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Abstract

Abstract

Gastrointestinal parasitism is a global problem for grazing ruminants which can be
addressed sustainably by breeding animals to be more resistant to disease caused by
gastrointestinal parasites. This thesis sets out to estimate the genetic parameters of
parasitic infection associated with natural nematode and coccidian infections,
productivity and immunological phenotypes associated with immune responses
including various cytokines and immunoglobulin A (IgA). The thesis sheds light on
the genetic architecture of these traits and uses animal genomic and phenotypic data

to identify candidate genes associated with resistance to disease.

Individual animal phenotypic data on faecal egg counts from different nematode
species (Strongyles (FECs), Nematodirus (FECy) and faecal oocyst counts (FOC)
from coccidian parasites were collected on Scottish Blackface lambs together with a
faecal soiling score in the breach area ‘dag’ score (DAG) and live weight (LWT).
Data from 3,731 Scottish Blackface sheep lambs reared on one experimental farm at
SRUC (Castlelaw) were used from 2011 to 2017. Parasitic infection traits (FEC,
FOC and DAG) were shown to be heritable (0.09+£0.02 to 0.17+0.03) exhibiting
significant genetic variation among individuals to underpin a selective breeding
programme with the goal of enhancing animal resistance. FECs was shown to be
positively (genetically) correlated with FECy (0.74+0.09) and FOC (0.39£0.15).
Additionally, DAG was negatively (genetically) correlated with LWT (-0.33+0.15).
Significant and positive associations between FECs and FECy, and FECs and FOC at
around 3 months of age show that co-selection for increased resistance to different

parasites is feasible. Furthermore, selection for increased resistance is unlikely to

viii



Abstract

adversely affect LWT, as no significant antagonistic relationship was found between
faecal counts and LWT. Significant antagonistic phenotypic correlations between
LWT and DAG, and LWT and FECS/FECy indicate that the expression of
manifestation of disease in lambs via the DAG score may be a meaningful indicator

of the impact of parasitic burden on productivity.

Additionally, whole blood stimulation assays were used to characterise the adaptive
immune response of 1,040 lambs measured in 2016-2017, with either pokeweed
mitogen (PWM, a lectin that non-specifically activates lymphocytes irrespectively of
their antigen specificity), and Teladorsagia circumcincta (T-ci) larval antigen to
activate parasite-specific T lymphocytes. The type of adaptive immune response was
determined by quantifying the cytokines interferon-gamma (IFN-y), interleukin (IL)-
4, and IL-10, which relate to T-helper type 1 (Th1), Th2 and regulatory T cell (Treg)
responses, respectively. T-ci specific IgA within serum was also quantified.
Heritability estimates for each immune trait, and genetic and phenotypic correlations
with parasitic infection and productivity phenotypes were estimated. Heritabilities of
cytokine production varied from low to high (0.14+0.06 to 0.77+0.09), while IgA
heritability was found to be moderate (0.41+0.09). A positive genetic correlation was
found between FOC and PWM-induced IFN-y (IFN-y@ewwm)) production (0.67+0.30)
while a negative correlation was found between FOC and T-ci induced 1L-10 (IL-
10¢rciy) (-0.84+0.31). Live weight was negatively, genetically correlated with IFN-y
responses (-0.54+0.18 and -0.51+0.20). Overall, IFN-y and IL-4 responses were
positively correlated (from 0.50+0.15 to 0.74+0.21), providing little evidence of

cross-regulation of Thl and Th2 immunity within individual sheep. The results show
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a negative correlation between IL-10pwwm) and 1L-4(t i), which might indicative of a
regulatory function of 1L-10 over IL-4. Furthermore, Immunoglobulin A was shown
to be genetically correlated with IL-10pwwmy and IL-4¢r.j) (0.85+0.17 and 0.32+0.17,
respectively). The results suggest that while selection for high IFN-y responsiveness
may be beneficial for coccidian parasite control, selection for this trait may
negatively affect productivity, which will need to be considered in genetic

improvement programmes.

DNA samples from a subset of 1,766 animals in the study were collected and whole
genome sequenced. The genotypic effects on each one of the traits described above
were quantified, including the additive and dominance effects as well as the
proportion of additive genetic variance due to each SNP locus. A total of 15 SNPs
were associated at least at a suggestive level with FECs, FECy, DAG, IgA, PWM-
induced IFN-y and IL-4, and T-ci-induced IL-10. A total of 52 genes closely related
to immune function were found to be in close proximity to these SNPs. While most
of the SNPs were not significant beyond a suggestive level, this study was able to
confirm the polygenic nature of both parasitic infection and immunological traits
such as FEC and IgA. The results highlight several C-type lectins and killer cell
lectin-like family members close to a SNP associated with FECy and several genes
encoding IL-1 cytokine family members associated with a SNP associated with IgA.
There were also several potential candidate genes belonging to, or in close proximity
to, the Major Histocompatibility Complex (MHC) which, due to its importance in

the control of immune responses, could play important roles in resistance to such
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parasitic infections. These include HFE and butyrophilin coding genes, associated

with IFN-yewwmy, and 1L-17 coding genes associated with 1gA.

The results reveal a largely complex and polygenic genetic control on resistance to
parasitic infection and immunological traits in this Scottish Blackface sheep
population. Lastly, these results also suggested that the studied animal traits are

amenable to improvement with genomic selection.
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Lay Summary

Lay Summary

Gastrointestinal parasitism is a pervasive problem affecting ruminants globally that
can be addressed sustainably by breeding animals for increased resistance to disease.
Selecting animals that are more resistant to infection is advantageous since the effect
is cumulative over time and reduces infestation levels over consecutive generations,
thereby reducing the economic losses in production due to disease. The present
project’s aims were to, i) investigate the genetics underlying sheep that were co-
infected with distinct parasites and their genetic relationships with productivity, ii)
investigate the immune profile of lambs infected and assessing the viability of using
immunological traits to select more resistant lambs to disease and, iii) perform
genomic studies to identify potential candidate genes linked to immune response and
disease, that could potentially be used to select more resistant animals. This study
found that there is enough genetic variability underlying parasitic infection,
highlighting the feasibility of including these traits in breeding programmes with the
objective of enhancing resistance to infectious diseases in sheep. Furthermore,
selection for enhanced resistance to the parasites in this study would have no impact
on lamb growth. Results indicate that production is likely to be improved with lower
levels of infection. The investigation of immunological traits also revealed
significant variation and confirmed the lack of cross-regulation of the distinct
immune response types. Substituting immunological data as an alternative to
recording actual disease traits is not recommended due to the lack of confirmed,
significant relationships amongst these and disease traits. It is also possible that

selection for specific immune response might negatively impact productivity.
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Lay Summary

Including all traits in a breeding programme is likely to be the best solution which
can be achieved with a selection index, whereby the information regarding all traits
can be used to derive breeding values. Finally, genomic studies attempted at
identifying potential chromosomal regions and candidate genes involved in immune
function and confirmed the complex nature of the genetic control of the traits
analysed in this study. This thesis was successful in identifying potential genomic
regions holding significant roles related to immune responses. New insights into
these regions can prove useful and increase the accuracy of the genomic evaluation
and selection of animals with increased disease resistance. The study revealed
multiple potential candidate genes with known biological functions related to
parasitic infection and immunological traits and may prove useful in future breeding

programmes.
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1.1 Background

Animal infection by gastrointestinal (GI) parasites represents one of the most
important contributors to important economic losses worldwide. Ranging from
subclinical weight loss to lethal pathologies, Gl infections result in sub-optimal
performance which has been estimated to cost the British farming industry around
£84 million, making it the most costly disease in ruminant farming (Charlier et al.,
2014; Chartier and Paraud, 2012; Mavrot et al., 2015; Nieuwhof and Bishop, 2005).
In their recent assessment of the economic burden of major helminth infections to
ruminant livestock in several European countries, Charlier et al., (2020) estimated
that the cost to the sheep industry is around €47 million, or around half the estimates
reported by Nieuwhof and Bishop (2005) (roughly £40 million). Charlier et al.,
(2020) model provides more conservative overall estimates and these authors note
that the previously published methodologies lack detail to allow full replication. In
sheep, the highest susceptibility is mainly observed in weaned lambs during their
first grazing season (Gossner et al., 2012), due to their lower resistance when
compared to older sheep, with faecal egg counts (FEC) usually peaking at the end of
the first grazing season (Stear et al., 1999b). The delay in acquisition of immunity
may partly reflect age-dependent effects on the anti-parasite immune responses as

well as parasite-induced immune suppression (McNeilly et al., 2013).

The development of breeds selected for resistance to Gl parasites is probably one of
the most promising alternative method to control infections (Venturina, 2012) in
addition to nutrition, mixed species/rotational grazing and refugia. There is evidence

of genetic variation among individual sheep in resistance to parasites, which has
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been documented in different breeds (Sechi et al., 2009). The genetic control
methods used to select individuals more resistant to disease rely on the existence of
genetic variation (Falconer, 1965). Traditionally, breeding strategies for enhanced
resistance are based on indicator traits like FEC, for which genetic variation among
animals may be manifested even with more moderate levels of infection (Zvinorova
et al., 2016). In the UK, selection of sheep for enhanced resistance to Gl parasites is
considered feasible under normal commercial conditions in which sheep face natural
parasitic challenge (Bishop et al., 2004). Resistance to Gl parasites should integrate
broader control programmes (Nieuwoudt et al., 2002) as discussed below, which

may benefit sheep production enterprises (Bishop et al., 2004).

1.2 UK sheep production

The UK sheep flock is characterised by its three-tier stratified breeding structure,
which employs systematic crossbreeding which sheep to be farmed in a wide range
of climates, environments and management systems, allowing hill breeds to be kept
in generally inhospitable environments (Sargison, 2008). In 2012, the UK had the
largest sheep flock out of all the EU member states accounting for more than a
quarter of all the sheep within the EU (32.2 million sheep, including 15.2 million
breeding females). In the UK, the sheep industry is primarily focused on meat
production (Sargison, 2014). In terms of the global lamb trade, the UK accounted for
almost 10% of the sheep meat exports, also in 2012 (National Sheep Association and

National Farmers Union, 2014).
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1.2.1 Scottish Blackface sheep

The Scottish Blackface (SBF) sheep breed was established in the 16" century. These
hardy, medium-sized sheep are characterised by their short tail and long white wool.
Their face is mainly black with some white spots, and both sexes have horns. As hill
sheep, SBF sheep make ideal mothers to breed crossbreds, which can subsequently

breed fat lambs on lowland areas (Duncanson, 2012).
1.3 Gl parasitism and its impact on sheep production

The intensification of farming practices has brought about an increased risk of
animal disease outbreaks, which impacts both animal welfare and production
(Sweeney et al., 2016). Gastrointestinal parasitic infections pose a serious constraint
in small ruminant production (Benavides et al., 2015). Suboptimal productivity due
to parasitic gastroenteritis has become a common problem in UK’s flocks, in recent
years, despite the adoption of successful parasitic control programmes that involve
drugs (Sargison, 2014). Total costs associated with disease can account for 20% of
turnover in developed countries and up to 50% of turnover in the livestock sector in
developing countries (Bishop and Woolliams, 2014). In the UK, economic losses
have been estimated to average at around £84 million in 2005 (Nieuwhof and

Bishop, 2005) with more than 2/3 corresponding to losses in the rate of growth.

Gastrointestinal nematodes (GIN) represent a majorly serious health limitation in
sheep industry worldwide, being a significant source of economic losses (Estrada-
Reyes et al., 2019b; Hayward, 2022). The losses associated with these parasites

come from decreased productivity and significant treatment costs (Charlier et al.,
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2020). Major nematode species affecting sheep include Nematodirus battus and
Teladorsagia circumcincta (Van Dijk et al., 2010), the latter of which is significantly
prevalent and economically important in northern Europe, dominating the parasitic
fauna affecting sheep (Bishop et al., 1996). Practically all sheep will be exposed to
parasitic nematodes during their lifetime (Davies et al., 2006). Similar to GIN,
coccidian parasites, causing agents of coccidiosis in lambs, can also have an
important impact in small ruminants production which has been shown in housed
flocks both after experimental and natural infections (Reeg et al., 2005). Coccidia
represents a protozoan parasite (Jawasreh et al., 2013), and almost young sheep will
also become infected coccidiosis (Andrews, 2013), although in most cases, these
parasites cause little to no effect, with disease only manifesting when animals are
subjected to heavy infections or if their resistance is lowered (Taylor, 1995).
Coccidiosis becomes important economically as a consequence of losses due to
clinical disease, which usually translates in diarrhoea, and subclinical infections
devoid of clinical signs, but still characterised reduced production due poor weight

gain (Chartier and Paraud, 2012).

1.3.1 Nematode life cycle

The life cycle of nematode parasites, such as Teladorsagia circumcincta, starts when
eggs are passed out of the sheep with faeces: once hatched, parasitic worms develop
into free-living larval stage 1 (L1) and L2 using bacteria in the faeces as sustenance,
subsequently developing into infective L3 (Mackinnon, 2007). If moisture is
adequate, the surviving L3 larvae will migrate out of the faeces and onto to the grass

(MacKinnon, 2007). Within 1-3 days after ingestion, L3 enter the gastric glands
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where a further moult is undergone from which L4 larvae emerge and will often
penetrate the wall of the abomasum where they can enter a dormant stage and arrest
their development within the gastric gland until external conditions improve, if
necessary (Wilkie, 2016). L5 larvae finally leave the abomasal gland approximately
10 days post-infection and become sexually mature on the mucosal surface with
adult females producing eggs that are subsequently excreted in the faeces, thus

completing the life cycle (McRae, 2015).

The entire life cycle will usually be completed in approximately 4 to 5 weeks,
although this is dependent on temperature and immune status of the host. Egg
production can be rapid but resistant hosts are capable of delaying larval maturation
for at least 8 more weeks (McNeilly et al., 2009). Differences in susceptibility
observed in lambs is one reason for the aggregation of parasites in the host
population, meaning a large number a large number of animals harbour a few

parasites, while a few animals are highly infected (Guillaume, 2012).

1.3.1.1 Pathology of Nematode infection

Infection is responsible for a relative protein deficiency that translates to poor
growth. This deficiency has four causes: infected animals eat less, protein is digested
less efficiently, protein is leaked into the gastrointestinal tract and infection results in
an increase of protein demand as proteins is diverted into repair processes and

immune and inflammatory responses (Stear et al., 2009).

Gastrointestinal nematodes are responsible for a range of clinical signs in host,

particularly young or nutritionally stressed or infected animals (Bartley, 2008;




Chapter 1 — General Introduction

Wilkie, 2016). Common clinical signs of a GIN infection include anorexia,
emaciation and, in extreme cases, infections with nematodes may lead to the death of
infected animals (Idris et al., 2012). Diarrhoea is a major factor for loss of
bodyweight and condition, and causes soiling of the wool around the breech of the
animal consequently resulting in devalued wool and contaminated meat carcasses in

the abattoir (Williams and Palmer, 2012).

While immunity may reduce the impact of infection, it comes at a cost since the
activation of immune responses involves the recruitment and proliferation of a large
number of cells and the various components involved in the response to infection are

expected to carry a substantial nutritional penalty (Greer, 2008).

1.3.2 Coccidia life cycle

Coccidiosis is a disease caused by protozoan parasites that most commonly affects
young animals, with lambs being more susceptible to infection (Jawasreh et al.,
2013). The most common causal agent of lamb coccidiosis is Eimeria spp. (Odden et
al., 2017) with outbreaks majorly impacting economy and animal welfare (Ozmen et
al., 2012). Because the life cycle of Eimeria comprises intracellular and
extracellular, asexual and sexual stages, immune responses elicited are highly
complex, involving aspects of both specific and non-specific immune responses,

including cellular and humoral mechanisms (Lillehoj et al., 2004).

Eimeria enters the host by penetrating the epithelial cell lining of the intestinal
mucosa, often causing serious damage to the physical integrity of the gut (Yun et al.,

2000). Following ingestion of Eimeria oocyst, mechanical disruption and digestive
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processes release spoorocysts and subsequently their sporozoites which attach and
invade the most susceptible region of the intestine (Broom and Kogut, 2019). The
sporozoite goes through a series of developmental stages inside the host leading to
the formation of unsporolated oocysts that are ultimately excreted into the
environment, eventually sporulating (Broom and Kogut, 2019). Once excreted,
oocysts become infective, remaining viable for prolonged periods of time until they

are ingested again and thus restarting the cycle (Yun et al., 2000).

1.3.2.1 Pathology of coccidian infection

Clinical signs of coccidian infection include diarrhoea, which can be haemorrhagic,
abdominal pain, weight loss and/or reduced weight gain (Odden et al., 2017). Severe
diarrhoea can lead to damage in the intestinal lining, which in extreme cases can
result in death (Ozmen et al., 2012). Clinical coccidiosis is a self-limiting and severe
disease is generally related to high infection pressure (Chartier and Paraud, 2012).
Due to the fact that ovine coccidiosis can have major economic impact caused by a
reduction in weight gain and increased mortality, controlling the infection is
important (Odden et al., 2017). Diagnosis is frequently based on oocysts counts but a
definite diagnosis must involve factors such as epidemiology and observable clinical

signs (Andrews, 2013).

1.4 Methods of parasitic control

Control programmes are based on the knowledge of epidemiology and in that sense,
the manner in which host-parasite relationship has changed due to animal and

pasture management changes, the evolution of immune mechanisms in response to
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larval challenge, among other factors, has led to the rise production associated losses
(Sargison, 2014). According to Sargison (2014), heavy dependency on the use of
pharmaceutical treatments to suppress infective helminth challenge could lead to the
UK sheep becoming uneconomical. Worm management tools include pasture
management, guaranteeing it meets the nutritional requirements and that pasture
contains low levels of eggs and larvae, and stocking management: density of
stocking rate represents an important factor in limiting the problems of worms

(Wormwise Technical Advisory Group, 2019).

1.4.1 Anthelmintics

Animals are regularly subjected to anthelmintic drenching throughout the year in
order to reduce their worm burden (Wilkie, 2016). In fact, since the launch of the
first anthelmintic drug more than half a century ago, the use of these compounds has
become the cornerstone for the control of GI nematode infections (Hoste and Torres-
Acosta, 2011; Jack et al., 2017) with the majority of farmers in the UK having
become dependent on the use of these pharmaceutical control methods aiming at
finding a balance between levels of larval challenge that can potentially impact
performance negatively and those required for the development of protective
immunity (Sargison, 2014). In the UK, there are five classes of commercially
available anthelmintics licensed for administration to small ruminants:
benzimidazoles, the first class of anthelmintic to be introduced, imidothiazoles,
macrocyclic lactones, amino-acetonitrile derivatives (AADs) and spiroindole
compounds (Ellis, 2014). The widespread and conventional use of anthelmintics may

mean that the sheep industry could not exist in its current form without anthelmintic
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drugs (Sayers and Sweeney, 2005). Several studies have demonstrated that the
administration of anthelminthics led to a significant reduction of the appearance of
diarrhoea and subsequent breech soiling (Allerton et al., 1998; Larsen et al., 1994;
Watts et al., 1978), supporting the notion that nematodes represent a major cause of
diarrhoea in sheep (Williams and Palmer, 2012). Parasitism may be suspected as a
primary cause of diarrhoea and an immediate response to an effective anthelmintic
treatment usually confirms the diagnosis (Jacobson et al., 2020). While it is common
to see nematodes and coccidia affecting lambs concurrently, in most cases diarrhoea

stops following anthelmintic treatment (Sargison, 2004).

1.4.1.1 Anthelmintic resistance

While the use of anthelmintics is often the preferred choice of GI nematodes control,
mainly because their availability, cost-effectiveness and convenience (Venturina,
2012), the continuous use of these drugs has led to the emergence of strains resistant
to commonly used forms of control (Benavides et al., 2015; Ellis, 2014). Continuous
treatment with anthelmintics can lead to the survival of parasites resistant to drugs,
thus resulting in a drug-resistant subpopulation capable of proliferating freely
(Davies, 2006). Surviving worms will go on to contaminate pasture with resistant
larvae, leading to gradual selection pressure and the emergence of anthelmintic
resistance (Papadopoulos, 2008). The increasingly global problem of anthelmintic
resistance in sheep nematodes has led to the development of sustainable
methodologies for parasitic control (Venturina, 2012) in order to reduce the reliance

on these compounds.
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The development of drug resistance is the key constraint for the use of anthelmintics,
which can be considered a consequence of host-pathogen co-evolution, with
parasites surviving exposure to the recommended doses of anthelmintics (Zvinorova
et al., 2016). The increasing prevalence of anthelmintic resistance suggests the
reliance on these chemical compounds is unsustainable (McRae, 2015), with
pressure falling onto breeders to reduce reliance on the usage of these compounds as
a form of control (Bishop and Woolliams, 2014). It takes longer to discover, test and
commercialise new anthelmintics than to maintain efficacy of these compounds
(Venturina, 2012). The maintenance of the efficacy of currently available
anthelmintics is thus crucial (Papadopoulos et al., 2012). For these reasons, the use
of worm management tools other than anthelmintics can help with reducing the use

of these compounds and the development of anthelmintic resistance.

1.4.2 Refugia

Refugia refer to larvae on pasture, or worms at stages in animals not affected by
treatment, or simply worms in untreated animals. It has been widely accepted that
the sustainability of chemically based strategies of worm control depends on
guaranteeing that a significant proportion of animals remain unexposed to treatment,
which can be achieved through targeted treatment plans that vary with the level of
refugia (Jackson et al., 2009; Sargison et al., 2007). The larger the population in
refugia, the slower the rate of anthelmintic resistance development will be
(Duncanson, 2012; Traversa and von Samson-Himmelstjerna, 2016). The number of
worms in refugia is expected to increase if a portion of the flock is not subjected to

treatment (Ellis, 2014). Worms in refugia will be responsible for the next generation

11
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of parasites and the ones surviving treatment must contribute as little as possible to
the next generation (Papadopoulos, 2008). The preservation of susceptible worms
within an in refugia population is important and increasing the size of this population
in order to dilute resistant alleles in the population is a crucial concept in delaying
the development of anthelmintic resistance (Stubbings et al., 2020). The rate of
development of anthelmintic resistance varies inversely with the proportion of
nematode population that is in refugia at the time of treatment: if the proportion of
nematodes in refugia is large at the time of treatment, the offspring of resistant
nematodes will be diluted, while small nematode populations in refugia will result in
a larger proportion of resistant parasites in the next generation (Sargison et al.,
2007). In the UK, SCOPS (Sustainable Control of Parasites in Sheep) principles are
geared towards minimising the number of animals that are subjected to treatment at
one time, either through targeted selective treatment or targeted treatment. The
selection of animals that are going to be left untreated is aimed at recognising those
exhibiting greater resistance/resilience, since these animals should be able to cope
with words without the need for treatment (Stubbings et al., 2020). In New Zealand,
there are also guidelines in regards to maintain refugia (Wormwise Technical
Advisory Group, 2019). A strategy related to refugia has been implemented in New
Zealand whereby ewes with lower condition-scores are left untreated and transferred
to superior pastures with their drenched lambs, and thus their condition can improve
without the use of anthelmintic treatment while they provide a source of refugia to

the treated lambs (Leathwick, 2014).

12
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1.4.3 Grazing management

The control of worm infestation through the use of grazing management schemes is
also an important tool to prevent host contact with infective larvae. Pasture rotations
as a form of grazing management has been used in sheep production systems for
decades to minimise the threat of nematodes (Jackson et al., 2009). Despite its
importance, grazing management requires detailed understanding of the farm and
parasites affecting it in order to be successful (Hoste and Torres-Acosta, 2011;
Jackson et al., 2009) and the complexity associated with this management is an
important reason as to why this strategy is less well exploited (Jackson et al., 2009).
Pasture rotation is very effective at reducing infection and/or reinfection rates by
only allowing animals to graze a pasture for a limited period of time before moving
them (Bartley, 2008). Rotational grazing can be used to exploit the biological rates
of the free-living stage of parasites and introduce ruminants to a pasture after the
bulk of L3 that emerge from eggs in the soil has significantly decreased due to their
natural death rate (Hoste and Torres-Acosta, 2011). Additionally, mixed grazing
with other species (e.g. cattle) presents a significantly low risk of cross-infection
since the parasite species infecting cattle and sheep are largely different, and in this
way, pasture contamination can also be reduced since it reduces stocking density of
sheep. Thus, nematode eggs excreted will be deposited over a wider area and reduce
the density of infective larvae present on herbage (Stubbings et al., 2020; Wormwise

Technical Advisory Group, 2019).
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1.4.4 Nutrition

The nutritional status of naive hosts has a significant impact on the severity of
parasitism and resilience to infections is enhanced through increased metabolisable
nutrient supply. This increased resilience helps the animal by allowing it to develop
resistance with significantly reduced pathological consequences (Van Houtert and
Sykes, 1996). Nutrient availability reduction is caused by GI nematodes through
reduced feed intake and/or reduced efficiency of nutrient absorption (Coop and
Kyriazakis, 1999). Generally, food intake increases as animals acquire resistance to
infection. The hosts’ nutrition is therefore one of the crucial elements influencing the
development and maintenance of host acquired immunity (Jackson et al., 2009). It
has been hypothesised that the improved ability of the host to tolerate the negative
effects incurred by parasitic infections and respond to parasites might be the result of
feed complementation, particularly with nutrients constituting limiting factors of the
diet (Hoste and Torres-Acosta, 2011). The approach of increasing dietary protein in
order to manage parasitic infections is an attractive alternative to the use of
anthelmintics since they have long-term potential and reduce the level of
pharmaceutical compounds entering the food chain. Such method requires prior
knowledge of the biology and epidemiology of nematodes infecting livestock, and is
not easy to communicate to the wider farming industry (Wilkie, 2016). Better control
of parasitism by the host and reduced impacts on their performance lessens the need

for treatment (Laurenson, 2012).
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1.45 Vaccines

While a viable alternative strategy to the use of anthelmintics there have only been a
few available vaccines produced to control nematodes (Ellis, 2014). Vaccines
developed against GI nematodes originally failed to protect young and susceptible
animals (Vercruysse et al., 2007). A vaccine to control Haemonchus contortus for
calves in Australia (Bassetto et al., 2014) has been extended for used in sheep
(Bassetto et al., 2020) and commercialised in Australia as ‘Barbevax’ and in South

Africa as ‘Wirevax'.

In the case of coccidian parasites, stimulations of development of immunity was
successful and achieved using strains that were selected for short but complete life
cycles (Vercruysse et al., 2007). However, there are no commercial vaccines against

ovine coccidiosis currently available.

1.5 Breeding for disease resistance

Resistance to nematodes is a trait of primary interest for the livestock industry due to
its economic impact on sheep breeding. These costs relate to anthelmintic treatment,
increased labour and pasture management, onto which the indirect costs of decreased
production are added (Krawczyk and Stota, 2009). As a goal for many breeding
programmes, disease resistance has become ubiquitous and is regularly nominated
by breeders as a high priority trait (Bishop, 2012a). Resistance refers to the ability of
the host to control the life cycle of the invading parasite, with measurem