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Effect of benzimidazole under-dosing on the resistant allele
frequency in Teladorsagia circumcincta (Nematoda)
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SUMMARY

This experiment was designed to determine the effects of under-dosing on the frequency of benzimidazole resistant allele
in the nematode Teladorsagia circumcincta. Fenbendazole (FBZ) was tested at 1/32,1/16, 1/8 and 1/4 of the recommended
dose for sheep (5 mg/kg body weight). The fraction of the susceptible homozygote (SS), susceptible heterozygote (RS)
and resistant homozygote (RR) genotypes were compared among FBZ dose groups to evaluate differences between SS and
RS genotype selective advantage. Almost all SS genotype worms were eliminated by 1/4 of the FBZ recommended dose,
whereas a significant fraction of the RS genotype worms survived treatment. The selective advantage was 4-5 times higher
for the RS genotype. This selective advantage was determined at 1/4 of the manufacturer’s recommended dose of FBZ.
This value should be taken as an indictor of the selective advantage of RS over the SS genotype when lambs are under-
dosed. A computer simulation was used to study the putative spread of anthelmintic resistance over a range of RS selective
advantages (2, 4-5 and 10-fold), with two average sizes of individual host worm population (20 or 2000 worms/host) and
two initial R allele frequencies (0-1 9%, or 19,). In all situations, the lowest selective advantage of the RS genotype over
the SS genotype was sufficient to promote the spread of resistance in susceptible populations. When the RS genotype had
no selective advantage over the SS genotype, genetic drift almost always led to the loss of the R allele, except in the largest

populations (average size = 2000 worms).
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INTRODUCTION

Most nematode control programmes rely on broad-
spectrum anthelmintic drugs (Dash, 1986), or on the
integration of such drugs with grazing management
(Strong & Wall, 1990). The benzimidazoles (BZ) are
the most commonly used anthelmintics because of
their high therapeutic index, the absence of toxic
residues in milk or meat, and their low price. BZ
resistance has been extensively reported (Prichard,
1990; Borgsteede, 1993) since it was first recorded in
1964, three years after thiabendazole was introduced
commercially (Drudge et al. 1964). The resistance of
Teladorsagia circumcincta to BZ is determined by a
single major gene, which has both a resistant (R) and
a susceptible (S) allele (Roos et al. 1990; Geary et al.
1992; Kwa et al. 1993; Beech, Prichard & Scott,
1994 ; Lubega et al. 1994; Grant & Mascord, 1996).
In experimental infections, susceptible homozygous
(SS) and heterozygous (RS) genotypes are both
eliminated by the recommended dose (Elard, Sauvé
& Humbert, 1998). The resistant allele seems to be
recessive, as only RR worms were recovered after
treatment (Elard et al. 1998). Individual BZ re-
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sistance is easily defined from the genotype of worms,
because there are only 2 phenotypes. However, at the
population level, the definition is more quantitative.
A resistant population contains homozygous re-
sistant worms, and the level of BZ resistance of the
population depends on the frequency of RR worms.
Furthermore a wide range of population BZ re-
sistance levels can be obtained, ranging from a few
per cent to 1009 RR worms. This genetic de-
terminism matches less well in field conditions: RR
worms were combined with few heterozygous worms
after benzimidazole treatment of naturally infected
sheep (Leignel, 2000) or goats (Silvestre, unpub-
lished data).

Although under-dosing has been repeatedly
blamed for the build up of resistance (Martin, 1989;
Jackson, 1993; Bjorn, 1994; Borgsteede et al. 1996;
Smith et al. 1999), not a single experiment has been
done that supports this statement. This hypothesis is
supported by the systematic under-dosing of goats,
and the fact that for the most widespread nematode
species, anthelmintic resistance is much more fre-
quent in goats than in sheep (Cabaret, 2000). Goats
are frequently under-dosed if the sheep dose rate is
given to goats, because of differences between the
bioavailability and efficacy of BZ in goats and in
sheep (Hennessy et al. 1993). A double dose of BZ is
now recommended for treating goats (Chartier &
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Hoste, 1997). Two other factors may cause under-
dosing: under-estimating the animal’s weight
(Edwards et al. 1986 ; Warriss & Edwards, 1995) and
using defective drench guns.

Simulating the development of anthelmintic re-
sistance has shown that the impact of the under-
dosing may have a complex effect. Smith et al. (1999)
showed that the effects of under-dosing on the
development of resistance may be either positive or
negative, depending on the doses used and the initial
frequency of the resistant allele within the popu-
lation. This was illustrated by a dose that eliminated
all the SS and some of the RS genotypes. In a
susceptible population, where the R allele was rare,
such a dose selected for resistance, whereas in a
resistant population, the development of resistance
was slowed by the conservation of susceptible alleles
in the RS individuals that survived treatment.

Our study was carried out to investigate the effect
of under-dosing on the development of resistance to
BZ in T. circimcincta, as the data available do not
quantify the impact of under-dosing on the survival
of heterozygous RS under selective pressure due to
benzimidazoles, which may play a role in the
establishment of resistance in a population. We first
infected lambs with a partially resistant 7. circum-
cincta strain. We then tested a range of BZ doses to
determine the survival rates of the SS and RS
genotypes after treatment. These data were used to
simulate the spread of resistance and to determine
the influence of differences in the survival of SS and
RS genotypes after treatment. The selective ad-
vantage of each genotype was restricted to its ability
to survive the anthelmintic treatment.

MATERIALS AND METHODS
Experimental infection

The T. circumcincta strain was collected from a goat
farm in central France. This strain comprised 25 9,
of SS, 509, of RS and 25 9%, of RR genotypes (Elard,
Cabaret & Humbert, 1999). Two separate experi-
ments were conducted (5—6 lambs each). Parasite-
free lambs were treated with triamcinolone acetate, a
long-acting corticosteroid (Kenacort®, Squibb), to
reduce the influence of lamb wvariability in the
response to nematode infection. Each lamb was
infected with 3000 larvae. On day 28 post-infection
(p.i.), each lamb was treated with fenbendazole
(FBZ) (Panacur®, Hoechst Roussel Vet) according to
its weight. FBZ doses corresponded to 1/32, 1/16,
1/8 and 1/4 of the recommended dose in lambs
(5 mg/kg body weight). The half dose had been
tested previously: it was nearly 100 9, effective and
was therefore not tested here (Elard, 1999; personal
communication). T'wo lambs were treated with each
dose. Two lambs remained untreated (negative
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control, 1 in each experiment), and 1 lamb was given
the therapeutic dose (positive control). LLambs were
slaughtered on day 39 p.i. at the INRA abattoir
(Nouzilly, France). Abomasa were recovered, the
adult worms were examined and counted under a
binocular microscope. The total worm burden was
estimated from 1/10 aliquots of the whole abomasum
washing. The reduction in worm burden was
calculated for each FBZ dose from these data as:

% reduction = (Nc¢— Nt)/Ne,

where Nc¢ = number of adult worms in control lamb,
Nt = number of adult worms in treated lambs.

Extraction of DNA from worms

DNA was rapidly extracted from fresh or frozen
worms. Each adult worm was placed overnight at
42 °C in a tube containing 25 pl of extraction buffer
(I mm Tris—HCI, 0-1 mm EDTA, 5mg/ml pro-
teinase K). Proteinase K was inactivated by in-
cubation at 95 °C for 20 min, and an aliquot (4 xl) of
this solution was used for PCR.

Genotyping of worms and data analysis

The BZ resistance genotype of worms was de-
termined as described by Humbert & Elard (1997),
based on an allele-specific polymerase chain reaction
(AS-PCR). Four primers were used to detect a
phenylalanine ('T'T'C, susceptible allele) or a tyrosine
(TAC, resistant allele) at residue 200 of the isotype
1 f-tubulin gene. One non-allele specific fragment
was amplified as an internal standard. T'wo allele-
specific fragments were generated according to
whether the resistant and/or the susceptible alleles
were present. Each genotype corresponded to 1
specific electrophoretic profile. Genotype propor-
tions were calculated from at least 50 genotyped
worms per lamb, except for the lamb treated at the
therapeutic dose, in which all available worms were
genotyped as less than 50 worms survived. The
observed genotype proportions in populations were
compared within each FBZ dose replicate and
between all the FBZ doses. Differences were tested
for significance by ¥? test, at P < 0-05.

Computer simulation of resistance development

The stochastic simulation model used here was first
described by Saul (1995) to study the spread of the
anthelmintic-resistant allele in the nematode Ascaris
lumbricoides, according to external selection pressure.
The programme consisted of a succession of genera-
tions that were submitted to anthelmintic treatment
or to putative genetic drift only. This model was
used to determine the spread of BZ resistance in a
population of T. circumcincta. The main part of the
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programme was stochastic, but several parameters
were calculated deterministically. The programme
stepped through the time to be modelled calculating
the numbers of each type of egg produced (SS, RS
and RR) during each time-period, and the number of
worms that died. The host population was divided
into a series of subpopulations, by a non-linear
regression using a Gauss-Newton stepwise fit. [t was
assumed that the worms in each subpopulation have
a Poisson distribution. Thus, the whole population
distribution of worms follows a negative binomial
distribution. The size of the flock was set at 100
lambs and 2 average levels of infestation were tested :
20 worms per host or 2000 worms per host. At the
beginning of the simulation, we specified life-cycle
parameters. They were based on published data
and/or our laboratory results for 7. circumcincta.
The life-span of the mature worms was defined by a
first-order mortality rate, which gave them an
average life-expectancy. The programme allowed
each genotype to have different death rates so that
different selective pressures could be modelled. In
the absence of anthelmintic treatment, the genotypes
had the same life-expectancy, set at 6 months. The
rate at which a 7. circumcincta female lays eggs was
assumed to depend on the total number of worms
present in the host (Smith & Galligan, 1988). The
exponential frequency-dependent fecundity of
worms specified in Saul’s model (Saul, 1995) was
adjusted to adapt this parameter to T. circumcincta
(Z =099899). After eggs had been deposited, suc-
cessive moults produced the infective larvae, fol-
lowing a specified delay. The free-living stages have
a limited life-span, and were assumed to die with a
first-order mortality rate constant. The first-moult
larvae matured to infective larvae after 17 days, and
the free-living stages survived on pastures for 33
days (Callinan, 1978; Rossanigo, 1992). Following
infection, a global reproduction efficiency (time to
reach sexual maturity and death rate of immature
worms) was defined as the number of female worms
in the host population as a result of the mating of a
pair of mature worms over their life-time. In field
conditions, 1 female T. circumcincta of the same
strain as that used in the experimental infection
generated 20 females per year (Leignel, 2000;
personal communication). The worm reproduction
rate was set at 20 (i.e. 1 female produced 20 female
offspring during a grazing season).

The programme uses the initial R allele frequency,
Hardy-Weinberg equilibrium and average worm
burden to determine the initial effective number of
each worm genotype in each subpopulation. At each
generation, the number of each genotype is de-
termined. As this figure corresponds to the mean
effective number of this genotype in each subpopula-
tion, this value may be less than one worm. The
programme calculates genotype effective number
using the life-cycle parameters specified by the user.
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The step size used to calculate the number of each
genotype at each parasitic state was set at 15 days.
This time-step needs to be shorter than the duration
of the life-cycle (17 days in this case) and short in
proportion to the life-time of the worms, to permit
the accurate calculation of effective numbers. Simu-
lation began in March, when the lambs are turned
out to pastures. The lambs were not treated during
the first year so as to obtain a stable worm burden.
The simulation was run for 12 years. One year
represents 24 steps (one step corresponding to 15
days). T'wo anthelmintic treatments per year (in July
and November) with the same benzimidazole were
simulated from the second to the twelfth year
(corresponding to 12 grazing seasons). Thus, each
year the worms were subjected to selection pressure
during 2 steps, and to genetic drift during 22 steps.
The lambs stayed on the same pasture after anthel-
mintic treatment. The impact of the anthelmintic
treatments was reflected by an instantaneous de-
crease in the number of adult worms.

The initial frequency of the resistant allele was
19 in a first group of simulations, as in previous
studies (Elard et al. 1999) the frequency of the RS
genotype ranges from 0 to 29, in natural ‘sus-
ceptible’ populations. The frequency of the R allele
was 019 in a second group of simulations, as
specified in other simulations (Barnes, Dobson &
Barger, 1995). The selective advantage of the
heterozygote was simulated as an increase in the
average life-span of the RS genotype compared to
that of the SS genotype at the time of the treatment.
The average life-expectancies of the RR and SS
genotypes were fixed at 0-5 years and fell to 0-01 year
at the time of the treatment. In the simulations, the
whole flock was under-dosed. However, in practice,
under-dosing actually affects only a small proportion
of animals in the flock. So to allow for this, a second
simulation was performed with a lower RS selective
advantage, which produced only a slightly longer
life-expectancy than the SS genotype. To test the
effect of genetic drift on the evolution of R allele
frequency, we simulated both a large and a low worm
burden (2000 and 20 worms per host respectively).
Each simulation was run 10 times for each set of
input parameters.

RESULTS
Effect of under-dosing on worm burden

The effects of under-dosing on the efficacy of FBZ
are shown in Table 1. The percentage reduction in
the number of worms was calculated for each lamb.
The therapeutic dose eliminated 95 9%, of the worms.
Doses lower than 1/4 of the recommended dose
caused the worm burden to be reduced by less than
509%. Very low doses gave widely varying results
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Table 1. Percentage reduction of
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Teladorsagia circumcincta worm

numbers according to the dose of fenbendazole

No. of
experiment FBZ dose Total no. of worms % reduction
1 0% 1568 —
1/32 1616 0
1/32 1543 2
1/16 960 39
1/16 1322 16
1+ 80 95
2 0* 504 —
1/8 498 1
1/8 466 7
1/4 265 47
1/4 286 43

* Not treated.

T Recommended dose (5 mg/kg body weight).

Table 2. Teladorsagia circumcincta genotypes recorded (number of worms genotyped and mean genotype

proportion) at each fenbendazole dose

SS RS RR x? value
FBZ dose genotype genotype genotype (significance, P < 0.05).
0* 14 34 14
0 13 34 16 0-16 (N.s.)
Mean 21:6 9, 5449, 249,
1/32 27 46 29 .
Mean 26 9, 439, 319%
1/16 11 74 51 .
Mean 113 (?/é) 50-4 (?/6 383 %’)
1/8 19 40 53 .
1/8 10 51 34 6921
Mean 149 44% 429,
1/4 1 13 80
1/4 1 10 53 0.18 (N.8.)
Mean 1:6% 146 % 8427,
1t 0 0 39 _
Mean 09% 0% 1009,

* Not treated.

T Recommended dose (5 mg/kg body weight).
T Significant difference (P < 0-05).

N.s., Not significant.

and the worm burden was reduced by 0-39 9. The
number of established worms in the second ex-
periment was smaller than in the first one.

Effect of under-dosing on genotype composition

Larvae were genotyped before infection to determine
the proportions of each genotype in the initial wild
population. Untreated populations were not signifi-
cantly different from the initial population (y* =
0-57, at P < 0:05): 31 infective larvae were geno-
typed, and 4 SS, 20 RS and 7 RR genotypes were
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recovered. For each dose level, the proportions of
genotypes in the population of both lambs were
compared (Table 2). There was no significant
difference between 2 lambs treated with the same
dose, except for the dose 1/8 of the recommended
dose. Data for the same dose were pooled. Almost all
the SS genotype worms were eliminated by 1/4 of
the recommended dose of FBZ, but some of the RS
genotype worms survived. The genotype propor-
tions at different doses were compared (Table 3):
the genotype compositions were significantly differ-
ent, except in two cases. There was no significant
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Table 3. x* values for comparisons of genotype proportions between fenbendazole doses
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1/32 1/16 1/8

1/4

11

0% 418 11-4§ (23 %)t

116§ (15-3 %)

106-5§ (323 %)

70-4§ (30 %)

1/32 17-3§ (79 %) 11:3§ (02 %) 109-4§ (229%) 653§ (257 9%
1/16 2 843§ (40:59, 51-8§ (38 9%
1/8 68-3§ (36:6%) 44-1§ (38-9 %)
1/4 71§ (80 %)

* Not treated.

1 Contribution of RS proportion in y* value in parentheses.

1 Recommended dose (5 mg/kg body weight).
§ Significant difference (P < 0-05).

Table 4. Influence of different selective advantages (1, 2, 4-5 and 10) of the RS genotype over the SS

genotype in the selection of resistant worms

(R and S represent the fixed allele (frequency exceeding 95 9,) at the end of the 12-year-simulation.)

R allele
Worm burden frequency RS — SS* RS = 2x SS RS — 45 x S8 RS = 10 x SS
20 019, . S (8/10) S (4/10) S (2/10)
5 (50/50) R (2/10) R (6/10) R (8/10)
1% Egﬁg; R (10/10) R (10/10) R (10/10)
2000 019, S (30/30) R (10/10) R (10/10) R (10/10)
19, R (10/10)" R (10/10) R (10/10) R (10/10)

* 2In one case, f(S) = 0-70; "in one case, f(S) = 0-83; “in one case, f(R) = 0-72.

difference between populations that were untreated
or treated with 1/32 of the recommended dose (y* =
418, P < 0-05). Neither was there any significant
difference in the genotype proportions in lambs
treated with 1/16 and 1/8 of the recommended dose
(x* =2, at P < 0-05).

The significant differences in genotype propor-
tions after treatment with different doses of FBZ
could be attributed mainly to a decrease in the SS
genotype and/or an increase in the RR genotype. We
calculated the contribution of the RS genotype in the
x* values (Table 3) in order to assess the importance
of the RS genotype for resistance. In untreated
lambs, and those treated with 1/32 of the recom-
mended dose, the contribution of the RS genotype in
the y* value was not important (between 0-2 and
309%). However, the contribution of the RS geno-
type in the y? value increased at 1/16, 1/8 or 1/4 of
the recommended dose treatment (between 36:6 and
40-5%). In the lambs treated with 1/4 of the
recommended dose, the contribution of RS genotype
in the y* value was very considerable (809%,). The
significant difference between the untreated lambs
and those given 1/4 of the recommended dose was
therefore mainly due to an increase in the fraction of
worms with the RS genotype.

The relative selective advantage of the RS geno-
type over the SS genotype was calculated. The initial
population contained 5449%, RS and 2169, SS
genotype worms. Anthelmintic treatment at 1/4 of
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the recommended dose resulted in 1469, RS and
1-39%, SS genotype worms. This corresponded to a
reduction of 16-6-fold for the SS genotype worms
and 3-7-fold for the RS genotype worms. The
selective advantage of the RS genotype was therefore
estimated to be 4-5 times greater than that of the SS
genotype when lambs were under-dosed with 1/4 of
the recommended FBZ dose. This highlighted the
need to evaluate a range of the selective advantages of
the RS and SS genotypes, as well as the long-term
influence of this selective advantage, using a simu-
lation programme.

Computer simulation of resistance development

The survival of the RS genotype was set at 2, 4-5 and
10 times greater than that of the SS genotype. The
case of no selective advantage of RS genotype over
SS genotype was also tested. All simulation results
are summarized in Table 4.

In large worm burdens (2000 worms per host), the
R allele was always selected unless the initial
frequency of this allele was low (i.e. 0-1 9%) and there
was no selective advantage of the RS over the SS
genotype. In this case, the R allele was lost due to
genetic drift. For the other situations, the 45
selective advantage of the RS over the SS genotype
was the situation that conducted the most rapidly to
the fixation of the R allele. With a smaller selective
advantage of the RS genotype over the SS genotype
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Number of
RR worms
RS=10xSS
\
RS =SS
Time

Fig. 1. Evolution of the RR genotype number in a worm
population according to the selective advantage of the
RS genotype over the SS genotype: when the RS
genotype had no selective advantage over the SS
genotype: RS = SS; when it was twice as great: RS =

2 x SS; when it was 4'5 times as great: RS = 45 x SS,
and when it was 10 times as great: RS = 10 x SS. The
number of hosts was 100, the average number of worms
was 2000 and the initial R allele frequency was 0-1 9.

(RS = 2 x SS), the increase in the R frequency took
longer while, with a larger selective advantage of the
RS genotype (RS = 10 x SS), the increase in the R
frequency began more rapidly, but heterozygous
worms made it possible for the S allele to be
maintained for longer (Fig. 1). For each situation
tested, the results of the simulations were always
highly repeatable. In small size populations (20
worms per host), genetic drift led to the loss of the R
allele in 71 out of 120 cases. When the initial R allele
frequency was low (i.e. 0-19%), the selective ad-
vantage of RS genotype had a marked impact on the
probability of selecting a resistant allele in the worm
population (the R allele was selected in 2 cases out of
10 when RS = 2 x SS, in 6 cases out of 10 when RS
=45xSS and in 8 cases out of 10 when RS =
10 x SS). In small populations in which the initial R
allele frequency was low, genetic drift had a greater
effect than in large population size, and the results of
the simulations were more stochastic.

DISCUSSION

We have attempted to find out whether the nematode
RS genotype has a greater selective advantage than
the SS genotype when lambs are treated with
anthelmintics at less than the recommended dose.
We then used a computer simulation to study the
development of resistance when the RS genotype
had a range of selective advantages over the SS
genotype. The reduction in the worm burden was
unsatisfactory when lambs were treated with 1/32,
1/16,1/8 and 1/4 of the recommended dose, as drug
efficacy was less than 509,. The therapeutic dose
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was more effective than any of the low doses. The
considerable difference in the establishment rate of
worms between the negative control in Exp. 1 and
that in Exp. 2 may be explained by the age of the
lambs. In the first experiment the lambs were less
than 5 months old, whereas they were 7 months old
in the second experiment. Bishop et al. (1996)
showed the presence of genetic variation for acquired
resistance to 7. circumcincta infection in lambs,
between 1 and 6 months old. Bouix et al. (1998)
demonstrated that resistance to nematode infection
was clearly observed in 6 to 7-month-old lambs. Due
to the small size of the host groups, efficacies based
on intensities are only indicative of trends: under-
dosing reduced the worm population in several
cases, but the level at which under-dosing influenced
efficacy of the drug differed considerably between
our first (1/16) and second experiments (1/4).

Effect of under-dosing on genotype composition

Experimental infection showed that the genotype
composition of the population before and after
infection (larvae and untreated worm populations
respectively) was not significantly different. This
means that all the genotypes became established at
similar rates, confirming published data (Elard et al.
1998). Elard et al. (1998) found that worms of all
genotypes had the same selective advantage (es-
tablishment rate of infective larvae, worm fertility
and worm life-expectancy) in the absence of
anthelmintic treatment. Under our conditions FBZ
treatment was therefore the only factor that affected
genotype survival, and hence genotype composition.

Genotyping the worms was the only reliable way
of assessing their resistance, as an egg hatch assay or
a faecal egg count reduction test can only be
interpreted if at least 25 to 509, of the worms in a
population are resistant (Elard et al. 1999). FBZ at
1/4 of the recommended dose killed some of the RS
genotype worms and almost all the SS genotype
worms. This is the first time that an experimental
infection has been used to demonstrate that under-
dosing results in a selective advantage for the RS
genotype over the SS genotype. The frequency of
the R allele is very low in a ‘susceptible’ population,
and the majority of R alleles occurs in the RS
genotype (Elard et al. 1999). As the first RR genotype
probably originates from RS genotype mating,
under-dosing may favour resistance to anthel-
mintics. Although the model of 1 major gene, with 2
alleles, of which the resistant allele is recessive
matches with therapeutic doses, the data clearly
show that it matches less well with sub-therapeutic
doses. The mechanism of action of BZ and the
structure of the microtubules may explain the
recessive nature of the mutation at therapeutic doses
and the apparent ‘co-dominance’ at sub-therapeutic
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doses. The spontaneous association of subunits of «
and f-tubulin gives the dimers that polymerize into
microtubules. In the presence of BZ, the drug binds
to susceptible dimers and inhibits their polymeriza-
tion. In a heterozygous worm, dimers constitute a
heterogeneous pool of susceptible and resistant
dimers. At therapeutic doses, the drug binds all the
susceptible dimers, and insufficient resistant dimers
are available for tubulin polymerization to maintain
the integrity of the microtubule, wheras at sub-
therapeutic doses, drug availability is reduced.
Consequently, a fraction of the susceptible dimers
may not be exposed to BZ but may participate in
tubulin polymerization. In this situation, a het-
erozygous worm could survive anthelmintic treat-
ment given at a sub-therapeutic dose. This ex-
periment was conducted on 1 generation only. To
study the long-term effect of under-dosing, we used
the computer simulation described by Saul (1995).

Development of resistance : computer simulation

The change in the proportion of the RR genotype in
the population was simulated using 2 initial R allele
frequencies (1 9% and 0-1 %), a range of RS genotype
selective advantages and 2 sizes of worm population.
The programme allowed us to change the selective
advantage by modifying the average life-expectancy.
We used a worm average life-expectancy of 0-045
year for the RS genotype, based on our experimental
data (RS genotype survival was 4-5 times greater
than of the SS genotype, taken to be 0-01 year). As
different levels of under-dosing can occur, this
selective advantage was taken as a rough indicator of
the potential selective advantage of the RS over the
SS genotype. We tested different selective advan-
tages of the RS genotype over SS genotype: RS
average life-expectancy set at 002 and 01 year
corresponded to survival rates 2 and 10 times greater
than that of the SS genotype, respectively.
Simulations showed that genetic drift effects were
important in small populations, when the RS
genotype had no selective advantage over the SS
genotype, whatever the initial R allele frequency,
and when the RS genotype survived twice as long as
the SS genotype and the initial R allele frequency
was low (i.e. 0-19%). In large populations, genetic
drift effects were only observed when initial R allele
frequency was low (0-1 %) and the RS genotype had
no selective advantage over the SS genotype. Under
these conditions, the R allele was lost in several cases
as a consequence of the genetic drift. In the other
situations, even the slightest selective advantage of
the RS genotype favours the development of re-
sistance within a susceptible population subjected to
slight selective pressure (2 treatments per year).
We also tested a worm average life-expectancy of
0-33 year (instead of 0-5 year) to represent the shorter
worm life-span in summer (Gibson & Whitehead,
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1981). Both the initial R allele frequencies were also
tested (1% and 0-19;). In each case, resistance
spread more slowly when average worm life-ex-
pectancy was 0-33 year. This could be because the
selection pressure depends on the frequency of
anthelmintic treatment and on the worm life-
expectancy. The longer worms stay in the host, the
greater the risk of its being subjected to anthelmintic
treatment.

We validated the programme by determining the
worm burden according to worm average life-
expectancy (0-5 and 01 year), without any an-
thelmintic treatment. We found that the worm
burden stabilized at 50000 and 10000 worms,
respectively, after the first grazing season on past-
ures. These values agreed with classical field data. It
is worth noticing that Saul’s programme takes
genetic drift into account and that it may have
impeded resistance spread in worm populations.
Nevertheless, Saul’s model simulates a farm without
any introduction of hosts (i.e. resistant worms
introduction) and does not take into account breed-
ing management practices that could interfere with
the build up of resistance (Silvestre et al. 2000). The
local breeding management practices will modify
greatly the selection pressure exerted on R alleles.
For example, when hosts are treated and then kept
indoors for the winter, at turn out, they will excrete
resistant eggs that will contribute strongly to pasture
contamination in the spring (Martin, 1989). This
situation may dramatically increase the R allele
frequency. Saul’s model is also not entirely realistic
due to several simplifications, such as a constant life-
cycle time for example, as one knows that hypobiotic
larvae are frequent in the winter time and this
increases the duration of the life-cycle. Thus the
conclusions drawn from simulations must be viewed
with caution, but they do have the merit of showing
that a slight selective advantage of heterozygous
(RS) over homozygous (SS) worms can strongly
influence the development of the resistance to BZ in
a worm population.

In conclusion, the experimental infection showed
that RS genotype survival at 1/4 of the recommend-
ed dose was 45 greater than that of SS genotype
worms. Simulations using Saul’s stochastic model
indicated that anthelmintic resistance will develop
rapidly in a natural ‘susceptible’ worm population if
the RS genotype has the slightest selective advantage
over the SS genotype. We therefore suggest that
under-dosing at 1/4 of the recommended dose of
FBZ for sheep may be widespread in goat herds, due
to the different way anthelmintics are metabolized in
sheep and goats. This might, in part, explain why
goats have greater resistance to anthelmintics than
sheep. This work was undertaken in 7' circumcincta,
which has medium life-cycle traits, such as fertility,
survival of adult worms and pathogenicity. A small
selective advantage of the RS over SS genotype
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might produce different effects in very fertile worms
with a short life-expectancy, such as Haemonchus
contortus, or in low fertility worms with a long life-
expectancy, such as Trichostrongylus colubriformis.

We are most grateful to Dr A. Saul for providing a copy of
his computer program. Monika Gosh checked the English
text.
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