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Genetic variability of glutamate-gated chloride channel
genes 1n 1vermectin-susceptible and -resistant strains
of Cooperia oncophora
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SUMMARY

The glutamate-gated chloride channels (GluCls) are members of the ligand-gated ion channel superfamily that are thought
to be involved in the mode of action of ivermectin and mechanism of resistance. Using reverse-transcriptase PCR tech-
niques, 2 full-length GluCl ¢cDNAs, encoding GluCla3 and GluCIf subunits, were cloned from Cooperia oncophora, a
nematode parasite of cattle. The two sequences show a high degree of identity to similar subunits from other nematodes.
The C. oncophora GluCla3 subunit is most closely related to the Haemonchus contortus GluCla3B subunit, while
C. oncophora GluCIf subunit shares high sequence identity with the H. contortus GluCIf} subunit. Using single-strand
conformation polymorphism, the genetic variability of these two genes was analysed in an ivermectin-susceptible isolate
and an ivermectin-resistant field isolate of C. oncophora. Statistical analysis suggested an association between the
C. oncophora GluCla3 gene and ivermectin resistance. No such association was seen with the GluCIf3 gene.

Key words: Cooperia oncophora, genetic variation, ivermectin resistance, glutamate-gated chloride channel, single-strand

conformation polymorphism.

INTRODUCTION

Gastrointestinal helminth infections can severely
limit the productivity of domestic ruminants, caus-
ing serious economic losses even at subclinical infec-
tion levels (Le Jambre, 1993). Control relies heavily
on the use of anthelmintics, among them ivermectin.
Unfortunately, the development of resistance
threatens the usefulness of these drugs. While re-
sistance is primarily a problem in sheep and goats,
reports of its occurrence in cattle, though not as
common, are emerging (McKenna, 1996; Williams,
1997; Coles, 2002 a, b). Because they are genetically
diverse, parasitic helminths are able to respond to
selective pressure (Blouin et al. 1992; Grant, 1994;
Otsen et al. 2001). Parasites carrying a resistance
gene or genes are able to survive drug treatment and
pass on their resistance genes to their offspring
(Prichard, 1990; Jackson, 1993; Jackson & Coop,
2000). Over time, with ongoing therapeutic pressure,
the frequency of resistant individuals in the popu-
lation can increase, resulting in treatment failure.
Ivermectin resistance involving Cooperia species
has been reported by several authors (Vermunt, West
& Pomroy, 1995, 1996, Coles, Stafford & MacKay,
1998; Coles, Watson & Anziani, 2001; Familton,
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Mason & Coles, 2001 ; Anziani et al. 2001 ; Fiel et al.
2001), highlighting the need for research into the
mechanisms of resistance with a view to monitoring
and limiting its spread. Studies on the mode of action
of ivermectin have focused largely on the free-living
Caenorhabditis elegans, where the GluCls have been
identified as major targets (Arena et al. 1992, 1995;
Cully et al. 1994; Dent, Davis & Avery, 1997; Dent
et al. 2000). These channels have also been identified
in parasitic nematodes, including Haemonchus
contortus (Delany, Laughton & Wolstenholme, 1998 ;
Forrester et al. 1999; Jagannathan et al. 1999) and
Ascaris suum (Martin, 1996 ; Jagannathan et al. 1999).
As members of the ligand-gated ion channel (LGIC)
superfamily, GluCls are thought to be hetero-
pentameric in structure, with the 5 membrane-
spanning subunits assembled around a central pore
(Barnard, 1996). Binding of ivermectin opens the
channel, which is permeable to chloride ions, leading
to inhibitory action in the nervous system (Arena
et al. 1995; Martin, 1996; Dent et al. 1997). Iver-
mectin also exerts its effects on other members of the
LGIC superfamily, including GABA-gated chloride
channels (Holden-Dye & Walker, 1990; Feng et al.
2002) and nicotinic acetylcholine receptors (Krause
et al. 1998). In addition, ivermectin is a substrate for
P-glycoproteins (P-gps), transmembrane proteins
involved in transporting compounds across mem-
branes (Schinkel et al. 1994 ; Pouliot et al. 1997).
Ivermectin resistance is thought to involve mul-
tiple mechanisms (Gill et al. 1998; Prichard, 2001).
Genetic variability studies suggest a role for P-gp in
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ivermectin resistance in H. contortus (Blackhall et al.
1998 a; Sangster et al. 1999). Xu et al. (1998) have
also shown that P-gp is over-expressed in ivermectin-
selected strains of H. contortus. As well, selection
at an a subunit GluCl gene is associated with iver-
mectin resistance in H. contortus (Blackhall et al.
1998b). In C. elegans, simultaneous mutations in 3 o.-
subunit GluCl genes results in high-level resistance
(Dent et al. 2000). Whether the GluCls also play a
role in ivermectin resistance in C. oncophora in the
field is not known. To determine this, we have cloned
2 GluCl subunit ¢cDNAs (Co GluCla3 and Co
GluClIp) from this nematode, and examined their
genetic variability in an ivermectin-susceptible
(IVS) isolate and an ivermectin-resistant field isolate
(IVR) of this worm. The results suggest a role for Co
GluCla3, but not GluCIf, in ivermectin resistance.

MATERIALS AND METHODS
Parasites

IVS and IVR C. oncophora isolates were provided by
Dr Coles, University of Bristol, UK. The IVS isolate
was passaged through calves without drug treatment
at the Weybridge Experimental Station, UK, and
IVR is an ivermectin-resistant field isolate (Coles
et al. 1998) also from the UK. The parasites were
maintained at the Macdonald Campus (McGill Uni-
versity) farm by passaging through male Holstein
calves every 4 months without treatment. After 4
years of passage, the susceptible/resistant status of
the two isolates was confirmed in a limited controlled
study, in which 2 worm-free calves, for each strain,
were infected with 10 000 IVS and IVR L3. After the
infections were patent, the calves were treated with
ivermectin. Ivermectin at the recommended dose
was 100% effective at eliminating the IVS isolate,
with no eggs found in faeces, and no adult worms
found in the small intestine of the treated IVS-
infected calf. For the IVR isolate, ivermectin reduced
the faecal egg count and adult worm burden by 77 %
and 70%, respectively, confirming the findings of
Coles et al. (1998) that the IVR isolate was moder-
ately resistant to ivermectin.

For RNA and DNA extraction, adult C. oncophora
were collected live at necropsy from the small intes-
tine, and stored in liquid nitrogen.

Isolation of two full-length C. oncophora GluCl
c¢DNAs using RT-PCR

Using an oligo-dT primer (GibcoBRL) and murine
Moloney leukaemia virus reverse transcriptase
(GibcoBRL), first strand ¢cDNA was synthesized
from total RNA isolated from bulk adult worms. The
cDNA served as template (~2 ng) for the initial
amplification of a GluCl fragment using degenerate
primers and the Advantage 2 PCR kit (ClonTech).
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For a nested PCR approach, 4 degenerate primers
were designed based on an alignment of known
GluClsequences from H. contortus and C. elegans. In
all reactions, primers were used at a concentration of
0-4 um. In the first-round PCR reaction, the primers
used were: outer sense primer 5" TGGATGCCN-
GAYACNTT 3’ and the outer antisense primer 5’
CCARTANRRDATRTTRA 3. From this reaction,
2 ul of the PCR product was then used as template for
a second amplification using the nested primers 5’
ATHGAYAARCCNAAYGT 3’ (sense) and 5 GC-
NCCRAADATRAANGC 3’ (antisense). For both
rounds, amplification conditions were 94 °C for 30 s
to denature, and 30 cycles of 94 °C for 20 s, 50 °C for
30 s, and 72 °C for 1 min, followed by a final exten-
sion at 72 °C for 5 min. PCR products from the
second round were examined on a 1% agarose gel
stained with 0-5 yug/ml ethidium bromide, and the
fragment of the expected size (~ 550 bp) was purified
using the Nucleospin Gel Extraction Kit (Clon-
Tech). The purified PCR products were cloned into
a TA vector (Invitrogen) and sequenced. Using the
sequence information of this fragment, gene-specific
primers were designed for 5" and 3" RACE reactions.

For the 5’ RACE reaction, the Advantage 2 cDNA
kit (ClonTech) was used. Two 5" RACE primers, 5’
RACET1 and 5" RACE2 (5" CGCCGATCCACAC-
GTCCACCGCCTTTAT 3" and 5" CGAGCCAG-
AATGAAACCCAAGAGACGAC 3/, respectively)
were designed and used in a semi-nested PCR reac-
tion with the nematode splice leader sequence SL.1 (5’
GGTTTAATTACCCAAGTTTGAG 3). Ampli-
fication conditions were 94 °C for 1 min, followed by
30 cycles of 94 °C for 30's, 54 °C for 30 s, and 72 °C
for 1 min, followed by a final extension at 72 °C for
5 min. The fragment obtained after the second round
of PCR was purified, ligated into a T'A cloning vector
(Invitrogen) and subsequently sequenced from both
directions with M13 forward and reverse vector
primers.

To isolate the 3’ end of the C. oncophora GluCl
cDNA, the Marathon ¢cDNA Amplification kit
(ClonTech) was used. Adaptor-ligated double-
stranded cDNA was prepared according to the manu-
facturer’s recommendations and used as template.
Two gene-specific sense primers 3’ RACE1 (5" CT-
GGTGTTGTCCTGCCCGATGTCGTTGG 3"
and 3’ RACE2 (5" CCAGCAAAACCAATACGG-
GAGAATACAG 3') were used in a nested PCR
reaction with the antisense adaptor primers AP1 and
AP2, respectively. A touchdown PCR was employed
as recommended by the manufacturer. The resulting
product was purified, cloned and sequenced from
both directions.

A second full-length GluCl cDNA, encoding a 3
subunit, was also isolated from C. oncophora using
the same procedures outlined above, except for the
primers. The degenerate primers used for the initial
isolation were designed based upon an alignment of
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Table 1. Primers used to amplify fragments of Co GluCla3 and Co GluCIfS genes from individual male

worms for SSCP

(The primers were exonic, and the position of the intron was predicted based on a C. elegans GluCl cosmid sequence

(Accesssion number U97196).)

Sequence Intron Fragment
Gene Primer (5'-3) size (bp) size (bp)
Co GluCla3 Sense TGGATCGACAAAATTGCCT 93 228
Antisense ACTTGGTAACGACATCTTG
Co GluCIp Sense AGCTCGTGCCACATGCAGC 68 278
Antisense ATTGGTGTGACTAGTGCAG

the amino acid sequences of GIluCIp subunits
from H. contortus (Delany et al. 1998) and C. elegans
(Cully et al. 1994). Four degenerate primers were
used in a nested PCR approach. In the first round
of PCR, the sense and antisense primers used were
5" GTYCGKGTYAAYATYATGAT 3" and 5’
GACRAAYGCGTATTCSAGMA 3/, respectively.
The first-round reaction was then used as template
for further amplification using the nested primers
5" GAYGTMGTYAAYATGGARTA 3’ (sense)
and 5" TTGRCASGCTCCRAGCCASA 3’ (anti-
sense). The 736-bp product from the second round
was cloned and sequenced, and gene-specific primers
were then designed for 5" and 3" RACE reactions.

To amplify the 5’ end of the GluCIf cDNA, 2
antisense primers, 5° RACE1 (5 GGTACAGTG-
AGAAACTTTGGAGGG 3’) and 5" RACE2 (5’
CATATGCCAGACGCGAATCGAGCC 3'), were
used in a semi-nested PCR reaction with SL.1 and
Advantage 2 cDNA polymerase (ClonTech). For
the 3’ RACE reactions, two sense primers, 3’ RACE1
(5" AGCAGCCGAATTAGTATCACGAGC 3)
and 3’ RACE2 (5 CCAGTGCAGCTCAAACCG-
GGCGTC 3') were used with the antisense adaptor
primers AP1 and AP2 in a nested PCR reaction
using the Marathon ¢cDNA amplification kit (Clon-
Tech).

PCR amplification of genomic DNA from individual
male worms for single-strand conformation
polymorphism (SSCP) analysis

Genomic DNA was isolated from individual adult
male worms as described by Beech, Prichard & Scott
(1994). To ensure that the genomic DNA sample
obtained represented one worm, only male worms
were used. For the first GluCl subunit, 150 genomic
DNA samples were examined (75 from each group),
while 160 samples (80 from each group) were tested
for GluCIp subunit. The DNA samples were ampli-
fied in a standard PCR reaction using Taq poly-
merase (GibcoBRL) with the gene specific primers
listed in Table 1. All primers were exonic, spanning
a predicted intron in both genes (T'able 1). The pri-
mers were designed using the OLIGO® primer
analysis software (Version 4.06). The intron position
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was predicted based on the C. elegans GluCl cosmid
sequence (Accession number U97196). All PCR
amplifications were carried out in a 25 ul reaction
volume using 2 ul of genomic DNA from individual
worms as template, 3 mm MgCl,, 0:2 mMm dNTPs,
0-5U Taq polymerase and 0-4 uMm of each primer.
Negative (no DNA) controls were included. PCR
conditions were optimized individually to each re-
gion to ensure specificity. For the first GluCl subunit
gene, the thermal cycling conditions included an
initial incubation at 94 °C for 4 min, followed by
35 cycles of 94 °C for 30 sec, 48 °C for 30 sec, and
72 °C for 1 min, with a final extension at 72 °C for
5 min. The same conditions were used to amplify a
fragment of the C. oncophora GluCIp gene from in-
dividual worms, except that the annealing tempera-
ture was 53 °C. Prior to SSCP, a 5 ul aliquot of each
PCR product was checked by agarose gel electro-
phoresis to confirm the size and specificity of the
products.

SSCP analysis

For SSCP screening of the first GluCl subunit gene
samples, 1 ul of each PCR product was mixed with
15 ul of loading buffer containing 95% formamide,
10 mm NaOH, 0-25% bromophenol blue, and 0-25 %
xylene cyanol. The samples were then denatured at
95 °C for 5 min, and immediately placed on ice to
stabilize the single strands of DNA. Subsequently,
10 ul of each sample were loaded onto a 15% non-
denaturing polyacrylamide gel and electrophoresed
in 1 x TBE for 18 h at room temperature and 110 V.
The conditions for SSCP electrophoresis were stan-
dardized for the optimal resolution of bands. This
involved testing gels of different polyacrylamide
concentrations (8%, 12%, 15%, 20%), as well as
voltage settings, product:dye ratios, and gel running
times. For the GluCIp gene, the PCR samples were
mixed with the loading dye in the same product: dye
ratio of 1:15, and electrophoresed on a 12% poly-
acrylamide gel for 24 h at 90 V and room tempera-
ture. Following electrophoresis, the gels were stained
with ethidium bromide and visualized using the Bio-
Rad Molecular Imager FX with its corresponding
Quantity One (Version 4.2.1) software. Alleles were
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Table 2. Amino acid sequence identities of the Co GluCla3 and
GI1uCIp subunits with other GluCl sequences reported in GenBank

(Partial sequences are indicated by an asterisk. Highest sequence identity to
a different full-length sequence is shown in bold type.)

C. oncophora

GluCla3 (438 aa)

C'. oncophora

GIluCIf (432 aa)

C. oncophora GluCIp
H. contortus GluClo3B
C. elegans GluClo3B
*0O. volvulus GluCIX
*D. immitis GluCIX (u59744)
*A. suum GluClo3

H. contortus GluCla3A
C. elegans GluCla3A

. elegans glc-3

. contortus GluCla

. melanogaster GluCl
. contortus GluCIp

. elegans GluCIp

. elegans GluClo2A

. elegans GluCla2B

. elegans glc-1

aoaaZoIo

51
51
52
56
44
44
44
55
42
40
90
76
46
46
45

identified based on their unique banding patterns.
A Chi-square analysis was performed to test for
differences in allele frequencies between the two
groups, IVS and IVR. In addition, genotypic fre-
quencies for both groups were analysed for Hardy—
Weinberg equilibrium using a Chi-square test.

Sequence analysis

All alleles were investigated by direct sequencing.
PCR products amplified from genomic DNA of in-
dividual worms were purified using the Nucleospin
Gel Extraction kit (ClonTech) and sequenced using
PCR primers. Nucleic acid sequences were analysed
using MacVector 7.0 software (Oxford Molecular
Groups, England). The exact size and position of
the intron was determined by comparative alignment
of the alleles with the corresponding full-length C.
oncophora GluCl cDNA sequences.

C. oncophora GIluCl predicted proteins were
aligned with other GluCl sequences using CLUS-
TALW on the SDSC Biology Workbench (Version
3.2). Phylogenetic analyses were then carried out
using MEGA Version 2.1 (Kumar et al. 2001). The
strength of the tree nodes was assessed by bootstrap
resampling.

RESULTS

Using degenerate primers and RT-PCR, 2 partial
cDNA fragments encoding different GluCls were
obtained from C. oncophora. 5" and 3" RACE tech-
niques were then used to amplify the full-length
sequences. The spliced leader sequence SLL1, which
is found on many nematode mRNAs, facilitated
isolation of the 5" end. The two cDNAs were 1818
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and 1480 nucleotides long, with short 5 untranslated
regions of 97 and 12 nucleotides, respectively. The
predicted protein sequences were 438 and 432
amino acids (aa) long, respectively. A database search
showed the 438-aa sequence to have highest identity
to the H. contortus and C'. elegans GluClo.3B subunits
(88% and 82 % identity, respectively), while the 432-
aa long predicted protein sequence showed 90 % and
76 % identity to H. contortus and C. elegans GluCIf
subunits (Table 2). Because of the high homology
to GluCla3 and GluClp subunit classes, the two
cDNAs cloned from C. oncophora were assigned to
these groups, and are referred to as C. oncophora (Co)
GluCla3 and Co GluCIp. Nucleotide sequence data
are available in the GenBank™, EMBL and DDB]
databases under the Accession numbers AY372756
and AY372757 for Co GluCla3 and Co GluClIf, re-
spectively. These two sequences shared 54 % identity
at the amino acid level. A phylogenetic tree con-
structed by the Neighbor-Joining method placed
Co GluCla3 predicted protein with GluCla3B
sequences from H. contortus and C. elegans, while
Co GluCIp grouped with H. contortus and C. elegans
GluCIp sequences (Fig. 1). These groupings were
supported by bootstrap analysis.

An alignment of the C. oncophora GluCla3 poly-
peptide with GluCla3B sequences from H. contortus
and C. elegans is shown in Fig. 2A, while an alignment
of GluCIp polypeptide sequences from C. oncophora,
H. contortus and C. elegans is shown in Fig. 2B. The
C. oncophora GluCla3 and GluCIf predicted protein
sequences contain features common to ligand-gated
ion channel subunits—a long N-terminal extra-
cellular domain containing 4 cysteine residues, 4
predicted membrane-spanning domains (TM1-4), a
long intracellular loop between TM3 and TM4, and
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100 [ C.
100 H. contortus GluCla.3B

100 ——— C. elegans GluCla3B

99

100

C. elegans glc-3
52

100

H. contortus GluClo.3A

C. elegans GluCla3A

H. contortus GluCla

C. elegans GluCla1
C. elegans GIuCI

C. oncophora GIuCIp

100 H. contortus GIuCIB

Fig. 1. Neighbor-joining tree showing relationships of the Cooperia oncophora GluCl subunits with full-length
GluCls from Haemonchus contortus and Caenorhabditis elegans. The two C. oncophora sequences are highlighted in

bold. The Co GluCla3 sequence is most closely related to

GluCla3B sequences from H. contortus and C. elegans

(100% bootstrap value). The Co GluCIf subunit groups with the two [} subunits from H. contortus and C. elegans, and
this grouping is also highly supported by bootstrap analysis.

a very short C-terminal extracellular domain. The
estimated molecular weights of the Co GluCla3 and
GluCIp predicted proteins were 50667 and 49651
Daltons respectively. Putative signal peptides were
identified at the amino termini of both sequences,
and these were predicted to be cleaved between
amino acids 30 and 31 for Co GluCla3 (Fig. 2A), and
16 and 17 for Co GIuCIf (Fig. 2B). Co GluCla3
contains one predicted N-linked glycosylation site
at amino-acid residue 57, as well as consensus sites
for phosphorylation by casein kinase II and protein
kinase C in the intracellular loop between T'Ms 3 and
4 (Fig. 2A). These are conserved in H. contortus and
C. elegans GluCla3B. The Co GIuCIf sequence
contains two conserved glycosylation sites at aspara-
gines residues 52 and 209, and phosphorylation sites
for protein kinase C and casein kinase II at amino
acid residues 337 and 392 respectively (Fig. 2B).

To examine genetic variation of the Co GluCla3
and GluClIS genes, genomic DNA was prepared from
individual IVS and IVR male worms. Co GluCla3
and GluCIf gene fragments, respectively 228 bp and
278 bp, were amplified separately and subjected to
agarose gel electrophoresis. While no size variations
were detected on agarose gels, SSCP revealed dif-
ferences among the samples (Fig. 3). For the Co
GluCla3 gene, 75 IVS and 75 IVR individual male
worms were analysed. A total of 9 different alleles
(A-]) were identified (Fig. 4). Allele A was the most
common allele in the IVS group, with a frequency of
0-406. The frequency of allele A in the IVR group
was 0-21. Allele E was the most common allele in the
IVR group, with a frequency of 0-27. This allele was
also found in the IVS group, but at a lower frequency
of 0-18. As with allele A, alleles C and G were found
at a higher frequency in the IVS group, while alleles
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D, F and H were found at higher frequencies in the
IVR group. Allele J was found only in the IVR group.
Chi-square analysis revealed a significant difference
in allele frequencies between IVS and IVR groups
(P<0-001). Genotypic frequencies did not differ
significantly from Hardy—Weinberg equilibrium.

For the Co GluCIf gene, 160 worms (80 IVS and
80 IVR) were examined. Only two alleles, A and B,
were detected by SSCP (Figs 3 and 5). Allele A had
frequencies of 0-137 and 0-1 in the IVS and IVR
groups, respectively, while allele B had frequencies
of 0-863 and 0-9 in the same respective groups. Allele
frequencies were not significantly different between
IVS and IVR groups, and genotypic frequencies did
not differ significantly from Hardy—Weinberg equi-
librium.

Following the SSCP evidence that there were
significant differences in genetic polymorphism in
Co GluCla3, but not in Co GluClIf, the nucleotide
sequences of the different alleles were determined.
Amplicons representing all Co GluCla3 and GluCIf
alleles were subjected to direct sequencing. For the
Co GluCla3 gene, 228 bp of sequence was obtained
for each allele, with a 93-bp intron flanked by exons.
No length polymorphisms were detected. Alignment
of the alleles revealed 18 polymorphic sites, dis-
tributed across the length of the sequence (Fig. 6A).
Of these, 13 were singletons, while 5 were found
twice or more among the 9 allele sequences. All were
single base substitutions, with 14 (77-8%) being
transitions (A<~ G,n=9;C«— T, n=5)and 4 (22-2%)
being transversions (C—G, n=2; A<T, n=1;
A~ C, n=1). Thirteen of the polymorphic sites
were found in the intron region. Of the 5 nucleotide
changes found in the exon, 4 were at the third codon
position, and one was at the first codon position. All
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Fig. 2. Alignment of GluCla3 (A) and GluCIf (B) deduced amino acid sequences of Cooperia oncophora, Haemonchus
contortus and Caenorhabditis elegans. Completely conserved residues are shaded grey. Transmembrane domains are
indicated (TM1-TM4). Predicted phosphorylation (protein kinase C (@) and casein kinase 2 (O)) and N-linked

glycosylation sites (<) are shown. The glycosylation and phosphorylation sites are conserved among similar subunits.
The putative signal peptide cleavage sites are indicated by (W¥). The four extracellular cysteine residues are indicated
by (®). The first two cysteines, separated by 13 residues, are common to all members of the ligand-gated ion channel

superfamily, and this region forms the neurotransmitter signature sequence. The second cysteine pair, separated by

10 residues, is unique to glutamate-, glycine- and histamine-gated chloride channel subunits.
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Fig. 3. Single-strand conformation polymorphism
analysis of Co GluCIf3 PCR products. (A) Agarose gel
showing the quality of the PCR products derived from 10
individual male worms. M, molecular weight marker; C,
no-DNA control. (B). SSCP patterns of 11 individual IVS
worms at the Co GluCIf3 gene. Worms shown here are
homozygous BB (2 bands) or heterozygous AB (3 bands).

exon variants were silent mutations, consisting of
single nucleotide substitutions with no amino acid
changes.

For the Co GluClIf gene, 278 bp of sequence was
obtained for both alleles A and B. The intron was
68 bp long. Fig. 6B shows that only one polymorphic
site was identified following alignment of the alleles.
This nucleotide difference, a C«+ T transition, was
found in an exon region, and represented a silent
mutation at the third codon position.

DISCUSSION

GluCls are members of the ‘cys-loop’ class of LGICs
that are found only in invertebrates (Cleland, 1996).
Among nematodes, full-length GluCl cDNAs have
been cloned from C. elegans (Cully et al. 1994, 1996
Dent et al. 1997; Vassilatis et al. 1997; Dent et al.
2000; Horoszok et al. 2001), and H. contortus (Delany
et al. 1998; Forrester et al. 1999; Jagannathan et al.
1999). Partial GluCl cDNA sequences have also been
obtained from A. suwm (Jagannathan et al. 1999),
Dirofilaria immitis and Onchocerca volvulus (Cully
et al. 1996). In the present study, 2 full-length GluCl
c¢DNAs, encoding GluCla3 and GluCIf subunits,
were cloned from C. oncophora. The Co GluCla3
predicted protein sequence showed high identity to
GluCla3 sequences from H. contortus (88%), O.
volvulus (88 %), C. elegans (82%), A. suum (76 %) and
D. immitis (85%) (Table 2). The conservation of
sequence among GluCla3 subunits from different
nematodes, which was previously highlighted by

Jagannathan et al. (1999), suggests that these
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Fig. 4. Co GluCla3 allele frequencies in IVS and IVR
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Fig. 5. Co GluClIp allele frequencies in IVS and IVR

worms.
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subunits may play an important role in the function
of nematode nerve cells.

The Co GluCla3 and GluClf subunits exhibit
features that are characteristic of cys-loop LGICs — a
long hydrophobic N-terminal extracellular domain
containing a pair of cysteine residues separated by
13 amino acids, and 4 transmembrane domains. A
second pair of cysteine residues, separated by 10
amino acids, is also present in the N-terminal
extracellular region. This is conserved in GluCls,
vertebrate glycine-gated chloride channels (Vassilatis
et al. 1997), and the recently characterized histamine-
gated chloride channels (Zheng et al. 2002).

Studies of C'. elegans GluCls have shown that these
receptors are targets of the avermectin class of en-
dectocides (Arena et al. 1992, 1995; Cully et al. 1994,
1996; Vassilatis et al. 1997; Dent et al. 1997, 2000;
Horoszok et al. 2001). When expressed in Xenopus
oocytes, the C. elegans GluClo subunit forms
homomeric channels that are activated by ivermec-
tin (Cully et al. 1994). Other C. elegans GluCls that
are sensitive to ivermectin include AVR-15/
GluCla2 (Dent et al. 1997), AVR-14B/gbr-2B/
GluCla3B (Dent et al. 2000) and glc-3 (Horoszok
et al. 2001). While ivermectin sensitivity appears to
be a feature of a-like GluCl subunits, the C. elegans
AVR-14A subunit, which is a splice variant of the
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Fig. 6. Positions of polymorphic sites in the region of the Co GluCla3 and Co GluCIf genes analysed. Polymorphic
sites are highlighted as vertical bars. (A) Eighteen positions were found to be polymorphic for the Co GluCla3 gene.
Five of these were in the exon, and are marked by arrows. All were silent mutations. (B). Only one polymorphic
site was identified in the Co GluCIf gene in an exon region. The nucleotide substitution at this position did not

result in amino acid change.

avr-14/GluCla3 gene, does not respond to ivermec-
tin (Dent et al. 2000). As well, the C. elegans GluCIp
subunit is sensitive to glutamate, but not ivermectin
(Cully et al. 1994).

GluCls have also been implicated in the mech-
anism of resistance to ivermectin. In C. elegans,
simultaneous mutation of 3 GluCl a-subunit genes,
glc-1, avr-15 and avr-14, confers high-level iver-
mectin resistance (Dent et al. 2000). In H. contortus,
changes in allele frequencies as a result of ivermectin
selection have been observed in a GluCl gene en-
coding a putative a-subunit (Blackhall et al. 1998b).
No such selection occurred at the GluCIfB gene
(Blackhall et al. 19985b). Ivermectin gates the GluCl
channel by binding to the a-subunit, and not the
B-subunit (Cully et al. 1994). In the present study,
genetic variability of 2 C. oncophora GluCl genes,
Co GluCla3 and Co GluCIf, was analysed in IVS
and IVR worms using SSCP in combination with
direct sequencing. Amplicons of Co GluCla3 and
Co GluClIf genes analysed were ~228 and 278 bp in
length, respectively, well within the high sensitivity
range of 100-350 bp for SSCP (Benkwitz, Oberdorf-
Maass & Neyses, 1999). A significant difference in
allele frequencies was observed between IVS and
IVR worms at the Co GluCla3 gene locus, suggesting
that this gene may be involved in ivermectin resist-
ance. Two alleles, E and H, were found at higher
frequencies in the IVR group, while allele A had a
higher frequency in the IVS group. Differences
in allele frequencies between the two groups in the
Co GluCIfB gene locus were not significant and,
consistent with the information in C. elegans and
H. contortus, this gene appeared not to be involved
in ivermectin resistance. In addition to this ligand-
gated ion channel subunit gene, similar analyses were
performed on the genes encoding actin and beta-
tubulins, in the same group of worms as additional
controls. All 32 IVS and 32 IVR worms examined
were heterozygous for 2 actin alleles, A and B. At the
variable beta-tubulin isotypes 1 and 2 loci, where 10
alleles were identified, allele frequencies were not
significantly different between the two groups (Njue
& Prichard, 2003). These findings suggest that the
differences seen at the Co GluCla3 locus were most
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likely due to ivermectin selection, and not population
bottlenecking, which would have affected the other
polymorphic genes.

While a significant difference in Co GluCla3 allele
frequencies was evident, there was no reduction in
genetic variability in the IVR group. Similar results
were also obtained by Blackhall et al. (1998b),
who found 5 alleles of a putative GluCla gene in
ivermectin-selected and unselected H. contortus.
With benzimidazole resistance, significant reductions
in genetic variability of beta-tubulin isotype 1 and
2 genes have been reported in H. contortus, Trichos-
trongylus colubriformis and Teladorsagia circumcincta
(Kwaetal. 1993 ; Beech et al. 1994 ; Grant & Mascord,
1996; Elard & Humbert, 1999). With no detectable
loss of genetic variability, selection at the Co GluCla.3
gene may be at the early stages. This is consistent
with the relatively low to moderate level of resistance
of the I'VR field isolate.

For both Co GluCla3 and GluClIS genes, the region
analysed by SSCP lay between the two dicysteine
loops. Sequencing of the two GluClIp alleles revealed
that they were identical at the amino acid level. As
well, all nine Co GluCla3 alleles had identical amino
acid sequences, suggesting that this region may not
directly be involved in ivermectin resistance. For
both GluCla3 and GluClIf genes, a second region, the
intracytoplasmic loop, was also analysed by SSCP
and sequencing of alleles, and no amino acid changes
were seen among GluCla3 alleles or the GluClp alleles
identified (data not shown). SSCP cannot detect
mutations located outside the region being analysed,
and it is possible that mutations in other regions of
the gene may be involved in ivermectin resistance.

The expression sites of the Co GluCla3 and
GluCIf subunits remain to be determined. In
C. elegans, the avr-14/GluCla3 subunits, which are
homologous to Co GluCla3, are expressed in extra-
pharyngeal neurons (Dent et al. 2000). Ivermectin-
induced hyperpolarization of extrapharyngeal
neurons can inhibit pharyngeal pumping, an action
mediated via gap junctions (Dent et al. 2000). The C.
elegans GluCIf} subunit is expressed in the pharynx
(Laughton, Lunt & Wostenholme, 1997). In H.
contortus, the GluCIf subunit is expressed in motor
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neuron commissures, and may therefore have some
effect on body wall muscle (Delany et al. 1998;
Portillo et al. 2003). The H. contortus (Hc) splice
variants Hc GluCla3A and 3B are also expressed in
the motor neuron commissures (Jagannathan et al.
1999; Portillo et al. 2003). In other regions, these two
splice variants have unique expression patterns
(Portillo et al. 2003). He GluCla3A is found in a pair
of lateral neurons in the head of the worm, which are
most likely amphidial neurons. Hc GluCla3B is ex-
pressed in nerve cords, as well as 3 cell bodies on the
pharynx. A third H. contortus subunit, Hc GluCla,
is expressed in motor neuron commissures (Portillo
et al. 2003). Green fluorescent protein under the
control of the Hc GluCla promoter was expressed in
the M2 and MC neurons, in C. elegans, which in-
nervate the terminal bulb and anterior of the isthmus
of the pharynx (Liu et al. 2004). This suggests that
pharyngeal receptors containing Hc GluCla3B and
Hc GluCla may be involved in mediating ivermec-
tin’s inhibitory effects on pharyngeal pumping in
H. contortus.

The two isolates used in this study, IVS and IVR,
were originally obtained from different locations in
the UK, and their geographical separation, albeit not
great, may have contributed to the difference in allele
frequencies at the Co GluCla3 gene. However, no
significant differences in allele frequencies were seen
on the Co GluCIf subunit, actin or the beta-tubulin
genes. The products of these genes are not known to
bind ivermectin and to be the primary site of action of
this anthelmintic. In addition, the same Co GluCla3
alleles were found in the IVS and IVR groups, sug-
gesting that the significant differences observed in
Co GluCla3 allele frequencies were most likely due
to ivermectin selection. In H. contortus, selection
with benzimidazoles has been shown to select for the
same allelic types in independently derived field
isolates, suggesting that geographical separation does
not preclude relevant comparison of the allele fre-
quencies of such isolates (Kwa et al. 1993; Beech
et al. 1994). However, further work is required to de-
termine whether there are any functional differences
between Co GluCla3 alleles. Indeed, expression of
Co GluCla3 alleles in Xenopus oocytes results in
formation of channels with different sensitivities to
ivermectin and moxidectin (Njue et al. 2004).

The authors thank Dr G. Coles for providing the parasite
isolates used in this study. The technical assistance of D.
Eshelby and G. Bingham is greatly appreciated. This study
was supported by grants from Fort Dodge Animal Health
and NSERC, Canada.
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