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Abstract

Anthelmintic resistance has become widespread in small ruminant farming systems across the
world and reports of multiple resistance to all available broad spectrum anthelmintics are
increasing. The small brown stomach worm, Teladorsagia circumcincta, is considered to be
the major cause of parasitic gastroenteritis (PGE) in temperate regions and multidrug
resistance (MDR) has been reported in this species in the UK and in other parts of the world.
The purpose of this study was to undertake detailed molecular and phenotypic characterisation
of a MDR isolate of T. circumcincta (M7ci5) with particular focus upon the mechanisms
underlying benzimidazole (BZ) resistance. M7ci5 was isolated from a farm in Central
Scotland, which employed a suppressive anthelmintic dosing regime and was closed in 2002
when control of the parasite population became unsustainable. Underpinning all of the
experiments in this study was an anthelmintic selection process whereby the MTci5 isolate
was pressurised individually with three broad-spectrum anthelmintics (benzimidazole,
ivermectin and levamisole). All characterisation experiments involved analysis of the parent

MTci5 isolate and the three drug-selected F1 generations derived from it.

There are three main areas of investigation in this study, the first being an investigation of the
population genetic structure of a MDR isolate. A central question was whether the MDR
phenotype of MTci5 is conferred by the inheritance of genes present in a single interbreeding
population or whether there is genetic sub-structuring, whereby discrete sub-populations of the
isolate each show resistance to different anthelmintics. Microsatellite analysis was employed
to investigate the population genetic structure of the M7ci5 isolate. The results suggest that
the MTci5 isolate is a single, freely interbreeding population with triple resistance, showing no
evidence of genetic sub-structuring. The second area of investigation was the role of the
F200Y isotype I B-tubulin mutation in the determination of BZ resistance and the potential
involvement of this mutation in resistance to ivermectin (IVM) and levamisole (LEV). There
was no evidence of an effect of IVM or LEV selection upon the F200Y isotype I S-tubulin
mutation. In contrast, there was strong evidence of selection by BZ upon this mutation
suggesting that this is a major determinant of BZ resistance. This is consistent with the
findings of previous studies. However, the BZ resistance phenotype of the M7ci5 isolate
cannot be explained entirely by the F200Y isotype I 8-tubulin mutation. This is because a
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large proportion of P20 genotypes consistently survived in vivo and in vitro BZ
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selection, suggesting that either the F200Y mutation is not recessive in the MTci5 genetic
background and/or that there are other loci involved in determining BZ resistance.
Furthermore, a small proportion of surviving P200°ePhe genotypes was observed following in
vivo and in vitro BZ selection, which might also suggest the presence of other contributory BZ
resistance mechanisms in M7ci5. Therefore, a study of all previously implicated BZ
resistance mechanisms was undertaken in the M7ci5 isolate to determine if these could be
contributing to the BZ resistance phenotype. The F167Y and E198A isotype I B-tubulin
mutations reported previously in BZ resistant 7. circumcincta and Haemonchus contortus
populations were not found in M7ci5. Furthermore, deletion of the isotype II B-tubulin locus
which has been reported previously in BZ resistant H. contortus was also ruled out in MTci5
(partial sequence of the isotype II B-tubulin gene is presented here for the first time in 7
circumcincta). However, an investigation of the role of two non-specific xenobiotic removal
mechanisms, P-glycoprotein (P-gp) and cytochrome P450 (CYP) oxidative enzymes, in the
expression of BZ resistance in M7Tci5 revealed interesting findings. Inhibition of these
pathways in vitro, by the use of appropriate inhibitors (verapamil hydrochloride and piperonyl
butoxide), reversed the resistance phenotype of M7ci5. This implies that in the absence of P-
gp and CYP activity, the F200Y isotype I S-tubulin mutation could not confer BZ resistance.
This provides some evidence for the hypothesis that detoxification and drug efflux pathways

could play a role in MDR in the M7ci5 isolate.

The third area of investigation was the origin and diversity of BZ resistance alleles in the
MTci5 isolate. Single strand conformation polymorphism (SSCP) analysis of a small region
extending through exons 1 and 2 and intron 1 of the isotype I S-tubulin gene was used to
assess the genetic diversity of this locus in the MT7ci5 isolate and of five other UK T.
circumcincta populations. Alleles from the M7¢i5 isolate were then selected for sequencing
based on the SSCP data. The genetic diversity of the isotype I S-tubulin locus in the M7ci5
isolate was found to be very high with 7 resistance alleles and 13 susceptible alleles identified.
In comparison with previous studies of this kind, these results show a striking level of genetic
diversity, particularly in the number of resistance alleles present. This is proposed to reflect
the large amount of animal movement inherent in the UK sheep farming industry and the
sequence and phylogenetic analysis suggest a hypothesis that resistant haplotypes have arisen
in multiple locations and have been brought together by gene flow as a consequence of animal
movement. Hence, overall, these results are consistent with the theory of multiple,

independent, spontaneous mutations at the P200 locus of the isotype I S-tubulin gene.
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Chapter 1 General Introduction

1.0 Chapter 1 General Introduction

1.1 Teladorsagia circumcincta: a parasite of veterinary importance

1.1.1 Classification and life history traits

In temperate areas of the world, the small brown stomach worm, Teladorsagia circumcincta,
is the most economically important nematode parasite affecting sheep and goats. Indeed, it is
the most common cause of parasitic gastroenteritis of sheep in the UK. 7. circumcincta
belongs to the Phylum Nematoda, Order Strongylida, Superfamily Trichostrongyloidea and
Family Trichostrongylidae. This genus was only recently reclassified to distinguish it from
the Genus Ostertagia based upon some key morphological differences: bursal ray patter,
absence of the proconus (swelling of the genital cone) and ventral ridges (Lichtenfels et al.,

1988). Occasionally, T. circumcincta is still referred to as Ostertagia circumcincta.

T. circumcincta is a diploid, obligate sexual species, which is known to mate with several
individuals and has a direct life cycle. This nematode inhabits the abomasum of goats and
sheep, however, this species has a wide reservoir host range (Anderson, 1992). It has a
heterogonic life cycle, whereby the infective third stage larvae (L;) are ingested from
contaminated pasture (see Figure 1.1). T. circumcincta L3 are known to persist on pasture for
up to two years and still remain viable. When the L; are ingested and reach the acidic
environment of the abomasa, they exsheath, then seek out and enter the gastric glands. Here,
they feed and undergo a moult to become fourth stage larvae (Ls). After about 10 days they
emerge into the lumen and mature to adulthood on the mucosal surface after a minimum of 18
days post-infection. The L4 stage is able to undergo hypobiosis (larval arrest) in the abomasal
gland for long periods of time and this is thought to assist the survival of this short-lived
parasite when the environmental conditions are less favourable for transmission (Anderson,
1992). Hypobiosis may also afford parasites a survival advantage whereby anthelmintic
treatment bypasses them (either via limited contact with the drug in the tissues or limited
uptake of the drug into the worm). Incidentally, this may exert a selection pressure for
resistance or introduce already resistant nematodes into a population via new stock. The

stimulation of arrested larvae to resume their development often occurs during pregnancy or
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lactation of the ewe. This is known as the peri-parturient rise and is accompanied by a
relaxation in host immunity as resources are invested in reproduction. Anderson (1992)
postulated that hypobiosis until the point of the peri-parturient relaxation in immunity (PPRI)
is an evolutionary strategy which maximises the output of parasites onto the pasture when the

newborn, non-immune lambs are most susceptible to infection.

1.1.2 Veterinary and economic importance of Teladorsagia circumcincta

The disease caused by 7. circumcincta is classified into two syndromes, Type I and Type II
teladorsagiosis. Type I teladorsagiosis is more common, typically occurring in young animals
(termed ‘ill thrift’ in lambs) in the early summer season, which have ingested a large quantity
of larvae from the pasture over a short period. Clinical symptoms include watery diarrhoea,
fatigue and weight loss. Type I disease is easily treatable if identified in the early stages (two
or three days after onset of clinical symptoms). Type II teladorsagiosis is rarer in sheep, but
its cattle counterpart ostertagiosis is commonly found in animals of all ages. Type II disease is
caused by the simultaneous emergence of larvae from the hypobiotic state; this typically
occurs in the late winter and early spring months often in housed animals. Clinical symptoms
include loss of appetite and associated weight loss, as well as diarthoea and thirst. Animals
are at risk of losing protein through damage to the gut and in severe cases, a submandibular
oedema can result (Scott et al,, 1998), although, this is a more commonly recognised symptom
of heavy infections of the blood feeding nematode, Haemonchus contortus. Type 11
ostertagiosis is a far more serious condition and the risk of mortality is high, even if treatment
is applied. Hence, cattle farmers tend to employ a suppressive regime of helminth control to
avoid this situation. Economic considerations of these diseases include mortality, reduced
carcass weights and poor wool quality. The cost of parasitic gastroenteritis (PGE) to UK
sheep farmers was estimated at £65million per annum based on assumed sub-clinical
production losses, labour and anthelmintic costs (R.L. Coop & F. Jackson, personal
communication). The fraction of this total which is spent on anthelmintics is estimated at

£10million per annum (F. Jackson, personal communication).
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1.2 Anthelmintic Resistance

1.2.1 Anthelmintic drugs

Effective control of T. circumcincta and other trichostrongylid nematode species has been
achieved primarily through the use of broad spectrum anthelmintic drugs that are effective
against a range of species and different developmental stages since these drugs were first
introduced in the 1960s. However, the emergence of anthelmintic resistance in several
gastrointestinal parasite species is now a major issue worldwide (see Figure 1.2). There are
three main broad-spectrum anthelmintics available to the UK market, these are the
benzimidazoles/ pro-benzimidazoles (BZ), the macrocyclic lactones (includes the avermectins
and the milbemycins e.g. ivermectin and moxidectin, respectively), and the imidazothiazoles/
tetrahydropyrimidines (e.g. levamisole and pyrantel, respectively). These groups are also
referred to as the white, clear and yellow drenches, respectively. One other narrow spectrum
family: the salicylanilides contain an anthelmintic called closantel, which is effective against
blood feeding helminths such as Fasciola and Haemonchus spp. The development of novel
anthelmintics is a slow process as profitability of these compounds is declining. For instance,
it is estimated that development and registration of a novel anthelmintic in the United States
through the Food and Drug Administration Agency (FDA) will take 15 years, with an
investment of around $400 million and only one in 5,000 anthelmintics will reach the market
(Johnstone, 1998). Therefore, the preservation of efficacy of existing anthelmintics is a

primary aim of current research in anthelmintic resistance.

1.2.2 Emergence of anthelmintic resistance

The first case of BZ resistance in the UK was reported on a Cheshire sheep farm (Britt, 1982).
A subsequent survey detected resistance to thiabendazole (TBZ, the first BZ drench
introduced) on a number of farms, but crucially also side-resistance to fenbendazole (FBZ),
albendazole (ABZ) and oxfendazole (OFZ) amongst T. circumcincta populations (Cawthorne
& Whitehead, 1983). According to a more recent survey, 80% of lowland farms and 45% of
hill farms in Scotland are now resistant to BZ (Bartley et al.,, 2001). Ivermectin resistance was
first reported in South Africa in 1985, just four years after its introduction to the market

(Carmichael et al, 1987). The first report of IVM resistance in the UK was in 1992 on an
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experimental goat farm in Scotland (Jackson et al., 1992a,b,c) and following a recent small
scale survey, it is now thought to be prevalent on 30% of UK sheep farms (Bartley et al,
2006). The first case of LEV resistance in sheep was found in SW England (Hong et al,
1996) and since then, several more cases have been highlighted in UK sheep farms (Coles &
Simkins, 1996; Coles ef al., 1998). Cases of BZ and LEV resistant worm populations have
been reported from two goat farms (Jackson et al., 1992 a,b,c; Coles et al., 1996). Moreover,
triple resistance has recently been reported and confirmed on two Scottish sheep farms
(Bartley et al., 2004), an Angora goat herd from the Scottish borders (Jackson et al., 1992a, b,
c), one English sheep farm (Yue ef al, 2003) and one English goat farm (Coles et al., 1996).
Surveys of anthelmintic resistance are rare and it is likely that the prevalence of MDR is more

widespread.

1.2.3 Factors leading to the development & spread of anthelmintic resistance

Anthelmintic resistance is known to occur in response to selection and there are a number of
factors which have been implicated as agents of selection. First of all, we should consider the

three ways in which resistance alleles could arise in a population:

1. via selection upon naturally occurring (perhaps rare) pre-existing alleles, which happen to
have a selective advantage for resistance against one or more anthelmintics.

2. via gene flow: the introduction of resistance alleles via animal movement.

3. via spontaneous mutation events, which happen to have a selective advantage for

resistance against one or more anthelmintics.

Adding to the first and last principles, there is also the possibility that a suite of mutations or
alleles in one or more loci are responsible for the development of a resistance phenotype.
Moreover, these mutations could accumulate over time without a selective advantage, but
without a fitness cost either. Furthermore, the rate of occurrence of these resistance alleles
and the rate at which they spread within a population are dependent upon the following factors
(Wood and Bishop, 1981):

e Number of genes or mutations involved, which is dependent on relative mutation rate

e Dominance or recessiveness of allele(s)
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¢ Extent of selection pressure(s) e.g. frequency and duration of drug exposure or in vivo
pharmacokinetic effects

e Reproductive strategy e.g. changing population size, frequency of generations, ability
to self-fertilise.

e Rate of gene flow (in introducing or diluting resistance alleles)

Having established the possible genetic mechanisms by which resistance alleles can arise and
spread, it is important to consider the common farming practices which are responsible for the

selection and spread of anthelmintic resistance.

1.2.3.1 The ‘Dose and Move’ strategy

In the 1970s, the advice given to farmers to reduce parasitism in their flocks was to dose their
animals and move them onto a ‘clean pasture’, that is, pasture which had preferably not been
grazed by sheep for at least a year or had been grazed by cattle (Stubbins et al, 2003).
Unfortunately, this system applied a severe selective pressure, whereby only the resistant
survivors of treatment were transferred onto new pastures. Essentially this practice was
responsible for propagating populations comprising mostly of resistant worms. Currently,
advice is given to drench animals well in advance of moving them onto ‘clean pasture’ to
allow small numbers of both resistant and susceptible parasites to be transferred. As an
alternative, animals could be drenched on so-called ‘safe pastures’ which contain low numbers
of larvae (which are predominantly susceptible) to impose a dilution effect upon the resistant
worms being released. The idea of having a susceptible population in refugia is now the
favoured option, as the scientific and farming communities have accepted that eradication is
not possible, and strategic control measures should be used instead. It is also advised that
ewes should never be dosed-and-moved onto either ‘clean’ or ‘safe’ pastures as the selection
pressures imposed are too great. Instead, it is advised that only immature or underweight
animals should receive treatment, since older non-lactating ewes should be immune and
should display resilience towards parasitism. Advice is also given to monitor the faecal egg
output of lambs, and if burdens are high, then there are two possible courses of action. The
first is that lambs should be dosed several days prior to being moved, again, with the aim of
moving a mixed resistant/susceptible worm population to the new pasture (since resistant
worms will inevitably arise, hence diluting them with susceptible worms is the best strategy).
Secondly, it is recommended that selective drenching of lambs be carried out, where only a
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proportion of the animals are drenched- these would constitute the lightest and least healthy-
looking members of the flock. This would permit the survival of susceptible worms from the
heaviest and healthiest lambs to maintain the population in refigia (Stubbins et al, 2003).
This constitutes the approach of the ‘targeted selective treatment’ advocated by EU
PARASOL (European Union Parasite Solutions, 2006).

1.2.3.2 Frequency of treatment

It is generally accepted that use of a suppressive regime of control to manage flocks with a
high frequency of treatments will only serve to propagate a highly resistant suprapopulation
(Martin et al., 1982; Barton, 1983). Furthermore, modelling studies have suggested that the
principle cause of selection for resistance is high treatment frequency (Barnes et al, 1995,
Dobson et al., 1996), therefore, targeted chemotherapy for individuals who are showing
clinical symptoms is a better strategy for worm control. A multiple drug resistant (MDR)
isolate, MTci5 (the characterisation of which is central to this thesis), was derived from a farm
with a suppressive treatment regime and this served to propagate resistance to all three broad-
spectrum anthelmintics in just five years (Sargison et al., 2007). This is discussed further in

Section 3.1.1.

1.2.3.3 Quarantine and treatment of new stock

As point 3 suggests, the adequate quarantine and treatment of new stock on a farm is
imperative to prevent the introduction of resistant worms (via gene flow). Current UK advice
is that, since BZ resistance is widespread, treatment should include more than one broad
spectrum anthelmintic (ML + LEV) to give the best chance of removing resistant worms.
Combination drenches are now commercially available in Australia and New Zealand for this
purpose, e.g. Triton which contains the recommended dose rate of BZ, IVM and LEV
anthelmintics. However, these are not available in the UK, therefore, sequential (and not
simultaneous) doses of different anthelmintics are recommended. This advice is intended to
stop farmers from mixing different drugs whose carrier formulations may not be miscible.
Following the use of the two anthelmintics, UK farmers are advised to keep animals off
pasture for a minimum of 24 hours following treatment. Moxidectin (MOX) is the preferred
ML in this case due to its high efficacy amongst UK parasite populations and the unknown

level of IVM resistance. Furthermore, the anthelmintic used for quarantine drenching should
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not be the same anthelmintic used for the prophylactic treatment of the whole flock (Stubbins
etal, 2003).

1.2.3.4 Under-dosing and co-grazing

Under-dosing is thought to be one of the greatest contributors to the development of
anthelmintic resistance. By under-dosing, the potential of survival of partially resistant worms
is much higher. For instance, a heterozygous worm may carry a resistance allele which is
partially dominant and the survival of these heterozygotes will give rise to a greater number of
(fully) resistant homozygotes. There is an example of this in the literature whereby
heterozygous worms which are usually susceptible to BZ at the recommended dose rate have
been shown to survive treatment at one quarter of the recommended dose rate (Silvestre ef al.,
2001). Under-dosing also applies a selection pressure for spontaneous mutations as point 3
suggests. There are two common farming practices that may enhance the rate of selection of
resistance. Firstly, many farmers simply estimate maximum bodyweight - a practice that has
been shown to result in under-dosing, since the estimates are inevitably underestimates.
Secondly, farmers often administer doses to the whole flock on the basis of the average weight
of the animals which again results in under-dosing. The current best practice advice is to
calculate the dose for the heaviest member of the flock and use that dose for the entire flock to

prevent under-dosing.

It is also thought that sub-optimal treatments for goats have contributed to the rise of
anthelmintic resistance in the UK. Goats are known to metabolise anthelmintics at a much
faster rate than sheep and rumen by-pass also occurs more frequently in goats. These two
factors reduce the bioavailability of anthelmintics in goats resulting in less effective
treatments, thus promoting heterozygote survival. Goats require 1.5 to 2 times more
anthelmintic than sheep (Hennessy, 1994). The under-dosing of goats which are co-grazed
with sheep has also been a likely cause of the spread of anthelmintic resistance alleles across

the UK. Thus, co-grazing sheep and goats is currently not advised (SCOPS, 1995).

1.2.3.5 Rotation of anthelmintic treatments

Advice has been given in the past to rotate the anthelmintics used on an annual basis to
prevent the worm population having sufficient time to acquire resistance to each drug. This is

only effective if the anthelmintics being used in rotation belong to different drug classes.
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However, it is thought that poor knowledge transfer to farmers regarding which anthelmintics
belong to each class has led to over-dependence upon single classes, thus contributing to

resistance (Stubbins et al,, 2003).

1.2.4 Benzimidazole resistance

There are four generic mechanisms by which resistance can develop towards a drug
(Wolstenholme et al., 2004), these are:
¢ Modification oftarget receptor to reduce binding affinity of anthelmintic
¢ Increase in number of receptor sites: sequestration of the drug
e Up-regulation of pre-existing xenobiotic removal mechanisms via increased expression
of'a protein or a gene duplication event

e Enzymatic modification of drug

The mechanisms of resistance towards each of the broad-spectrum anthelmintics will be due to

one or more of the above changes (Wolstenholme et al., 2004).

1.2.4.1 Tubulin: target site of the benzimidazoles

The target site of the BZ group is the protein tubulin. Tubulin molecules aggregate to form
microtubules (see Figure 1.3), which are structures critical to the function of all cells including
those found in nematodes e.g. cellular shape, motility, transport and secretion, mitosis, co-
ordination and nutrient absorption (Dustin, 1984). BZ causes the depolymerisation of
microtubules and thus, interferes with vital cell function (Lacey, 1988). Lethality is greatest in
cells that are actively dividing or growing. Microtubule polymerisation begins with two
soluble subunits, a- and -tubulin, which bond to form heterodimers. These stack upon each
other by means of opposite charge to form a protofilament structure. This first stage of
polymerization is now thought to involve head to tail arrangements of the subunits in a sheet,
which subsequently closes to form the hollow, cylindrical microtubule (Lacey, 1988, Desai &
Mitchison, 1997). Subunits are then added at either end of the microtubule in what is known
as the ‘elongation phase’. In the way that the dimers are positioned, the overall structure is
polarised. Microtubule assembly will only begin when the cellular concentrations of the

dimers are above a certain threshold and if the optimal conditions (e.g. temperature and pH)
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are in place (Desai & Mitchison, 1997). Molecules of guanidine triphosphate (GTP) are
bound to the a- and - subunits. When polymerization is occurring, the GTP bound to B-
tubulin molecules become hydrolysed to guanidine diphosphate (GDP), whereas the GTP-a-
tubulin complexes remain unchanged. The GTP molecules bound to the subunits, which are
exposed at each end of the microtubule, act as a stabilizing force for the elongation process
and when this is removed, the underlying GDP-dimer complexes are exposed and
depolymerisation ensues (Lacey, 1988, Desai & Mitchison, 1997, Oxberry et al, 2001).
Microtubule assembly and disassembly is a process of dynamic equilibrium and several
chemical regulators are known to be involved in the control of microtubule activity, however,

these will not be discussed here.

Tubulin molecules have three primary binding sites, the colchicine, taxol and vinblastine sites.
It was proposed that BZ binds to the colchicine site forming a tubulin-BZ complex, the
structure of which depends on the isotype involved, preventing the dimers from aggregating
(Lacey, 1988). It has been further suggested that BZ stimulates the production of a GTPase
enzyme in the heterodimers, thus precluding microtubule assembly (Oxberry et al., 2001) as
was previously demonstrated with colchicine (Lacey, 1988). The actual mechanism remains
contentious, however, there is much evidence to suggest that a reduced affinity of BZ to (-

tubulin from resistant populations of H. confortus occurs (Lubega & Prichard, 1991a, b, ¢).

The effects of BZs have been investigated at the ultrastructural level as well as the molecular
level. Jasmer et al., (2000) reported multiple lethal effects of FBZ in H. contortus; namely
disintegration of the anterior intestine, fragmentation of nuclear DNA in this locality and the
presence of undigested host erythrocytes. It was suggested that the secretory vesicle transport
system in these worms is governed by microtubules and the disruption of these by FBZ led to
the inappropriate release of digestive enzymes causing damage to parasite tissues instead of
digestion of erythrocytes. However, not all parasites which show susceptibility to the action
of BZ are blood feeders, and thus, there may be varying degrees of susceptibility to gut

damage.

Both a- and B- tubulin have many isoforms, between species and even between tissues of the

same organism (Lacey, 1988). It is thought there are two isoforms of S-tubulin in parasitic
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nematodes: isotype II represents the 88-9 gene and isotype I represents the $12-16 gene of H.
contortus (Geary et al, 1992; Lubega et al, 1993). Subsequent studies in H. contortus
revealed a third gene: 812-164, which differs from $12-16 by only 23 nucleotides, however,
these are regarded as members of the same isotype class (Geary et al., 1992). The 88-9 gene
differs dramatically from the other genes in the carboxy terminus (Geary et al, 1992). Three
B-tubulin genes have also been reported from Caenorhabditis elegans; these are tub-1
(Gremke, PhD thesis, 1986, cited in Driscoll et al., 1989), ben-1 (Driscoll et al, 1989) and
mec-7 (Savage et al., 1989). Since BZ can be used safely when mammalian tubulin is also at
risk of depolymerisation, there must be some difference in binding properties (Lacey, 1988)
between nematode and mammalian B-tubulins. Whilst mammalian tubulins are sensitive to
other microtubule inhibitors e.g. colchicine, nematode tubulins are far less so, thus, there are
obviously important differences in binding receptors. Interestingly, mec-7 shares the highest
homology with mammalian tubulins and this is compounded by its sensitivity to similar
inhibitors (Chalfie et al., 1986, Savage et al, 1989). For instance, despite its resistance to BZ,
mec-7 microtubules are sensitive to colchicine and podophyllotoxin in contrast to ben-I or

tub-1 products.

1.2.4.2 Early reports of BZ resistance

Resistance emerged soon after the introduction of thiabendazole (TBZ) to the market in 1961
(Brown et al, 1961). The first case of resistance was reported in H. contortus in 1964 in
Australia (Drudge et al, 1964). This was not an isolated case as more resistance reports
emerged in 1972 (McFarland, 1972) and BZ resistance is now considered widespread
throughout the world in trichostrongylid nematodes of sheep (McKellar & Jackson, 2004). It
is thought that TBZ resistance developed so quickly due to the short-acting nature of the drug
and the way it was administered (Prichard et al, 1978). Hence, Le Jambre et al., (1981)
suggested adding BZ to a sustained release device. However, resistance also developed after
the use of 100-day slow release BZ formulations during the 1990s (Dobson et al., 1996).
Reports of side-resistance emerged in the 1970s (i.e. following selection with one BZ drug,
resistance is apparent soon after the introduction of other drugs within the BZ class), and this
indicated that the binding mechanism seemed to involve the core part of BZ molecule, and not

the whole structure (Hotson et al, 1970, Colglazier et al, 1975).
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1.2.4.3 Mechanism of BZ resistance

Early studies with the free living nematode C. elegans were pivotal in the elucidation of the
mechanism of BZ resistance.  Susceptible animals appeared to have slow growth and
uncoordinated motility in the presence of benomyl, a benzimidazole derivative (Driscoll et al,,
1989). Using mutagenesis techniques, this study demonstrated 28 non-lethal, recessive
mutations in the ben-/ gene (a B-tubulin gene), which conferred resistance upon C. elegans as
determined by locomotive activity on benomyl-treated agar. Moreover, a deletion event of
ben-1 also conferred resistance and as the BZ mutants were still fully viable, this would
suggest that ben-1 is functionally redundant and that it actually reduces fitness when active in
the presence of BZ (Driscoll et al,, 1989). Most of the 28 mutations were dominant or semi-
dominant, but this was temperature-dependent. For instance, at 15°C, resistance in
heterozygotes was absent, but at higher temperatures the benomyl drug had reduced efficacy.
Furthermore, at concentrations greater than 12.5uM benomyl, heterozygotes appeared to be
susceptible. However, it is likely that any resistance mechanism has a saturation point.
Dominance in C. elegans appears to be related to the stability of the BZ-tubulin complex,
which is in turn temperature-dependent. A similar phenomenon was also observed in baker’s
yeast, Saccharomyces cerevisiae (Thomas et al, 1985). Therefore, some alleles appear to
have partial sensitivity and there may be a number of mutations that reduce the effects of
benomyl binding. This may be important in the development of resistance, affording the
chance of survival to partially resistant phenotypes, which could then give rise to fully

resistant progeny.

However, Schatz et al. (1986) argued that S-tubulins were not involved in BZ resistance in
yeast, but instead, an increased gene dosage of a-tubulin was involved and, concomitantly, a
lower dosage increased susceptibility. The authors suggested that by increasing the number of
binding sites, the drug was essentially being sequestered. Schatz (1986) postulated that the
intracellular ratio of a- and B-tubulins might determine the degree of sensitivity to BZ. This
theory would not apply to parasitic worms, however, as the development of BZ resistance
appears to occur quickly and not gradually (since one would expect gene duplication events to
take time). For example, one selection event with BZ in a laboratory maintained susceptible
isolate of H. contortus increased the BZ resistant phenotype (Roos et al., 1990). Furthermore,

the involvement of a-tubulin and actin was investigated in H. contortus during the process of
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resistance development (Roos et al, 1990) and no changes were observed in the restriction

patterns of either locus.

By the mid 1990s, the discovery of a point mutation at codon 200 of the isotype I B-tubulin
gene appeared to provide a reliable marker for BZ resistance. The same point mutation has
since been observed in resistant isolates of 7. colubriformis (Kwa et al, 1994); T.
circumcincta (Elard et al, 1996) and in several species of cyathostome (Reviewed by Von
Samson-Himmelstjerna & Blackhall, 2005). This point mutation leads to an amino acid
substitution of phenylalanine to tyrosine (TTC to TAC). Kwa et al, (1994) designed the first
allele-specific PCR for H. contortus to determine the amino acid present at codon 200. A
multiplex PCR (see Section 2.4.3) was designed to improve upon this assay including an
internal control to allow confidence in the efficiency of the PCR (Elard ef al., 1999). Not only
was this mutation a convenient marker, but it was actually responsible for the development of
resistance (Kwa et al., 1994). This was unequivocally demonstrated by means of transgenic
experiments in the free-living nematode, C. elegans (Kwa et al, 1995). Transfection of
benomyl-resistant C. elegans with a susceptible isotype I P-tubulin transcript from H.
contortus conferred susceptibility upon individual animals. Furthermore, subsequent in vitro
mutagenesis of these animals resulted in the Phe to Tyr mutation at codon 200, which restored
the BZ resistant phenotype. This demonstrated that the S-tubulin gene was functionally active
and it also suggests that the F200Y isotype I S-tubulin mutation was not genetically linked to
another resistance gene, since this association would have been broken down in the process of
gene transfer to another organism. This is at odds with the findings of Oxberry ef al., (2001),
which suggested that B-tubulin mutations are convenient markers linked to actual resistance-
causing mutations in o~tubulin, which affect the binding affinity of the drug. This remains an

unresolved and contentious issue.

1.2.4.4 Theories regarding role of F200Y isotype | B-tubulin mutation in BZ resistance

There have been numerous studies concerning the binding of BZ to nematode tubulin.
Instability of the BZ-tubulin complex; a reduction in the number of high affinity receptors and
a depolymerisation of microtubules as a consequence of BZ ‘mopping up’ free dimeric tubulin
subunits have all been implicated as potential mechanisms. The mechanism, by which the
F200Y isotype I B-tubulin mutation might effect a change in the binding potential of BZ,
continues to perplex molecular biologists as modelling predicts that these residues are buried
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(inaccessible) within the o8 complex (Robinson et al., 2004). The F200Y isotype I S-tubulin
mutation is located near nucleotide binding domain II (amino acids 203-206) and it has been
suggested that this may lead to a small conformational change that affects the binding of BZ.
Minotti et al, (1991) observed that an increase in polymerised tubulin correlates with
resistance to anti-mitotic drugs, whilst Schibler and Huang (1991) found that microtubule
stability is enhanced overall upon exposure to various antimitotic drugs. For instance,
colchicine-resistant Chlamydomonas reinhardtii mutants were also cross-resistant to
vinblastine and dinitroanilines. However, BZ-resistant worms do not appear to be resistant to

other anti-mitotic drugs (Lacey, 1988).

Robinson et al. (2004) proposed a mechanism for a change in conformation resulting from the
F200Y isotype I B-tubulin mutation, whereby a hydrogen bond could form in the tyrosine side
chain (replacing a p-oxygen atom in phenylalanine) and bond with the serine at codon 165.
The resultant conformational change would block the hydrophobic region at the base of the
BZ binding cleft thus preventing the stable formation of a BZ-tubulin complex. The
instability of the BZ-tubulin complex was previously suggested by Lacey (1988), but the
foundation of this claim was not explained. This is in contrast to findings by Nare et al.
(1996), which showed that binding of a photoactive BZ analogue occurred solely in the region
of amino acids 63 to 103. This region would presumably be unaffected by the conformational
change suggested downstream involving codon 200. The function of the F200Y isotype I -
tubulin mutation in conferring resistance is still contentious, however, as Ghisi et al. (2007)
indicated, the mammalian isotype I 3-tubulin gene encodes tyrosine at codon 200. Hence, the
mutation in the parasite equates to that of the host, rendering the drug ineffective. In recent
years, there have been suggestions that the F200Y isotype I 8-tubulin mutation is not the sole

determinant of BZ resistance, and this will be dealt with next.

1.2.4.5 Other changes in the isotype | and Il B-tubulin genes associated with BZ

resistance

Many studies have been employed to measure the variation in S-tubulin isotype composition
in BZ-resistant versus -susceptible populations, particularly using H. confortus as a model
(Roos et al., 1990; Kwa et al, 1993, 1994, 1995; Lacey & Gill, 1994; Otsen et al.,, 2001).
Roos et al. (1990) demonstrated (using restriction fragment length polymorphism, RFLP) that

a loss of variation was associated with the developing resistance phenotype and later studies
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have similarly shown that reduced variation of the isotype I and II B-tubulin loci occurs.
Furthermore, with continued selection, it was apparent that a complete loss of the isotype II 8-
tubulin locus occurred as resistance progressed (Kwa et al, 1993, 1994; Roos et al, 1995).
This is consistent with the findings in C. elegans whereby deletion of the ben-1 (BZ
susceptible) gene was a by-product of selection (Driscoll et al, 1989). Perhaps ben-1 is a
homologue of B-tubulin isotype II found in parasitic nematodes? However, Beech et al.,
(1994) failed to observe such a deletion event with extreme BZ selection of a different H.
contortus population. Furthermore, in the fungus, Physarum polycephalum, BZ resistant [3-
tubulin was shown to be incorporated into functioning microtubules irrespective of the BZ
concentration applied throughout this process, which suggests that inactivation of a more
sensitive isotype is not important here, rather, modification of an existing tubulin is occurring
(Foster et al, 1987). However, it is possible that there are several mechanisms of BZ
resistance which come into play at different levels of BZ selection and, as Beech et al., (1994)
conceded, the loss of the isotype II locus was most likely prohibited by the overall loss of
variation in the population. This loss of variation perhaps did not occur to the same extent in

the populations examined by Kwa et al. (1993, 1994).

In contrast to a loss of the isotype II 3-tubulin locus, Beech et al., (1994) found the F200Y
allele at a frequency of 12% in the isotype II S-tubulin locus in one BZ resistant population. It
does appear that there are numerous potential mechanisms for BZ resistance and that some
mutations are more likely than others. Perhaps there are fitness costs associated with some of
the more rare mutations and these are only observed in artificially selected lines. The question
of fitness is an important one. For instance, in the absence of selection, assuming BZ
resistance did have a fitness cost, then one would expect the level of resistance to decrease
over time. However, there appeared to be no reversion to susceptibility from a BZ resistant
population monitored for 10-15 years at MRI in the absence of selection (F. Jackson, personal
communication). However, this was measured phenotypically using controlled efficacy tests,
faecal egg count reduction tests and egg hatch assays; thus, it would be worthwhile monitoring
the F200Y isotype I S-tubulin genotype frequencies over some years of a closed population

without selection to determine if the genotypes revert back to Hardy-Weinberg Equilibrium.

Not only are there multiple genes involved in the development of high-level BZ resistance, but

other SNPs of the isotype I S-tubulin gene have been highlighted in association with BZ
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resistance. For instance, Silvestre & Cabaret (2002) observed the F167Y isotype I B-tubulin
mutation amongst two resistant populations of H. confortus and one of T. circumcincta from
farms in SW France. There were two interesting observations regarding this novel SNP, the
first being that it appeared to confer resistance in the absence of the F200Y isotype I 8-tubulin
mutation and secondly, that resistance did not appear to be recessive as it appears in the case
of F200Y, that is, a P167™ ™ and a P 1677 genotype conferred resistance. Moreover, the
P167™ ™Y worms survived equally as well as the P200™"™ worms under BZ selection,
showing that the P167™" allele is dominant. Prichard (2001) has also reported resistant .
contortus worms with P1677"™ or P167"™"™" genotypes, occurring in the absence of the
F200Y isotype I B-tubulin mutation. Furthermore, recombinant S-tubulin incorporating the
F167Y isotype I B-tubulin mutation was shown to suppress the binding of BZ, again, in the
absence of the F200Y isotype I S-tubulin (Prichard ef al., AAVP abstract, 2000). This
mutation has been found in other organisms, for instance, benomyl resistant Neurospora

crassa also show the F167Y isotype I 8-tubulin mutation (Orbach et al., 1986).

Recently a third isotype I S-tubulin mutation (E198A) has been found in association with BZ
resistance in H. contortus, occurring in the absence of either F167Y or F200Y mutations
(Ghisi et al., 2007). These populations were isolated from S. Africa and Australia, suggesting
that the E198A isotype I S-tubulin mutation had arisen independently in these areas. The
E198A isotype I S-tubulin mutation has also been reported from BZ resistant strains of fungi,
including Monilinia fructicola (Ma et al., 2003).

1.2.4.6 Heritability of BZ resistance

The heritability of the F200Y isotype I (B-tubulin mutation is of great importance in
determining the rate of its spread throughout a population. Early studies by Le Jambre et al.
(1979) on the inheritance of TBZ resistance rejected the possibility of resistance being a sex-
linked and single locus trait. For instance, since males of H. contortus are heterogametic, then
a simple cross would show whether resistance was sex-linked. If so, then the male progeny of
resistant males crossed with susceptible females would only be susceptible. This was not the
case. Furthermore, the authors found evidence of a matroclinous influence upon resistance.
This means that progeny with a resistant female parent crossed with a susceptible male were
more resistant than those resulting from a cross of a susceptible female and a resistant male.

The authors suggested that this influence could manifest in the egg shell and/or cytoplasm as
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this is provided by the female and it was pointed out that these structures contain DNA.
However, there is a possibility that this form of resistance is not inherited genetically, but due
in part to some physical change in the eggs induced by the female worm under drug selection.
This could make the eggs more resistant in phenotype, e.g. with a less permeable egg shell. If
this is an environmental influence and does not have a genetic basis, then TBZ resistance may
still be regarded as a single locus trait. Furthermore, Martin et al. (1988) demonstrated
through backcrossing of resistant and susceptible 7. colubriformis adults, that resistance was
inherited co-dominantly and was multigenic. Herlich et al (1981) also suggested that
resistance in H. contortus was incompletely dominant and that expression of BZ resistance at
its fullest involved more than one locus. Hence, there are two issues here regarding BZ
resistance, which remain contentious in the literature. These are the involvement of multiple
loci and the proposed recessiveness of the resistance allele. The transgenic experiments by
Kwa et al. (1995) showed that a single mutation could confer resistance, which is at odds with
the work of Le Jambre et al. (1979), Martin et al. (1988) and Herlich et al. (1981). Secondly,
Elard ef al. (1998; Elard & Humbert, 1999) showed that the survival of only P200™"™"
genotypes was possible following BZ selection at the recommended dose rate, suggesting that
the BZ resistance allele must be recessive. Again this is contrary to the findings described
above. It is crucial to investigate this further, as a monogenic trait is much easier to pass on to
subsequent generations than a polygenic trait and a dominant or partially dominant trait will
also spread faster within a population. These factors will determine the rate at which

resistance develops.

1.2.4.7 Evidence for other non-tubulin resistance mechanisms to BZ

In recent years, yet more mechanisms of resistance to BZ have been implicated in parasitic
nematodes, and these involve the inherent mechanisms of dealing with xenobiotics from the
environment. For instance, P-glycoproteins (P-gp) are ubiquitous, highly conserved
transmembrane molecules, which mediate the ATP-dependent transport of lipophilic peptides
across the cell membrane (Gottesman et al, 1995; Higgins et al, 1997). P-gp were first
described in 1976 (Juliano & Ling) and belong to the ATP-binding (ABC) cassette protein
family. Each P-gp gene comprises two halves, each of which encodes a protein consisting of a
nucleotide binding domain (NBD) in which the ATP binding site is situated. There is also a
hydrophobic region containing six transmembrane domains. An extracytoplasmic loop with

an N-linked glycosylation site between transmembrane domains 1 and 2 in the N-terminal half
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is also a highly conserved feature of these genes (Sangster, 1994). P-gp was first implicated in
the process of anti-cancer drug efflux from mammalian tumour cells (van der Bliek & Borst,
1989). This was supported by studies whereby transfection of P-gp into susceptible
mammalian cells produced a resistant phenotype to anti-cancer drugs (Hammond et al., 1989).
P-gp was also shown to be the first line of defence against ingested toxins in C. elegans,
(Broeks et al., 1995) since they are conveniently expressed in the gut (Lincke et al., 1993). To
date, 14 P-gp genes have been described in C. elegans (Geerts & Gryseels, 2000) compared
with only two in humans (Kerboeuf et al., 2003), suggesting that they have a vital role in these
nematodes. There are at least seven known P-gp genes in H. contortus (Kerboeuf et al., 2003)
and expression is localised along the intestinal tract, primarily in the pharyngeal region (Smith
& Prichard, 2002). In parasitic nematodes, P-gp may have a role in homeostasis (Valverde et
al., 1992). Also, control of osmolality, especially in blood feeders, presents a significant task
as helminth cells are hypo-osmotic (Sangster, 1994). However, P-gp may also have a role in
drug resistance, since it has been shown that these transporters can utilise BZ drugs as

substrates for efflux.

By inhibiting P-gp with verapamil (VPL), it is possible to show the comparative influence of
these transporters upon BZ resistance of parasitic nematodes in vitro. For example, a study of
three BZ resistant and two susceptible H. contortus populations employing the egg hatch assay
with VPL showed that the presence of this inhibitor increased the potency of albendazole
(ABZ) and thiabendazole (TBZ) anthelmintics in all five populations. Complete reversal of
resistance, however, was not achieved in the resistant populations, suggesting that this is a
secondary resistance mechanism (Beugnet et al,, 1997). In order to confirm the action of the
inhibitor, Kerboeuf et al. (1999) utilised two P-gp substrate transport probes, Rhodamine 123
and Verapamil-Bodipy, in flow cytometry analysis of uptake by resistant vs. susceptible H.
contortus eggs. The results showed that the resistant eggs had a far higher affinity for these
compounds, showing similar activity to MDR cancer cells. Furthermore, similar findings
were achieved with resistant 7. circumcincta eggs suggesting that higher constitutive
expression of P-gp may be a common resistance mechanism (unpublished data, Jackson &
Kerboeuf, personal communication). Thus, it appears that there are a number of mechanisms
which contribute towards the BZ resistance phenotype of nematodes at all levels of resistance,

however, it is not known how the up-regulation of P-gp occurs or at what stage of resistance it
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is most likely to develop. Furthermore, there are probably other mechanisms which contribute

to the removal of all xenobiotics that have not yet been discovered.

A second potential mechanism has also been suggested recently, and that is the cytochromes
P450 (CYP) metabolic enzymes. CYP are involved in the oxidation of endogenous
compounds and xenobiotics (Guengerich, 1991) and it is known that most BZ anthelmintics
are suitable for oxidative metabolism by CYP. For instance, TBZ, which is employed in the
egg hatch assay, is known to induce CYP1AI class enzymes (Galtier et al., 1997). Although
the metabolism of BZ by CYP has not been demonstrated in parasites, there seems to be no
obvious reason why this would not occur in parasitic nematodes (Kotze et al, 2006). Thus,
we might expect CYP activity to contribute towards the metabolism of BZ, however, we do
not know the extent to which this mechanism may contribute towards resistance and whether
this mechanism is up-regulated in resistant worms. An example of how these enzymes may be
up-regulated in response to chemical selection pressures was observed in Drosophila
melanogaster. It was shown that DDT resistance in these insects was up-regulated by 10 to
100 times, as a consequence of the increased transcription of a CYP enzyme, Cyp6gl. This
was caused by the insertion of a single Accord transposon in the promoter region (Dabom et
al, 2002). This resistance allele was found amongst a number of geographically disparate
populations, suggesting that this mutation had occurred on more than one occasion, and may

have been a pre-adaptation for resistance.

1.2.4.8 The origin of BZ resistance

The number of mutations and mechanisms potentially associated with BZ resistance seems
ever-increasing, however, it appears that the expression of BZ resistance can at least be
explained by a single mutation: either F200Y or F167Y or E198A of the isotype I S-tubulin
gene (Kwa et al,, 1995; Prichard, 2001; Ghisi et al,, 2007). High level BZ resistance seems to
involve a number of loci and these can vary amongst populations. It is crucial that the
mechanisms underlying BZ resistance are better characterised as this will allow us to address
another important issue: the origin of BZ resistance. As mentioned previously, there are three
ways in which resistance can arise in a population, via: pre-adaptation; spontaneous mutation
or gene flow. An understanding of the mechanism(s) by which resistance arises, is a pre-
requisite for the development of effective sustainable strategies for control. For instance, if it

was apparent that resistance in the UK was primarily caused by gene flow, via inadequately
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quarantined stock, then the farming industry could take steps to prevent this happening for the
other drug classes. If we discover that resistance is a pre-adaptation and not a product of
spontaneous mutation, this is a more worrying situation and the combination drench approach
should be considered as a primary course of action. Intuitively, the concept of pre-adaptation
is more likely to be associated with a monogenic trait. A polygenic resistance trait should be
more difficult to select, however, resistance to BZ in particular, arose quickly with reports
within three years of the introduction of BZ to the market (Drudge et al, 1964). This may
indicate that BZ resistance is primarily caused by a single mechanism, i.e. F200Y, F167Y or
E198A of the isotype I S-tubulin gene. Given that the F200Y isotype I 8-tubulin mutation has
been found amongst a vast range of species and nematode isolates across the world, this seems
to suggest that this is the most important BZ resistance mutation. However, does this also
suggest that the F200Y isotype 1 (-tubulin mutation is an ancient polymorphism, a pre-
adaptation for resistance? Whilst this seems highly possible, we must consider the alternative
that the F200Y isotype I B-tubulin locus represents a mutational hotspot. Furthermore,
perhaps several mutations arise frequently within the isotype I B-tubulin gene, but most of

these have a fitness cost and thus, do not persist.

1.2.5 lvermectin resistance

The mechanism(s) responsible for the development of resistance to ivermectin (IVM) are
poorly understood. A number of candidate genes have shown an association with IVM
selection, although none has been proven unequivocally to cause resistance in parasitic
nematodes (reviewed by Gilleard, 2006). IVM is a ubiquitous anthelmintic with applications
for the control of ecto- and endo- parasites of humans and animals. Unsurprisingly, due to its
extensive usage, resistance developed soon after its introduction to the market and was first
reported in South Africa in 1988 (Van Wyk & Malan, 1988) and soon after in Brazil
(Echevarria & Trindade, 1989). Moreover, the emergence of moderate levels of IVM
resistance on UK sheep farms appeared to be more rapid than the time taken for similar levels
of BZ resistance to emerge. The first cases of BZ resistance in sheep were reported in
Scotland in 1983 (Scott et al., 1990) and in the first survey conducted some 8 years later,
about 24% of the surveyed lowland farms had BZ resistance (Mitchell et al., 1991). By way

of contrast, the first case of ivermectin resistance in sheep in Scotland was reported in 2001
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(Sargison et al., 2001), but in a small scale survey conducted in Scotland in 2004 over 30% of
the surveyed properties showed evidence of ivermectin resistance (Bartley et al., 2006).
Perhaps this suggests that MDR mechanisms evolved during the development of resistance to
BZ (which are non-specific in terms of substrate), or perhaps there is genetic linkage between
the BZ and IVM resistance mechanisms, giving parasites a survival advantage prior to IVM
exposure. Unlike BZ resistance, it has been suggested that IVM resistance is a dominant trait
(Dobson et al., 1996) and this may also explain the rapid development of IVM resistance in
trichostrongylid nematode populations. The candidate resistance mechanisms which have

been investigated previously will now be discussed.

1.2.5.1 Potential IVM resistance mechanisms caused by modification at or near the

target sites

Modification of the binding site is one possible mechanism for IVM resistance. Two chloride
channels have been implicated in association with IVM resistance in H. contortus: specifically
the glutamate-gated chloride channel (GluCl), and the y-aminobutyric acid (GABA)-gated
chloride channel (Blackhall ef al, 1998, 2003). Glutamate and GABA are neurotransmitters
that regulate muscle contraction through binding of their respective receptors. IVM binds
irreversibly to the a-type subunit of these chloride channels in pharyngeal and somatic muscle
cells and in doing so, prevents the generation of action potentials (Cully ez al., 1994). This
causes hyperpolarisation and leads to paralysis of the somatic musculature as well as
inhibition of the pharyngeal pump, which prevents the worm from feeding. However,
[H*]IVM binding studies utilising membrane preparations from IVM-selected and non-
selected lines of H. contortus indicated that there was no alteration of the target region in
resistant worms (Rohrer et al, 1994). Another subunit, HG/, of a putative GABA-Cl was
shown to display variation in allele frequencies between resistant and susceptible H. contortus
(Prichard, 2001), however, none of these studies have shown causal associations with IVM
resistance. In contrast, a comparative study of the GluCla subunit between resistant and
susceptible Cooperia oncophora populations did provide more substantive evidence of a role
for these genes in IVM resistance (Njue ef al., 2004). The GluCla sequences of resistant
populations differed from the susceptible sequences by three non-synonymous mutations.
Expression of these cDNA sequences in Xenopus oocytes showed that the cDNA from
resistant populations was less sensitive to IVM. It was subsequently shown that one of these

mutations, L256F, was responsible for this loss of IVM sensitivity, demonstrating a clear
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functional role for this locus in resistance. However, this mutation is not considered to be the
only mechanism of IVM resistance and it has yet to be found in other nematode species e.g. H.
contortus and T. circumcincta (P. Skuce, personal communication). This may suggest that
there are a number of possible mutations within this gene or amongst other genes which could

influence IVM resistance status.

Earlier studies in C. elegans have shown multiple locus contributions to IVM resistance. For
instance, simultaneous mutations occurring in three genes in response to in vitro mutagenesis
(avr-14, avr-15 and glc-1) encoding GluClo-type subunits (i.e. homologues of GluClo3,
GluClo2 and GluClal, respectively) were the only survivors of IVM exposure (Dent et al,
2000). Interestingly, severe loss of function mutations in the two latter genes alone did not
confer IVM resistance, however, a mutation in unc-7 (a gene encoding a gap junction or
innexin), in combination with the three mutations described above, conferred an even higher
level of IVM resistance. Dent ef al. (2000) also observed that the hyperpolarisation effect of
IVM upon extr