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SUMMARY

The Consortium for Anthelmintic Resistance and Susceptibility (CARS) brings together
researchers worldwide, with a focus of advancing knowledge of resistance and providing
information on detection methods and treatment strategies. Advances in this field suggest
mechanisms and features of resistance that are shared among different classes of anthelmintic.
Benzimidazole resistance is characterized by specific amino acid substitutions in beta-tubulin. If
present, these substitutions increase in frequency upon drug treatment and lead to treatment
failure. In the laboratory, sequence substitutions in ion-channels can contribute to macrocyclic
lactone resistance, but there is little evidence that they are significant in the field. Changes in gene
expression are associated with resistance to several different classes of anthelmintic. Increased P-
glycoprotein expression may prevent drug access to its site of action. Decreased expression of ion-
channel subunits and the loss of specific receptors may remove the drug target. Tools for the
identification and genetic analysis of parasitic nematodes and a new online database will help to
coordinate research efforts in this area. Resistance may result from a loss of sensitivity as well as
the appearance of resistance. A focus on the presence of anthelmintic susceptibility may be as
important as the detection of resistance.
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INTRODUCTION

The Consortium for Anthelmintic Resistance and Susceptibility (CARS) met for the third
time on 8 August 2009 in Calgary, Canada. The primary goal of CARS is to develop genetic
markers for the detection and monitoring of anthelmintic resistance and also aims to
facilitate interactions among researchers interested in the development of anthelmintic
resistance, coordinate research efforts in areas of major interest and provide information to
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researchers, veterinarians, livestock producers and the public. Our current understanding of
resistance to the 3 major classes of anthelmintics, the benzimidazoles, the macrocyclic
lactones and cholinergic receptor anthelmintics is progressing rapidly due to significant
advances in technologies and awareness among drug companies, veterinarians and farmers
that anthelmintic resistance is a major concern for the sustainable management of parasitism
in animals.

Parasitic diseases and the emergence of anthelminthic resistance are major problems for
animal and human health (Harhay et al. 2010). Such resistance in livestock is a persistent
and growing issue in all parts of the world and requires immediate attention (Molento,
2009). Several reviews of anthelmintic resistance have been published in this increasingly
active area of research in the last few years. Much research is focused on trying to identify
specific genetic differences that either cause resistance or are sufficiently closely associated
with resistance to be able to serve as molecular markers (McCavera et al. 2007; von
Samson-Himmelstjerna et al. 2007; Beech and Silvestre, 2010). Increasing evidence
suggests that resistance is often the result of changes in genes other than the immediate drug
target, including transporters and drug metabolism (Cvilink et al. 2009). With the failure of
drug treatment, strategies to minimize the spread of resistance with the use of targeted
treatment are receiving much attention (Cabaret, 2008; Kenyon et al. 2009).

In this active area of research, there is a critical need for detailed knowledge of the
mechanisms of resistance and the discovery of useful diagnostic markers (James et al.
2009). In this review, we take the opportunity to emphasize recent progress in this field,
specifically focusing on diagnostic tools being developed to identify anthelmintic resistance
and focus on some of the central themes that appear to be shared among mechanisms of
resistance to the different classes of drug (Table 1).

SNP DETECTION

Molecular tests for the detection of specific substitutions that cause, or are linked to
anthelmintic resistance, have been developed employing a variety of different techniques,
such as restriction enzyme digestion, direct sequencing, pyrosequencing and diagnostic
PCR.

Restriction enzymes recognize specific nucleotide sequences (often 4 or 6 bases) at which
they cleave DNA. With a degree of serendipity, it is possible for a single nucleotide
polymorphism (SNP) of interest to create or destroy a specific restriction site, although it is
very unusual to be able to survey >5-10% of any given sequence in this way. PCR primers
can be engineered that include a specific nucleotide mismatch that creates a polymorphic
restriction site in a PCR product which is absent from the original sequence (Webster et al.
2008). This greatly increases the number of sites that can be surveyed using this approach.

Direct sequencing of PCR amplified DNA containing regions of interest from individual
diploid parasites can reveal all polymorphism within a defined region (de Lourdes Mottier
and Prichard, 2008; Palcy et al. 2008). Variants can be identified by comparing sequence
chromatograms with a reference sequence using, for example, SeqDoC (Crowe, 2005). A
limitation of this technique is that genotypes can be identified but not specific haplotypes,
although they can be inferred if certain assumptions are made about the population sampled.
Pyro-sequencing (Ronaghi et al. 1998) using PCR primers designed to detect specific
polymorphisms can be used to screen relatively large numbers of individual parasites and
can also quantify the presence of different alleles in bulk DNA samples (Hodgkinson et al.
2008; Diawara et al. 2009; Hoglund et al. 2009; von Samson-Himmelstjerna et al. 2009). In
the past, this technique was expensive relative to other methods, but is now less costly to
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perform. The technique is intended to identify SNPs within only a very short stretch of DNA
but, again, recent advances in technology are increasing this range.

A simple and cost effective approach is the use of diagnostic PCR primers that bind only to
specific sequence variants, with the 3'-end of the primer overlapping a SNP of interest
(Schwenkenbecher et al. 2007; Garg and Yadav, 2008; Palcy et al. 2008; Chen et al. 2009;
Rufener et al. 2009a; von Samson-Himmelstjerna et al. 2009; Schwenkenbecher and
Kaplan, 2009). Primers for which the most 3’ nucleotide lies on the SNP of interest are often
difficult to optimize for use in PCR, but the introduction of a deliberate mismatch in the
penultimate nucleotide of the primer has been shown to achieve specific detection (Chen et
al. 2009; Rufener et al. 2009a). Tests for the specific detection of each allelic variant must
be conducted to verify that heterozygotes are not misidentified as homozygotes due to the
presence of null alleles (Beech et al. 1994). Detection can be simplified if primers are
designed such that both alleles of a particular variant can be detected in the same PCR
reaction, a technique termed Amplification Refractory Mutation System-PCR (ARMS-PCR)
(YYe et al. 2001; Munoz et al. 2009). These tests can quantify allele frequencies if combined
with real-time PCR of bulk DNA or RNA samples (Schwenkenbecher et al. 2007; Palcy et
al. 2008; Chen et al. 2009; Schwenkenbecher and Kaplan, 2009; von Samson-
Himmelstjerna et al. 2009). Modifications of the basic PCR protocol, such as SmartAmp2,
to include proteins that prevent non-specific amplification can significantly improve the
quality of the results (Mitani et al. 2007). Incorporation of chemically modified nucleotide
residues, so-called ‘locked nucleotides’, into the detection primer increase the stability of
double-stranded molecules containing them. This Locked Nucleotide Amplification (LNA)
allows sensitive and specific detection of known SNPs by real-time PCR (Walsh et al.
2007).

BENZIMIDAZOLES

Resistance to the benzimidazole (BZ) class of anthelmintics has been observed in parasitic
nematodes of livestock animals since the early 1960 s (Drudge et al. 1964). The beta-tubulin
protein, BEN-1, confers BZ sensitivity in Caenorhabditis elegans (see Driscoll et al. 1989)
and clear evidence exists that 3 different single amino acid substitutions (i.e., F167Y, E198A
and F200Y) in the beta-tubulin protein of different nematode species can be responsible,
each leading separately to resistance (Kwa et al. 1994; Silvestre and Cabaret, 2002; Ghisi et
al. 2007).

These techniques have revealed a pattern of substitutions associated with BZ resistance,
several features of which are particularly interesting in light of what might be expected from
an evolutionary standpoint (Gilleard and Beech, 2007). Appearance of the substitutions
F167Y, E198A and F200Y following BZ treatment does not occur in every case. Both the
F167Y and F200Y substitutions occur in 4 species of cyathostomins of horses resistant to
BZs (Hodgkinson et al. 2008). In Trichostrongylus axei of sheep, BZ resistance is associated
with the substitution at position F200Y. Thus far, neither F167Y nor E198A have been
observed (Palcy et al. 2008). A survey of BZ resistance in Haemonchus contortus from
sheep in the Himalayan and sub-Himalayan region of north west India found that the
substitution F200Y is present at elevated levels and that its frequency is positively correlated
with the intensity of farming and with geographic location (sub-Himalayan>sub-
tropical>temperate). It would appear that this substitution is typically found in BZ resistant
H. contortus in Europe but that the substitutions F167Y and E198A, although present, are
much less common in this species (Silvestre and Cabaret, 2002; Ghisi et al. 2007; Hoglund
et al. 2009; von Samson-Himmelstjerna et al. 2009). Interestingly, in vitro-selection for BZ
resistance in H. contortus revealed changes only at position 198 of the beta-tubulin protein,
but not at either position 167 or 200 (Rufener et al. 2009a).
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There are situations in which exposure to BZ does not lead to the appearance of the
substitutions usually associated with resistance. This is the case for Trichostrongylus tenuis
in birds (Webster et al. 2008), Necator americanus in school children from the Zanzibar
Archipelago, Ancylostoma duodenale and Ancylostoma caninum (Schwenkenbecher et al.
2007) and Ascaris lumbricoides from Kenya, East Africa and South America (Diawara et al.
2009). We know that the substitutions F167Y, E198A and F200Y can cause significant BZ
resistance; so, the fact that they are not readily detected implies that they were not present in
the original parasite population and do not appear by mutation during the course of BZ
treatment.

The fact that substitutions that lead to BZ resistance exist at different locations in the beta-
tubulin sequence clearly indicates that several independent mutations must have occurred.
The prevalence of substitution F200Y in BZ resistant H. contortus worldwide may argue
that a single genetic origin for this change might predominate throughout a majority of H.
contortus populations worldwide (Silvestre and Cabaret, 2002). However, there is evidence
consistent with multiple independent origins of the substitution F200Y in H. contortus and
the related parasite, Trichostrongylus colubriformis (see Silvestre and Humbert, 2002). This
evidence is based on the presence of unique alleles in isolated parasite populations and could
be explained by inbreeding. When comparing different species, it seems most likely that
novel mutations within each species are responsible for resistance.

Substitutions at both positions 167 and 200 have not been observed in the same allelic
sequence of H. contortus of small ruminants or cyathostomins of equids, and appear to be
mutually exclusive (de Lourdes Mottier and Prichard, 2008; Hodgkinson et al. 2008;
Silvestre et al. 2009). One explanation might be that occurrence of both substitutions
simultaneously is lethal in some way. Alternatively, current observations suggest that the
creation of either substitution is a rare event and both together on the same sequence might
simply never have occurred. For a single sequence to carry substitutions F167Y and F200Y,
both mutations would have to occur consecutively in the same molecule. Alternatively, such
a sequence could be created by recombination between these positions in a double
heterozygote. On a genome-wide scale, markers are randomly mixed by recombination in H.
contortus (see Silvestre et al. 2009) but within a single gene, recombination appears to have
little effect in H. placei (see Mes, 2004). The one occasion when recombination has been
observed between positions 167 and 200 of the beta-tubulin gene of H. contortus, both
parental sequences carried the susceptible form at both positions (Silvestre et al. 2009).

Although sequence changes in beta-tubulin are thought to be the major cause of BZ
resistance, changes in the drug transporter P-glycoprotein have also been linked with it
(Blackhall et al. 2008). As is the case with ML resistance, one might imagine that Pgp plays
a role in the transport of anthelmintic away from the principal site of drug action. Although
the specific allele associated with BZ resistance is different from that associated with ML
resistance, the possibility of a mechanistic link between resistance to BZ and MLs is
disturbing. This would mean that selection for resistance with one drug could alter the
development of resistance to the second drug. More evidence for this link between BZ and
ML resistance comes from the finding that the beta-tubulin substitutions known to lead to
BZ resistance are also selected for by exposure to MLs (de Lourdes Mottier and Prichard,
2008). It is not yet clear whether changes in the beta-tubulin protein can lead to ML
resistance or if they are simply associated with it by genetic *hitch-hiking’. In a very real
sense it does not matter, since, whatever the basis for these genetic changes, the conclusion
that selection with MLs could predispose toward BZ resistance is unavoidable.
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CHOLINERGIC RECEPTOR ANTHELMINTICS

Several different anthelmintics target members of the nicotinic acetylcholine gated cation-
channels that mediate fast synaptic signalling in the neuromusculature of nematodes. These
include the imidazothiazoles of which levamisole (LEV) is widely used, the
tetrahydropyrimidines, such as pyrantel, the quaternary amines, such as bephenium and the
newly described amino acetonitrile derivatives (AADs), including monepantel (MPTL). All
of these act as agonists, increasing the flow of cations that leads to a rigid paralysis. The
macfortines, including paraherquamide and the newly developed derquantel, act as
antagonists preventing the activation of cation channels.

The ligand-gated ion-channels share a pentameric quaternary structure (Fig. 1) in which a
single subunit type can produce a homomeric channel, but, more commonly, different
subunit types combine to make a heteromeric channel. The natural ligand typically binds at
the interface between an alpha-type and its adjacent subunit, causing a change in physical
structure of the channel, opening a gate that allows ion flow into, or out of, the cell
(Absalom et al. 2004) (see Fig. 2). In Ascaris suum, channels that respond to acetylcholine
fall into 3 functional classes, defined by their conductance and sensitivity to LEV (L-
subtype), nicotine (N-subtype) or bephenium (B-subtype) (Qian et al. 2006). The N-subtype
has a relatively small conductance (G=22pS), is not antagonized by paraherquamide and
nicotine, oxantel and methyridine are selective agonists. The L-subtype has an intermediate
conductance (G= 33pS), is antagonized by paraherquamide and derquantel (2-
deoxoparaherquamide), and levamisole and pyrantel are selective agonists. The B-subtype
has the largest conductance (G=43pS) and is most sensitive to derquantel, and bephenium is
a selective agonist. The activity of thenium appears to be intermediate between that of
bephenium and pyrantel (Martin et al. 2004).

Numerous genes encode cation-channels in C. elegans; they can be grouped into 5 clusters
named after specific subunits: acr-16, acr-8, unc-38, unc-29 and deg-3, and, in addition,
many subunits whose function is not clearly defined (Jones et al. 2007). The pharmacology
of individual channels depends on their subunit composition. To a large extent, the subunits
that contribute to different channel subtypes is not yet known, although exciting progress is
being made in this area. Subunits in the C. elegans acr-16 cluster can form homomeric
acetylcholine receptors that respond to nicotine (Ballivet et al. 1996). Elegant work has
defined 8 C. elegans genes that are essential to reconstitute functional LEV sensitive
channels in Xenopus oocytes. Three of these genes encode ancillary proteins involved in
folding and transport of channel subunits from the endoplasmic reticulum to the cell surface.
The remaining five, LEV-1, ACR-13 (previously known as LEV-8; Jones et al. 2007),
UNC-29, UNC-38 and UNC-63 combine to produce an acetylcholine channel sensitive to
LEV (Boulin et al. 2008; Qian et al. 2008).

As a complement to C. elegans, the nematode A. suum provides a tractable parasite model
for which the response of excised muscle strips to various molecules can be measured
(Robertson et al. 2002). Genes encoding UNC-29 and UNC-38 have been cloned from
Ascaris and used to reconstitute a functional acetylcholine receptor in Xenopus oocytes.
Unlike C. elegans, LEV-1, ACR-13 and UNC-63 are not required. Functional receptors are
not produced with either protein alone. The heteromeric receptor, with a 5:1 ratio of
UNC-38 to UNC-29, is sensitive to LEV (L-subtype) and confirms the role of these two
genes in the sensitivity of Ascaris to the anthelmintic (see Fig. 3). A surprising finding is
that when the ratio of UNC-29 to UNC-38 is reversed (1:5) the pharmacology of the
receptor mimics the N-subtype channel (Williamson et al. 2009). In addition to the presence
of specific subunits, it is the specific composition of a channel that determines its
pharmacology; there is a very fine level of control over the nematode neuromusculature.

Parasitology. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

BEECH et al.

Page 6

Recent work has revealed a quadruplication of the unc-29 gene in the trichostrongylid
nematodes H. contortus, Teladorsagia circumcincta and Trichrostrongylus colubriformis
(see Neveu et al. 2010). This new evidence, together with the differences in L-AchR
composition between C. elegans and A. suum, suggests that the L-AchR subunit composition
may change significantly between closely related species and thus provide a moving target
for anthelmintic treatment among species. More research is required to understand the
details of these changes.

Examination of the unc-29, unc-38 and unc-63 genes in A. caninum found no evidence for
specific amino acid substitutions associated with resistance to pyrantel. This evidence is in
sharp contrast to the well-documented substitutions responsible for BZ resistance. Unlike
tubulin, resistance to pyrantel is associated with a significant decrease in expression for only
these 3 genes linked with the mechanism of action for pyrantel (Kopp et al. 2009). This
information is consistent with the observation that, in LEV resistant Oesophagostomum
dentatum, the L-subtype channel is absent (Robertson et al. 1999). The cDNA
corresponding to an abbreviated form of the acr-8 gene is found only in LEV-resistant
isolates of H. contortus. This form is present in addition to the full length acr-8 transcript
but contains stop codons and could not encode a functional protein (Fauvin et al. 2010). A
similar situation has been observed for the unc-63 gene in some LEV-resistant H. contortus
(Neveu et al. 2010). It is not yet clear whether these unusual transcripts can cause resistance
or whether they are only associated with it, but such transcripts have been shown to interfere
with normal channel expression (Saragoza et al. 2003). In C. elegans, deletion or
inactivation of many ion-channel genes results in no overt phenotypic difference, suggesting
that, while individual ion-channel subunit genes can confer specific pharmacology on the
nematode neuromusculature, there is sufficient plasticity that other channels may
compensate for their loss. This inference does raise hopes that understanding anthelmintic
resistance at the molecular level can indeed provide concrete means to improve parasite
control. If loss of specific ion-channel subunits can lead to resistance to one subtype-
selective anthelmintic, these resistant nematodes may be less able to survive other subtype-
specific nicotinic anthelmintics. Thus, it may be desirable to consider combinations of
different subtype-selective anthelmintics, such as oxantel and pyrantel, or pyrantel and
monepantel, for instance. An example of this can be seen in C. elegans, where the loss of
acr-16 leads to disappearance of the nicotine-sensitive acetylcholine channel, loss of the
unc-29 gene causes a loss of the LEV-sensitive channel subtype. Each individual mutant
displays acetylcholine-dependent control of the neuromusculature, whereas the double
mutant is essentially immobile.

It should also be considered that ion-channels that bind anthelmintics are part of a ‘larger
physiology’. For example, the response of Ascaris muscle to LEV is modulated by both
ryanodine and the neuro-peptide AF2, via changes in intracellular calcium triggered by, but
independent from, ion flow through the L-AchR (Puttachary et al. 2010; Robertson et al.
2010). It is likely that changes in ryanodine or AF2 receptors themselves could affect
anthelmintic resistance.

A novel class of anthelmintic based on AADs targets a different class of nicotinic
acetylcholine receptors than LEV (Kaminsky et al. 2008). Sensitivity to the AAD
monepantel (MPTL) is associated with the DEG-3 family of subunits unique to the
nematodes, including deg-3, des-2, acr-20 and acr-23 (Kaminsky et al. 2008; Rufener et al.
2009b). A screen for mutations in C. elegans that lead to MPTL resistance found a majority
of mutations in the acr-23 gene, but not the closely related acr-20, des-2 or deg-3 genes
(Kaminsky et al. 2008). With limited quantities of MPTL available, a screen for resistance
in H. contortus was based on several rounds of exposure of the free-living stage of the
parasite to the drug, followed by passage through sheep. In the resistant parasites, molecular
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analysis identified many mutations in the genes des-2 and mptl-1 that inactivate splice
junction sequences; mptl-1 is orthologous to the acr-20/acr-23 gene pair in C. elegans.
These altered transcripts encode truncated proteins with premature stop codons that
presumably lead to loss of function (Rufener et al. 2009b). In addition, transcription levels
from the genes mptl-1 and des-2 of H. contortus were much reduced in MPTL-resistant
parasites. Expression of the deg-3 orthologue was either increased or decreased in the
resistant isolates. It would appear that loss of the MPTL-sensitive channel is the basis for
resistance, a characteristic shared with resistance to LEV. In addition, the loss of 2 subunits
in the DEG-3 group appears to lead to altered regulation of closely related subunits, possibly
as a compensatory mechanism.

MACROCYCLIC LACTONES

The macrocyclic lactones (MLs), including ivermectin (VM) and moxidectin (MOX), are
allosteric modulators of nematode channels including glutamate and GABA-gated chloride
channels, causing an inhibition of pharyngeal pumping, motility and egg-laying (Martin and
Pennington, 1989; Cully and Paress, 1991; Martin, 1996; Dent et al. 2000; Feng et al. 2002;
Forrester et al. 2002). One gene, avr-14, also known as GluClalpha3B (Beech et al. 2010),
in particular, has been investigated in several related parasitic nematode species. In
Cooperia oncophora, a single amino acid substitution L256F was found to be responsible
for an altered response to both the natural ligand glutamate, and the anthelmintic IVM (Njue
and Prichard, 2004). In an effort to dissect the molecular basis for ML resistance, the avr-14
homologue from H. contortus was expressed in Xenopus oocytes to produce IVM-sensitive
chloride currents (McCavera et al. 2009). Several different amino acid substitutions that had
previously been observed in ML-resistant parasites were evaluated and, as with C.
onchophora, only the substitution L256F was found to have an effect, making the channel
less sensitive to VM and reducing affinity of the channel for the drug. In the Igc-37 gene,
previously known as HG1 (Beech et al. 2010) that encodes a subunit of a GABA-gated
chloride channel, a substitution of K169R was found to have a similar effect, decreasing
sensitivity to GABA and MOX (Feng et al. 2002). A substitution (of A169 V) in the H.
contortus glc-5 gene that encodes an alpha-subunit of a glutamate-gated chloride channel
has also been observed, but it is not known whether this affects the channel response to
MLs. Clearly, individual amino acid substitutions can alter the response of individual
channels to ML.

One might expect that mutations known to reduce ML sensitivity would be found in
parasites that have developed resistance to the drug. A survey of ML resistant field isolates
for the K169R substitution had previously found there was no significant appearance of this
substitution (Galazzo, 2004). There are two possible explanations for this finding. One
possibility is that substitutions in the genes encoding the ML sensitive ion-channels can
indeed ameliorate the effects of the drug, but that, at the elevated drug concentrations used
in field application, other genes have a more significant effect. Secondly, as with BZ
resistance, the substitutions capable of expressing resistance may simply not be present in
the parasite population under selection.

Although the principal effects of the MLs are mediated by the glutamate and GABA-gated
chloride channels, they are known to be allosteric modulators of many different anion- and
even cation-channels (Krause et al. 1998). Recent cloning and characterization of the H.
contortus ggr-3 gene has shown that it forms a dopamine-gated anion-channel, is expressed
predominantly in the cervical papillae and is likely to be involved in tactile sensation. A
single SNP in the 3’-untranslated region of the gene was found to be polymorphic with a
significant difference in frequency between a susceptible isolate PF23 and 2 congenic ML-
resistant isolates, IVF23 and MOF23, derived from the same parental stock as PF23
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(Molento et al. 1999; Rao et al. 2009). Comparison of transcription levels by quantitative
PCR found a significant reduction in ggr-3 expression in the ML-resistant isolates, although
whether this results in differences in the level of expressed protein is not known. It is not
clear what, if any, role the ggr-3 gene may play in ML resistance.

C. elegans appears to be a suitable model for rhabditid nematodes (clade 1V) but may be less
suitable for phylogenetically distant nematodes, such as Trichuris (clade I) and Ascaris and
Brugia (clade 111) (for clades, see Blaxter et al. 1998). The rate of pharyngeal pumping in C.
elegans is very sensitive to VM, being affected by as little as 0-15 nM of drug and
producing complete paralysis using as little as 4-9 nM IVM. MOX has significantly less
effect on pharyngeal pumping, with complete paralysis requiring 39 nM MOX (Ardleli et al.
2009). Although both drugs act on glutamate and GABA-gated chloride channels and
binding assays for the genes examined so far have found the same binding sites, there
appears to be a difference in response to the two drugs in terms of larval development rates,
pharyngeal pumping and maotility. Different channels may have different affinities for the
two drugs. Complete loss of ML sensitivity in C. elegans can be achieved by deletion of 3
chloride channel subunit genes: avr-14, avr-15 and glc-1 when pharyngeal pumping is
unaffected by either IVM or MOX. The difference in sensitivity between IVM and MOX
disappears in C. elegans, from which the glc-2 gene is deleted. This gene has not previously
been implicated in ML resistance, but its presence appears to be responsible for some degree
of protection for the pharyngeal neuromusculature from the effects of MOX but not IVM. A
similar, but less pronounced effect is seen with deletions of the glc-3 and glc-4 genes.

The effect of ML on C. elegans body movement velocity is complex. At 2:5 nM IVM
produces an increase in movement relative to untreated controls, peaking at 1-5 h following
exposure, which then diminishes and is gone by 2.5 h following treatment. This effect is not
seen with MOX and is less pronounced with larger concentrations of IVM. Again, the
difference in effect between 1IVM and MOX disappears in the glc-2 deletion mutants, so the
temporary increase in movement is produced by both IVM and MOX (Ardleli et al. 2009).
Exposure to IVM and MOX also affects transcription of ion-channel subunit genes. In some
cases transcription was increased by drug exposure; in others transcription was significantly
reduced and this effect could reverse with increased drug concentrations. Some genes were
affected by one drug, but not the other and, again, this effect could reverse at higher drug
concentrations. Overall, it seems clear that IVM and MOX can affect C. elegans in different
ways. The exact molecular details remain to be identified but the glc-2 gene may play a
critical role in these differences.

The search for genes involved in ML sensitivity in C. elegans has only identified those
involved in glutamate-gated nerve signal transmission (Dent et al. 2000). In parasitic
nematodes such as H. contortus; however, the P-glycoprotein (Pgp) multi-drug transporters
have been implicated. To date, no single amino acid substitutions have been linked with ML
resistance; only an increase in Pgp expression is thought to lead to increased drug transport
and removal of the drug from the site of action. Recently, a variant of the bovine half-
transporter, ABCG2, has been found with a single amino acid replacement, designated
S581Y (Merino et al. 2009). ABCG2 is capable of transporting the fluorescent mitoxantrone
that can thus be used to measure the transport activity in vivo. The 581Y variant was
inhibited by both IVM and selamectin, more than the wild-type 581S, although only the
effect of selamectin was significantly different. While no amino acid substitution has been
found linked with anthelmintic resistance, it is clear that such a mechanism is at least in
principle a possibility.

Although no Pgp mutants of C. elegans have been found that are more ML tolerant, this is
likely due to the fact that mutagenesis prior to selection for drug resistance typically
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produces loss of gene function. In the parasitic nematodes, drug resistance has been
associated with an increase in Pgp expression, and presumably is the result of increased drug
transport. In order to investigate the role of Pgp genes with ML resistance, selection with
IVM of C. elegans without prior mutagenesis does produce some level of resistance. Unlike
mutations in the avr-14, avr-15 and glc-1 genes, which together can produce a loss in
sensitivity to a more than 1000-fold concentration of IVM, selection without prior
mutagenesis produced up to 30-fold resistance (James and Davey, 2009). The most ML-
resistant C. elegans were also cross-resistant to LEV and pyrantel, although not to the BZs.
Several of the ABC-transporter genes are affected, including pgp-1, pgp-2 and genes
involved in glutathione synthesis, a molecule intimately involved in the transport of drugs
by members of the ABC-transporter family. The development of resistance was slow in this
experiment, taking almost 1 year before the ability to survive a 10-fold increase in IVM was
observed. It is possible that resistance through changes in gene expression may require
multiple mutations that take time to accumulate, or an alternative explanation for this is that
some sort of epigenetic modification could be responsible. Epigenetic modification of this
kind can persist for many generations (Jablonka and Raz, 2009) and this phenomenon is
likely to open a new area of research in the field of anthelmintic resistance.

Screens for allelic variation in ABC transporters in the human parasite, Onchocerca
volvulus, have found evidence for frequency changes in areas where people have received
treatment with IVM. As with the veterinary parasitic nematodes, specific alleles have been
found that increase and others that decrease in abundance following drug treatment (Ardleli
and Prichard, 2004; Bourguinat et al. 2008). Only diploid individuals were examined, so
only genotype frequencies could be determined which, in some cases, rose in frequency by
15% or decreased by a similar amount. With human parasites, it is not possible to develop
isogenic isolate pairs where one has been exposed to the drug and one has not. This makes it
difficult to know with certainty that genetic changes are due to drug exposure rather than
geographical differences. In order to minimize this, parasites have been collected from the
same geographical region before and after treatment of the population (Bourguinat et al.
2008).

Expression of ABC transporter mrp genes in C. elegans responds to exposure of worms to
both IVM and MOX (Ardleli et al. 2009). Overall, the pattern of expression is qualitatively
similar between the two drugs, typically with the largest increase in expression within 30
min following exposure. Transcription generally decreases over the following 2 h.
Resistance to the MLs is also associated with an increase in gene expression of 2 thioredoxin
genes from H. contortus (Sotirchos et al. 2008).

GENOMICS AND GENETICS

There are a number of major research objectives that need to be accomplished to allow the
application of genetic and genomic approaches to study anthelmintic resistance. These
include the generation of assembled and annotated genome sequence from the important
nematode species, the identification and characterization of genome-wide genetic markers
and the characterization of genetic variation in both laboratory and field strains of parasites.
Sophisticated genetic analysis of nematode parasite genetics is challenging due to the
parasitic lifestyle requirement for a period inside a host. However, ongoing progress with
parasitic nematode genome sequencing is beginning to provide tools that will make such
analysis a possibility. For example, the genome project for H. contortus has produced some
280 Mb of assembled sequence (Berriman, 2009a), while that for T. circumcincta has 14 Mb
(Berriman, 2009b). This sequence has been screened for microsatellite markers for both of
these species, which are being used for routine strain typing and the investigation of genetic
variation and population genetic structure. Micro-satellites consist of repeats of simple di-,
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tri- and tetra-nucleotides flanked by unique sequence (Bhargava and Fuentes, 2010). PCR
primers that flank the repeat produce bands where the size reflects the number of repeats
present. The high degree of variability of microsatellites means that it is possible to generate
genetic fingerprints for parasites. A bioinformatic screen for candidate microsatellite loci
identified 677 and 556 from H. contortus and T. circumcincta respectively. Of these 81 and
83, respectively, were tested experimentally with 52 and 58 failing to amplify reliably from
a variety of different isolates (i.e. null alleles common in some populations) with 7 and 1
respectively being monomorphic and 13 in each case amplified more than 2 alleles from
individual worms suggesting they were present at more than one locus in the genome (Grillo
et al. 2007; Redman et al. 2008b). The high proportion of microsatellite markers that were
discarded for routine use, mainly because of the high frequency of null alleles in some
populations, suggests that finding large numbers of markers for genome-wide studies that
work across many diverse populations will be a challenging task. However, panels have
been developed that provide robust tools for strain typing, quality control and population
genetic studies. For example, a core set of 15 microsatellites have been developed for H.
contortus that can be combined into 5 multiplex PCR reactions. When amplified from DNA
isolated from a population of worms these provide fingerprint profiles visualized on
capillary sequencing chromatograms that characterize and discriminate many of the
commonly used laboratory isolates of H. contortus. Another panel of 6 micro-satellite
markers linked on a section of the X-chromosome has been developed and used to
investigate mating patterns in H. contortus (Redman et al. 2008a). It has been found that
female worms mate repeatedly with different male worms, such that a single female brood
contains progeny with paternal genotypes originating from up to 4 different male worms. As
well as providing a mechanism for increasing genetic variation in parasite populations, this
has practical implications that have been exploited to improve the inbreeding of H. contortus
(see below).

Sequencing projects for a number of parasitic helminths are progressing at the Genome
Center at Washington University, St Louis, USA, the Sanger Centre in the UK (Beech et al.
2010). The filarial nematode, Brugia malayi was the first parasitic nematode genome
published (Ghedin et al. 2007) and, recently, the trematodes Schistosoma mansoni and S.
japonicum have been published (Berriman et al. 2009; Liu et al. 2009). The genome of the
cestode Echinococcus multilocularis is almost complete and is currently in gap closure and
finishing. Genome data for Loa loa, Wuchereria bancrofti and O. volvulus are publicly
available. The nematodes, H. contortus, Nippostrongylus brasiliensis, Strongyloides ratti
and Globodera pallida are in the shotgun sequencing, assembly phases and projects for
Ascaris and Trichuris muris are planned.

The H. contortus genome project, which has particular relevance for anthelmintic resistance
research, is ongoing at the Sanger Centre and was begun in 2004 with support from The
Wellcome Trust as a pilot project intended to address expected problems with sequence
variability in the parasitic nematodes (http://www.sanger.ac.uk/Projects/H_contortus/). In
20086, the project was included in the Sanger Centre’s 5-year core-project funding and so far
has generated 1-3 million random sequence reads from capillary sequencing, totalling more
than 900 Mb of sequence. This provides a valuable resource for the research community that
is well used as evidenced by numerous publications. However, in addition, 21 BAC clones,
ranging in size from 38 to 139 kb have been sequenced completely and fully annotated. Four
of these clones overlap to form 350 kb of continuous sequence on the X-chromosome.
Recently, a further 350 Mb of Roche 454 sequencing has been completed bringing the total
sequence generated to more than 1.2 Gb. The original estimate of the H. contortus genome
size of 53 Mb, based on flow cytometry, was smaller than that of C. elegans. It now seems
certain that this is a significant underestimate, the current genome assembly contains 120000
contigs totalling almost 280 Mb. Examination of the pattern of overlapping reads suggests
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that the genome size could be 200-350 Mb in size, which would make the current data
equivalent to almost 4x coverage. Annotation of the available BAC sequence reveals that
genes in H. contortus are significantly larger than their orthologues in C. elegans, on
average twice the length, with more and larger introns within the gene and larger intergenic
distances (Laing R, Saunders G, Beech RN, Berriman M and Gilleard J, unpublished data).
This again argues for a larger genome size for H. contortus than the 100 Mb size of C.
elegans. In one case, the C. elegans mec-7 beta-tubulin gene is 1.8 kb translated into a
protein of 440 amino acids. The orthologous gene in H. contortus spans over 10 kb but
produces a protein of the same length, 441 amino acids.

In addition to genome size there are other likely contributing factors to poor genome
assembly. Repetitive DNA and sequence polymorphism, which we know to be high, can
both interfere with genome assembly and also suggest the genome size is larger than it is. As
an approach to deal with this latter problem, a more inbred version of the MHco3(ISE) strain
has been developed to provide a template for the next round of genome sequencing. This
was produced by transplantation of many adult females with a single male, which avoids the
problem of polyandry demonstrated in H. contortus (Redman et al. 2008a). This inbred line
has been genetically verified using the core set of microsatellites developed for H. contortus
and it is hoped the reduced level of sequence polymorphism will enable shotgun sequence
generated from this strain to be assembled more easily. Roche 454 sequencing of a paired
end library is also planned and should provide information for scaffolding the available
sequence together with deep sequencing using Illumina technology.

Finally, Illumina sequencing is being used to generate an extensive data set for the
transcriptome. This will assist in the ultimate annotation of a completed genome for H.
contortus. lllumina sequence reads of 54 bp from adult cDNA have already been mapped on
to the genome assembly to allow the identification of transcribed sequence and L3 derived
reads are currently in process (Laing R, Berriman M and Gilleard J, personal
communication). These data, along with the H. contortus shotgun assembly will shortly be
incorporated into WormBase to allow public access browsing.

PARASITE ISOLATES

A major concern for anyone working with a parasitic nematode is the reliable knowledge of
the origin and characteristics of any particular isolate. Within each research establishment,
isolates have been collected, characterized, catalogued and stored over the years, but there
has been minimal genetic characterization and monitoring of the isolates used and
exchanged among laboratories. This situation has resulted largely from a lack of appropriate
tools. A case in point is the Chiswick avermectin resistant (CAVR) isolate of H. contortus,
which was isolated in 1993 (Le Jambre, 1993) and has been used in a number studies in
various laboratories around the world since its isolation (Kotze et al. 2002, 2006; Redman et
al. 2008b; Varady et al. 2009). The development of microsatellite markers, based on
genomic data, is one approach by which the status of any isolate can be established and
subsequently monitored for integrity and quality assurance. A suitable fingerprint could be
used to determine with certainty that an isolate is in fact the one it is otherwise only assumed
to be.

In order to unequivocally identify different parasite isolates and provide a centralized
repository for historical, genetic, biological and anthelmintic resistance data, a virtual
database has been established and is hosted by the Victorian Bioinformatics Institute at
Monash University in Melbourne (http://vbc.med.monash.edu.au/cars/cars.py/). The
database holds information, relating to parasite species, the institute that holds the material,
geographical origin, isolation date, country of origin, host species that the material was
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obtained from, drug resistance status, citations relating to characterization of the isolate,
information on management history and what materials might be available. Information on
use of the system can be obtained from the database manager, Peter Hunt
(peter.hunt@csiro.au).

The individual collections are wonderful resources for researchers who are working in the
area of anthelmintic resistance but this raises a number of questions when isolates/strains are
shared amongst colleagues. Do isolates retain their genetic integrity when maintained in
different laboratories from around the world? Can a standardized nomenclature be
introduced throughout the different laboratories, which will easily provide useful
information on the provenance of a particular isolate? Can the anthelmintic resistance status
of isolates be easily determined in a meaningful way without resorting to the use of large
animal hosts? Can isolates be more readily characterized using model systems such as jirds
(Meriones unguiculatus)?

The establishment of a universal nomenclature for isolates would assist in the cataloguing of
isolates and help to verify that material was derived from a known source. A system that
details laboratory designation, species name, isolation date and passage number and
geographical origin is important. A system to capture this information has also been
proposed and details can be found on the new parasite isolate database
(http://vbc.med.monash.edu.au/cars/cars.py/).

Currently, the tests that are available for phenotypic characterization of isolates rely on
monitoring the effects of compounds on the biological actions of parasite populations in
vitro and determining dose responses accordingly, for example, EDsg and EDgg estimates
with the egg hatch test, in which parasite eggs are incubated in the presence of the drug and
resistance is determined from the proportion of eggs that survive to the point of hatching.
Experimental parasite material that is passaged through host animals before being
characterized is costly in both time and animals. Studies conducted in jirds have been shown
to be useful in preliminary evaluations of anthelmintic activity (Conder et al. 1990, 1991a,b)
and characterization studies (Molento et al. 1999).

CONCLUSION

Much progress has been made in understanding the mechanisms by which parasite
nematodes become resistant to anthelmintics in the 16 years since the molecular basis of BZ
resistance in H. contortus was identified (Kwa et al. 1994). During this time, the problems
posed by resistance worldwide have increased to the point where the presence of resistance
is now commonplace. Management practices place increasing importance on refugia, where
parasites that remain unexposed to drug treatment can preserve anthelmintic susceptibility.
The use of physiological indicators of heavy parasitism, such as FAMACHA and weight
loss, allow treatment to be targeted to the most severe cases (Kenyon et al. 2009), but this
has been established only in small ruminants to date. It is interesting to speculate that
treatment of only those animals showing physiological signs of infection may have the
advantageous side-effect of selecting for parasites that minimize their impact on the host.

The spread and increased awareness of the problems caused by anthelmintic resistance
draws our attention to a shift in our view of resistance. When resistance is a rare
phenomenon, our focus is drawn to every new case. Now, it is often of less concern whether
resistance is present, rather a question of how susceptible the existing population of parasites
will be to the drugs we have available. The frequency of substitutions F167Y, E198A and
F200Y in beta-tubulin can identify the presence of resistance, but, conversely, can also
predict how effective BZ treatment can be. Where ligand-gated ion-channels are the
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principal drug target, it is becoming clear that the down-regulation of transcription and loss
of the target receptor is a common mechanism. Testing for the presence of a LEV, ML or
MPTL target receptor may be a useful way to predict whether investment in these drugs will
be money well spent. Perhaps the clearest message from the present CARS meeting is that,
as we understand resistance in more detail, the most effective practical tools we may be able
to develop will be molecular markers not for anthelmintic resistance but for susceptibility.
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Fig. 1.

(A) Diagram of 5 transmembrane subunits, 2 « and 3 non-a, forming a nicotinic
acetylcholine channel with at least 2 agonist-binding sites as indicated. (B) Diagram of an a
subunit, characterized by a disulfide bridge between 2 vicinal cysteines, with 4
transmembrane regions. (C) Diagram of the agonist binding site between an a subunit
forming the primary binding site with loops A, B and C and the complimentary site formed
by the adjacent subunit with loops D, E and F. Amino acids that play a critical role in ligand
binding are indicated.
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Moy
Yay || closed Open

Fig. 2.

Schematic of allosteric modulation by macrocyclic lactones. Cut-away illustration of a
ligand-gated channel showing 3 of the 5 subunits. The channel is in the open state when
ligand is bound to the orthosteric site. Binding at an allosteric site, which can be anywhere
on the channel, stabilizes the open state and potentiates agonist action.
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L-subtype N-subtype

Fig. 3.

Different stoichiometric arrangements of receptor subunits alter receptor subtypes and
relative sensitivity to different nicotinic anthelmintics. Putative arrangements for Clade 111
(Ascaris) subunits are illustrated. Binding sites are indicated between subunits.

Parasitology. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

BEECH et al.

Genes associated with resistance to four different classes of anthelmintic
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(For each gene, the molecular change associated with the appearance of anthelmintic resistance is indicated,
along with the type of diagnostic test typically used to identify mutations associated with resistance: SNP-
PCR, PCR based test that identifies specific single nucleotide polymorphism as indicated in the text; QT-PCR,
quantitative PCR that can estimate the relative abundance of different RNA transcripts, PCR, indicates a test
where the specific size of a PCR product, or the presence or absence of a specific product forms the basis of

the test.)
Drug Target Resistance gene  Molecular change Molecular test
Bz beta-tubulin beta-tubulin F200Y SNP-PCR
E198A SNP-PCR
F167Y SNP-PCR
LEV AchR unc-38 Decreased expression QT-PCR
unc-63 Altered transcript PCR
acr-8 Altered transcript PCR
MPTL AchR mptl-1 Altered transcript/decreased expression PCR/QT-PCR
des-2 Altered transcript/decreased expression PCR/QT-PCR
deg-3 Altered transcript/decreased expression PCR/QT-PCR
IVM/MOX  GIu/GABA Channel  avr-14 L256F SNP-PCR
lgc-37 K169R SNP-PCR
gle-5 Al169 V SNP-PCR
ggr-3 Decreased expression QT-PCR
pgpA Increased expression QT-PCR
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