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Abstract Nematode infections compromise human health and reduce agricultural productivity.
Experiments that exploit the powerful molecular genetics of the free-living nematode Caenorhabdi-
tis elegans have contributed to our understanding of how the major classes of anthelmintic nema-
tocides kill worms and how worms might evolve resistance to these drugs. In C. elegans, as in
parasites, benzimidizoles interfere with microtubule polymerization, the imidazothiazoles/tetra-
hydropyrimidines activate nicotinic acetylcholine receptors, and the macrocyclic lactones activate
glutamate-gated chloride channels. Mutant alleles of genes that encode drug targets often confer
resistance in C. elegans. Preliminary evidence suggests that alleles of homologous genes in parasites
will, in many cases, also play a role in resistance. Thus, information acquired from C. elegans can
be usefully applied to understand the mechanisms of drug sensitivity and the genetics of resis-

tance in parasites.
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INTRODUCTION

Approximately 1 person in 5 is infected with a para-
sitic nematode. The relatively benign nematode infec-
tions, such as ascariasis, are a health burden for the poor,
undernourished populations that are at highest risk.
Whereas the filariases can be devastating. Onchocerci-
asis, for instance, causes blindness in about 30% of af-
fected, untreated individuals [1]. In addition to the hu-
man health burden, virtually every major livestock
animal is susceptible to infection by parasitic nema-
todes that reduce agricultural productivity. The nema-
tode parasites cost farmers and ranchers billions of dol-
lars [2]. Drugs that kill nematodes, known as nemato-
cides or, when specifically used to kill parasites,
anthelmintics, are the primary means of alleviating the
human suffering and preventing the agricultural loss
resulting from parasitic nematodes.

Currently used nematocidal compounds were discov-
ered in screens that required no knowledge of the com-
pound’s mechanism of action. While that knowledge is
not necessary for antiparasitic drugs to be effective, it
has become increasingly important for two reasons.
First, the evolution of drug resistance in treated para-
sites can rapidly compromise the efficacy of nemato-
cides. A better understanding of the action of the drug
and the specific genetic changes that can make parasites
resistant may help us to manage resistance and main-
tain the effectiveness of nematocides. Second, as our
ability to design new nematocides becomes more so-
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phisticated, an understanding of the mechanism of ac-
tion of existing, successful compounds will, we hope,
help us to identify optimal targets for new drug screens.

That parasites often make poor experimental subjects
is an obstacle to their use for studies of nematocides.
Parasites usually cannot complete their life cycle in cul-
ture and therefore must be bred in and extracted from
their hosts. Obtaining sufficient experimental material
can be difficult. The technical problems associated with
the need to cross parasites in the host, together with
the need to use strains that are not genetically homoge-
neous, limit the genetic analysis of resjstance. The abil-
ity to transform parasites with genes suspected to play
a role in resistance would be useful but is not generally
feasible.

Caenorhabditis elegans is a useful model organism
from which to learn about nematocides. Although C.
elegans is a free-living soil nematode, not a parasite, it
offers many compensating experimental advantages.
Thousands of C. elegans can be easily grown in a small
Petri dish, the life cycle is only 3 days and hermaphro-
dites can self-fertilize. These qualities of C. elegans sim-
plify screens for rare, recessive genetic mutations that
affect drug sensitivity. In addition, the complete cell
lineage, which is invariant, is known, the adult anat-
omy has been reconstructed from serial electron micro-
graphs, and the entire genome has been sequenced. The
existence of a complete physical map, consisting of
overlapping cosmids and YACs, in combination with
the ability to transform worms, makes cloning rela-
tively easy. Finally, electrophysiological techniques that
can be applied to C. elegans are useful for studying drugs
that target the nervous system. In this review, | will
assess the utility of C. elegans for studies of nematocides.
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Fig. 1. The stuctures of the major anthelmintic drugs grouped
according class. Each class has a different protein target as
described in the text.

[ will summarize what has been learned in C. elegans
about sensitivity and resistance to a variety of nemato-
cides and I will compare the results to studies of para-
sites.

BENZIMIDIZOLES
Introduction

The benzimidizoles (BZs) are effective against fungi
and nematodes (reviewed in [3,4]). Some of the most
common anthelmintic BZs are thiabendazole, mebenda-
zole, albendazole and benomyl (Fig. 1). Benzimidizoles
are used to treat a wide variety of human and animal
parasites [5]. The toxicity of BZs derives from their abil-
ity to disrupt microtubules (MTs).

Effects on C. elegans

When exposed to benomyl from hatching, C. elegans
becomes severely paralyzed in the L2-13 larval stages.
Paralysis occurs at concentrations as low as 2.5 ug/mlL
for benomyl and at concentrations 2- and 4-fold higher
for mebendazole and thiabendazole respectively [6].
The therapeutic dose of thiabendazole (25mg/kg) is
similar to the dose that affects C. elegans [5]. In spite of
the paralysis, worms treated with BZs complete larval
development and are fertile, although they produce
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fewer eggs [6-8]. Worms are more sensitive to BZs at
lower temperatures [6]. Treating C. elegans with BZs
depletes M s, as determined by ultrastructure [8,9]

Genetics of Resistance

C. elegans strains resistant to mebendazole [10], al-
bendazole [9] and benomyl [6] have been isolated by
chemical mutagenesis and selection in the presence of
the drug. In a saturated screen, alleles of only one resis-
tance gene, ben-1, were isolated (Table 1)[6,10]. ben-1 is
cross-resistant to all the BZs [6,9,10]. The degree of re-
sistance can be greater than 30-fold, depending on the
assay and the BZ derivative [6,9]. Null alleles of ben-1(i.e.
alleles that completely eliminate protein expression) are
recessive at 15°C and semidominant or dominant at
25°C.

Molecular Biology

ben-1 encodes a B tubulin subunit, one of at least 6
tubulin genes found in C. elegans [6,11]. It belongs to
the family of nematode tubulins that form 11 proto-
filament microtubles (11 PF MTs). This is in contrast to
the vertebrate tubulins, which form 13 PF MTs, and to
the mec-7-encoded tubulin, which forms the 15 PF MTs
found in mechanosensory neurons of C. elegans [8]. At
concentrations of BZs that depolymerize MTs in wild-
type worms, 11 PF MTs are stable in the ben-1 mutant.
Interestingly; 15 PF MTs are not susceptible to BZs.
However, a mutation in the mec-7 gene, which elimi-
nates 15 PF MT5s, results in their replacement by 11PF
MTs that are susceptible [8]. BEN-1* has a phenyla-
lanine at amino acid 200 (F200), which is thought to be
necessary for BZ binding [12,13]. In contrast, TUB-1, a
BZ insensitive tubulin from C. elegans, has Y200 (the
MEC-7 tubulin has F200 but may lack other residues
necessary for BZ binding) [6]. Binding of mebendazole
to C. elegans MTs in vitro is temperature dependent,
which explains the temperature dependence of the
drug’s effect on worms. In binding studies that used
tubulin purified from C. elegans, mebendazole (B,,.,)
specifically bound to MTs was reduced in the ben-
1(4107) mutant relative to wild-type [14]. Strikingly,
even in worms homozygous for null alleles of ben-1, no
other phenotype is apparent, indicating that the BEN-1
tubulin is largely redundant with other tubulins.

Relevance to Parasites. In parasites (and fungi), MTs
play the same central role in BZ sensitivity and resis-
tance as in C. elegans [3,12,15,16]. BZ treatment dis-
rupts MTs in parasites [17,18]. A decrease in the B_,, of
BZ binding to MTs correlates with resistance in Hae-
monchus conrortys [4,15,19] and in Trichostronylus colubri-
formis [14,20]. Moreover, specific genetic polymorphisms

* The protein product of a gene is signified by the gene name

in capital letters. Thus, BEN-1 is the protein encoded by the
ben-1 gene. The mutant allele of a gene is indicated in paren-
thesis after the gene name.
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Table 1. Nematocide resistance genes in C. elegans
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Drug Gene Inheritance Gene product
Benzimidizoles ben-1 Recessive at 15°C B-tubulin
Semi/dominant at 25°C
Imidazothiazoles/ lev-1, unc-29, unc-38 Recessive or semidominant Subunits of a nicotinic acetylcholine

Tetrahydro-pyrimidines
unc-63, unc-74, unc-50, lev-§,
lev-9, lev-10
lev-11, unc-22, unc-68
Macrocyclic lactones avr-14, avr-15, glc-1
unc-7, unc-9

Dyf genes

Bt toxin bre-1-5

Recessive

Recessive, Synthetic phenotype

Recessive, single-gene

Recessive

receptor
unknown

Tropomyosin, twitchin, ryanodyne
receptor

o subunits of Glutamate-gated Chloride
channels

Subunits of innexin gap-junctional
channels

Proteins involved in generation of
amphid sensory structures

unknown

in MT genes correlate with BZ resistance in H. contortus
[21-23]. In vitro selection for BZ resistance in H. contortus
resulted in homozygosity of a particular allele of the
isotype 1 tubulin gene [24]. The resistant allele contains
three mutations including a change from phenylalanine
to tyrosine at position 200 (F200Y)[25]. To demonstrate
the necessity of the F200Y mutation for resistance, sus-
ceptible and resistant H. comrortus tubulin alleles were
used to transform C. elegans ben-1mutants. A transgene
encoding the sensitive allele, but not one containing the

resistant allele, conferred thiabendazole sensitivity on C.

elegans (though not sensitivity to benomyl)[26]. The
F200Y variant also seems to be important for resistance
in natural populations of Teladorsagia circumcincta and T.
colubriformis [27,28).

LEVAMISOLE
Introduction

In 1966, researchers reported the discovery of two
families of structurally related nematocidal compounds:
the imidazothiazoles, including tetramisole and leva-
misole (the | isomer of d,I-tetramisole), and the tetrahy-
dropyrimidines, including pyrantel and morantel (Fig.
1) [29,30]. These compounds are effective against a
wide variety of nematodes and are used in both human
and animal medicine. These compounds all activate
nicotinic acetylcholine receptors (nAChRs).

Effects on C. elegans

In C. elegans, 1 mM levamisole causes hyper-
contraction of the body wall muscles used in Jocomo-
tion [31]. After about 30 minutes, adults relax and the
worms eventually die. However, worms can recover if
removed from levamisole before relaxation occurs. The
high concentration of levamisole needed to get the full
toxic effect of the drug appears to be the result of the

low permeability of the thick nematode cuticle. By cut-
ting worms to allow access of drug to the pseu-
docoelom, the internal cavity of the worm, one can ob-
serve the same muscle contractions at a concentration
about twenty-fold lower.

Genetics of Resistance

One of the first genetic screens performed in C. elegans
identified mutants that were resistant to tetramisole
[32]. Subsequent screens on 1 mM levamisole identified
hundreds of strains that were levamisole resistant. The
resistant strains either do not hyper-contract in re-
sponse to levamisole or recover rapidly from hyper-
contraction [33]. The resistant alleles represented in
these mutant strains define 12 genes (Table 1). The mu-
tants can be broken down into several classes based on
their phenotypes. The largest class consists of mutants
that have a modest degree of uncoordinated locomotion,
that is, the sinusiodal crawling of the worms is not as
smooth and fluid as in wild-type worms both in the
presence and in the absence of the drug. This class of
mutants includes recessive alleles of the genes wunc-29,
unc-63, unc-38, unc-74, unc-50 and semi-dominant alleles
of lev-1.

A second class is comprised of mutants, called
pseudo-wild-types, whose locomotion is nearly wild-
type. The mutations in these strains occurred mostly in
the same set of genes as in the first class but generally
at a much lower frequency. For example, locomotion
was pseudo-wild-type for only 2 of 76 alleles of unc-29
isolated. One interpretation of these results is that, in
the pseudo-wild-type mutants, the target of levamisole
retains some of its normal function but binds levami-
sole less avidly. Alleles of the Jev-1 gene represent the
exception to the rule that the pseudo-wild type alleles
are more rare. Lhirteen lev-1 alleles were pseudo-wild-
type but only two were uncoordinated. Interestingly,
the two uncoordinated alleles of Jev-1 are also semi-
dominant. Possibly the null phenotype of Jey-1 is



Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 4

pseudo-wild-type, but the proteins encoded by the
dominant gain-of-function alleles interfere with the
products of the other resistance genes.

A third set of genes consists of those for which only
pseudo-wild type alleles were identified. These rela-
tively rare mutations occur in the genes lev-8, lev-9 and
lev-10. Null alleles of these genes may be lethal but the
levamisole resistance screen makes it possible to isolate
the unusual mutation that will alter the response to
levamisole but retain protein function. Finally, there are
three genes that affect the contractile process. Muta-
tions in these genes presumably do not affect the ability
of levamisole to interact with its targets, but rather
they mitigate the ill-effects of levamisole by preventing
the worms from undergoing hyper-contraction. The
genes encode twitchin (ync-22) and tropomyosin (Jey-
11) and the ryanodyne receptor (unc-68).

Pharmacological studies indicate that resistant alleles
affect neurotransmission by altering nAChRs. Nicotine,
like levamisole, causes muscle hyper-contraction and
blockers of nAChRs, such as mecamylamine, also block
the effects of levamisole [31]. The levamisole-resistant
mutants are cross-resistant to nicotine. Furthermore,
the mutants are just as resistant in the cut-worm assay
as in the whole worm assay, indicating that the source
of the resistance is not a decrease in the permeability of
the cuticle to levamisole. unc-29 mutants are cross-
resistant to morantel and pyrantel, as expected if these
compounds also act on nAChRs.

Assays that measure binding of radiolabelled mera-
aminolevamisole (MAL) to C. elegans extracts confirm
that the nAChRs are targets of levamisole [34]. MAL
binds both saturable and non-saturable sites. Choliner-
gic agonists like morantel and nicotine compete for
MAL binding sites. Cholinergic antagonists such as me-
camylamine activate binding, apparently by an allos-
teric mechanism. Neither cholinesterase inhibitors nor
muscarinic antagonists affect MAL binding.

The results of MAL binding assays on levamisole-
resistant strains indicate that some resistant alleles af-
fect the nAChRs targeted by levamisole [35]. Based on
their MAL binding activity, the resistant mutants were
grouped into roughly three classes. unc-29, unc-50 and
unc-74 mutants have severely reduced high-affinity,
saturable MAL binding activity, presumably reflecting
the absence of the target receptor in these strains. usmc-
63, and ync-38 mutants have somewhat reduced satur-
able MAL binding. Interestingly, MAL binds unc-63 and
unc-38 mutants with higher affinity than it binds wild-
type. The affinity of binding is more typical of wild-
type treated with mecamylamine and the affinity is not
increased by the addition of mecamylamine. Thus, mu-
tating unc-63 and unc-38 changes the properties of the
levamisole-binding complex without destroying it. Al-
leles of lev-1 comprise the third class and exhibit simi-
larities to both of the above classes. The semidominant
alleles of /ev-1 confer roughly normal saturable binding
but the affinity is higher than wild-type and is not in-
creased by mecamylamine. The recessive Jey-1 alleles
have lower levels of saturable binding and a lower bind-
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ing affinity that was not increased by addition of me-
camylamine.

Molecular Biology

As predicted, several levamisole resistance genes en-
code subunits of a levamisole-sensitive nAChRs.
nAChRs are ligand-gated ion channels consisting of five
subunits that assemble to form a pore in the membrane.
The subunits can be encoded by one gene (a homomeric
channel) or encoded by several genes (heteromeric
channels). Based on sequence, the subunits can gener-
ally be grouped into a or non-a subunits and hetero-
meric channels contain at least one of each. unc-29, unc-
38 and Jey-1 all encode subunits of a heteromeric le-
vamisole-sensitive nAChR [36]. UNC-29 and LEV-1 are
non-a subunits whereas UNC-38 is an a subunit. The
lev-1(x548) allele, a deletion of the coding region, has
the partially resistant pseudo-wild-type phenotype,
which is therefore the null phenotype. lev-1 semidomi-
nant alleles, x67 and x21, contain, respectively, an
amino acid insertion and a missense mutation in or near
the second transmembrane domain. This transmem-
brane domain is thought to line the channel pore. In-
corporation of the semi-dominant LEV-1 mutant sub-
units into the channel likely interferes with the ability
of the channel to conduct ions. Strong levamisole resis-
tance and uncoordinated locomotion are the pheno-
types of unc-38 null alleles. Probably the same is true for
unc-29.

The absence of the UNC-29/UNC-38/LEV-1 acetyl-
choline receptor from the body (somatic) muscle ac-
counts for the phenotypes of the subunit mutants. A
reporter construct that fused green fluorescent protein
(GFP) to the carboxy terminus of unc-29 expresses in
body muscle and rescues the uncoordinated locomotion
of several unc-29 alleles [36]. The reporter construct
may also express in some neuronal cells. However, a
second construct in which the UNC-29::GFP fusion
protein was driven by the promoter of a muscle-specific
myosin, also restored normal locomotion. Thus, the
effects of levamisole are direct effects on the muscle.

The electrophysiological properties of the UNC-
29/UNC-38/LEV-1channels have been characterized in
Xenopus oocytes and in C. elegans muscle preparations.
Levamisole-responsive channels were only seen when
more than one subunit was co-expressed in oocytes and
robust currents were seen consistently only when all
three were co-expressed [36]. However, the currents
generated when these channels were activated with
levamisole were of relatively small amplitude, indicat-
ing that other factors/subunits may be necessary to
form a channel in vivo. The other levamisole resistance
genes may encode these other factors. Nevertheless, the
channels expressed in oocytes reflected many of the
properties expected of in vivo channels. They responded
to acetylcholine (ACh), and were blocked by meca-
mylamine. Whole cell patch clamp recordings from a C.
elegans body muscle preparation demonstrated the pres-
ence of a levamisole-sensitive but nicotine-insensitive
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channel that is absent in unc-29 and unc-38 mutants [37].

Because they were unable to record endogenous post-
synaptic potentials in the unc-29 and unc-38 mutants,
the receptors must be synaptic.

The nAChR genes that have been identified so far in
the levamisole resistance screens are only a small frac-
tion of the ~40-odd nAChR-like genes found in the C.
elegans genome [38,39]. Some of the remaining subunits
can form levamisole-sensitive channels. acr-2, which
encodes a non-o type nAChR closely related in se-
quence to Jev-1 and unc-29, does not form homomeric
channels when expressed in Xenopus oocytes but forms
channels in association with the UNC-38 o subunit.
Levamisole activates this channel and the response to
levamisole is blocked by mecamylamine [40]. acr-3 maps
close to acr-2 and also encodes a non-o type subunit.
When co-expressed with ync-38, it too forms a channel
that responds to levamisole, a response that is inhibited
by mecamylamine and 4-tubocurarine [41]. Whether
the ACR-2 and ACR-3 subunits co-assemble with UNC-
38 in vivo and what relevance those channels might
have to levamisole sensitivity and resistance is unclear.

Not all C. elegans nAChRs are activated by levamisole.

When recording from body muscle, Richmond and
Jorgensen also found a synaptic levamisole-insensitive
but nicotine-sensitive nAChR that required neither unc-
29 nor unc-38 encoded subunits [37]. acr-16 (p.k.a. Ce21)
encodes an nAChR subunit that forms a homomeric
channel in oocytes. The channel is not activated but
partially blocked by levamisole [39,42]. There also ap-
pears to be a nAChR in the pharyngeal muscle that me-
diates neurotransmission by the MC motor neuron but
is not sensitive to levamisole [43,44]. Finally, deg-3 and
des-2 (p.k.a. acr-4) encode subunits of a nAChR ex-
pressed in the mechanosensory neurons. When ex-
pressed in oocytes, the deg-3 and des-2 gene products
formed an acetylcholine-sensitive channel although le-
vamisole sensitivity was not examined [45]. A domi-
nant gain-of-function mutation in deg-3 results in neu-
ronal degeneration although it is not clear how the mu-
tation produces this effect [46].

Relevance to Parasites

As in C. elegans, levamisole activates nicotinic-type
acetylcholine receptors in muscles of parasitic nema-
todes [47]; reviewed in [48]. Treating parasites with
levamisole or pyrantel causes tonic contraction of the
somatic muscles. Furthermore, several cDNAs that have
been cloned from parasites may encode orthologs of
unc-38 [39,49-51].

Studies of levamisole resistant parasites are still in
early stages. So far, the data is consistent with the hy-
pothesis that alleles that alter levamisole-sensitive
nAChRs confer resistance. Resistant isolates of H. con-
rortys have altered low-affinity levamisole-binding sites
[52]. In levamisole-resistant isolates of Oesophagostonum
dentatum, the single channel properties of somatic mus-
cle Jevamisole receptors are altered. Particularly note-
worthy is the absence of one of the four conductance
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subtypes, a phenotype that might result from the ab-
sence of a channel subunit [53]. A similar spectrum of
changes in the single-channel properties of nAChRs
occur in a pyrantel-resistant O. dentarum strain [54]. No
alleles of an wunc-38-like gene cloned from H. contortus
segregated with resistance in one resistant strain [50].
But more resistant strains and more H. contorius
orthologs of C. elegans resistance genes need to be exam-
ined.

AVERMECTINS
Introduction

The avermectins were introduced in the 1980s and
are now used for many veterinary and human applica-
tions [53]. Ivermectin is a semi-synthetic derivative of
natural products of the bacterium Strepromyces aver-
mitilis. Milbemycin D and moxidectin are derived from
products of Strepromyces hygroscopicus [56]. All of these
compounds have a similar structure and mechanism of
action and can be grouped into the larger class of mac-
rocyclic lactones (Fig. 1). The macrocyclic lactones ap-
pear to affect all nematodes as well as insects, arachnids
and crustacea (i.e. arthropods). Ivermectin’s low toxic-
ity in humans makes it the drug of choice for treating
onchocerciasis [5]. The macrocyclic lactones all activate
glutamate-gated chloride channels.

Effects on C. elegans

Ivermectin affects worms at concentrations as low as
2 ng/mlL [43,57,58], which is comparable to therapeutic
concentrations of ivermectin (100-400 pg/kg)[5]. lver-
mectin paralyzes C. elegans [57,59]. Ivermectin also in-
hibits pharyngeal pumping, preventing C. elegans from
eating [43,60].

Genetics of Resistance

Synthetic resistance is a salient feature of the genetics
of ivermectin resistance in C. elegans (Table 1). Syn-
thetic resistance is a genetic term that describes the
situation where mutation of a single gene has no effect
on the worm’s sensitivity to a drug but mutations in
two or more genes substantially decreases drug sensitiv-
ity. In a growth assay that primarily measures the sen-
sitivity of pharyngeal pumping to ivermectin, recessive
mutations in the genes avr-15, avr-14, unc-7 or unc-9
have almost no effect on ivermectin sensitivity [58,60].
Worms that carry simultaneous mutations in two of
avr-14, unc-7 or unc-9 are also as sensitive as wild-type.
However, worms that carry mutations in both avr-15
and any one of the other three genes exhibit a ~10-500
fold decrease in ivermectin sensitivity. Thus, there are
two independent genetic pathways through which iv-
ermectin can kill worms, one that acts through avr-15
and another pathway that requires avr-14, unc-7 and
unc-9. The glc-1 gene appears to define a third pathway.
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Homozygous recessive mutations in glc-1 increase resis-
tance in worms that already have mutations in both
avr-15 and avr-14, but not alone and not in combination
with any one other mutant gene. Finally, single gene
mutations in members of a large class of genes called
the Dyf genes confer a low level (2-5 fold) of ivermectin
resistance. The addition of a mutation in a Dyf gene to
any of the other genetic backgrounds results in a mod-
est, roughly additive increase in ivermectin resistance.

Interestingly, avr-14, avr-15 and glc-1 mutants have
mild behavioral phenotypes: avr-15 mutants exhibit a
slight reduction in eating efficiency and avr-14 mutants
have an increased frequency of reversal when crawling
[68,60]. In contrast, locomotion in unc-7 and unc-9 mu-
tants is uncoordinated. It should also be noted that, in
spite of its locomotory deficits, single unc-9 mutants are
resistant to paralysis by ivermectin [59]. Thus, the iv-
ermectin resistance genes probably play diverse roles in
behavior and one’s assessment of the importance of a
particular gene in ivermectin sensitivity may depend
strongly on the behavior assayed.

Ivermectin binds to a single high-affinity site in
membrane preparations from C. elegans. The ability of
ivermectin analogs to inhibit ivermectin binding corre-
lates well with their ability to paralyze worms [61,62].
An active ivermectin derivative photoaffinity labels pro-
teins of 8, 47 and 53 kDa [63]. The avr-14, avr-15 and
gle-1 gene products each account for a fraction of the
binding activity (B,,,) and together they account for all
of the measurable high-affinity binding [58]. Thus,
these genes are necessary for the formation of ivermec-
tin’s targets and may encode some of the proteins
found by affinity labeling.

Molecular Biology

Three of the ivermectin resistance genes, avr-14, avr-
15 and gle-1, encode o subunits of glutamate-gated chlo-
ride channels (GluCls), the targets of ivermectin. The
GluCls belong to the superfamily of channel subunit
genes that includes the nAChRs. Like the nAChRs, the
GluCls are likely to be pentameric.

gle-1 cDNAs were isolated by expression cloning in
Xenopus oocytes. When oocytes express whole C. elegans
mRNA, ivermectin- and glutamate-activated currents
result [64,65]. Ivermectin potentiates the glutamate
current, indicating that the two ligands likely interact
with the same channel. Two cDNAs were isolated, both
encoding subunits of ligand-gated ion channels that are
most similar in sequence to the vertebrate GABA,/ gly-
cine channels [66]. When expressed in oocytes, one
subunit, GLC-1/CluClal, forms a homomeric ivermec-
tin-activated chloride channel that is insensitive to glu-
tamate. The subunit encoded by the other cDNA, GLC-
2/GluCIB, forms a homomeric chloride channel that is
glutamate-gated but is insensitive to ivermectin.

avr-14 and avr-15 were isolated by a combination of
positional cloning and the identification of candidate
genes. avr-15 encodes at least two alternatively-spliced
o subunits of GluCl channels [60]. When expressed in
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Xenopus oocytes, AVR-15/CGluCla2 forms a homomeric
ivermectin-sensitive channel that has a weak response
to glutamate. AVR-14/CluCla3 (p.k.a. gbr2/ghr-3/
GluCIX) also produces two transcripts encoding o sub-
units [58,67]. The subunit encoded by one avr-14 tran-
script forms a homomeric ivermectin- and glutamate-
sensitive channel when expressed in Xenopus oocytes.

The in vivo subunit composition of the GluCls is an
open question. AVR-15/GluCla2 and GLC-2/GIuCIp
appear to associate to form the pharyngeal muscle
GluClL. This GluCl is the synaptic receptor of the inhibi-
tory glutamatergic motor neuron M3 [60]. Ivermectin
activates the pharyngeal GIuCl to inhibit pharyngeal
pumping. AVR-15/CGluCla2 must be a subunit of the
pharyngeal GluCl since, in an avr-715 mutant, the pha-
ryngeal muscle is insensitive to glutamate and M3 neu-
rotransmission is absent. GLC-2/GIuCIp is likely to be a
component of the pharyngeal GluCl since GLC-2/
GluCIp appears to be expressed exclusively in the pha-
ryngeal muscle, it associates with o2 in oocytes and it
would provide the glutamate sensitivity that a2 lacks
[60,68,69]. GLC-1/GluClal also associates with GluCIB
to form a glutamate-sensitive channel in Xenopus oo-
cytes [66,69]. But al is not necessary for the formation
of the pharyngeal GluCl and nothing is known about
its pattern of expression (J. Dent, unpublished observa-
tion). Based on a GFP reporter construct, AVR-14/
GluCla3 appears to be expressed in the extra-
pharyngeal nervous system. Finally, there are two other
GluCl-like channel subunits in the C. elegans genome.
Based on sequence, GLC-3/ZC317.3 is clearly an o sub-
unit. C27H5.8, may be a f subunit [70].

unc-7 and unc-9 both encode innexins, which are sub-
units of invertebrate gap junctions [71-73]. They have
no sequence similarity to GluCls or to vertebrate gap-
junction subunits (connexins). Unlike the GluCls, they
apparently do not bind ivermectin strongly [58]. Rather,
mutations in these genes probably affect ivermectin
sensitivity indirectly by altering the connectivity of the
nervous system. One important effect of mutations in
unc-7 and unc-9 is to prevent changes in membrane po-
tential caused by ivermectin’s activation of AVR-
14/CGluCla3 from spreading through the nervous sys-
tem [58].

The Dyf genes, of which there are about 20, share a
phenotype when mutated. Externally applied dyes,
which are normally able enter the body of the worm
through specialized sensory structures (amphids) in the
otherwise impermeable cuticle, are excluded from the
body in the Dyf mutants [74,75]. The Dyf genes that
have been characterized encode diverse proteins that are
likely to affect the formation of these sensory struc-
tures [74,76]. Thus, one plausible hypothesis is that
mutations in Dyf genes make worms more resistant to
ivermectin because they make worms less permeable to

the drug.
Relevance to Parasites

The CluCls are the relevant targets of the avermec-
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tins in parasitic nematodes. Ivermectin inhibits feeding
in H. conrortus and T. colubriformis [77-80]. Electrophysio-
logical studies have demonstrated the presence of aver-
mectin-gated chloride channels in body muscle and
pharyngeal muscle of Ascaris suum [81,82]. cDNAs en-
coding several GluCl-like channel subunits have been
cloned from parasites including H. contortus, Ascaris
suum, Dirofilaria immitis and Onchocerca volvulus (the
nematode that causes onchocerciacis) [70,83-85]. These
cDNAs include apparent orthologs of the C. elegans
GluCIp and AVR-14/CluClo3 genes. A subunit of a
GluCl has also been cloned from Drosophila melanogaster
and accounts for ivermectin sensitivity in arthopods
[86,87].

It remains to be seen whether orthologs of the C. ¢le-
gans ivermectin-resistance genes will be a source of re-
sistance in parasites. There are some experiments that
point to changes in GluCls as a mechanism of resistance.
In two different H. contortus ivermectin-selected strains,
the allele frequencies of an o. GluCl subunit are altered
relative to the unselected strains from which the resis-
tant strains were derived [88]. The allele frequencies of
a P subunit gene are unaffected. Thus, the o subunit
gene is likely to be linked to a resistance locus and may
itself be the locus. The kinetics of glutamate-binding
differ in resistant and sensitive strains of H. contortus,
possibly as a result of changes in a GluCl [89]. Pharyn-
geal function in particular is less sensitive to the effects
of ivermectin and glutamate in resistant strains of H.
conrortys  [78,80]. However, there may be resistance
mechanisms in parasites that have not been found in C.
elegans. In one strain of ivermectin-resistant H. conrortus,
the high-affinity ivermectin binding site was unaffected
[90]. Resistance in another H. contortus strain is domi-
nant, in contrast to the recessive resistance found in C.
elegans [91,92]. Amplified expression of or mutations in
a P-glycoprotein may represent a resistance mechanisms
in H. contortus [93-96]. Gene amplification could ac-
count for the dominant resistance.

OTHERS
Amidantel

Amidantel and its deacylated derivative are effective
against various nematode parasites [97,98]. In C. elegans,
amidantel acts on nAChRs. It causes rigid paralysis at
concentrations around 180-350 pM. The paralysis is
blocked by the nicotinic channel blocker d-tubocurarine
[99]. Moreover, amidantel-resistant mutants were iso-
lated and found to be cross-resistant to levamisole and
ACh [100]. Although the mutant genes were never
identified, based on their phenotypes, they could be
alleles of levamisole resistance genes.

Bacillus thuringiensis Toxin

Members of the family of B. rhuringiensis (Bt) toxins
are the most widely used natural insecticides due, in
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part, to the propagation of transgenic plants expressing
Bt toxin genes. However, nematode infestations also
cause significant crop damage and Bt toxins kill a vari-
ety of nematodes including C. elegans [101-106]. When
ingested by C. elegans, the Cry5B Bt toxin kills worms
with an LDs, of 12.6 ug/mL [107]. Death from Bt toxins
results from intestinal degeneration in C. elegans, which
is consistent with the Bt toxin-induced pathology in
insects [103,107]. In a genetic screen for Bt resistance,
recessive alleles of five genes were identified but the
genes have not yet been characterized.

CONCLUSION

Based on the substantial body of knowledge outlined
in this review, we can say with confidence that the
mechanisms of drug sensitivity and the genetics of drug
resistance in C. elegans parallel those characterised in
parasites. But can we make precise predictions about
parasites based on what we know about C. elegarns¢

Drug targets

In every case where the targets of antiparasitic drugs
have been identified, the targets belong to the same
class of proteins in parasitic nematodes as in C. elegans.
It is not yet clear that the drug targets in parasites will
be encoded by orthologs of the C. elegans resistance
genes. The H. contortus 3 tubulin isotype 1 gene, alleles
of which confer BZ resistance, is not obviously ortholo-
gous to a particular C. elegans B tubulin gene (J. Dent,
unpublished observation). There appear to be parasite
orthologs of C. elegans levamisole- and ivermectin-
resistance genes but no alleles of the parasite genes have
yet been shown to confer resistance [51,83,86]. How-
ever, even in the absence of true orthologs, cloned C.
elegans genes will be useful for identifying members of
homologous gene families in parasites.

Resistance Mechanisms

The correspondence between resistance mechanisms
in C. elegans and various parasites is likely to be strong
enough to justify using C. elegans as a starting point
from which to begin looking for candidate genes in-
volved in parasite resistance. The best characterised re-
sistance mechanism in a parasite, BZ resistance in H.
contortus, is strikingly similar to the mechanism of BZ
resistance in C. elegans. Alleles that affect some aspect
of the formation of a levamisole-sensitive nAChR
channel apparently underlie levamisole-resistance in O.
dentatum just as they do in C. elegans.

That said, resistance mechanisms in parasites proba-
bly do not mirror the resistance mechanisms in C. ele-
gans as closely as the drug targets in parasites corre-
spond to the targets in C. elegans. This is because the
selective pressures on worms in the laboratory are
minimal and permit the isolation of strains that would
not be viable in the wild. As an example, the uncoordi-
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nated locomotion exhibited by the innexin mutants and
many of the levamisole mutants would presumably
prevent their survival in the wild. Moreover, even subtle
behavioural or metabolic changes that result from a
resistance allele may prevent a parasitic worm from
performing some vital step of its complicated life cycle.
Even in cases where resistance in parasites is mediated
by orthologs of C. elegans resistance genes, it is unlikely
that resistance will result from sequence variations
common to C. elegans and parasites. Only in cases
where resistance were conferred by a missense muta-
tion that reduces drug sensitivity while retaining some
critical protein function (e.g. consider [87]) would a
specific genetic change be likely to be conserved among
resistant alleles. For example, we might expect to find
parasite equivalents of the rare pseudo-wild-type alleles
of the levamisole-resistance genes in C. elegans.

It is interesting to note that resistance in H. contortus
results from a sequence variation, F200Y, that is present
in wild-type alleles of other tubulin genes. Thus, it is
likely that the Y200 variant is a functional tubulin. In
contrast, the resistant alleles of ben-1 in C. elegans are
often null. F200Y may be a rare sequence variant that
reduces drug binding but retains protein function. Per-
haps, the reason this variant is retained in H. contorius is
that the more intense selective pressure on parasites
requires some function, however subtle, for that tubu-
lin. Whereas in C. elegans, the BEN-1 tubulin is not nec-
essary for survival in the laboratory, so null alleles of
the tubulin gene are selected because they are more
common and/or because they provide stronger resis-
tance. Of course it is also possible that the tubulin gene
is largely redundant in C. elegans but essential in H. con-
rortys. Either way, the lack of strong selective pressures
on C. elegans may be reflected in the type of BZ resis-
tance alleles one identifies.

Looking to the Future

The ability of nematodes to rapidly evolve resistance
threatens the efficacy of our best nematocidal drugs.
Presumably, a better understanding of drug targets and
resistance mechanisms will help prevent the erosion of
our ability to control parasitic nematodes. Probes that
identify resistance alleles in wild parasites before those
alleles become widespread can alert us to the need to
rotate drugs or to institute measures to prevent a resis-
tant parasite’s dissemination [27,28]. Moreover, our
knowledge of how the existing drugs work and how
they are compromised by resistance will help us design
better nematocides. Ivermectin, in particular, has ad-
vantageous properties that might guide the selection of
new drug targets. Ivermectin’s lack of toxicity derives
in part from its specificity for a class of channels, the
GluCls, that is apparently absent from vertebrates. Iv-
ermectin also targets several members of a multigene
family, which may slow the evolution of resistance
[58,60,108]. The knowledge we have gleaned from C.
elegans in combination with new genomic and drug-
screening technologies that are being developed will
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enhance the potency and reduce the side effects of the
next generation of anti-parasitic compounds.

Acknowledgements The author would like to thank
Kate Steger, Rick Roy, Roger Prichard and Mahvash
Zakikhani for helpful comments on the manuscript and
Aamna Kaul for research assistance. The author is sup-
ported by the Medical Research Council and Natural
Sciences and Engineering Research Council of Canada.

REFERENCES

[1] Ottesen, E. A., B. O. L. Duke, M. Karam, and K. Behbe-
hani (1997) Strategies and tools for the control/elimi-
nation of lymphatic filariasis. Bull. World Health Organ.
75: 491-503.

[2]Bird, ]. (1991) The antiparasitics market. Anim. Pharmacol.
7:1-4.

[3] Davidse, L. C. (1986) Benzimidazole fungicides: mecha-
nism of action and biological impact. Annu. Rev. Phytopa-
thol. 24: 43-65.

[4] Lacey, E. (1988) The role of the cytoskeletal protein, tu-
bulin, in the mode of action and mechanism of drug re-
sistance to benzimidazoles. Int. J. Parasitol. 18: 885-936.

[5] Tracey, ]. W. and L. T. Webster. (1996) Drugs Used in the
Chemotherapy of Helminthiasis. pp. 1009-1026. In: J. G.
Hardman and L. E. Limbird, (eds.). Goodman & Gilman's
The Pharmacological Basis of Therapeutics. McGraw-Hill,
New York, USA.

[6] Driscoll, M., E. Dean, E. Reilly, E. Bergholz, and M. Chal-
fie (1989) Genetic and molecular analysis of a Caenorhab-
ditis elegans beta-tubulin that conveys benzimidazole
sensitivity. J. Cell Biol. 109: 2993-3003.

[7] Spence, A. M., K. M. B. Malone, M. M. A. Novak, and R.
A. Woods (1982) The effects of mebendazole on the
growth and development of C. elegans. Can. J. Zool. 60:
2616-2623.

[8] Chalfie, M. and J. N. Thomson (1982) Structural and
functional diversity in the neuronal microtubules of
Caenorhabditis elegans. J. Cell Biol. 93: 15-23.

[9] Enos, A. and G. C. Coles (1990) Effect of benzimidazole
drugs on tubulin in benzimidazole resistant and suscep-
tible strains of Caenorhabditis elegans. Int. J. Farasitol. 20:
161-167.

[10] Woods, R. A, K. M. B. Malone, A. M. Spence, W. J.
Sigurdson, and E. H. Byard (1989) The genetics, ultra-
structure, and tubulin polypeptides of mebendazole-
resistant mutants of Caenorhabditis elegans. Can. J. Zool.
67: 2422-2431.

[11] Chervitz, S. A, L. Aravind, G. Sherlock, C. A. Ball, E. V.
Koonin, S. S. Dwight, M. A. Harris, K. Dolinski, S. Mohr,
T. Smith, S. Weng, C. ]. M., and D. Botstein (1998)
Comparison of the complete protein sets of worm and
yeast: orthology and divergence. Science 282: 2022-2028.

[12] Jung, M. K, I. B. Wilder, and B. R. Oakley (1992) Amino
acid alterations in the benA (beta-tubulin) gene of Asper-
gillus nidulans that confer benomyl resistance. Cel/ Motil.
Cytoskeleton. 22: 170-174.



260

[13] Koenraadt, H., S. C. Sommerville, and A. L. Jones (1992)
Characterisation of mutations in the beta-tubulin gene
of benomyl-resistant field strains of Venturia inaequalis
and other pathogenic fungi. Mol. Plant Fathol. 82: 1348-
1354.

Russell, G. J., and E. Lacey (1991) Temperature depen-

dent binding of mebendazole to tubulin in benzimida-

zole-susceptible and -resistant strains of Trichostrongylus

colubriformis and Caenorhabditis elegans. Int. ]. Farasitol. 21:

927-934.

[15] Prichard, R. (1994) Anthelmintic resistance. Vet. Parasitol.
54: 259-268.

[16] Prichard, R. K. (1990) Anthelmintic resistance in nema-

todes: extent, recent understanding and future directions

for control and research. Int. J. Parasitol. 20: 515-523.

Borgers, M., S. De Nollin, M. De Brabander, and D.

Thienpont (1975) Influence of the anthelmintic meb-

endazole on microtubules and intracellular organelle

movement in nematode intestinal cells. Am. J. Vet. Res.

36: 11563-1166.

Borgers, M., and S. De Nollin (1975) Ultrastructural

changes in Ascaris suum intestine after mebendazole

treatment in vivo. J. Parasitol. 61(1): 110-122.

[19] Lubega, G. W. and R. K. Prichard (1990) Specific interac-
tion of benzimidazole anthelmintics with tubulin: high-
affinity binding and benzimidazole resistance in Haenon-
chus contortus. Mol. Biochem. Parasitol. 38: 221-232.

[20] Sangster, N. C., R. K. Prichard, and E. Lacey (1985) Tubu-
lin and benzimidazole-resistance in Trichostrongylus colu-
briformis (Nematoda). J. Parasitol. 71: 645-651.

[21] Beech, R. N.; R. K. Prichard, and M. E. Scott (1994) Ge-
netic variability of the beta-tubulin genes in benzimida-
zole-susceptible and -resistant strains of Haemonchus con-
tortus. Genetics. 138: 103-110.

[22] Lubega, G. W,, R. D. Klein, T. G. Geary, and R. K. Prich-
ard (1994) Haemonchus contortus: the role of two beta-
tubulin gene subfamilies in the resistance to benzimida-
zole anthelmintics. Biochem. Pharmacol. 47: 1705-1715.

[23] Roos, M. H,, ]. H. Boersema, E H. Borgsteede, J. Cornelis-
sen, M. Taylor, and E. ]. Ruitenberg (1990) Molecular
analysis of selection for benzimidazole resistance in the
sheep parasite Haemonchus contortus. Mol. Biochem. FParasi-
tol. 43: 77-88.

[24] Kwa, M. S., E N. Kooyman, ]. H. Boersema, and M. H.

Roos (1993) Effect of selection for benzimidazole resis-

tance in Haemonchus contortus on beta-tubulin isotype 1

and isotype 2 genes. Biochem. Biophys. Res. Commun. 191:

413-419.

Kwa, M. S, ]. G. Veenstra, and M. H. Roos (1993) Mo-

lecular characterisation of beta-tubulin genes present in

benzimidazole-resistant populations of Haemonchus con-

tortus. Mol. Biochem. Farasitol. 60: 133-143.

[26] Kwa, M. S., ]. G. Veenstra, M. Van Dijk, and M. H. Roos
(1995) Beta-tubulin genes from the parasitic nematode
Haemonchus contortus modulate drug resistance in Caenor-
habditis elegans. ]. Mol. Biol. 246: 500-510.

[27] Kwa, M. S., ]. G. Veenstra, and M. H. Roos (1994) Ben-
zimidazole resistance in Haemonchus contortus is corre-
lated with a conserved mutation at amino acid 200 in
beta-tubulin isotype 1. Mol. Biochem. Parasitol. 63: 299-

[14

(17

[18

[25

Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 4

303.

Elard, L, J. Cabaret, and J. E Humbert (1999) PCR diag-

nosis of benzimidazole-susceptibility or -resistance in

natural populations of the small ruminant parasite, Te-

ladorsagia circumcincta. Vet. Parasitol. 80: 231-237.

[29] Austin, W. C., W. Courtney, ]. C. Danilewicz, D. H. Mor-
gan, L. H. Conover, j. H. L. Howes, J. E. Lynch, J. W.
McFarland, R. L. Cornwell, and V. J. Theodorides (1966)
Pyrantel tartrate, a new anthelmintic effective against
infections of domestic animals. Nature. 212: 1273-1274.

[30] Thienpont, D., O. E Vanparijs, A. H. Raeymaekers, ].
Vandenberk, J. A. Demoen, E T. Allewijn, R. P Mars-
boom, C. ]J. Niemegeers, K. H. Schellekens, and B A.
Janssen (1966) Tetramisole (R 8299), a new, potent broad
spectrum anthelmintic. Nature. 209: 1084-1086.

[31] Lewis, J. A., C. H. Wu, J. H. Levine, and H. Berg (1980)
Levamisole-resistant mutants of the nematode Caenor-
habditis elegans appear to lack pharmacological acetylcho-
line receptors. Neuroscience. 5: 967-989.

[32] Brenner, S. (1974) The genetics of Caenorhabditis elegans.
Genetics. 77: 71-94.

[33] Lewis, J. A., C. H. Wu, H. Berg, and ]. H. Levine (1980)
The genetics of levamisole resistance in the nematode
Caenorhabditis elegans. Genetics. 95: 905-928.

[34] Lewis, J. A, ]. T. Fleming, S. McLafferty, H. Murphy, and
C. Wu (1987) The levamisole receptor, a cholinergic re-
ceptor of the nematode Caenorhabditis elegans. Mol.
Pharmacol. 31: 185-193.

[35] Lewis, J. A., J. S. Elmer, J. Skimming, S. McLafferty, J.
Fleming, and T. McGee (1987) Cholinergic receptor mu-
tants of the nematode Caenorhabditis elegans. J. Neurosci.
7:3059-3071.

[36] Fleming, ]. T, M. D. Squire, T. M. Barnes, C. Tornoe, K.
Matsuda, J. Ahnn, A. Fire, ]. E. Sulston, E. A. Barnard, D.
B. Sattelle, and J. A. Lewis (1997) Caenorhabditis elegans
levamisole resistance genes lev-1, unc-29, and unc-38 en-
code functional nicotinic acetylcholine receptor subunits.
J. Neurosci. 17: 5843-5857.

[37] Richmond, J. E., and E. M. Jorgensen (1999) One GABA
and two acetylcholine receptors function at the C. ele-
gans neuromuscular junction. Nat. Neurosci. 2: 791-797.

[38] Bargmann, C. I. (1998) Neurobiology of the Caenorhabdi-
tis elegans genome. Science 282: 2028-2033.

[39] Mongan, N. B, H. A. Baylis, C. Adcock, G. R. Smith, M.
S. Sansom, and D. B. Sattelle (1998) An extensive and di-
verse gene family of nicotinic acetylcholine receptor al-
pha subunits in Caenorhabditis elegans. Receptors Channels.
6: 213-228.

[40] Squire, M. D., C. Tornoe, H. A. Baylis, ]. T. Fleming, E. A.
Barnard, and D. B. Sattelle (1995) Molecular cloning and
functional co-expression of a Caenorhabditis elegans nico-
tinic acetylcholine receptor subunit (acr-2). Receptors
Channels. 3: 107-115.

[41] Baylis, H. A., K. Matsuda, M. D. Squire, J. T. Fleming, R.
J. Harvey, M. G. Darlison, E. A. Barnard, and D. B. Sat-
telle (1997) ACR-3, a Caenorhabditis elegans nicotinic ace-
tylcholine receptor subunit. Molecular cloning and func-
tional expression. Receptors Channels. 5: 149-158.

[42] Ballivet, M., C. Alliod, S. Bertrand, and D. Bertrand
(1996) Nicotinic acetylcholine receptors in the nematode

(28

[ier}



Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 4

Caenorhabditis elegans. J. Mol. Biol. 258: 261-269.

[43] Avery, L. and H. R. Horvitz (1990) Effects of starvation
and neuroactive drugs on feeding in Caenorhabditis ele-
gans. J. Exp. Zool. 253: 263-270.

[44] Raizen, D. M., R. Y. Lee, and L. Avery (1995) Interacting

genes required for pharyngeal excitation by motor neu-

ron MC in Caenorhabditis elegans. Genetics. 141: 1365-1382.

Treinin, M., B. Gillo, L. Liebman, and M. Chalfie (1998)

Two functionally dependent acetylcholine subunits are

encoded in a single Caenorhabditis elegans operon. Proc.

Natl. Acad. Sci. USA 95: 15492-15495.

[46] Treinin, M., and M. Chalfie (1995) A mutated acetylcho-
line receptor subunit causes neuronal degeneration in C.
elegans. Neuron. 14: 871-877.

[47] Harrow, L. D. and K. A. E Gration (1985) Mode of action
of the anthelmintics morantel, pyrantel and levamisole
on the muscle cell membrane of the nematode Ascaris
suum. Pestic. Sci. 16: 662-672.

[48] Martin, R.J., M. A. Valkanov, V. M. E. Dale, A. P. Robert-
son, and . Murray (1996) Electrophysiology of Ascaris
muscle and anti-nematodal drug action. Parasitology. 113:
§137-5156.

[49] Ajuh, P. M. and T. G. Egwang (1994) Cloning of a cDNA
encoding a putative nicotinic acetylcholine receptor sub-
unit of the human filarial parasite Onchocerca volvulus.
Gene 144: 127-129.

[60] Hoekstra, R., A. Visser, L. J. Wiley, A. S. Weiss, N. C.
Sangster, and M. H. Roos (1997) Characterization of an
acetylcholine receptor gene of Haemonchus contortus in re-
lation to levamisole resistance. Mol. Biochem. Farasitol. 84:
179-187.

[61] Wiley, L. J., A. S. Weiss, N. C. Sangster, and Q. Li (1996)
Cloning and sequence analysis of the candidate nicotinic
acetylcholine receptor alpha subunit gene tar-1 from
Trichostrongylus colubriformis. Gene 182: 97-100.

[562] Sangster, N. C,, E L. Riley, and L. ]. Wiley (1998) Binding
of [3H]m-aminolevamisole to receptors in levamisole-
susceptible and -resistant Haemonchus contortus. Int. J.
Parasitol. 28: 707-717.

[63] Robertson, A. P, H. E. Bjorn, and R. J. Martin (1999)
Resistance to levamisole resolved at the single-channel
level. FASEB J. 13: 749-760.

[64] Robertson, A. P, H. E. Bjorn, and R. J. Martin (2000)
Pyrantel resistance alters nematode nicotinic acetylcho-
line receptor single-channel properties. Eur. J. Pharmacol.
394: 1-8.

[65] Campbell, W. C., M. H. Fisher, E. O. Stapley, G. Albers-

Schonberg, and T. A. Jacob (1983) Ivermectin: a potent

new antiparasitic agent. Science 221: 823-828.

Takiguchi, Y., H. Mishima, M. Okuda, M. Terao, A. Aoki,

and R. Fukuda (1980) Milbemycins, a new family of

macrolide antibiotics: fermentation, isolation and phys-

ico-chemical properties. J. Antibiot. 33: 1120-1127.

[57] Arena, ]. B, K. K. Liu, P S. Paress, E. G. Frazier, D. E Cully,
H. Mrozik, and J. M. Schaeffer (1995) The mechanism of
action of avermectins in Caenorhabditis elegans: correla-
tion between activation of glutamate-sensitive chloride
current, membrane binding, and biological activity. J.
FParasitol. 81: 286-294.

[58] Dent, J. A, M. M. Smith, D. K. Vassilatis, and L. Avery

(45

(56

261

(2000) The genetics of ivermectin resistance in Caenor-
habditis elegans. Proc. Natl. Acad. Sci. USA 97: 2674-2679.

[59] Boswell, M. V, P. G. Morga, and M. M. Sedensky (1990)
Interaction of GABA and volatile anesthetics in the
nematode Caenorhabditis elegans. FASEB ]. 4: 2506-2510.

[60] Dent, J. A., M. W. Davis, and L. Avery (1997) avr-15 en-
codes a chloride channel subunit that mediates inhibi-
tory glutamatergic neurotransmission and ivermectin
sensitivity in Caenorhabditis elegans. EMBO ]. 16: 5867-
5879.

[61] Schaeffer, ]. M., and H. W. Haines (1989) Avermectin
binding in Caenorhabditis elegans: A two-state model for
the avermectin binding site. Biochem. Pharmacol. 38: 2329-
2338.

[62] Cully, D. E and P. S. Paress (1991) Solubilization and
characterization of a high affinity ivermectin binding site
from Caenorhabditis elegans. Mol. Pharmacol. 40: 326-332.

[63] Rohrer, S. P, P T. Meinke, E. C. Hayes, and H. Mrozik
(1992) Photoaffinity labeling of avermectin binding sites
from Caenorhabditis elegans and Drosophila melanogaster.
Proc. Natl. Acad. Sci. USA 89: 4168-4172.

[64] Arena, ]. P, K. K. Liu, P. S. Paress, and D. E Cully (1991)
Avermectin-sensitive chloride currents induced by Caeno-
thabditis elegans RNA in Xenopus oocytes. Mol. Pharmacol.
40: 368-374.

[65] Arena, ]. P, K. K. Liu, P. S. Paress, ]. M. Schaeffer, and D. E
Cully (1992) Expression of a glutamate-activated chlo-
ride current in Xenopus oocytes injected with Caenorhab-
ditis elegans RNA:evidence for modulation by avermectin.
Mol. Brain Res. 15: 339-348.

[66] Cully, D. E, D. K. Vassilatis, K. K. Liu, . S. Paress, L. H.
Van der Ploeg, J. M. Schaeffer, and J. P. Arena (1994)
Cloning of an avermectin-sensitive glutamate-gated
chloride channel from Caenorhabditis elegans. Nature 371:
707-711.

[67] Laughton, D. L, G. G. Lunt, and A. ]. Wolstenholme
(1997) Alternative splicing of a Caenorhabditis elegans
gene produces two novel inhibitory amino acid receptor
subunits with identical ligand binding domains but dif-
ferent ion channels. Gene 201: 119-125.

[68] Laughton, D. L, G. G. Lunt, and A. ]. Wolstenholme
(1997) Reporter gene constructs suggest that the Caenor-
habditis elegans avermectin receptor beta-subunit is ex-
pressed solely in the pharynx. J. Exp. Biol. 200: 1509-1514.

[69] Vassilatis, D. K., ]J. P. Arena, R. H. Plasterk, H. A. Wilkin-
son, J. M. Schaeffer, D. E Cully, and L. H. Van der Ploeg
(1997) Genetic and biochemical evidence for a novel
avermectin-sensitive chloride channel in Caenorhabditis
elegans. J. Biol. Chem. 272: 33167-33174.

[70] Cully, D. E, H. Wilkinson, D. K. Vassilatis, A. Etter, and J.
P. Arena (1996) Molecular biology and electrophysiology
of glutamate-gated chloride channels of invertebrates.
Farasitology. 113: S191-200.

[71] Barnes, T. M. and S. Hekimi (1997) The Caenorhabditis
elegans avermectin resistance and anesthetic response
gene unc-9 encodes a member of a protein family impli-
cated in electrical coupling of excitable cells. J. Neurochem.
69: 2251-2260.

[72] Starich, T. A,, R. K. Herman, and J. E. Shaw (1993) Mo-
lecular and genetic analysis of unc-7, a Caenorhabditis ele-



262

gans gene required for coordinated locomotion. Genetics
133: 527-541.

[73] Phelan, P, L. A. Stebbings, R. A. Baines, ]. P. Bacon, J. A.
Davies, and C. Ford (1998) Drosophila Shaking-B protein
forms gap junctions in paired Xenopus oocytes. Nature 391:
181-184.

[74] Perkins, L. A., E. M. Hedgecock, J. N. Thomson, and J. G.
Culotti (1986) Mutant sensory cilia in the nematode
Caenorhabditis elegans. Dev. Biol. 117: 456-487.

[75] Starich, T. A., R. K. Herman, C. K. Kari, W. H. Yeh, W. S.
Schackwitz, M. W. Schuyler, ]. Collet, J. H. Thomas, and
D. L. Riddle (1995) Mutations affecting the chemosen-
sory neurons of Caenorhabditis elegans. Genetics 139: 171-
188.

[76] Koushika, S. P and M. L Nonet (2000) Sorting and
transport in C. elegans: a model system with a sequenced
genome. Curr. Opin. Cell. Biol. 12: 517-523.

[77] Geary, T. G, S. M. Sims, E. M. Thomas, L. Vanover, J. P

Davis, C. A. Winterrowd, R. D. Klein, N. E H. Ho, and D.

P. Thompson (1993) Haemonchus contortus: ivermectin-

induced paralysis of the pharynx. Exp. Patasitol. 77: 88-96.

[78] Kotze, A. C. (1998) Effects of macrocyclic lactones on
ingestion in susceptible and resistant Haemonchus contor-
tus larvae. J. Parasitol. 84: 631-635.
[79] Bottjer, K. P and L. W. Bone (1985) Trichostrongylus colu-
briformis: effect of anthelmintics on ingestion and ovi-
position. Farasitology 15: 501-503.
Paiement, J. B, C. Leger, P. Ribeiro, and R. K. Prichard
(1999) Haemonchus contortus: effects of glutamate, iver-
mectin, and moxidectin on inulin uptake activity in un-
selected and ivermectin-selected adults. Exp. Parasitol. 92:
193-198.
Martin, R. J. and A. ]. Pennington (1989) A patch-clamp
study of effects of dihydroavermectin on Ascaris muscle.
Br. J. Pharmacol. 98: 747-756.
Martin, R. J. (1996) An electrophysiological preparation
of Ascaris suum pharyngeal muscle reveals a glutamate-
gated chloride channel sensitive to the avermectin ana-
logue, milbemycin D. Parasitology 112: 247-252.
[83] Jagannathan, S., D. L. Laughton, C. L. Critten, T. M.
Skinner, L. Horoszok, and A. J. Wolstenholme (1999)
Ligand-gated chloride channel subunits encoded by the
Haemonchus contortus and Ascaris suum orthologues of the
Caenorhabditis elegans gbr-2 (avt-14) gene. Mol. Biochem.
FParasitol. 103: 129-140.
Delany, N. S., D. L. Laughton, and A. ]. Wolstenholme
(1998) Cloning and localisation of an avermectin recep-
tor-related subunit from Haemonchus contortus. Mol. Bio-
chem. Parasitol. 97: 177-187.
Forrester, S. G., E E Hamdan, R. K. Prichard, and R. N.
Beech (1999) Cloning, sequencing, and developmental
expression levels of a novel glutamate-gated chloride
channel homologue in the parasitic nematode Haenion-
chus contortus. Biochem. Biophys. Res. Commun. 254: 529-
534.
Cully, D. E, P S. Paress, K. K. Liu, J. M. Schaeffer, and J. P
Arena (1996) Identification of a Drosophila melanogaster
glutamate-gated chloride channel sensitive to the anti-
parasitic agent avermectin. J. Biol. Chem. 271: 20187-
20191.

(80

[81

(82

[84

‘0o
ASI

‘o
o))

Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 4

[87] Kane, N. S., B. Hirschberg, S. Qian, D. Hunt, B. Thomas,
R. Brochu, S. W. Ludmerer, Y. Zheng, M. Smith, ]J. P,
Arena, C. J. Cohen, D. Schmatz, J. Warmke, and D. E
Cully (2000) Drug-resistant Drosophila indicate gluta-
mate-gated chloride channels are targets for the anti-
parasitics nodulisporic acid and ivermectin. Proc. Natl.
Acad. Sci. USA 97: 13949-13954.

[88] Blackhall, W. J., J. E Pouliot, R. K. Prichard, and R. N.
Beech (1998) Haemonchus contortus: selection at a gluta-
mate-gated chloride channel gene in ivermectin- and
moxidectin-selected strains. Exp. Parasitol. 90: 42-48.

[89] Paiement, J., R. K. Prichard, and P. Ribeiro (1999) Hae-
monchus contortus: characterization of a glutamate bind-
ing site in unselected and ivermectin-selected larvae and
adults. Exp. Fatasitol. 92: 32-39.

[90] Rohrer, S. P, E. T. Birzin, C. H. Eary, ]. M. Schaeffer, and

W. L. Shoop (1994) Ivermectin binding sites in sensitive

and resistant Haemonchus contortus. J. Parasitol. 80: 493-

497.

Le Jambre, L. E, J. H. Gill, I. J. Lenane, and E. Lacey

(1995) Characterization of an ivermectin-resistant strain

of Australian Haemonchus contortus. Int. J. Parasitol. 25:

691-698.

[92] Le Jambre, L. E, J. H. Gill, I. J. Lenane, and P. Baker

(2000) Inheritance of avermectin resistance in

Haemonchus contortus. Int. J. Parasitol. 30: 105-111.

Blackhall, W. J., H. Y. Liu, M. Xu, R. K. Prichard, and R.

N. Beech (1998) Selection at a P-glycoprotein gene in iv-

ermectin- and moxidectin-selected strains of Haemon-

chus contortus. Mol. Biochem. Farasitol. 95: 193-201.

[94] Xu, M., M. Molento, W. Blackhall, P. Ribeiro, R. Beech,
and R. Prichard (1998) Ivermectin resistance in nema-
todes may be caused by alteration of P-glycoprotein
homolog. Mol. Biochem. Farasitol. 91: 327-335.

[95] Sangster, N. C,, S. C. Bannan, A. S. Weiss, S. C. Nulf, R.
D. Klein, and T. G. Geary (1999) Haemonchus contortus:
sequence heterogeneity of internucleotide binding do-
mains from P-glycoproteins. Exp. Farasitol. 91: 250-257.

[96] Le Jambre, L. E, . ]. Lenane, and A. ]. Wardrop (1999) A
hybridisation technique to identify anthelmintic resis-
tance genes in Haemonchus. Int. J. Parasitol. 29: 1979-1985.

[97] Wollweber, H., E. Niemers, W. Flucke, P. Andrews, H. P.
Schulz, and H. Thomas (1979) Amidantel, a potent
anthelminthic from a new chemical class. Arzneimittel-
forschung. 29: 31-32.

[98] Thomas, H. (1979) The efficacy of amidantel, a new
anthelmintic, on hookworms and ascarids in dogs. Tio-
penmed Farasitol. 30: 404-408.

[99] Tomlinson, G., C. A. Albuquerque, and R. A. Woods
(1985) The effects of amidantel (BAY d 8815) and its
deacylated derivative (BAY d 9216) on Caenorhabditis ele-
gans. Eur. J. Pharmacol. 113: 255-262.

[100] Woods, R. A., K. M. B. Malone, C. A. Albuquerque, and
G. Tomlinson (1986) The effects of amidantel (Bay d
8815) and its deacylated derivative (Bay d 9216) on
wild-type and resistant mutants of C. elegans. Can. J.
Zool. 64: 1310-1316.

[101] Feitelson, J. S., J. Payne, and L. Kim (1992) Bacillus thur-
ingiensis - insects and beyond. Biotechnology (NY). 10:
271-275.

91

—

[93

[iter}



Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 4

[102] Meadows, J. S., S. Gill, and L. W. Bone (1989) Factors
influencing lethality of Bacillus thuringiensis kurstaki
toxin for eggs and larvae of Trichostrongylus colubriformis
(Nematoda). J. Parasitol. 75: 191-194.

[103] Borgonie, G., M. Claeys, E Leyns, G. Arnaut, D. De
Waele, and A. Coomans (1996) Effect of nematocidal
Bacillus thuringiensis strains on free-living nematodes. 1.
Light microscopic observations, species and biological
stage specificity and identification of resistant mutants
of Caenorhabditis elegans. Fundam. Appl. Nematol. 19: 391-
398.

[104]Meadows, ]., S. S. Gill, and L. W. Bone (1990) Bacillus
thuringiensis strains affect population growth of the free-
living nematode Turbatrix aceti. Invert. Reprod. Devel. 17:
73-76.

263

[105] Leyns, E, G. Borgonie, G. Arnaut, and D. De Waele
(1995) Nematicidal activity of Bacillus thuringiensis iso-
lates. Fundam. Appl. Nematol. 18: 211-218.

[106] Bone, L. W,, K. P. Bottjer, and S. S. Gill (1985) Trichos-
trongylus colubriformis: egg lethality due to Bacillus thut-
ingiensis crystal toxin. Exp. Parasitol. 60: 314-322.

[107] Marroquin, L. D., D. Elyassnia, ]. S. Griffits, J. S. Feitel-
son, and R. Aroian (2000) Bacillus thuringiensis (Bt) toxin
susceptibility and isolation of resistance mutants in the
nematode Caenorhabditis elegans. Genetics. 155: 1693-
1699.

[108] Martin, R. J., I. Murray, A. P. Robertson, H. Bjorn, and
N. Sangster (1998) Anthelmintics and ion-channels: af-
ter a puncture, use a patch. Int. J. Parasitol. 28: 849-862.

[Received April 10, 2001; accepted July 6, 2001]



