression in the ileum that 

can be explained through genetic variation. 

    

Figure 14. (a) Principal Component Analysis scatter plot showing gene expression in the ileum of the 
diarrhoea-susceptible (HD) and diarrhoea-resistant (LD) groups. The percentages on each axis 
represent the proportion of variation explained by the principal components, with PC1 (29.8%) being 
variation across groups and PC2 (19.1%) being variation within the group. (b) Venn diagram showing 
the numbers of up-regulated and down-regulated genes in the diarrhoea-susceptible group, in 
comparison with the diarrhoea-resistant group. The total differentially expressed genes (DEGs) is 
indicated by the overlapping area. 

Comparative analysis of DEGs 

We identified 243 DEGs, of which 125 were down-regulated and 118 were up-regulated in 

the diarrhoea-susceptible group in comparison with the diarrhoea-resistant (control) group 

(Fig. 14b). The details of all DEGs and associated biological processes and pathways are 

presented in Supplementary File S3 and a heatmap plot showing the top 100 DEGs is 

presented in Supplementary Fig. S3. The 10 most significant up-regulated and down-

regulated DEGs are shown in Fig. 15. Among the up-regulated DEGs were CD86, SIGLEC1, 

C3AR1, BST-2A, and several genes with functions that are not determined; the down-

regulated DEGs included PRKG, FOXP2, FBX032, FMOD, CAND2, as well as a few genes with 

functions not yet determined. 
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Figure 15. Volcano plot showing the 10 most significant DEGs that were up-regulated or down-
regulated in the ileum of diarrhoea-susceptible sheep (HD) compared to diarrhoea-resistant (LD) 
sheep. 

Functional enrichment, PPI network and sub-network analysis of DEGs 

Functional enrichment of DEGs was based on GO biological processes and KEGG pathways, 

with FDR < 0.05 considered as significant using DAVID and GSEA in clusterProfiler 

(importantly, the outcomes were similar for the two analyses). In the diarrhoea-susceptible 

group, the common significant GO terms in the biological processes in the ileum included: 

‘defense response’, ‘immune response’, ‘response to biotic stimulus’ and ‘inflammatory 

response’ (Fig. 16). The common significant KEGG pathways included ‘phagosome’, 

‘tuberculosis’, ‘graft-versus-host disease’, ‘staphylococcus aureus infection’, ‘allograft 

rejection’, ‘type I diabetes mellitus’, ‘autoimmune thyroid disease’, ‘cell adhesion molecules 

(CAMs)’, and ‘rheumatoid arthritis’ (Supplementary File 3). 
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Figure 16. Functional enrichment analysis for GO biological process terms in the ileum of diarrhoea-
susceptible sheep. (a) Functional enrichment analysis with DAVID using the up-regulated and down-
regulated DEGs as the input data. The values on the x-axis represent the number of genes associated 
with each significant GO biological process term. (b) Functional enrichment analysis using GSEA of 
the entire DESeq2-normalised dataset. The top 40 significantly enriched GO biological process terms 
are shown. 
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Importantly, GSEA analysis revealed significant up-regulation of the pathways for 

‘inflammatory bowel disease’ and ‘complement and coagulation cascades’ in diarrhoea-

susceptible sheep (Fig. 17). 

 

Figure 17. Functional enrichment analysis for KEGG pathways in the ileum of diarrhoea-susceptible 
sheep. (a) DAVID analysis using up-regulated and down-regulated DEGs as the input data. The values 
on the x-axis represent the number of genes associated with each significant KEGG pathway. (b) 
GSEA analysis using the entire DESeq2-normalised dataset. The top 36 significantly enriched KEGG 
pathways are shown. 

The network analysis of the biological processes in the ileum in diarrhoea-susceptible sheep 

revealed three significant sub-networks of genes. Some of the enriched terms included 

‘cellular response to molecule of bacterial origin’, ‘cellular response to lipopolysaccharide’, 

‘positive regulation of type 2 immune response’, ‘regulation of interleukin-6 production’, 

‘inflammatory response’ and ‘positive regulation of inflammatory response’. It is clear from 
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the functional enrichment of these sub-networks that they are associated with 

inflammation or bacterial infection (Supplementary File S4). The network and sub-networks 

for up-regulated genes are shown in Fig. 18a. 

The significant GO biological processes associated with down-regulated DEGs in both 

analyses were ‘muscle system process’, ‘muscle contraction’, ‘striated muscle cell 

development and differentiation’, ‘muscle cell and structure development’, ‘regulation of 

metal ion transport’, ‘myofibril assembly cardiocyte differentiation’, ‘potassium ion 

transport’, ‘neurotransmitter transport’ and ‘regulation of ion transport’ (Fig. 4). The DAVID 

analysis revealed no significant KEGG pathways enriched in down-regulated DEGs 

(Supplementary File S3). The GSEA analysis revealed ‘cardiac muscle contraction, ‘cAMP 

signaling pathway’, ‘oxytocin signaling pathway’, ‘insulin secretion’, ‘salivary secretion’ and 

‘endocrine and other factor-regulated calcium reabsorption’ as down-regulated pathways, 

among others (Fig. 5). The network analysis resulted in two significant sub-network of genes 

and their functional enrichment was associated with ‘smooth muscle contraction’, ‘muscle 

fiber development’, ‘vascular smooth muscle contraction’ and ‘oxytocin signaling pathway’ 

(Supplementary File S4). The network and sub-networks for down-regulated genes are 

shown in Fig. 18b. 
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Figure 18: Protein-protein interaction (PPI) networks derived from STRING with sub-networks (SN) 
derived using the Cytoscape ClusterONE plugin. (a) up-regulated DEGs: SN1 (dark green nodes); SN2 
(red bordered nodes); SN3 (orange nodes). (b) down-regulated DEGs: SN1 (dark green nodes); SN2 
(orange nodes). 

5.4 Discussion 

We identified remarkable differences in the molecular mechanisms (pathways and biological 

processes) in the ileum of sheep that were associated with susceptibility to develop 

diarrhoea, in spite of the fact that the parasites of interest establish in the abomasum and 

the duodenum, and not in the ileum. The ileum absorbs fluids and is expected to play a key 

role in diarrhoea. The diarrhoea-susceptible sheep show a dominant ‘inflammatory’ immune 

response with a Th2 polarity, whereas the diarrhoea-resistant sheep appear to express 

physiological states that promote smooth muscle contraction while maintaining intestinal 

transport and absorption at the homeostatic level. In the diarrhoea-susceptible sheep, the 

up-regulated genes were linked to the immune responses and inflammation, with the most 

important processes and pathways including ‘defense response’, ‘inflammatory response’, 

a) 

b) 
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‘inflammatory bowel disease’, ‘cytokine-cytokine receptor interaction’, ‘response to other 

organism’, ‘complement and coagulation cascades’, ‘phagosome’, ‘graft versus host 

disease’, ‘allograft rejection’, ‘autoimmune thyroid disease’, ‘rheumatoid arthritis’ and ‘cell 

adhesion molecules’. An interesting comparison can be made with human inflammatory 

bowel disease (IBD), such as Crohn’s disease, a complex disease with a genetic disposition 

that involves an aberrant immune response toward intestinal pathogens and the 

microbiome (28), as shown in Fig. 19ab.  

 

Figure 19a. ‘Inflammatory bowel disease’ KEGG pathway (34) a) with up-regulated genes in our 
study highlighted in red colour in the diarrhoea-susceptible group. 
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Figure 19b. ‘Inflammatory bowel disease’ KEGG pathway (34). A category Netplot (CNET) showing the 
relationships among genes in the inflammatory bowel disease pathway. 

In the sheep ileum, diarrhoea susceptibility is linked to the ‘inflammatory response’ biological 

process and to the ‘inflammatory bowel disease’ KEGG pathway, similar to IBD in humans 

where diarrhoea is also linked to inflammation of the ileum (29). Most studies of IBD are 

conducted on humans where risk factors have been identified, including nucleotide-binding 

oligomerization domain2 (NOD2), a gene revealed by GSEA analysis as being enriched in 

diarrhoea-susceptible sheep (30). NOD2 is an intracellular pattern recognition receptor and 

has been associated with an autoinflammatory disease marked by abnormally increased 

inflammation, predominantly mediated by cellular components of the innate immune system 

(31,32). Cytokine-cytokine receptor interaction, another pathway up-regulated in diarrhoea-

susceptible sheep, indicates interactions among cytokines (33), particularly those that have 

been up-regulated in our study (Fig. 20ab). 
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Figure 20. ‘Cytokine-cytokine receptor interaction’ KEGG pathway (34) a) with up-regulated genes in 
our study highlighted in red and down-regulated genes highlighted in green colour in the diarrhoea-
susceptible group. B) A category Netplot (CNET) showing the relationships among the genes in 
cytokine-cytokine receptor interaction pathway. 
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Some of the DEGs in diarrhoea-susceptible sheep, enriched in GO terms and sub-network 

analysis, included IL-6, LOC101121216 (serum amyloid A), SIGLEC1, CHI3L1, S100A9, CD14, 

CD68, CD86, Ovar-DRB1, IL1RL1, LOC101103238 (CXCL5), CCL22 and IL1RN. As helminth 

infection occurs at the abomasum and duodenum in our model, the up-regulation of 

immune system genes in the ileum was striking. IL-6, an important cytokine generally 

associated with inflammation and autoimmunity (35,36), can be both pro- and anti-

inflammatory: trans-signaling (via a soluble form of IL-6 receptor with a broader spectrum 

of IL-6 target cells) leads to pro-inflammatory responses, whereas classic signaling (via 

membrane-bound IL-6 receptor) promotes anti-inflammatory and regenerative responses 

(37). In our study, IL-6 has been enriched in inflammation-related biological processes and 

pathways, so we need to consider its inflammatory role at the ileum. Anti-IL-6 receptor 

antibody can be used treat chronic inflammatory conditions, such as rheumatoid arthritis 

(35,37). IL-6 production can also be promoted by another gene that is up-regulated in 

diarrhoea-susceptible animals, serum amyloid A (SAA) another indicator of inflammation, a 

molecule with cytokine-like properties and immunomodulatory roles (38). SAA has 

chemoattractant properties for T-lymphocytes, monocytes and leukocytes, and induces the 

secretion of pro-inflammatory cytokines, including IL-6, IL-8, TNF-α and IL-1β (39–41). Other 

important genes with inflammatory outcomes, some of which were among top significantly 

up-regulated genes, were SIGLEC1 (42), C3AR1 (43,44), S100A9 (45,46), CHI3L1 (47,48) 

CXCL5 (49,50), CD14(51), CD68(52) and IL1RL1(53). The up-regulation of these genes during 

inflammation is evident from the literature and supports our hypothesis that an 

inflammatory immune response at the ileum in the diarrhoea-susceptible sheep can 

increase the severity of the disease. 

On the other hand, it was surprising to observe the up-regulation of several genes with anti-

inflammatory roles: i) macrophage-derived chemokine (MDC/CCL22), a molecule thought to 

help prevent intestinal inflammation (49); ii) CCL22 and its receptor CCR4 (expressed by Th2-

cells and Treg cells), known to play important roles in preventing inflammatory bowel 

diseases such as colitis (63) by promoting T-reg cell communication with dendritic cells 

(54,55); iii) IL1RN binds to the IL-1 receptor but has a greater affinity than IL-1 so it blocks 

this major pro-inflammatory cytokine that is highly expressed in various acute and chronic 

inflammatory conditions(56–58). 
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The polarity of the immune response is important with respect to the type of infection. As 

stated earlier, a Th2 immune response is desirable in helminth infection, but as the ileum is 

not the site of infection, it was surprising to observe the up-regulation of genes, including 

CD86, Ovar-DRB1, IL1RL1 and IL-6, that polarize the immune response towards a Th2 

response. CD86 (also called B7-2) is expressed by antigen-presenting cells, such as dendritic 

cells and macrophages, and preferentially acts as a co-stimulator of the production of Th2 

cells from Th precursor cells (59). The up-regulation of CD86 in diarrhoea-susceptible sheep 

suggests that its role is to enhance IL-4 production, promoting a Th2 immune response (60). 

Ovar-DRB1 codes for a major histocompatibility (MHC-II) molecule that is expressed by 

antigen-presenting cells (eg, dendritic cells) that present antigenic molecules from 

helminths to naïve CD4+ T cells, so they can transform into Th2 cytokine-producing cells that 

lead the way to an antibody-producing, adaptive-immune response (17,61). Ovar-DRB1 

paves the way towards this outcome, with up-regulation of IL-6 strengthening the response 

by blocking the Th1 response (62). Another cytokine receptor, IL1RL1, is an important 

member of IL-1 receptor family and receptor for IL-33 (60). The ‘IL-33 and its receptor 

IL1RL1 axis’ has been associated with inflammation and stimulation of the Th2 immune 

response in ulcerative colitis where levels of IL-33 are significantly increased (53,63). IL-6 has 

been shown to promote a Th2 response (62,64), a desirable outcome in helminth infection, 

but its pro-inflammatory properties could lead to chronic inflammation. 

The functional enrichment analysis did not reveal links between any of the down-regulated 

genes and the promotion of the immune response or inflammation. Rather, most of the 

functions highlighted were related to muscle physiology and contraction, absorption, and 

pathways preventing inflammation. The down-regulation of these biological processes and 

pathways suggests a disruption in, for example, peristalsis and the transmembrane ion 

transport system that are important for maintaining fluid balance in the GIT and are 

affected by inflammatory immune responses (65). Potassium ion (K+) transport is critical in 

fluid balance in the gut (65) and, in our study, is affected by down-regulation of ATP1A2. 

Enteric oxytocin plays a significant role in GIT physiology and the down-regulation of the 

oxytocin-signaling pathway in diarrhoea-susceptible sheep would contribute to increased 

inflammation, reduced transit time, and increased faecal water content – in other words, 

the high diarrhoea outcome (66,70). Cyclic adenosine monophosphate (cAMP) reduces gut 
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inflammation by decreasing infiltration of leucocytes (67), so the down-regulation of the 

cAMP-signaling pathway would also contribute to inflammation of the ileum, again 

promoting diarrhoea (67,68). 

Some of the down-regulated genes in diarrhoea-susceptible sheep, including MYH11, 

CACNB2, ATP1A2, CAV3, PRKG1, FOXP2 and FBXO32, normally maintain a physiological and 

homeostatic environment in the gut so their down-regulation would increase the severity of 

diarrhoea through, for example, disruption of gut absorptive function. MYH11 encodes 

myosin 11, a major contractile protein, that plays important roles in intracellular transport, 

signal transduction, cell migration and adhesion, and its down-regulation has been linked to 

poor prognosis in colorectal cancer (69). As most of the nutrients and fluids are absorbed 

from the epithelium of the small intestine, the various ion channels play critical roles (70). 

For example, two genes, CACNB2 and CACNA1C, transcribe for voltage-dependent L-type 

calcium channels that are important for the influx of the calcium ions (Ca+2) required for 

intestinal smooth muscle contraction; selective blockage of these channels can lead to 

paralytic ileus (lack of movement in the intestine; 70,71). The genes ATP1A2 and ATP2B2 

transcribe for ‘ATPase Na+/K+ transporting membrane polypeptides’ that maintain a 

concentration gradient for sodium (Na+) and potassium (K+) ions across the plasma 

membrane. These gradients are integral to physiological processes in many organ systems, 

including the gut, where they maintain electrolyte and fluid homeostasis (70,72). CAV3 

(caveolin-3) promotes vascular smooth muscle contraction and prevents atherosclerosis 

(73). PRKG1 transcribes for cGMP-dependent protein kinase (PKG-1) which promotes 

vasodilation and vascular permeability, but it is significantly down-regulated by 

inflammatory cytokines leading to vasoconstriction and a decreased vascular permeability, 

ultimately affecting nutrient absorption into the bloodstream (74). Overall, the functional 

enrichment of down-regulated genes in diarrhoea-susceptible sheep indicates disruption of 

absorption and smooth muscle contraction, along with increased inflammation, all of which 

contribute to diarrhoea. 

5.5 Conclusion 

In the diarrhoea-susceptible sheep, there were indicators of an inflammatory response 

through up-regulated genes enriched in biological processes and pathways, and the immune 

response was polarized towards a Th2 response. We conclude that this inflammatory 
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response increases the severity of diarrhoea in susceptible sheep because genes with pro-

inflammatory features dominate the genes with anti-inflammatory properties. On the other 

hand, all of the down-regulated genes and associated biological processes and pathways 

that were enriched were related to physiological processes like smooth muscle contraction, 

ion transport and the homeostasis of the gut environment. Nevertheless, it is clear that an 

enhanced inflammatory immune response, accompanied by down-regulation of ion 

transport, oxytocin and cAMP signaling, at sites other than where infection occurs, can 

contribute to the development of severe diarrhoea. Furthermore, there are clear similarities 

with inflammatory bowel disease in humans (Crohn’s disease) where an inflammatory 

immune response leads to Ileitis (inflammation in the ileum). While it is most evident that 

there is a hypersensitive immune response to helminth larvae in infected areas of the GIT, 

more work is needed to determine whether an inflammatory response to intestinal 

microbiota, in the absence of helminths, also contributes to the expression of diarrhoea. 

With respect to managing the disease, we can target genes with anti-inflammatory roles can 

be to control the severity of diarrhoea. 
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Abstract 

Background: Helminth parasitism is a worldwide problem in livestock industries, with major 

impacts on health, welfare and productivity. The role of the gut microbiota in host-helminth 

interactions in ruminants has been extensively examined and the present study added to 

this body of knowledge by assessing the effects of resistance and susceptibility to helminth 

infection in the GIT. Australian Sheep Breeding Values (ASBVs) for faecal egg count (FEC) 

were used to select the 10 highly helminth-susceptible (High-FEC) and 10 highly helminth-

resistant (Low-FEC) sheep. FEC status was confirmed during the experiment. Using samples 

from the faeces and the lumen of the rumen, abomasum, duodenum, jejunum, ileum, 

caecum, and colon, DNA was extracted and used for 16 rRNA gene amplicon sequencing. 

Results: The most frequent genera identified along the GIT were Eubacterium, Oscillibacter, 

and Ruminococcus. Intersectoral-specialization zones were identified along the GIT, with the 

duodenum displaying major differences between the High-FEC and Low-FEC animals in 

values for alpha and beta diversity. After taking all samples into account and adjusting for 

the GIT segment, the High-FEC and Low-FEC sheep differed significantly for four genera: 

Butyrivibrio, Mycoplasma, Lachnoclostridium and Succiniclasticum. In the duodenum, the 

abundances of Aminipila, Lachnoclostridium and Mogibacterium differed significantly 

between the High-FEC and Low-FEC sheep. In the ileum, on the other hand, the genus 

Mycoplasma was significantly depleted in the Low-FEC group. 

Conclusions: The GIT microbial profile varies widely between helminth-resistant and 

helminth-susceptible sheep. Each GIT section appears to support a particular bacterial 

composition leading to inter-sectoral differences among the various microbial communities. 

The microbial populations were most rich and diverse in the duodenum of helminth-

resistant sheep, comprising bacterial genera that generally ferment carbohydrates. This 

observation suggests that helminth-resistant sheep can reorganize the duodenal 

microbiome taxa which may restrict the development of parasites. 

Keywords: Sheep, microbiome, helminth, faecal-egg count, 16S rRNA gene sequencing, 

nematode, short-chain fatty acids. 
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6.1 Background 

Gastrointestinal helminth infection has a major economic impact on sheep industries 

worldwide – for example, for Australia in 2015, Meat and Livestock Australia estimated an 

annual loss of AUD436 million [1]. In the sheep of Western Australia, the major problem is 

infection during winter and early spring, with Teladorsagia circumcincta, found mainly in the 

abomasum, and Trichostrongylus colubriformis in the small intestine, particularly in the 

duodenum [2, 3]. Clinical signs associated with high levels of T. circumcincta and T. 

colubriformis infection include loss of appetite, rapid weight loss, profuse watery diarrhoea 

and hypoproteinaemia [4]. Other helminth species are also found, such as Chabertia ovina, 

Oesophagostomum venulosum and Haemonchus contortus, but they are less prevalent in 

this environment [5].  

 To mitigate helminth infection in their flocks, farmers worldwide have often resorted 

to frequent and intensive use of anthelmintic drugs, with the unfortunate outcome being 

the development of helminth populations that are resistant to one or more classes of 

parasiticide [6-8]. These problems have elicited global efforts in genetic selection using 

faecal egg count (FEC) as the phenotypic trait [9-11], to produce sheep that are naturally 

resistant to helminth infection. One example is the ‘Rylington Merino’ flock that was 

established in 1998 and is currently the most worm-resistant Merino flock in Australia [12]. 

In addition, the level of resistance to helminths varies within and between sheep genotypes, 

reflecting genetic variation in the production of immunoglobulin A (IgA) that is specific to 

helminth antigens, leading to variation in helminth survivability [13, 14].  

 There has been an increased interest in how microbial communities in the GIT are 

affected by parasite infection, raising the possibility of new avenues for investigating the 

drivers of gut homeostasis. For example, it was recently reported that the severity of 

infection with H. contortus in sheep is related to the faecal microbiota, implying a 

supporting role for gut microbes in modulating host resistance to infection [15]. Moreover, 

such observations suggest that, in the host, the intricate relationship between the immune 

system and the gut microbiome might be involved in response to helminth infection [16]. In 

summary, it might be possible to identify particular bacterial communities that can be used 

to mitigate or control parasitic infection [17]. We therefore tested whether the structure 

and composition of the microbial communities along the GIT are affected by variation in 
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genetic resistance to helminths, and identified specific microbial communities that are 

associated with helminth resistance. We used sheep with low (n = 10; Low-FEC) and high (n 

= 10; High-FEC) breeding values (genetic potential) for FEC and studied the GIT microbial 

populations using 16S rRNA gene amplicon sequencing. 

6.2 Results 

Parasitological differences between High-FEC and Low-FEC groups 

The data for breeding value (ASBV), FEC and worm burden for the two genotypes are shown 

in Table S1. The average values for cumulative FEC were 1940 ± 1120 eggs/g in the High-FEC 

group and 410 ± 423 eggs/g in the Low-FEC group (p = 0.018). This 4-fold difference was a 

reflected in the average values for ASBV (High-FEC 35 ± 14 versus Low-FEC –66 ± 4) and 

average values for worm burden (High-FEC 36,844 ± 23,733 worms versus Low-FEC 10,875 ± 

12,320 worms). These observations validate the considerable divergence in helminth 

infection between the experimental groups. 

General analysis of microbial communities along the GIT 

As shown in Table S2, a total of 13,100,180 raw reads were sequenced from the 16S V3-V4 

amplicons generated from the faecal material and the luminal samples from the seven GIT 

segments of the 20 sheep. By trimming, merging of overlapping paired-end reads, and 

filtering sequences < 400 bp, the number of reads was reduced to 3,013,423 sequences, 

ranging from 4,751 to 62,456 sequences per sample, and with an average sequence length 

of 449 ± 4 bp. These sequences were converted into 328 OTUs at 97% sequence identity, 

revealing 14 phyla, 22 classes, 27 orders, 39 families and 59 genera after taxonomic 

classification. 

 OTU richness and alpha diversity (Shannon index) of the microbial communities 

present in each GIT segment were calculated for High- and Low-FEC samples and statistical 

differences among the GIT segments of all sheep were assessed using ANOVA and Tukey’s 

post-hoc multiple comparisons analysis (Fig. 21 and Table S3). The abomasum, rumen and 

duodenum contained the richest and most diverse populations, whereas the ileum 

produced the lowest values for both OTU richness and Shannon index (Fig. 21). Figure 22 

shows significant differences in taxonomic composition between GIT segments 
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(PERMANOVA, R2 = 0.564, p = 0.001). Principal coordinates analysis (PCoA) based on the 

weighted UniFrac distance presented a plot with a tight cluster containing the colon, 

caecum and faeces, with the rumen, abomasum, duodenum, jejunum and ileum in a 

different group with more scatter (Fig. 22). The segregation of the microbial communities 

was also evident in the contrast between the gastric (i.e., rumen and abomasum) and small 

intestine (i.e., duodenum, jejunum and ileum) compartments. Additional pairwise 

comparison revealed significant differences among all the GIT segments, except between 

the caecum and colon (Table S6). Firmicutes was the most abundant and ubiquitous phylum 

throughout the tract, followed by Bacteroidetes and Proteobacteria (Fig. 23). At genus level, 

Prevotella, Butyrivibrio, Saccharofermentans, Ruminococcus, Succiniclasticum, Desulfovibrio, 

Eubacterium, and Oscillibacter were the most common and ubiquitous (Fig. 24). The 

comparison of GIT segments shows that some phyla and genera are present or absent at 

specific sites and the most prominent differences are between the first part of the GIT 

(rumen to ileum) and the large intestine (caecum and colon). For example, Actinobacteria, 

Chloroflexi, Elusimicrobia, Euryarchaeota, Synergistetes, and Tenericutes are present 

exclusively in the first part of the GIT (Fig. 23). It should also be noted that eight genera (i.e. 

Treponema, Intestinimonas, Phascolarctobacterium, Anaeromassilibacillus, Anaerotignum, 

Paraprevotella, Flavonifractor, Mailhella) were absent from the first part of the GIT, and 26 

genera were absent from the large intestine (Fig. 24). The ANCOM test revealed 13 phyla 

and 52 genera that differed significantly among the GIT segments (Table S5). Further 

statistical analysis, with each significant taxon compared among pairs of GIT segments, is 

presented in Table S7. 

Analysis of the bacterial communities present in the High-FEC and low-FEC groups 

OTU richness and alpha diversity (Shannon index) were calculated for microbial 

communities present in each GIT segment, within and between FEC groups (Table 1). 

Interestingly, when the High-FEC and Low-FEC groups were compared, the only significant 

difference (p < 0.001) was the greater alpha diversity values for OTU richness and Shannon 

index in the duodenum of Low-FEC sheep compared to High-FEC. To avoid the potential 

confounding effect of FEC status, beta diversity across GIT segments was investigated 

separately for samples collected from High- and Low- FEC sheep. For the High-FEC group, 

our PCoA based on the weighted UniFrac distance metric (Fig. 25A) presented a plot with 
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two tight clusters, one containing the rumen and abomasum samples, and the other 

containing the caecum, colon and faecal samples (PERMANOVA, R2 = 0.688, p = 0.001). 

Another group, comprising duodenum, ileum and jejunum, were more dispersed and well-

differentiated. For the Low-FEC group (Fig. 25B), there was a similar clustering effect 

(PERMANOVA, R2 = 0.601, p = 0.001), except that the duodenal samples had shifted towards 

the rumen-abomasum cluster, suggesting a different structure of duodenal microbiota in 

this group of animals. This observation prompted another round of PCoA to estimate 

differences in microbiota composition between the High-FEC and Low-FEC groups in the 

duodenum (Fig. 25C). The clustering differed significantly between the FEC groups (R2 = 

0.583, p = 0.001). No differences were found for any of the other sites. 

Table 1. Comparison of alpha diversity between High-FEC and Low-FEC groups in each 
gastrointestinal tract segments. 

 OTU richness (mean ± SD) p-value Shannon index (mean ± SD) p-value 

Segment/Group High-FEC Low-FEC  High-FEC Low-FEC  

Rumen 139 ± 14 133 ± 9 0.265 5.7 ± 0.4 5.7 ± 0.3 0.591 

Abomasum 141 ± 15 142 ± 10 0.867 5.5 ± 0.3 5.6 ± 0.4 0.475 

Duodenum 103 ± 24 149 ± 22 <0.001 4.6 ± 0.4 5.6 ± 0.5 <0.001 

Jejunum 103 ± 33 113 ± 27 0.456 4.4 ± 1.6 5.0 ± 1.1 0.375 

Ileum 80 ± 31 104 ± 41 0.151 2.7 ± 1.3 3.9 ± 1.7 0.091 

Caecum 92 ± 15 98 ± 16 0.366 4.6 ± 0.6 4.6 ± 0.4 0.735 

Colon 103 ± 26 99 ± 15 0.679 4.7 ± 0.6 4.6 ± 0.5 0.844 

Faeces 109 ± 23 106 ± 16 0.796 4.9 ± 0.6 4.8 ± 0.5 0.694 

FEC: faecal egg count, SD: standard deviation. The ANOVA with Tukey's post-hoc test was 
used to assess the differences among groups. 
 

 Table 2 presents the bacterial genera that differed significantly between the High-

FEC and Low-FEC groups, for the total GIT and the individual GIT segments, as determined 

by ANCOM. In the duodenum, two genera, Aminipila and Lachnoclostridium, were 

significantly depleted, whereas Mogibacterium was enriched, in the High-FEC samples 

compared to the Low-FEC samples. In the ileum, on the other hand, there were significantly 

fewer Mycoplasma in the Low-FEC group than in the High-FEC group. When taking all the 

samples into account, after adjustment for the GIT segment, four bacterial genera differed 
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significantly between the High-FEC and Low-FEC groups: the average relative abundances of 

Succiniclasticum and Butyrivibrio were significantly lower, whereas average relative 

abundances for Lachnoclostridium and Mycoplasma were significantly greater, in the High-

FEC group compared with the Low-FEC group. 

Table 2. Bacterial genera showing significant differences in abundance between individual 
GIT segments, as well as the whole GIT of High- and Low-FEC sheep. SD: standard deviation. 
 

 

6.3 Discussion 

This study compared GIT bacterial communities in helminth-resistant and helminth-

susceptible sheep, in which there was a 400% difference in FEC and a 300% difference in 

parasite burden, following natural grazing under natural Mediterranean conditions [5]. The 

dominant helminths are Teladorsagia spp. in the abomasum and Trichostrongylus spp. in 

the duodenum. There were no significant differences between the groups of sheep for alpha 

diversity measurements in the rumen, abomasum, jejunum, ileum, caecum, colon or faeces. 

However, in the duodenum, OTU richness and Shannon diversity were lower in the 

susceptible sheep than in the resistant sheep. In general ecological terms, greater diversity 

in a community indicates a more stable and favorable environment. One possible 

explanation is that the duodenum of helminth-resistant sheep supports a better-adapted 

Segment High-FEC (mean ± SD) Low-FEC (mean ± SD) 

Duodenum   

Aminipila 2.8 ± 8.2 49.8 ± 75.2 

Lachnoclostridium 0.2 ± 0.6 4.7 ± 2.6 

Mogibacterium 51.5 ± 40.8 14.8 ±10.2 

Ileum   

Mycoplasma 6.1 ± 8.9 0.7 ± 2.2 

Whole GIT   

Succiniclasticum 10.7 ± 20.3 21.6 ± 36.4 

Lachnoclostridium 0.9 ± 1.8 2.1 ± 4.4 

Butyrivibrio 19 ± 41 38.7 ± 89.8 

Mycoplasma 6.5 ± 36.7 0.3 ± 1 
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microbiome in which it may be difficult for helminths to thrive. Other factors that affect 

microbiome diversity within the gut include genetic background, physiological condition, 

diet, and health status [18]. In helminth-susceptible sheep, damage to the GIT by the 

parasite may inflame the duodenal mucosa, increasing protein leakage and changing the pH 

at this site, perhaps favoring the excessive growth and development of some bacterial 

species at the expense of others [19, 20]. The differences in alpha diversity between High- 

and Low-FEC groups were significant across the GIT segments. In this context, the lowest 

richness/diversity values were found in the ileum, suggesting that proliferation of the micro-

flora is restricted in the small intestine, because of the high concentrations of bile, salts and 

digestive enzymes [21]. 

 Three genera in the duodenum differed significantly in their abundance between the 

resistant and susceptible sheep – the Aminipila, Lachnoclostridium and Mogibacterium – the 

first two of which have only been recently identified as new taxa. In brief, Aminipila, isolated 

from cattle waste in 2018, has been associated with the degradation of L-arginine, L-lysine 

and L-serine, and with the production of short-chain fatty acids (SCFAs), particularly acetate 

and butyrate [22]. Lachnoclostridium, is a new genus that includes a number of new species 

that have been identified in the human gut in relation to colorectal tumorigenesis [23]. They 

are associated with the production of butyrate [24, 25] but there is currently no information 

about their role or function in the sheep GIT. Recent evidence has suggested that gut 

microbiome is linked to intestinal homeostasis by the SCFAs metabolites produced by 

specific fermenting bacteria. SCFAs are a source of energy for the cells of the colon and 

ileum, and regulate the migration of innate immune cells, thus modulating the 

differentiation of T and B cells [26]. Greater numbers of Mogibacterium were found in the 

duodenum of the helminth-susceptible group than in the helminth-resistant group, perhaps 

in association with disrupted gut conditions. This genus is abundant in humans with 

colorectal cancer, as well as in piglets fed a control formula that did not include beneficial 

prebiotics [27, 28]. Interestingly, in the ileum, mycoplasma was more abundant in helminth-

susceptible sheep than in helminth-resistant sheep. Mycoplasmas are the smallest 

prokaryotic group found in nature and, as a result, they generally need host cells to supply 

biochemical compounds [29]. Many members of this genus have been identified in small 
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ruminants, but only a few are considered to be clinically relevant [30]. At this point, the role 

of mycoplasmas in GIT responses to helminth infection is difficult to assess. 

 Succiniclasticum, Lachnoclostridium, Butyrivibrio and Mycoplasma differed in relative 

abundance between the helminth-resistant and helminth-susceptible sheep. This group 

mainly ferments carbohydrates to produce propionate, butyrate and formate. The genus 

Succiniclasticum, previously identified in the cow rumen, can only ferment succinate to 

produce propionate [31]. The members of the Butyrivibrio genus can produce butyrate and 

formate from a variety of carbohydrates [32]. In a previous study, Li and coauthors observed 

that helminth infection decreases the relative abundance of Butyrivibrio in goats infected 

with H. contortus [19]. These observations align with our finding of an increased abundance 

of butyrate-producing bacteria in helminth-resistant sheep, suggesting that SCFA-producing 

bacteria are involved in the regulation of the helminth infection. The role of butyrate and 

propionate are also involved in the regulation of tumor necrosis factor (TNF) and nitric oxide 

synthase (NOS), potent inflammatory molecules [26]. 

 Microbial composition varied substantially among rumen-abomasum, small 

intestine, and large intestine, particularly with three genera: i) Eubacterium, a genus that 

includes a wide spectrum of species [33]; ii) Oscillibacter, an abundant genus in the faeces of 

free-grazing sheep (although with low values in the jejunum and ileum) that is linked to the 

production of butyric acid and alpha-linolenic acid [34]; and iii) Ruminococcus, a genus of 

cellulose degraders found in various species. We consider these three genera to be 

members of the core bacterial communities throughout the GIT in High- and Low-FEC sheep. 

These genera belong to the Firmicutes phylum and most of them can decompose fibre and 

cellulose [35]. Other studies in Small-Tailed Han and Chinese Mongolian sheep also describe 

Prevotella as one of the most important and ubiquitous genera throughout the sheep GIT 

[21, 36]. 

6.4 Conclusions 

We evaluated and identified the microbiome from faeces and seven different sections along 

the sheep GIT and compared the populations in helminth-resistant and helminth-susceptible 

sheep. Every section of the sheep GIT supports quite specific bacterial communities and the 

distribution of communities is affected by resistance to parasite infection. This effect is 
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particularly evident at the major sites of infection – specifically, the duodenum and the 

ileum. We conclude that helminth-resistant sheep support a more diverse variety of 

microbial communities and promote species that favor the production of SCFAs that could 

be involved in the processes that confer resistance to infection. 

6.5 Methods 

6.5.1 Animals and experimental design 

This experiment was undertaken at the Katanning Research Station of the Department of 

Primary Industries and Regional Development (DPIRD) in Western Australia. It is located in a 

winter rainfall region with warm dry summers and cold wet winters. The most common and 

important worm species in this environment, T. circumcincta and T. colubriformis, can cause 

problems during winter, spring and up to early summer. 

 The sheep in this experiment were a sub-sample from a larger experiment [5] 

involving 986 lambs that had been born in July-August 2016 and weaned in November 2016. 

At weaning, the lambs were faecal sampled and administered a broad-spectrum oral 

anthelminthic (Monepantel; 1 mL/10 kg body weight). FEC was determined using the 

modified McMaster technique [37] with a sensitivity of 40 eggs/g faeces. Male and female 

lambs were separated at weaning and placed in two similar paddocks at a stocking rate of 

about 10 sheep/hectare. The pasture composition of the two fields during winter and spring 

was similar – primarily various Trifolium spp. and annual grass species with capeweed 

(Arctotheca calendula). In addition to the pasture, the sheep were supplemented with oaten 

hay ad libitum plus a supplement (500 g per sheep daily) of mixed barley and lupin grain, 

weaning until the end of the experiment in September 2017. 

 The FEC data at weaning, along with the completed pedigrees and the FEC data from 

previous generations, were submitted to Sheep Genetics [38], the Australian National 

Genetic Evaluation Scheme for sheep, to obtain the Australian Sheep Breeding Values 

(ASBVs) for FEC. ASBVs are estimated using Best Linear Unbiased Prediction mixed model 

methodology [39] [35]. It uses all available pedigree information and adjusts the data for 

any factors that can affect the phenotypic measurement, such as management groups, 

animal sex, animal age, and birth status. The ASBV thus provides an unbiased prediction of 

the genetic worth of an animal, so it is the most accurate way to genetically differentiate 
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between individuals and to identify genetically superior sheep. Additional information about 

ASBVs can be found at the website operated by Meat and Livestock Australia [38]. 

 Before the start of the experiment, the ASBVs for FEC were used to identify the most 

helminth-resistant and most helminth-susceptible animals: 100 males and 100 females (50 

resistant and 50 susceptible sheep for each sex). These 200 sheep were maintained with 

their contemporaries for the duration of the experiment. From February 2017, they were 

faecal sampled monthly (Table S1) to measure the increase in FEC up to slaughter in 

September 2017. In September 2017, we identified 18 sheep that had shown consistently 

high FEC and 20 sheep that had shown consistently low FEC, from February. These 38 sheep 

were transported to the laboratory in Albany in Western Australia. At 24 hours prior to 

sacrificed, they were all confirmed to be in good health and were placed in individual 

sanitized pens with free access to water. After slaughter, the gut was immediately removed 

and luminal samples were collected from the rumen, abomasum, duodenum, jejunum, 

ileum, caecum, and colon. Faecal material was also sampled from each animal. All samples 

were stored at –80°C. From the 38 sheep, the 10 with the lowest FEC and 10 with the 

highest FEC were identified, and their luminal contents were analysed. 

6.5.2 DNA extraction 

DNA was extracted using the QIAamp® Fast DNA Stool Mini kit (Qiagen, Germany) with 

substantial modifications. In brief, 250 mg of each luminal or faecal sample was mixed 

individually with 1 mL of InhibitEX buffer and incubated at 95°C for 5 min. The resultant 

supernatant was transferred to a new tube included 600 µL buffer AL and 25 µL of 

proteinase K incubated for 1 h at 70°C. The cell lysate was thoroughly mixed with one 

volume of phenol:chloroform:isoamyl alcohol solution (25:24:1) for 1 min and centrifuged at 

10,000 x g for 5 min. After recovering the aqueous phase, the process was repeated. 

Subsequently, the aqueous phase was transferred into a new 1.5 mL tube before adding an 

equal volume of chloroform:isoamyl alcohol solution (24:1). The mixture was vortexed for 1 

min and centrifuged at 10,000 x g for 5 min. The aqueous phase was again transferred into a 

new 1.5 mL tube, after which was added with two volumes of ice-cold 95% (v/v) ethanol to 

precipitate the DNA. The resulting DNA pellet was washed with 70% (v/v) ethanol and 

resuspended in 50 µL Tris-EDTA buffer (10 mM Tris-HCL, pH 8.0, 1 mM EDTA). DNA integrity 
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was checked on a 1% (w/v) agarose gel electrophoresis and the amount of DNA was 

quantitated using a Nanodrop spectrophotometer. 

6.5.3 16S rRNA gene library preparation 

The V3-V4 hypervariable region of the 16S rRNA gene was amplified using the primer sets as 

specified in Illumina’s 16S metagenomic sequencing library preparation protocol [40]. In the 

initial round of PCR amplification, the reaction mixture contained 30 ng of input DNA, 2 

units of Taq DNA polymerase (New England Biolabs, United States), 10 mM dNTP, 10 µM 

each of the forward and reverse primers, and 1x standard Taq reaction buffer. The PCR 

conditions comprised an initial denaturation at 95°C for 30 s, followed by 29 amplification 

cycles comprising denaturation (95°C for 30 s), annealing (55°C for 40 s), extension (68°C for 

1 min), and a final extension at 68°C for 5 min. PCR amplicons were visualized using gel 

electrophoresis on a 1.5% (w/v) agarose gel. Following purification of PCR products using 

AMPure XP beads (Beckman Coulter, United States), indexing PCR was performed using 

Nextera® XT Index kit (Illumina, United States) according to manufacturer’s instructions. The 

libraries were sequenced on an Illumina MiSeq instrument using the 2 × 300 bp paired-end 

v3 chemistry. 

6.5.4 Data analysis 

Raw sequencing data were subjected to quality and adapter trimming using the bbduk.sh 

command available in BBTools (https://jgi.doe.gov/data-and-tools/bbtools/) with the 

following parameters: qtrim=r; trimq=20; ktrim=r; k=23; mink=11; tpe; tbo; hdist=1; and 

minlen=200. After merging of overlapping paired-end reads using MeFiT software with 

default parameters, sequences with less than 400 bp were filtered [41]. The remaining 

sequences were subjected to de novo unoise clustering at 97% sequence identity threshold 

by running the micca otu command in Micca software (version 1.7.2) to obtain operational 

taxonomic unit (OTU) sequences [42]. Taxonomic classification of each representative OTU 

sequence was performed using the Bayesian LCA-based taxonomic classification method 

against the NCBI RefSeq 16S rRNA database [43], where the acceptance of a taxonomic 

assignment at each level was based on a minimum confidence score of 80. The OTU table 

and the taxonomic information are available in Table S4. 



 
 

138 
 

 Alpha and beta diversities were estimated using microbiomeSeq R package 

(https://github.com/umerijaz/microbiomeSeq) and QIIME v1.9.1 [44]. Following rarefaction 

at the sequence depth level of 1722, alpha diversity was analyzed on the basis of OTU 

richness and Shannon index metrics, and compared between groups using one-way analysis 

of variance (ANOVA) with Tukey's Honestly Significant Difference (HSD) post-hoc test. For 

analysis of beta diversity, principal coordinates analysis (PCoA) was performed at the OTU 

level using the weighted UniFrac measure and the statistical significance of the distance 

matrix was tested using permutational multivariate analysis of variance (PERMANOVA). 

Pairwise differences in beta diversity between GIT segments were calculated using beta-

group-significance command implemented in QIIME2 v2021.11 [45]. For a variable to be 

considered having a significant influence on differences between groups in microbiota 

composition, a minimum R2 value of 0.25 and a p-value less than 0.05 were both needed. 

6.5.5 Differentially abundant taxa between groups 

To identify bacterial phyla and genera that differed significantly among GIT segments, and 

between the high and low FEC groups within GIT segment, the analysis of composition of 

microbiomes (ANCOM) procedure [46] was performed on the raw abundance data using the 

ANCOM v2.1 R script (https://github.com/FrederickHuangLin/ANCOM). Bacterial taxa 

present in less than 15% of samples were excluded from the analysis. We adjusted the GIT 

segment comparisons for FEC level. The p-values were adjusted using the Benjamini-

Hochberg procedure at the significance level of 0.05. Bacterial taxa with significant 

associations were declared by using ANCOM’s W-statistic with a threshold of 0.7 (Table S5). 

For each bacteria that differed significantly between GIT segments, further pairwise 

comparison were performed based on centered log-ratio (CLR)-transformed abundance 

data using Wilcoxon signed rank test with p-values adjusted using the Benjamini-Hochberg 

method. The results are available in Table S7.  
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Figure with legends 

 

Fig. 21. Differences in alpha diversity values, tested by ANOVA, among gastrointestinal tract 

(GIT) segments from High- and Low-FEC sheep. Values with different superscript letters are 

significantly different (p < 0.05). 
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Fig. 22. Principal coordinates analysis (PCoA) based on weighted UniFrac distance matrix of 

samples collected along the gastrointestinal tract (GIT) of High- and Low-FEC sheep. 

 

Fig. 23. Heatmap showing significant differences in bacterial abundance among 

gastrointestinal tract (GIT) segments at phylum level, based on ANCOM analysis. Each value 

represents the median relative abundance in percentage. 
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Fig. 24. Heatmap showing significant difference in bacterial abundance among 

gastrointestinal tract (GIT) segments at genus level, based on ANCOM analysis. Each value 

represents the median relative abundance in percentage. 

 

Fig. 25. Principal coordinates analysis (PCoA) based on weighted UniFrac distance matrix 

data collected along the gastrointestinal tract (GIT) of (A) the High-FEC group (B) the Low-

FEC group. (C) The High-FEC and Low-FEC groups in the duodenal segment. 
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Abstract 

Gastrointestinal (GIT) helminthiasis is a global problem that affects livestock health, 

especially in small ruminants. One of the major helminth parasites of sheep and goats, 

Teladorsagia circumcincta, also known as the ‘brown stomach worm’, infects the abomasum 

(equivalent to the stomach of non-ruminant animals) and causes production losses, 

reductions in weight gain, diarrhoea and, in some cases, death in young animals. Control 

strategies have relied heavily on the use of anthelmintic medication but, unfortunately, T. 

circumcincta has developed resistance, as have many helminths. Vaccination offers a 

sustainable and practical solution, but there is no commercially available vaccine to prevent 

Teladorsagiosis. The discovery of new strategies for controlling T. circumcincta, such as 

novel vaccine targets and drug candidates, would be greatly accelerated by the availability 

of a high-quality, chromosome-length, genome assembly because it would allow the 

identification of key genetic determinants of the pathophysiology of infection and host-

parasite interaction. The available draft genome assembly of T. circumcincta 

(GCA_002352805.1) is highly fragmented and thus impedes large-scale investigations of 

population and functional genomics. We have therefore constructed a high-quality 

reference genome, with chromosome-length scaffolds, by polishing the existing draft 

genome assembly with sequencing data generated using the chromosome conformation, 

capture-based, in situ Hi-C technique. This improved genomic resource is suitable as a 

foundation for the identification of potential targets for drug and vaccine development. 

Keywords: Genome assembly, Brown stomach worm, Teladorsagia circumcincta, Hi-C 
sequencing, 3D-DNA, Bioinformatics.  



 
 

150 
 

7.1 Introduction 

Parasitic roundworms (phylum Platyhelminthes; class Nematoda) include some 

economically important species that infect livestock globally and incur huge annual losses in 

production [1,2]. For example, Teladorsagia circumcincta, also known as the brown stomach 

worm, infects small ruminants including sheep [3] and is one of the major problematic 

helminth species in the south-western part of Australia. This region has a Mediterranean-

type climate with winter rainfall that favours the propagation of the larval stages of T. 

circumcincta on pasture [4,5]. 

The life cycle of T. circumcincta continues when third stage (L3) larvae are ingested by 

grazing sheep, and then exsheath and invade the mucosae of the abomasum where they 

develop into the fourth stage (L4), where adult females start laying eggs. The infection leads 

to functional disruption of the gastric mucosa, oedema of abomasal folds and sloughing of 

the mucosal lining, resulting in increased production of mucus, decreased production of 

acid, increased serum levels of pepsinogen and, possibly, protein deficiency 

(hypoalbuminemia). The host can suffer anorexia, dehydration, weight loss and diarrhoea, 

collectively leading to significant economic losses. The helminth eggs leave the host in faecal 

material to re-contaminate the pasture and complete the life cycle, thus leading to 

recurrent infections [1]. 

For decades, control of the infection has relied on the extensive use of anthelmintic 

medications that were originally able to eradicate the helminths, including T. circumcincta. 

Unfortunately, this practice has led to a widespread development of resistance to some of 

the most effective anthelmintics on the market, including monepantel [6,7]. Among the 

alternative, sustainable options is vaccination, but for T. circumcincta, a vaccine is not 

commercially available [8]. All issues considered, therefore, we need to be able to identify 

new targets for vaccine and drug development, and to elucidate the mechanisms that lead 

to anthelmintic resistance. Clearly, a good starting point in this quest would be a high-

quality reference genome assembly. 

Advances in high-throughput sequencing technologies over the past two decades have 

triggered a massive output of genomic data. As of October 2021, over 70,000 complete 

genome sequences were available in the NCBI GenBank Database, although about 27,000 of 
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those were bacterial genomes and 42,000 were viral genomes. These complete genomes, as 

well as numerous high-quality draft genome sequences, including many for species that are 

important pathogens in humans and animals, provide the complete or near-complete 

repertoire of genes that can be analysed using bioinformatics. This technology thus offers a 

real opportunity to develop a high-quality genomic resource for T. circumcincta, potentially 

allowing major gains in our basic understanding of the physiology, evolutionary biology, 

pathogenesis of infection, host immune response, and the mechanisms that underpin 

anthelmintic resistance [9,10]. 

On the other hand, the polyploidy of many nematode species, such as C. elegans and the 

helminth, H. contortus [11,12], provides a serious challenge to de novo assembly without 

long-read sequencing data to generate near-chromosome-level sequences. Despite 

significant improvements in helminth genomics, the genome assemblies are still fragmented 

or incomplete – for T. circumcincta, for example, the current draft genome assembly is 

highly fragmented with a great number of unplaced scaffolds. To resolve these issues, the 

physical proximity of the chromatin needs to be considered and the Hi-C methods offer an 

opportunity because they cross-link the chromatin where the DNA fragments are in close to 

each other. The cross-linked fragments contain information about both the origin of these 

sequences in the genome and about where they exist in the 3D architecture of the genome 

[13]. 

In the present study, we aimed to improve the current T. circumcincta draft genome to a 

chromosome-length assembly, using chromosome conformation capture technique, or in 

situ Hi-C[13], and thus increase the value of the genome resource by annotating and 

analysing it for genome-wide synteny and orthologs. 

7.2 Materials and Methods 

7.2.1 Helminth collection and identification 

Helminths were collected from the abomasum (predilection site for T. circumcincta) of 

sheep obtained from Western Australian Meat Marketing Company (WAMMCO). The sheep 

had been naturally infected with T. circumcincta, the predominant helminth in the south-

west of Western Australia. The abomasal contents were carefully scraped onto a sieve 

(mesh size 150 µm) and washed thoroughly and placed in a petri-dish from which individual 
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helminths were removed with the aid of a dissecting microscope. Helminth species were 

identified on the basis of morphological characteristics (Fig. 26) using differential contrast 

and compound microscopy.  

Figure 26. Morphological identification of T. circumcincta. a) Eggs towards the posterior end of the 
female; b) Vulvar flap towards the posterior end of the female; c) Annular rings towards the 
posterior end of the female; d) and e) Spicules towards the posterior, a specific characteristic of the 
male of this species. 

Males were identified by shape and length of spicules which are up to 450 µm in length; 

females were identified by the presence of a vulvar flap, annular rings and their body length 

(10-12 mm; about twice that of males) [14]. Eggs can also be seen in females near the vulvar 
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flap from where they are laid. The worms were then thoroughly washed with physiological 

saline and stored at –80 °C until processing. Extracted DNA (see below) was subjected to 

PCR using helminth-specific ITS2 primers, as previously described [15]. Helminth identity 

was confirmed by Sanger sequencing of the PCR product followed by a blastn search against 

the NCBI database. 

DNA extraction 

Briefly, the helminths were mechanically homogenized using a sterile micro-pestle in a 

microcentrifuge tube containing 200 µL of Tris-EDTA buffer, 1% (v/v) β-mercaptoethanol, 

200 mg proteinase K, 10 mg/ml RNAase, 0.5 M EDTA and 10% (v/v) sodium dodecyl 

sulphate. The cell lysate was then incubated at 65 °C for 2 h. After incubation, an equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added and the mixture was 

centrifuged at 10,000 ´ g for 5 min. The supernatant was collected into a sterile 

microcentrifuge tube and resuspended with an equal volume of chloroform:isoamyl alcohol 

(24:1). After centrifugation, the supernatant was again collected into a sterile 

microcentrifuge tube, this time with ice-cold ethanol (95% v/v) to precipitate the DNA. The 

DNA pellet was washed with ethanol (70% v/v) before being resuspended in 50 µL DEPC 

water. The integrity of the extracted DNA was assessed by electrophoresis on 1% (w/v) 

agarose gel. The quality and quantity of the DNA were assessed using a NanoDrop 2000 

spectrophotometer (Thermofisher, USA) and a Qubit 2.0 fluorometer (Thermofisher, USA). 

PCR amplification of the helminth-specific ITS2 region 

The ITS2 primer sequences were 5’-CTTAATGATCTCGCCTAGACG-3’ (forward) and 5’-

TTTCATCGATACGCGAATCG-3’ (reverse). A 50 µL reaction mixture (reaction buffer 10 µL; 

forward and reverse primer 2 µL each; DNA polymerase 1 µL; DNA sample 3 µL; water 32 µL) 

was run through 35 cycles of PCR with MyTaq HS DNA (Bioline, Canada), using following 

conditions: an initial denaturation at 95 °C for 1 min followed by 35 amplification cycles, 

each comprising denaturation at 95 °C for 15 sec, annealing at 54 °C for 30 sec, and 

extension at 72 °C for 10 sec. 

7.2.2 Hi-C sequencing, chromosome-length scaffolding and quality assessment 
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In situ Hi-C sequencing was performed as described previously [13] using 100 adult T. 

circumcincta, including both males and females. We constructed one in situ library which 

was then sequenced using the Illumina NovaSeq 6000 platform. The generated Hi-C reads 

were used to anchor, order, orient, and correct misjoins in the existing draft genome 

assembly (GCA_002352805.1) using the 3D de novo assembly (3D-DNA) pipeline [16]. The 

resulting assemblies were then polished using the Juicebox Assembly Tools [17]. The 

resulting contact maps were visualized using Juicebox visualization software [17]. QUAST 

(v5.0.2) was used to assess the assembly metrics [18]. Benchmark for Universal Single Copy 

Orthologues (BUSCO, v5.1.2) was used in genome mode to determine the genome 

completeness [19]. 

7.2.3 Genome and functional annotations 

The original (GCA_002352805.1) and Hi-C integrated draft genome assemblies were 

annotated using Braker2 v2.1.6 [20]. First, each genome was softmasked using 

RepeatMasker v4.1.1 [52] with a custom repeat library built upon itself by RepeatModeler 

v2.0.1 [52]. The Braker2 was run with the --etpmode parameter enabled to train GeneMark-

ETP [21] with RNA-Seq data and protein hints. The GeneMark-ETP predictions were then 

used for training AUGUSTUS, following which genes with hints were predicted by 

AUGUSTUS [21–25]. Five sets of T. circumcincta RNA-Seq data (sequence read accession 

numbers SRX1507697, SRX1507698, SRX2485888, SRX2485887, SRX2485886) derived from 

two previous studies [9,26], were downloaded from the NCBI Database and aligned to both 

the original draft and our improved Hi-C version of genome assemblies, using STAR (v2.7.6a) 

with default parameters [27]. The Caenorhabditis elegans proteome from the UniProt 

Database served as protein hints when running Braker2. BUSCO was run in protein mode to 

assess the annotation results. After genome annotation, functional analysis was performed 

using the web-based Gene Ontology Functional Enrichment Annotation Tool (GO FEAT) [29]. 

7.2.4 Genome synteny and orthology analyses 

Genome-wide synteny was analysed using Cactus v1.3.0 and halSynteny [30] to compare the 

Hi-C integrated T. circumcincta genome assembly with the original GCA_002352805.1 

genome assembly, and the genome of a closely-related helminth species, Haemonchus 

contortus (GCA_000469685.2). A hierarchical alignment (hal) output file was generated 
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using the Cactus package, and a PSL output file with syntenic links was generated using the 

halSynteny function within Cactus, using the following parameters: --minBlockSize 10,000 --

maxAnchorDistance 1,000,000. The syntenic links were bundled using Circos tools v0.69-8 in 

Galaxy platform v7 [31,32] and then visualized using shinyCircos [33]. The single copy 

orthologs in both the original and Hi-C integrated T. circumcincta genome assemblies, as 

well as the draft assembly of Haemonchus contortus, were inferred using Orthofinder [34]. 

OrthoVenn2 [35] was also used to compare the orthologs between four nematode species: 

Burgia malayi; Trichinella spiralis; H. contortus; T. circumcincta [36]. 

7.3 Results 

Genome contiguity and completeness 

The original draft genome assembly (GCA_002352805.1) was highly fragmented with 81,730 

scaffolds, with N50 of 47,089 bp and L50 of 3152, and a total size of 700 Mbp (Table 3). 

Following the integration of Hi-C sequencing data, the new draft assembly contained 52,860 

scaffolds approximately 35% fewer sequences than the original draft. Notably, of these, six 

were chromosome-length as shown in Figure 27, with length ranging from 66.6 Mbp to 49.6 

Mbp. Substantial improvements were also achieved in both the values for N50 (57.1 Mbp) 

and L50 (5 Mbp). Further, the longest scaffold had increased markedly in length, from 

approximately 1.4 Mbp in the original assembly to nearly 66.6 Mbp in the Hi-C assembly, 

while the estimated genome size was reduced from 700 Mbp to 614 Mbp, probably due to 

improved identification and separation of haplotypes. 
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Table 3. Quality assessments of the original and Hi-C integrated genome assemblies of T. 
circumcincta. 

Parameters Original assembly Hi-C assemblya Hi-C assemblyb 

Number of scaffolds 81,730 52,860 6 

Total size of scaffolds (bp) 700,607,159 614,161,946 363,201,533 

Longest scaffold (bp) 1,473,920 66,586,561 66,586,561 

N50 scaffold length (bp) count  47,089 57,133,369 62,733,602 

L50 scaffold count 3152 5 3 

Number of contigs 213,313 175,861 76,733 

Longest contig (bp) 98,345 98,345 98,345 

N50 contig length (bp) 3624 4009 5700 

L50 contig count 40,623 32,178 14,421 

    

BUSCO assessmentc    

Complete (single-copy + duplicated) 2099 (67%) 2112 (67.5%) 1840 (58.8%) 

Complete and single-copy 1835 (58.6%) 1978 (63.2%) 1821 (58.2%) 

Complete and duplicated 264 (8.4%) 134 (4.3%) 19 (0.6%) 

Fragmented 350 (11.2%) 358 (11.4%) 269 (8.6%) 

Missing 682 (21.8%) 661 (21.1%) 1022 (32.6%) 

aIncludes all available scaffolds; bIncludes only six chromosome-length scaffolds; cBUSCO assessment 
was performed using the nematode odb10 dataset which contains 3131 orthologs. 

Next, BUSCO (along with nematode odb10 data) was used to assess and compare the 

genome completeness levels of both assemblies. We detected a higher level of genome 

completeness in the Hi-C assembly, with 67.5% (2112/3131) of BUSCO genes identified 

compared to 67% (2099/3131) in the original assembly (Table 3). More importantly, the Hi-C 

assembly contained 143 more single-copy and 130 fewer duplicated BUSCO genes, than the 

original assembly, indicating a significant reduction in the number of duplicated sequences. 

We then examined the genome completeness of only the six chromosome-length scaffolds, 

achieving an overall completeness score of 58.8% compared to 67.5% in the entire Hi-C-

assembly. The sequences for the missing BUSCOs were retrieved manually from 

https://www.orthodb.org/ and 1269 scaffolds containing missing BUSCOs were added to 

the six chromosome-length scaffolds and the completeness score rose to 67.1%, very similar 

to the Hi-C assembly containing 52,860 scaffolds. 
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Figure 27. Comparison of the Hi-C and draft genome assemblies for genome contiguity and 
completeness. Top: Hi-C matrix of the spatial clustering of Hi-C reads to six chromosome-length 
scaffolds in Hi-C assembly. The interactive contact map is available at 
https://www.dnazoo.org/assemblies/Teladorsagia_circumcincta. Bottom: comparison of the scaffold 
lengths of Hi-C and draft genome assemblies (values for N50 and L50 are indicated for both 
assemblies). 

Genome and functional annotations 

The genome annotation results generated from the Braker2 pipeline are outlined in Table 4. 

The annotated Hi-C assembly had fewer genes (28,082) and mRNA transcripts (30,055), 

compared to the original draft (37,276 genes; 39,896 mRNA transcripts), but the BUSCO 

assessment scores of both protein sequence sets were highly comparable. In the Hi-C 

assembly, the overall genome completeness level was 76.7%, slightly less than that of the 

original assembly (76.9%). However, it is important to note that, in comparison to the 



 
 

158 
 

original assembly, the Hi-C assembly contained more single-copy (58% vs. 58.6%), fewer 

duplicate (18.9% vs. 18.1%) and fewer fragmented (8% vs. 7.6%) orthologs, demonstrating 

the improvement in genome accuracy and fragmentation. 

Table 4. Comparison of genome annotations in the Hi-C integrated and original genome assemblies 
of T. circumcincta. 

Parameters Hi-C assembly Original assembly 

mRNAs (n) 30,055 39,896 

Genes (n) 28,082 37,276 

Exons (n) 239,113 281,766 

CDS (n) 239,106 281,759 

Introns (n) 197,880 231,167 

Start Codon (n) 26,422 32,685 

Stop codon (n) 27,090 33,400 
   

BUSCO assessment*   

Complete (single-copy + duplicated) 2402 (76.7%) 2409 (76.9%) 

Complete and single-copy 1834 (58.6%) 1816 (58.0%) 

Complete and duplicated 568 (18.1%) 593 (18.9%) 

Fragmented 239 (7.6%) 250 (8%) 

Missing 490 (15.7%) 472 (15.1%) 

*BUSCO assessment was performed using the nematode odb10 dataset which contains 3131 orthologs. 

The complete functional annotation outcomes are available in Supplementary File S5. 

Overall, based on the protein sequences extracted from the annotated Hi-C assembly, 

nearly half of the predicted Gene Ontology (GO) terms (49.18%; 12,265 terms), were 

classified under the molecular function category, followed by the cellular component 

(31.68%; 8,133 terms) and biological processes (19.14%; 4,915 terms). As depicted in Figure 

28 some of the most frequent GO biological process terms were ‘translation’, ‘intracellular 

signal transduction’, ‘carbohydrate metabolic process’, ‘regulation of transcription’ and 

‘intracellular protein transport’. The most frequent GO terms in the cellular component 

category included ‘integral component of membrane’, ‘nucleus’, ‘cytoplasm’, ‘extracellular 

region’ and ‘plasma membrane’. In the molecular function group, bindings to nucleic acids 

and both ATP and GTP, as well as metal ions, including zinc and calcium, were the most 

common GO terms predicted. 
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Figure 28. Bar plots depicting the 10 most abundant Gene Ontology (GO) terms in the Hi-C assembly, 
for biological processes, cellular components and molecular functions. 

Genome synteny analysis 

Both versions of the T. circumcincta assembly were compared with H. contortus using 

pairwise synteny analysis because H. contortus has a near-complete genome assembly [37] 

and, more importantly, phylogenetic analysis shows that it is closely related to T. 

circumcincta [36]. The synteny between the H. contortus genome and the original assembly 

for T. circumcincta was relatively poor (Fig. 29A) and greatly improved with the Hi-C 

assembly (Fig. 29B). It is important to note the strikingly high level of synteny between all six 

chromosome-length scaffolds in the Hi-C assembly and the six chromosomal sequences of 

H. contortus. Further, synteny analysis allowed identification, for the first time, of the X-

chromosome in T. circumcincta, with Hi-C scaffold 6 evident as the counterpart of the X-

chromosome of H. contortus. Interestingly, no syntenic links could be drawn between any 

unplaced scaffolds in the Hi-C assembly and H. contortus genome sequences, perhaps 

because the parameters were too stringent during the alignment process and when 

bundling the syntenic links in Circos. 
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Figure 29. Syntenic relationships between Haemonchus contortus genome (orange) and a) the 
original genome assembly (green) for T. circumcincta; and b) the Hi-C genome assembly for T. 
circumcincta (chromosome-length scaffolds in grey; unplaced scaffolds in green). Syntenic links were 
bundled using the following parameters: --max_gap=1,000,000 --min_bundle_size=10,000 
min_bundle_membership=5. 

Orthology analysis 

Using OrthoVenn2, the protein sequences from annotated T. circumcincta Hi-C assembly 

were also compared with those from H. contortus, as well as with two other more distant 

parasitic nematode species, Burgia malayi and Trichinella spiralis. Of 12,504 ortholog 

clusters, 3,214 were shared by all four species (Fig. 30a and Fig. 30b). As expected, the 

closely related helminths, T. circumcincta and H. contortus, shared the most orthologs 

(7,332 clusters), whereas T. circumcincta shared only 3,318 orthologs with B. malayi and 

3,291 orthologs with T. spiralis. Using Orthofinder, we also compared the number of 
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orthologs shared between H. contortus and the original and Hi-C assemblies of T. 

circumcincta. As shown in Figure 30c, the Hi-C assembly shared significantly more orthologs 

(6948) with H. contortus than the original draft (5313). 

 

 

 

 

Figure 30. Orthologs shared among helminth species. a) Venn diagram showing comparisons and 
distribution of orthologous clusters shared among Burgia malayi (Bmal, clade-III nematode), 
Trichinella spiralis (Tspi, clade-I nematode), H. contortus (Hcon, clade-Va nematode), T. circumcincta 
Hi-C assembly (Tcir_Hi-C, clade-Va nematode) and T. circumcincta draft (Tc_draft). The species 
formed 14,185 clusters, of whoch 12,504 were orthologous (contained in at least two species) and 
1,681 were single-copy gene clusters. b) Table showing the pattern of occurrence of shared 
orthologues among Bmal, Tspi, Hcon and Tcir_Hi-C. c) Venn-diagram indicating one-to-one 
OrthologuesStats inferred from Orthofinder by comparing proteomes of H. contortus with T. 
circumcincta Hi-C and T. circumcincta draft. 



 
 

163 
 

7.4 Discussion and conclusion 

Recent advances in throughput sequencing, accompanied by a significant reduction in cost, 

have led to an influx of genome assemblies of many species [38], yet challenges remain 

because genome assemblies contain fragmentation, misassembly, haplotypes and repeats 

[39,40]. These same challenges are common for many species of economically important 

parasitic nematodes, where comparative genomics can offer great potential for 

improvement in genome assemblies. The present project addressed these issues for T. 

circumcincta, a helminth nematode that is important for small ruminant livestock [9], where 

sequencing assembly approaches and haplotypes significantly affected the architecture and 

quality of the genome assembly. By using in situ Hi-C [13,17], we have been able to add to 

the draft genome by improving contiguity, reducing fragmentation, and finishing the 

assembly to chromosome-length scaffolds. 

For assembling a chromosome-length genome, genetic diversity is a major challenge [41] 

and, in ideal conditions, it would be minimized by using a single organism used as a source 

of DNA [42]. However, T. circumcincta is a small organism so there can be too little DNA for 

extraction and downstream sequencing. Despite the heterozygosity arising from the use of 

multiple parasites, we have been able to make major improvements to the original genome 

by removing the haplotypes, reducing the number of contigs and scaffolds, and reducing 

fragmentation. The Hi-C assembly is thus more contiguous and complete and, at 614 Mbp, 

13% smaller than the original assembly. This reduction in size makes the revised genome of 

T. circumcincta more consistent with that of H. contortus, another helminth nematode of 

same clade, where the genome size has recently been reduced from 465 Mbp to 283 Mbp 

[37]. The karyotype (2n = 12) of the T. circumcincta genome, identified for the first time in 

the present analysis, is also consistent with that of H. contortus [37] , as well as that of C. 

elegans, a model organism that is a free-living nematode [43]. 

Compared to the original assembly for T. circumcincta, the Hi-C assembly is less fragmented 

and has fewer unplaced scaffolds, and therefore has more syntenic links with the assembly 

for H. contortus [44]. All of the six chromosome-length scaffolds are now syntenic to all of 

the chromosomes on H. contortus [36] but, while genes are conserved between the two 

species, the gene order is not and different regions are linked to different chromosomes 

[37]. For example, Hi-C Scaffold 6 is syntenic to Chromosome-X on H. contortus, whereas Hi-
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C Scaffold 1 is syntenic to Chromosome 5, Hi-C Scaffold 2 is syntenic to Chromosome 4, and 

Hi-C Scaffold 3 is syntenic to Chromosome 3. 

After genome annotation, there were fewer genes in the Hi-C T. circumcincta assembly 

because haplotypes had been removed and contiguity increased, compared to the original 

T. circumcincta assembly [45]. Although the number of predicted proteins was reduced in 

the Hi-C assembly, completeness and accuracy were identical for both assemblies, 

suggesting that, during Hi-C assembly, the rearrangements and reductions in fragmentation 

increased the number of curated gene models [45]. The SCOs were also compared across 

four helminth species from different clades – T. circumcincta, H. contortus, B. malayi and T. 

spiralis. As T. circumcincta and H. contortus belong to same clade-Va, they share more SCOs 

(7332) with each other than they share with the other species showing that clade variation 

can affect the number of shared SCOs within helminths as T. circumcincta shares 3318 SCOs 

with B. malayi (clade-III) and 3291 SCOs with T. spiralis (clade-I). This variation in shared 

SCOs is an outcome of speciation and differences among life cycle stages of each helminth – 

for example, T. spiralis with a broad host range, lives in muscle and small intestine [46], 

whereas infective larvae of T. circumcincta and H. contortus are found on pastures and 

infect the abomasum [47], and B. malayi requires mosquito as an intermediate host and 

infects lymph nodes [48]. 

Our improved Hi-C assembly still contains a number of unplaced scaffolds. The analysis of 

completeness and accuracy of the six Hi-C scaffolds (~59% BUSCO; Table 3) suggests that 

most of the genetic information is retained in the chromosome-length scaffolds. A total of 

1275 scaffolds (six chromosome-length scaffolds plus 1269 unplaced scaffolds), has the 

completeness level similar to that for the total scaffolds in the Hi-C assembly (52,860), 

indicating redundancy in the unplaced scaffolds. 

In conclusion, our chromosome-length scaffold assembly and annotation provide has 

advanced the genomics of an economically important nematode parasite, T. circumcincta 

(isolated from Western Australia). The availability of a better reference genome, with 

greater comprehension of the genetic architecture of Teladorsagiosis, will help 

phylogenomic analysis of helminths of various clades [49], and help understand the parasite 

biology and host-parasite interactions. Ultimately, this information should lead to new 

options for vaccine and drug targets and, most importantly, pave a way to sustainable 
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solutions for gastrointestinal parasitism [50]. Finally, the inclusion of long-read sequencing 

(from PacBio or Oxford Nanopore) should help resolve the unplaced scaffolds in the current 

version of the genome assembly [51,52]. 

Data and materials availability 

The sequencing data and genome assemblies have been deposited in NCBI under BioProject 

accession PRJNA512907. The interactive Hi-C contact maps for genome assembly is available 

at www.dnazoo.org. 
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Chapter 8: General Discussion and Conclusion 

8.1 Introduction  

The studies presented in this thesis tested the general hypothesis that the inflammatory or 

hypersensitive immune response is responsible for the development of diarrhoea in the GIT 

of diarrhoea-susceptible sheep. For the duodenum, the hypothesis was not supported 

because the biological processes and pathways associated with up-regulated genes were 

linked with tissue repair rather than an inflammatory immune response. On the other hand, 

the down-regulated genes were linked with immune mechanisms required to control the 

helminth infection. In contrast, the hypothesis was supported for the ileum where the 

molecular mechanisms linked with up-regulated genes were related to inflammation and 

the mechanisms associated with down-regulated genes were related to prevention of 

inflammation, ion transport and muscle physiology. 

In the second study, we demonstrated that breeding for resistance to helminth infection 

seems to lead to the creation of a microbial environment in the duodenum that is less 

suitable for helminth establishment. 

In the final study, we improved the current version of the genome assembly of the 

economically important helminth, Teladorsagia circumcincta. The outcome was six 

chromosome-length scaffolds, increased contiguity, reduction in genome size, reduced 

haplotypes and repeats, and improved syntenic links with a sibling nematode genome 

assembly. We also demonstrated that the improvements resulted in fewer genes and more 

single-copy orthologs, in comparison with other nematodes of the same or different clades, 

compared to the original assembly. 

Overall, sheep can be bred by considering, simultaneously, the phenotype (low-diarrhoea 

and low-FEC) and genotype (genes; involved in immune response, immune tolerance, with 

anti-inflammatory properties and that regulate the gut transport mechanisms). Breeding for 

helminth-resistance also affects the microbial diversity and richness in the duodenum, 

perhaps explaining the restricted growth of helminth-nematodes in this section of the GIT. 

Finally, the improved genome assembly of T. circumcincta provides a better reference for 

comparative genomic studies, understanding parasite biology, interactions with host and 

environment, and more opportunities for identification of vaccine and drug candidates. 
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8.2 Summary and interpretation of findings 

A schema of molecular events linked with innate and adaptive immune responses (derived 

from the enrichment of DEGs) in the duodenum and ileum has been presented in Figure 31. 

The pathways associated with damage and repair in the duodenum are highlighted by 

upward red arrows, whereas the pathways related to the immune response that are down-

regulated are highlighted by downward red arrows. The pathways in the ileum related to 

inflammation are highlighted by upward blue arrows, whereas the disrupted mechanisms of 

ion transport are highlighted by blue downward arrows. 

In order to mimic the real-world sheep production system and the actual diarrhoea 

problem, this experiment was conducted under natural conditions, a decision that we see as 

a strength of the study because some factors favour the situation, including pasture intake 

during grazing, natural environment (temperature, no confinement) and reduced handling 

of the sheep (ie, less stress). On the other hand, other factors are not controlled, such as the 

number of larvae taken in and other infections (bacterial, viral, fungal or protozoal), perhaps 

limiting the experiment. However, given the same grazing conditions were provided to all 

sheep simultaneously, we assume a similar larvae intake and, moreover, there was no 

evidence of other infections (before and after slaughtering the animals). 
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Figure 31. A snapshot of events related to innate and adaptive immune responses in the duodenum and ileum of diarrhoea-susceptible sheep. A double 
upward (red duodenum, blue ileum) arrow indicates an up-regulation of a gene or a biological process. In contrast, a double downward arrow (red 
duodenum, blue ileum) indicates down-regulation of a gene or a biological process. Red (duodenum) or blue (ileum) arrows indicate important pathways 
enriched in this study. Overall, diarrhoea is an outcome of damage to the gut by helminth-nematodes at the duodenum, down-regulation of antigen 
processing and presentation, down-regulation of immune tolerance, whereas an inflammatory immune response, disruptions in ion transport and down-
regulation of mechanisms preventing inflammation contribute to the disease.  
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This thesis presents the first molecular assessment of helminth resistant Merino sheep in 

which we tested the general hypothesis that an inflammatory immune response to infection 

with T. colubriformis and T. circumcincta is responsible for susceptibility to diarrhoea. The 

specific hypotheses tested the duodenum and the ileum. The duodenum transcriptome 

results presented in Chapter 4 led us to reject our hypothesis. As a site of infection, we were 

expecting the duodenum analysis to reveal genes, biological processes and pathways that 

are involved in the inflammation in the diarrhoea-susceptible sheep, but we observed 

down-regulation of some of the important immune responses that are required to resist the 

infection. Rather, we made the striking observation that, in diarrhoea-susceptible sheep, the 

up-regulated mechanisms were mostly related to tissue repair, epithelium turnover and 

vasculature development. These phenomena are probably responses to the damage 

inflicted by the invading/infective larvae and burrowing adult helminths (McKay et al. 2017). 

Maintenance of the gut epithelium-barrier function is an important part of the innate 

response, but an exclusive activation of the barrier cannot help resist the helminths where 

immune mechanisms are down-regulated. That said, the activation of repair mechanisms is 

consistent with other studies in sheep, humans and model animals (Mishra et al. 2014; 

McKay et al. 2017). 

There are few studies of intestinal barrier disruption and its implications for diarrhoea in 

sheep, so we have to rely on studies using model animals, even though they are 

monogastrics. Such studies show that epithelium repair, tissue morphogenesis, circulatory 

and blood vessel system development, and extracellular matrix organization, are among the 

innate responses to maintain the physical barriers during helminth infection. These 

responses can result in an increased gut permeability – the ‘leaky-gut’ that features an 

efflux of required nutrients, electrolytes and fluids and results in diarrhoea (Eisenhut 2006; 

Fernández-Blanco et al. 2015). These outcomes can be considered from the perspective of 

both host and helminth (McKay et al. 2017). From the host perspective, these responses are 

meant to limit the establishment of the worms (Harari et al. 1987). From the helminth 

perspective, these responses help the dissemination of eggs for the continuation of the life 

cycle and species survival (McKay et al. 2017). It appears to be a ‘win-win’ situation for both 

host and helminths, but at the expense of susceptibility to diarrhoea (Parkins and Holmes 

1989). 
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The most surprising result from the duodenum study was that the down-regulated biological 

process and pathways associated in diarrhoea-susceptible sheep were mostly related to 

immune response, including immune response, leucocyte activation, antigen processing and 

presentation, intestinal immune network for IgA production and immune tolerance. All of 

these mechanisms and associated genes are important for resisting the helminths and 

diarrhoea. Some of the important genes mentioned in Chapter 4 (Ovar-DRB1, IDO2, TREM2, 

TFF3, ITLN2, CCL5 and CD74) have been shown to be involved in resistance to helminth 

infection in other settings (Makino et al. 2002; Blanchard et al. 2004; Datta et al. 2005; 

Beswick and Reyes 2009 p. 74; Shen et al. 2014; Genua et al. 2014 p. 2; Prendergast et al. 

2014 p. 2). Of these genes, Ovar-DRB1 (Major Histocompatibility Complex class II (MHC-II) is 

important because its up-regulation with helminth-resistance has also been observed in 

other studies (Hassan et al. 2011; Shen et al. 2014). Another important gene to consider is 

IDO2 (expressed by antigen presenting cells) because it converts dendritic cells to immune 

tolerant cells that promote Tregs and suppress effector T cells, thereby promoting immune 

tolerance (Ciorba 2013; Mellor et al. 2017). These genes, Ovar-DRB1 and IDO2, were down-

regulated in diarrhoea-susceptible sheep. 

On ther other hand, the ileum transcriptome (Chapter 5) supported our hypothesis and 

showed that inflammatory immune response in a GIT section other than the site of 

infection, can contribute to the development and severity of diarrhoea. In the ileum of 

diarrhoea-susceptible sheep, the up-regulated genes promote molecular mechanisms 

associated with the inflammatory response, inflammatory bowel disease and 

defense/immune response. The inflammatory roles of the most significant up-regulated 

genes, when examined individually, were consistent with literature: IL6 (Tanaka et al. 2014), 

SAA (Ebert et al. 2015), SIGLEC1 (Asano et al. 2015 p. 169), C3AR1 (Coulthard and Woodruff 

2015), S100A9 (Wang et al. 2018), CHI3L1 (Zhao et al. 2020), CXCL5 (Wang et al. 2009), CD14 

(Grimm et al. 1995), CD68 (Liu et al. 2009) and IL1RL1(Nemeth et al.). The severity of 

diarrhoea can be increased by the up-regulation of these genes, thus supporting our 

hypothesis about the role of inflammation. 

In contrast, the down-regulated genes in the ileum of diarrhoea-susceptible sheep were 

functionally enriched for absorption (ion transport), muscle physiology and pathways 

preventing inflammation. This combination of up-regulation of inflammation-related genes 
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and down-regulation of genes related to absorption and prevention of inflammation, would 

be expected to have synergistic effects in the development and severity of diarrhoea. The 

disruption in the potassium (K+) and calcium (Ca+) ion transport, oxytocin-signaling and the 

cyclic adenosine monophosphate (cAMP) pathway, are among the pathways that would 

lead to diarrhoea. 

In the second part of the project, the microbial composition in the GIT was compared in 

helminth-resistant and -susceptible sheep. The microbiome has emerged as a significant 

interactor in GIT pathophysiology. Among the sections of the GIT, only in the duodenum did 

microbial diversity and richness differ substantially between helminth-resistant and -

susceptible sheep. Resistance to helminth infection at the duodenum might create a more 

physiologically stable environment and that, in turn, favours a greater diversity and richness 

of microbiota in that section of the GIT (Lozupone et al. 2012). In contrast, the damage 

inflicted by the helminths in susceptible sheep can result in mucosal inflammation, 

therefore changing the environment and thus the microbial population (Li et al. 2016). On 

the other hand, the lowest biodiversity (reflecting a restriction of proliferation) was 

observed in ileum, perhas as an outcome of high concentrations of salts, enzymes and bile 

(Wang et al. 2017). In terms of abundance – in the duodenum – Aminipila, 

Lachnoclostridium (helminth-resistant) and Mogibacterium (helminth-susceptible) genera 

differed significantly, whereas, in the ileum. Mycoplasma genus was abundant in helminth-

susceptible sheep. An increased relative abundance of butyrate-producing bacteria in the 

helminth-resistant sheep suggests that these bacteria are involved in the regulation of 

infection. Substantial variations in microbial composition were also observed among rumen-

abomasum, small and large intestine, in particular with three genera: Eubacterium, 

Oscillibacter and Ruminococcus. Overall, every GIT section harbors specific microbiome and 

helminth resistance affects the distribution of bacterial communities. 

In the final part of the project, we improved the the genome of Teladorsagia circumcincta. 

The original draft assembly was fragmented and over-represented the genome size with a 

greater number of unplaced scaffolds, haplotypes and repeats, and less contiguity. We saw 

this as an opportunity to improve the assembly using the chromosome conformation 

capture-based Hi-C technique. The improved Hi-C assembly is smaller, with greater 

contiguity and fewer haplotypes and repeats, thus resulting in fewer genes with an identical 
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completeness and accuracy. The improvements also increased the number of single-copy 

orthologs with other closely (H. contortus) or distantly (T. spiralis and B. malayi) related 

parasitic helminths. Overall, the improved Hi-C assembly offers a better reference for future 

studies and more opportunities for identification of vaccine and drug targets to control 

helminthiasis. 

Conclusions 

Resistance to diarrhoea is a complex, polygenic trait. This thesis presents a snapshot of 

molecular events in diarrhoea-susceptible and diarrhoea-resistant sheep and clearly shows 

how the damage in the duodenum and inflammation in the ileum, induced by helminth 

infection, can contribute to the severity of diarrhoea. The damage-associated genes are 

equally important in maintaining the physical barriers as immune related genes in resistance 

to the establishment of helminths. Therefore, to resolve the diarrhoea problem, the 

breeding programs should not only consider the key phenotypes (diarrhoea and FEC), but 

the important genes in the repair mechanisms that maintain physical barriers, to resist 

helminth establishment, and genes that impact inflammation and immune tolerance. 

Selective breeding against helminths can also impact the microbiome composition that 

ultimately can restrict the development of helminths. Finally, the improved genome 

assembly for T. circumcincta should present opportunities for infection treatment, as well as 

a better understanding of the helminth-host interaction that leads to diarrhoea. 
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