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bstract

Ivermectin resistance is common in trichostrongylid nematodes of livestock, such as Haemonchus contortus. This anthelmintic is the only drug
pproved for mass administration to control onchocerciasis caused by the nematode parasite, Onchocerca volvulus. In parts of West Africa up to
8 rounds of ivermectin treatment have been administered to communities and there are reports of poor parasitological responses to treatment.
nderstanding ivermectin resistance and ivermectin selection is an important step to reduce selection pressure for resistance, and to develop
olecular markers which can be used to monitor the development of resistance and its spread. Here we report evidence that ivermectin selection

hanges the frequency of �-tubulin alleles in both the sheep parasite, H. contortus, and the human parasite, O. volvulus. In O. volvulus we have
een able to look at the frequency of �-tubulin alleles in O. volvulus obtained before any ivermectin was used in humans in Africa, and following
ts widespread use. In H. contortus, we have been able to look at the frequency of �-tubulin alleles in a strain which has not seen any anthelmintic
election and in an ivermectin selected strain derived from the unselected strain. We have found ivermectin selects on �-tubulin in both of these
ematode species. In the case of O. volvulus, we had previously reported that ivermectin selects for specific single nucleotide polymorphisms in

he O. volvulus �-tubulin gene. This polymorphism results in three amino acid changes in the H3 helix of �-tubulin, as well as deletions in an
ssociated intron. We report a simple PCR assay to detect the amplicon length polymorphism, resulting from these intronic deletions, which can
e used to monitor the frequency of the �-tubulin allele selected for by ivermectin in O. volvulus.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Resistance to ivermectin and some of the other macrocyclic
actone anthelmintics is widespread and increasing in nematode
arasites of sheep, goats and cattle, yet we do not adequately
nderstand the mechanisms and genetics of resistance in nema-
odes of these hosts [1]. The most serious problems occur in

nthelmintic resistant Haemonchus contortus and this nematode
as been most widely studied to try to elucidate the mechanisms
f ivermectin resistance in nematodes. Ivermectin is the only

∗ Corresponding author. Tel.: +1 514 398 7729; fax: +1 514 398 7594.
E-mail address: roger.prichard@mcgill.ca (R.K. Prichard).
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vailable drug for mass treatment of onchocerciasis and has been
sed over many years to suppress clinical manifestations and
educe transmission of the causative agent, Onchocerca volvu-
us, in West Africa. It is now being used in mass treatment
rograms for onchocerciasis and lymphatic filariasis through-
ut sub-Saharan Africa as well as for onchocerciasis control in
he Americas. Recently, there have been a few reports of poor
. volvulus parasitological and clinical responses to ivermectin

2–4] as well as genetic evidence of ivermectin selection on O.
olvulus [5–8].
Because ivermectin is not curative for O. volvulus infec-
ion, but temporarily reduces parasite microfilarial counts by
liminating most of the microfilariae in the skin and reducing
he fecundity of the surviving adult parasites, it is difficult to

mailto:roger.prichard@mcgill.ca
dx.doi.org/10.1016/j.molbiopara.2006.08.007
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ivermectin exposed nodules obtained from Ghana were from
people who had been treated six or more times. The Ugandan
samples came from the western part of Uganda, in 1996, prior
to the administration of ivermectin in the region.

Table 1
Location of villages where O. volvulus nodules were obtained

Country Village Date of
collection

Number of annual
ivermectin
treatments

Sierra Leone Bonjeima 1989–1990 None
Kambama 1989–1990 None
Mawule 1989–1990 None
Nitty 1989–1990 None
Palima 1989–1990 None
Yisaia 1989–1990 None

Cote d’Ivoire Ahininkro 1989–1990 None
Assereko 1989–1990 None
Hemakono-Avo 1989–1990 None
Louga 1989–1990 None
Mamorodougou 1989–1990 None
Oua 1989–1990 None

Ghana Bielikpong 1989–1990 None
Aflakpe 1998 None
Asubende 1998 None
Dodome-Awlime 1998 None
Dodome-Teleafenu 1998 None
Hoe 1998 None
Honuta-Gborgame 1998 None
Honuta-sifiafe 1998 None
Klave 1998 None
Kpoeta-Ashanti 1998 None
Kpedze-Anoe 1998 None
Kpdze-Sreme 1998 None
Kpedze-Todze 1998 None
30 J.K.L. Eng et al. / Molecular & Bioch

nequivocally show ivermectin resistance in O. volvulus. Resis-
ance in the adult worms is likely to be manifested as a much

ore rapid rebound in skin microfilariae, after treatment, and
n the microfilariae by a poor initial response to ivermectin.
nequivocal demonstration of ivermectin resistance in O. volvu-

us would require repeated sequential determination of skin snip
icrofilarial counts before and after treatment and the exami-

ation of embryogrammes. The studies of Awadzi et al. [2,4]
ave best approached this type of examination, so far, and their
ata strongly suggest that ivermectin resistance is developing in
emale O. volvulus, but not in the microfilariae.

The difficulty of unequivocally demonstrating resistance in
. volvulus is compounded because there are no adequate in

itro biological tests for resistance using this species, because
f the long term reproductive effects of the drug and the diffi-
ulty of culturing O. volvulus in vitro. Furthermore, O. volvulus
s an obligate parasite of humans and there are no animal hosts
vailable for maintaining the reproductive stages of the parasite.
s a result of these great difficulties to measure ivermectin resis-

ance in O. volvulus, either in vivo or in vitro, and the fact that
rug resistance is brought about by genetic selection, attention
as been given to looking for genetic changes in populations of
. volvulus that have been exposed to repeated rounds of iver-
ectin treatment and comparing these with ivermectin naı̈ve

arasite populations [5–8].
Using restriction fragment length polymorphism and single

trand conformational polymorphism analyses, we have previ-
usly reported significant differences in the genetic polymor-
hism of �-tubulin between populations of O. volvulus from
vermectin treated and ivermectin naı̈ve people [7]. Selection,
or allele B, resulted in changes in the coding region which cor-
espond to single amino acid changes, Met117Leu, Val120Iso
nd Val124Ala (Fig. 1), on the same face of three adjacent coils
f the H3 helix of the �-tubulin, in addition to deletion of 24 bp
n the adjacent intron, compared with allele A [7]. In the work
eported here, we have made use of the 24 bp of intronic deletion
o design a simple amplicon length polymorphism assay to geno-
ype O. volvulus �-tubulin and have used this assay to analyze
he �-tubulin polymorphism in a number of adult O. volvulus
orms and microfilariae from ivermectin untreated or repeatedly

reated subjects. Some of the O. volvulus samples from untreated
eople were collected from several countries before the general
ntroduction of ivermectin use in Africa, and others after its
eneral use for several years. Upon examination of O. volvulus
icrofilarial counts, 90 days following ivermectin treatment in
community in Ghana, we have found a positive association

etween the frequency of �-tubulin allele B and high post treat-

ent microfilarial counts. Furthermore, we have found evidence

hat ivermectin selection on H. contortus also exerts selection
ressure on �-tubulin. Taken together, these data suggest that

ig. 1. Amino acid differences between O. volvulus �-tubulin allele A and allele
in the H3 helix. Amino acid differences, between the alleles, are indicated in

old.
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al Parasitology 150 (2006) 229–235

-tubulin may be a useful marker for ivermectin selection in
ematodes and a simple assay has been developed so that �-
ubulin allele frequencies can be monitored in O. volvulus.

. Materials and methods

.1. O. volvulus nodules

O. volvulus nodules from ivermectin naı̈ve, naturally infected
osts in West Africa (see Table 1) were collected in 1989/1990
nd processed, as described previously [9] or from Uganda
1996) and Ghana (1998) from ivermectin naı̈ve or treated peo-
le (Table 1) as previously described [7]. The samples from
hana obtained in 1998 all came from the Volta region. The
Nakong 1998 None
Asubin 1998 4–7
Okinase 1998 6–7
Zodanu 1998 3–6
Adumadum 1998 4–7
Kunda 1998 6–8
Asukawkaw 1998 6–8
Katanga 1998 6–8

uinea Morigbedougou 1989–1990 None
enegal Morougokoto 1989–1990 None
ganda Western region 1996 None
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.2. Adult O. volvulus isolation

Excess host tissue was removed from the nodules and each
odule was placed in a 50 ml disposable conical tube with 10 ml
f Medium 199 supplemented with Earl’s salt, l-glutamine, and
odium bicarbonate to adjust the pH to 7.0 (Gibco BRL). The
igestion medium was also supplemented with 0.2 mg/ml of
entamicin sulfate (Sigma) and collagenase (type 1) purified
rom Clostridium histolyticum (Sigma) at a final concentration
f 1.25 mg/ml. The nodules were incubated at 37 ◦C with con-
tant gentle shaking for a minimum of 4 h before removing the
ndividual worms from the digested tissues [10]. The individual
orms were separated by sex and placed in a 1.5 ml Eppendorf

ube with appropriate labeling, quickly frozen on dry ice and
tored at −80 ◦C. Only male O. volvulus worms were analyzed.
he female worms were not analyzed because of the possibility
f DNA “contamination” from microfilariae and sperm. DNA
as extracted as previously described [7].

.3. Microfilariae isolation

Skin snips were obtained, using a 2 mm Holth-type corneo-
cleral punch, from people in the village of Jagbenbeng, in
he Northern region of Ghana, in 2002. They were naturally
nfected with O. volvulus. The skin snips were placed in a 24
ell plate containing physiological saline (pH 7.0) and incu-
ated to allow the microfilariae to migrate out of the skin samples
ver a 24 h period. The individual microfilariae were collected
y a pipette and stored in 100% isopropanol until processing.
enomic DNA was extracted from the individual microfilariae.
riefly, DNA was extracted using an equal volume of phe-
ol/chloroform/isoamyl alcohol (25:24:1) then precipitated with
sopropanol:ammonium acetate (2:1). The DNA pellet was air
ried, resuspended in 20 �l of TE buffer (10 mM Tris–HCl (pH
.0), 1 mM EDTA (pH 8.0)) and stored at −20 ◦C.

.4. PCR amplicon length test for O. volvulus β-tubulin
isotype 1) alleles

A set of PCR primers was designed that flanked the region of
nterest in the O. volvulus �-tubulin (H3). This region was ampli-
ed by using primers OvTub-5 (5′-GCA ACA ATT GGG CTA
GG-3′) and OvTub-6 (5′-CGA TCC GGA TAT TCC TCA-3′).
mplification was performed in a MJ Research thermal cycler
ith the following cycling parameters: 95 ◦C for 2 min; followed
y 35 cycles of 95 ◦C for 30 s, 50 ◦C for 30 s and 72 ◦C for 45 s.
he PCR samples were analyzed on a 2.5% agarose gel contain-

ng ethidium bromide (0.5 �g/ml) by electrophoresis at 100 V
or 45 min.

.5. H. contortus

The H. contortus analyzed were the PF17 or PF23 unselected

arental strain and the IVF17 or IVF23, ivermectin selected
train, which was derived from the PF strain with ivermectin
election in infected sheep, at increasing dose rates to achieve
n approximate ED95, of successive generations (17 generations

i
(
s
d

al Parasitology 150 (2006) 229–235 231

n the case of IVF17 and 23 in the case of IVF23) as previ-
usly described [11,12]. DNA was extracted from individual
dult male worms as previously described [11].

.6. Single strand conformation polymorphism (SSCP)

SSCP was conducted on the individual H. contortus DNA
amples. A 192 bp amplicon was generated from genomic DNA
sing forward primer RBE31 (5′-AGAACACCGATGAAAC-
T-3′) and reverse primer MR�5 (5′-ACCAGACATT-
TGACAGA-3′). The pair of primers targets genomic posi-

ion 2692–2883 bp of the H. contortus �-tubulin gene GRU-1
GenBank accession no. X67489) which corresponds to the pro-
ein sequence between amino acids 195–235. Amplification was
erformed in a MJ Research thermal cycler with the following
ycling parameters: 95 ◦C for 4 min; followed by 40 cycles of
5 ◦C for 15 s, 47 ◦C for 15 s and 70 ◦C for 30 s, with a final
xtension step at 70 ◦C for 5 min. PCR products were visualized
n a 1% agarose gel containing 0.5 �g/ml ethidium bromide.
ndividual PCR products were excised from the gels, placed
n the tops of 10 �l filter pipette tips which were then micro-
entrifuged in 1.5 ml Eppendorf tubes at 14,000 rpm for 30 s.
wo microliters of the eluate were then used as template for

he following labeling-PCR reactions: 0.5 �l 10× Taq buffer,
.5 �l 50 �M dNTPs, 0.5 �l 25 mM MgCl2, 0.25 �l 2 �M MR�5
rimer (to label the antisense strand), 0.1 �l 1000 Ci/mmol dATP
35S, 0.1 unit Taq polymerase, and water to a final volume
f 5 �l. The reactions were overlaid with a drop of mineral
il and thermal-cycled as above. Six microliters of stop solu-
ion (10 mM NaOH, 95% formamide, 0.05% bromophenol blue,
nd 0.05% xylene cyanole) were added at the end of the reac-
ions. The reactions were heated at 80 ◦C for 2 min, placed on
ce, and 2.5 �l were loaded onto a 10%, 39:1 acrylamide:N,N′-
ethylenebisacrylamide, 1× TBE acrylamide gel and elec-

rophoresed at 50 W for 6 h in a 6 ◦C cold room. Gels were
ried and exposed to X-ray film overnight. Polymorphs were
dentified by their differing rates of migration through the gel.

.7. Pyrosequencing (BiotageTM AB)

Sense primer RBE 33 (5′-ATGCTACCCTTTCCGTG-3′)
nd antisense primer RBE 34-biotin (5′-Biotin-TGTGAGT-
TCAAAGTGCG-3′ (HPLC purified)) were used to amplify

he H. contortus �-tubulin gene for pyrosequencing. The pair of
rimers targets genomic position 2662–2765 bp of the H. contor-
us �-tubulin gene GRU-1 (GenBank accession no. X67489). All
yrosequencing reactions were performed on a PSQTM 96MA
nstrument from BiotageTM AB. Briefly, sample preparation
or the pyrosequencing was as follows: 30 �l of the biotiny-
ated PCR product were immobilized on streptavidin-coated
epharoseTM beads (Amersham Bioscience) with binding buffer
10 mM Tris–HCl, 2 M NaCl, 1 mM EDTA, 0.1% Tween 20,
djusted to pH 7.6) and water to final volume of 80 �l. The

mmobilized PCR was captured with a Vacuum Prep Tool
BiotageTM AB) and made single stranded by submerging the
ample into 70% ethanol for five seconds, then in 0.5 M NaOH
enaturing solution for 5 s, and finally in the washing solution
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Fig. 3. A comparison of �-tubulin (isotype 1) genotype frequencies between
ivermectin naı̈ve populations of O. volvulus from across Africa before the intro-
duction of ivermectin for onchocerciasis control (1989–1990, West Africa; 1996,
Uganda) and ivermectin naı̈ve and ivermectin exposed populations of O. volvulus
from Ghana collected in 1998. Note that the 1989–1990 genotypes were anal-
yses on individual O. volvulus nodules and each nodule could be expected to
a
a

i
c
e
low counts, as expected, 90 days after treatment (Fig. 4).
32 J.K.L. Eng et al. / Molecular & Bioch

10 mM Tris–acetate pH 7.6), for 5 s. The immobilized beads
ere then released from the Vacuum Prep Tool into the PSQTM

6 Plate Low pre-filled with 0.5 �M RBE35 sequencing primer
5′-AGAACACCGATGAAACA-3′) in 40 �l annealing buffer
20 mM Tris–acetate, 2 mM magnesium acetate, pH 7.6). The
amples were then heated to 80 ◦C for 3 min and cooled at room
emperature for 10 min prior to running the pyrosequencing reac-
ion. All reagents for the pyrosequencing reaction were obtained
rom BiotageTM AB, and used according to their protocols.

. Results

The amplicon length assay for �-tubulin alleles (Fig. 2) in O.
olvulus allowed a clear and rapid analysis of �-tubulin allele fre-
uencies. Using this assay, the frequencies of �-tubulin alleles in
. volvulus were obtained from naturally infected people in West
frica and Uganda prior to the introduction of ivermectin, from

vermectin naı̈ve people in Ghana, following approximately 8
ears of widespread use of ivermectin, and from people who
ad been treated repeatedly with ivermectin, mostly six to eight
imes. The results are shown in Fig. 3. In the parasite samples
rom ivermectin naı̈ve people from various locations in West
frica and Uganda (Table 1), prior to the introduction of iver-
ectin, only the homozygous allele A (A/A) was detected. In

he 1998 O. volvulus samples, after approximately 8 years of
idespread use of ivermectin against O. volvulus in Ghana, par-

site samples from ivermectin naı̈ve people revealed that allele
was present, mostly as heterozygotes (A/B), but homozygotes

A/A) still predominated. However, following repeated rounds
f ivermectin treatment the frequency of allele B, either as the
eterozygous (A/B) or homozygous (B/B) state, was signifi-

antly higher (chi-square, α < 0.05) than in any of the ivermectin
aı̈ve samples.

Skin microfilariae from people in the Northern Ghanaian
ommunity of Jagbenbeng who were not responding well to

ig. 2. Gel electrophoresis of the amplicon length assay for �-tubulin allele
dentification in O. volvulus. Lane 1 shows electrophoresis of a homozygous
llele A, �-tubulin sample. Lane 2 shows a homozygous allele B, �-tubulin
ample and lane 3 shows a heterozygous (A/B) sample. Lane 4 is a 100 bp DNA
adder (Invitrogen).
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verage five adult worms per nodule. 1996 and 1998 analyses were on individual
dult parasites.

vermectin, in terms of 90-day post-treatment skin microfilarial
ount, had a significantly higher frequency of allele B, as het-
rozygotes (A/B) than did microfilariae from people who had
A separate SSCP analysis on �-tubulin polymorphism in iver-
ectin naı̈ve H. contortus (PF17) and in H. contortus selected

ig. 4. �-Tubulin genotype frequencies of microfilariae in skin snips collected
rom people in Jagbengben, Northern region of Ghana, in 2002, according to skin
icrofilarial count 90 days after ivermectin treatment, as an index of response

o treatment. All the people sampled and the community had received six annual
reatments of ivermectin. The people sampled were allocated to two ivermectin
esponse groups, normal (good) responders (90-day post-treatment skin microfi-
arial (mf) loads of <10 mf/mg) (n = 7) and poor responders to treatment (90-day
ost-most recent treatment, after five previous annual treatments, mf loads of
10 mf/mg) (n = 8).
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Fig. 5. Polymorph frequencies for H. contortus �-tubulin analyzed by SSCP.
PF17 = unselected parent strain; IVF17 = ivermectin selected strain, derived
from the PF strain by ivermectin selection over 17 generations by increasing dose
rates of ivermectin to achieve approximately an ED95 effect, in vivo. The poly-
morph frequencies were significantly different from each other by chi-square
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Fig. 6. SNP analysis of codon 200 of �-tubulin isotype 1, in H. contortus, by
pyrosequencing. Comparison of the frequency of TTC200 (phenylalanine) or
T
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nalysis (α < 0.05).

rom the parental ivermectin naı̈ve strain of H. contortus by
7 generations of in vivo selection with an approximate ED95
ose rate of ivermectin (IVF17) also revealed significant differ-
nces in the frequency of �-tubulin polymorphisms (chi-square,
< 0.05) between the selected and unselected parental strain

Fig. 5). A pyrosequencing assay was designed to detect changes
n the codon for amino acid 200 in �-tubulin, which is known as a
NP site for benzimidazole resistance in H. contortus [13]. SNP
nalysis for the phe200tyr polymorphism, revealed that the PF17
train was 97.5% homozygous for TTC200 (phenylalanine) while
.5% of the worms were heterozygotes (TTC200/TAC200 (tyro-
ine)), whereas the IVF17 H. contortus, which were derived from
he PF strain following ivermectin selection for 17 generations,
ere 91.9% homozygous TTC200, and 8.1% were heterozygous

TTC200/TAC200) (Fig. 6a). In the PF23 worms, the genotype
requency remained similar to that in the PF17 worms; i.e.,
6.4% were homozygous TTC200 and 3.6% were heterozygous
TC200/TAC200. In contrast, the IVF23 worms, which had been
elected from the IVF17 worms, for another six generations,
ith ivermectin at a dose rate to achieve approximately LD95,
ere significantly different from the PF23 parasites and only
3.9% were homozygous TTC200, 33.3% were heterozygotes
TC200/TAC200, and 2.8% were homozygous TAC200 (Fig. 6b).
he PF17, IVF17, PF23 and IVF23 had no exposure to benzim-

dazole anthelmintics. In field isolates of H. contortus that are
vermectin resistant, we have also found high frequencies of the
TC200/TAC200 heterozygotes in isotype 1 �-tubulin (Galazzo,
richard and Beech, pers. commun.). However, in the case of
eld isolates, the complete anthelmintic treatment history can-

ot usually be ascertained and, in addition to repeated ivermectin
reatment, treatments with benzimidazole anthelmintics could
ave occurred, affecting the frequency of alternative codon 200
equences.

i
e
C
a

AC200 (tyrosine) in the PF17 and IVF17 (a) and PF23 and IVF23 (b) strains.
ith each group of H. contortus, 36–40 adult male worms were individually

enotyped at codon 200 of �-tubulin.

. Discussion

Eng and Prichard [7] found evidence, using RFLP and SSCP
nalyses, of significant selection on �-tubulin isotype 1 gene
n O. volvulus collected in Ghana following several years of
idespread ivermectin use and reported sequence differences
etween two alleles of �-tubulin. Ivermectin selected for an
llele (allele B), that was uncommon in O. volvulus populations
hat had not been under ivermectin pressure. This allele is distin-
uished from the wild-type allele A by having three amino acid
hanges in the coding region which correspond to changes on the
ame surface of three adjacent coils in the H3 helix of �-tubulin
nd 24 bp of deletion in the intron adjacent to the coding region
or the H3 helix. The current study describes an assay which
apidly allows individual O. volvulus macrofilariae or microfi-
ariae to be genotyped in terms of �-tubulin alleles and extends
he information on �-tubulin allele frequencies, using this ampli-
on length assay, by showing that allele B was extremely rare
it was not found in the samples analyzed) in adult O. volvulus
opulations collected prior to the introduction of ivermectin use

n a large part of West Africa or Uganda. However, Bourguinat
t al. [14] found �-tubulin allele B in O. volvulus, obtained in
ameroon before the introduction of ivermectin for onchocerci-
sis control in that country, although allele B was relatively rare
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n these ivermectin naı̈ve parasites. Interestingly, these work-
rs found an association between �-tubulin allele homozygosity
r (A/B) heterozygosity and fertility in female O. volvulus. In
amples taken in 1998 in Ghana, allele B was quite common in
. volvulus macrofilariae obtained from people who had been

epeatedly treated with ivermectin and, although uncommon,
ould also be found in O. volvulus from people who were iver-
ectin naı̈ve [7]. It should, however, be noted that by 1998,

vermectin use was widespread in endemic areas of Ghana. It is
f further interest that a higher frequency of allele B (as heterozy-
otes) was found in a small sample of microfilariae obtained
rom people in Jagbenbeng, Ghana, in 2002, who responded
oorly (greater than 10 microfilariae per skin snip, 90 days after
vermectin treatment (4)), compared with microfilariae from
eople who responded as expected in terms of 90-day post-
reatment microfilarial counts following six annual ivermectin
reatments. The lack of B/B homozygotes (Fig. 4) in this sample
f microfilariae is surprising as B/B homozygotes were observed
n macrofilariae sampled in Ghana in 1998 (Fig. 3) and indicates
hat the microfilariae were not in Hardy–Weinberg equilibrium.
ardy–Weinberg disequilibrium at �-tubulin was also observed

n the O. volvulus sampled in Cameroon [14] and may indicate
on-random mating as has been observed in the closely related
larial nematode, Wuchereria bancrofti [15].

The data showing an association of �-tubulin heterozygotes
ith high microfiladermias following ivermectin treatment adds

o evidence [2–4] that suboptimal responses, in terms of post-
reatment microfilarial counts, may be occurring in some popu-
ations of O. volvulus. These parasitological data and evidence
hat ivermectin is causing genetic selection on O. volvulus
5–8] (Bourguinat, Pion, Kamgno, Gardon, Duke, Boussinesq,
richard, pers. commun.) are suggestive of a developing iver-
ectin resistance in O. volvulus in Africa, possibly involving
subset of the adult parasite population being able to recover

ertility more rapidly after ivermectin treatment than was seen
hen ivermectin was first introduced for onchocerciasis control

16–18]. A longitudinal study of the duration of suppression
f O. volvulus fertility in areas where suboptimal responses
o ivermectin treatment are suspected is urgently required to
stablish unequivocally whether ivermectin resistance, in terms
f reduced suppression of fertility, is occurring. This should
ocus on individuals who express the phenotype of suboptimal
esponse such as recurring, significant adverse events (Mazzotti
eactions) despite multiple previous treatments and the persis-
ence or reappearance of readily palpable nodules [4]. Examina-
ion of embryogrammes provides direct evidence of adult worm
eproductive activity. These clinical and parasitological exami-
ations should be coupled with an analysis of genetic changes
n the macrofilariae and microfilariae and compared with par-
sites from ivermectin naı̈ve hosts. The amplicon length assay
escribed in this report, will allow rapid analysis of individual
icrofilariae in terms of �-tubulin genotype.
In addition to showing an association between ivermectin
reatment and selection on �-tubulin in O. volvulus, we also
eport for the first time, evidence for ivermectin selection on
he �-tubulin isotype 1 gene in H. contortus. This was seen in
he SSCP analysis on the genomic position 2692–2883 bp of

t
g
s
m

al Parasitology 150 (2006) 229–235

he H. contortus �-tubulin gene GRU-1, which corresponds to
he sequence between amino acid 195 and 235 of the translated
rotein sequence, and also in terms of a SNP analysis on codon
00 of the �-tubulin gene in an ivermectin selected strain,
ompared with its parental unselected strain of H. contortus.
oxidectin, another macrocyclic lactone anthelmintic, has

lso been found to select on �-tubulin in H. contortus [19,20].
he changes seen at codon 200 with ivermectin selection

n H. contortus do not mean that this amino acid change is
irectly involved in ivermectin resistance in this parasite, but
ay be linked to other changes in �-tubulin. What specific

hanges in �-tubulin, if any, are directly involved in ivermectin
esistance in H. contortus requires further elucidation, including
unctional assays. However, it is interesting that Freeman et al.
21] found a marked derangement in the amphid neurons of H.
ontortus from an ivermectin resistant strain, compared with
n ivermectin susceptible strain, including a shortening of the
endritic processes in the ivermectin resistant worms. A careful
xamination of the cross-sections in this study suggests that
he microtubules in the amphid neurons may be altered in the
vermectin resistant nematodes. This may provide a further link
or the involvement of tubulin in ivermectin resistance. Whether
-tubulin is genetically linked to another locus involved in a
echanism of resistance to ivermectin or whether �-tubulin
ay itself be involved in a mechanism of ivermectin resistance

till needs to be determined. While microtubules are involved
n signal transfer from nerve cells in the neuromuscular system
f animals [22] it is not established how alterations in �-tubulin
ight possibly affect signal transfer from ivermectin receptors

n nerve cells to muscle in nematodes [23] to affect responses
o ivermectin, and this will require further investigation.

Benzimidazole resistance is recessive in trichostrongylid
ematodes and the homozygous TAC200 codon has been shown
o produce a benzimidazole resistance phenotype [13,24,25]. We
id not find that ivermectin selected for homozygous TAC200
tyrosine) in the �-tubulin, but appeared to be selecting for �-
ubulin TTC200/TAC200 heterozygotes which would not show

benzimidazole resistance phenotype. However, some of the
rogeny of TTC200/TAC200 heterozygote matings would show
enzimidazole resistance. The genetic changes, including the
election for TAC200, that we have observed in �-tubulin, in
. contortus selected by ivermectin, may be linked with other

mino acid changes in �-tubulin or alleles of other genes which
end to associate with �-tubulin during meiosis. Considerable
ork needs to be done to establish which amino acid changes in
-tubulin, if any, may be functionally important for ivermectin

esistance. Benzimidazole resistance, associated with homozy-
ous TAC200, may not itself result in ivermectin resistance if
AC200 is not functionally involved in ivermectin resistance,
ut rather can be linked to another genetic change involved in
vermectin resistance. Benzimidazole resistant nematodes have
ot been observed to be ivermectin resistant a priori. How-
ver, ivermectin selection for TAC200 may predispose nematodes

o benzimidazole resistance and this requires further investi-
ation because it could have long term implications for the
ustained use of ivermectin/benzimidazole combination treat-
ents against livestock parasites and for the outcome of albenda-
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