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Abstract 
The evolution of benzimidazoles (BZ) resistance in Teladorsagia circumcincta was investigated 
in a controlled trial with lambs, submitted to different treatment regimens. Four paddocks 
were seeded with a T. circumcincta strain constituted by 25% of BZ-resistant nematodes. Ten 
permanent lambs were allocated to each paddock, from April to November in order to renew the 
contamination of pasture. Monthly, three tracer lambs were allocated in each paddock. BZ-
resistant nematode frequency was determined (PCR diagnosis). The faecal egg count reduction 
test (permanent lambs) and the number of nematodes in lambs were also determined (permanent 
and tracer lambs). Four different regimens of treatments were performed: control, levamisole 
(a non-BZ drug), fenbendazole (a BZ drug), and an alternation of levamisole and fenbendazole 
every second treatment. The same protocol was repeated on two consecutive grazing seasons, 
increasing the number of treatments (3 in first year and 5 in second year). The proportions of 
BZ-resistant nematodes did not change during all the study in both the control and the 
levamisole paddocks, supporting an equal global fitness of BZ-resistant and susceptible 
nematodes. Thus, no reversion of BZ resistance is to be expected. In the alternated drug group 
and in the BZ treated group, BZ-resistant nematodes increased from 25% to 47% and to 78%, 
respectively. BZ resistance increased proportionally to the selective pressure (number of BZ 
treatments). The drug alternation is not a good solution to delay importantly the evolution of 
resistance when more than 25% of nematodes are BZ-resistant. This study is the first 
evaluation of BZ-resistance evolution (using individual genotyping) in controlled conditions. 
It showed that when a monogenic anthelmintic resistance is established at 25% in a sexually 
reproducing nematode population, it seems to be impossible to prevent its increase even when 
using limited number of BZ treatments. 
Keywords: Treatment alternation; Anthelmintic; Levamisole; Benzimidazoles; Nematode; 
Teladorsagia 
 
1. Introduction 
The resistance against therapeutical products (antibiotic, anthelmintic, and insecticide) is 
actually one of the major contemporary challenges for health maintenance. The anthelmintic 
resistance of nematodes constitutes a problem in small ruminants and other herbivores in most 
regions of the world ([Chartier et al., 2001] and [Kaplan, 2004]). Rare new molecules are 
found such as cyclooctadepsipeptides (Von Samson-Himmelstjerna et al., 2005), or amino-aceto-
nitrile derivatives (Prichard and Geary, 2008) and they are not marketed for large animals, 
for which there has not been a new class of anthelmintics introduced in marketplace in almost 
25 years (Kaplan, 2004). We must rely in most places on three distinct anthelmintic groups 
with different modes of action: the benzimidazoles (BZ)/probenzimidazoles, the 
imidazothiazoles/tetrahydropyrimidines and the macrocyclic lactones (Fraser et al., 2006). 
Unfortunately, the resistance emergency exists for these three drugs ([Sangster and Gills, 
1999], [Sangster, 2001], [Kaplan, 2004] and [Brady and Nichols, 2009]). The BZ remain widely 
used in herbivores throughout the world since they are cheap and liberate few harmful residues 
in the environment. BZ-resistant nematodes are efficiently controlled by imidazothiazoles or 
macrocyclic lactones ([Overend et al., 1994] and [Waruiru et al., 1996]). To maintain the BZ 
drug efficacy and to control the evolution of resistance, the alternation of drugs or a 
simultaneous use of minimum two molecules had been proposed ([Donald et al., 1980], [Prichard 
et al., 1980], [Dobson et al., 1987], [Waller et al., 1989], [Uhlinger and Kristula, 1992], 
[Coles, 1994], [McKenna et al., 1996] and [Andrews, 2000]). Formulations permitting the 
simultaneous use of two or three molecules from the existing three main groups of 
anthelmintics are available in countries such as Australia (Q-drench®, Triton®, etc.), New 
Zealand or Uruguay among others. This solution is not sustainable from the residues, 
environment and efficacy point of views. An alternation of BZ and another drug has been 
proposed ([Waller et al., 1989], [McKenna, 1990] and [Grimshaw et al., 1996]). Some studies 
had tested the anthelmintic alternation in experimental conditions, at a time where the 
genetic main mechanisms of resistance to BZ was not known. Furthermore, evaluation of such 
alternation should be made in natural conditions since only the parasitic stages (larvae and 
adult) are submitted to anthelmintic pressures (in a lesser extent arrested larvae) and the 
free-living stages on pastures can be compared to a sub-population not submitted to selective 
pressures (in “refuge”: [Gaba et al., 2006a] and [Kenyon et al., 2009]), that would preserve 
the anthelmintic susceptible alleles. 
We studied the evolution of BZ resistance in a population of Teladorsagia circumcincta 
(Nematoda, Trichostrongylidae), one of the most frequent trichostrongyle in the temperate 
climatic zone. Its life cycle presents a free-living phase (larvae stages) on pastures and a 
parasitic phase in the small ruminant (adult stage). Although several mutations were 
identified in β-tubulin gene ([Silvestre and Cabaret, 2002] and [Ghisi et al., 2007]), BZ 
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resistance is mainly conferred by a recessive point mutation in isotype 1 of the β tubulin 
gene of T. circumcincta (Elard and Humbert, 1999) as in most digestive-tract strongyles of 
ruminants. One partially resistant isolate was seeded on four paddocks and each flock on each 
paddock has a particular anthelmintic regimen in order to evaluate putative reversion 
(untreated control), interaction with levamisole, and the influence of selection pressure with 
BZ (alternation of treatment of BZ with levamisole or only BZ) in condition of natural 
reinfection during two grazing seasons. 
2. Materials and methods 
2.1. Nematode origin and characterisation 
The T. circumcincta strain was isolated from a French goat farm in 1996 and maintained in 
laboratory conditions during two generations. This strain was genotyped for the BZ resistance 
by PCR according to Humbert and Elard (1997). This strain was genotyped in natural conditions 
(in farm) in 1991 and 1996 (Elard et al., 1999), and before this study. All these estimations 
showed that this strain harboured 25% of BZ-resistant (homozygote rr) nematodes and 75% of BZ-
susceptible nematodes (25% homozygote SS and 50% heterozygote rS) (Elard et al., 1999). 
Twenty-five percent of BZ-resistant nematodes correspond to the lowest level of resistance 
detected by phenotypic measures (Martin et al., 1989). The T. circumcincta strain was fully 
susceptible to levamisole. 
2.2. Experimental conditions 
The experiment was conducted under temperate climate in Nouzilly, in western France during two 
consecutive years. Rainfalls were 861 and 1032 mm during the two consecutive grazing seasons, 
respectively, the latter being over average. Four adjacent paddocks (7000 m2 of new pasture 
constituted of rye-grass and white clover) were seeded with the above described T. 
circumcincta strain. The paddocks were first seeded with T. circumcincta from September to 
October before the first grazing year with 20 lambs previously infected with 8000 infective 
larvae (L3). In November, three pairs of these lambs were either treated with levamisole, 
fenbendazole or remained untreated. The efficacies were 99.5% and 83.0%, respectively, for 
levamisole and fenbendazole. In March, the future permanent lambs (naive Romane breed) were 
infected with 4000 L3 of the same isolate so that they were excreting eggs at turn out. Ten 
permanent lambs were grazed during all the grazing season (mid-April to mid-November) on each 
paddock. Permanent lambs present in paddock 1 were non-treated controls and those on paddock 2 
were treated with levamisole (efficient against BZ-resistant nematodes, Anthelsol®). Permanent 
lambs from paddock 3 were alternatively treated with levamisole (in August during first year, 
June and September during second year) or a benzimidazole, fenbendazole (Panacur®, in May and 
October of first year and in May, July and October in second year) (Fig. 1). Permanent lambs 
from paddock 4 were treated with fenbendazole. Permanent lambs were treated at the 
manufacturer recommended ovine dose. We thus realized different selective processes on the 
populations according to the anthelmintic regimen (Fig. 1). Both phenotypic and genotypic 
measures of BZ resistance were achieved. Treatment efficacy was determined by the faecal egg 
count reduction test (FECRT) for the two grazing seasons, on three occasions (May, September 
and October for the first year; June, September and October for second year). The estimation 
of eggs per gram (EPG) was realized the day of the treatment and 11 days after treatment and a 
FECRT was calculated according to (Dash et al., 1988), as this formula takes into account the 
possible evolution of egg output in control group. Dash et al., 1988 formula relies on before 
and after treatment evaluation in treated and control hosts: FECR = 100 (1 − [T2/T1]/[C1/C2]) 
where T2 and T1 are pre- and post-treatment arithmetic means of the EPG in treated groups and 
C1 and C2 are pre- and post-treatment arithmetic means of the EPG in the controls. Phenotypic 
resistance can be measured as 1 − FECR. 
 

 
Fig. 1. Anthelmintic treatment program applied in the flocks grazing the four paddocks. BZ, 
benzimidazoles; Lev, levamisole.  
 
 
At the end of each grazing season, all permanent lambs were slaughtered and nematodes counted 
on an aliquot as indicated in (Gaba et al., 2006b). For each paddock, a minimum 50 nematodes 
per permanent lamb were genotyped to detect the BZ resistance according to Humbert and Elard 
(1997). A total of 1249 T. circumcincta from these permanent lambs were individually genotyped 
into BZ-resistant (rr), BZ-susceptible homozygotes (SS) and heterozygotes (rS) for this study. 
In parallel, three tracer lambs were introduced in each paddock at monthly or bimonthly 
intervals (July–August) during the two grazing seasons. After one month, each tracer lamb was 
brought indoors for two weeks and fed on uninfected hay, to let the late ingested larvae 
mature into adults. The tracer lambs were finally necropsied to collect the parasites. 
Altogether, 120 tracer lambs were slaughtered, and 5658 T. circumcincta (minimum 40 nematodes 
per lambs) were genotyped to quantify the frequency of BZ-resistant genotypes. 
2.3. Statistical analysis 
A general linear model (GLM) was used to compare effects of treatment regimen on egg output, 
nematode burden and frequency of BZ-resistant nematodes in different paddocks. The GLM use of 
a hierarchical regression analysis technique allows greater flexibility than usual analysis of 
variance by allowing one to combine quantitative and categorical variable and to control for 

covariates. Thus a model, y = a1 × x1 + a2 × x2 + + aixi + error is evaluated, where y is 
the parameter we want to evaluate (e.g., EPG) in relation to other experimental factors (x1 to 
xi, e.g. paddock, season, year of experiment). The value of the model is expressed by a R2 
value and a level of statistical significance p. When the model was significant estimated 
marginal averages were calculated. These averages were adjusted for the covariates (season and 
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year of experiment for tracer lambs, and year for permanent lambs). The data did not follow a 
Gaussian distribution, and were neperian logarithm transformed (log + 1). Post hoc 
significance was established with Newman–Keuls test. Calculations were performed using Simstat 
software (Péladeau and Lacouture, 1993). 
3. Results 
3.1. Dynamic of infection based on permanent lamb egg output and adult nematode burden in 
tracer lambs 
Nematode burden of permanent lambs illustrate the effects of repeated treatments on nematode 
establishment after one year of infection (Table 1). The number of nematodes and the number of 
arrested larvae per permanent lamb were not significantly different between paddocks during 
the first and the second grazing season (Table 1). Arrested larvae were three- to fourfold 
higher in second season in comparison with the first, in all four paddocks. These data give a 
good picture of infection at the end of grazing season but do not inform on the parasitic 
pressure all along the grazing season. Conversely the average EPG (Table 1) give further 
information on parasitic pressure: it was highest in the control paddock in the second grazing 
season, as observed from nematode burdens. 
Table 1.  
Average, standard deviation (SD) and range of adult nematodes and arrested larvae (L4) per 
permanent lamb necropsied in the two consecutive seasons for the four paddocks. 

EPG 
 

Paddock 
1 
(control
) 

 

Paddock 2 
(levamiso
le 
treatment
) 

 

Paddock 3 
(alternati
on of 
treatment) 

 

Paddock 4 
(fenbendazo
le 
treatment) 

 

First year 

 Average 168a* 129a 141a 145a 

 SD 86 64 48 69 

 Range 25–260 39–229 30–171 28–229 

 

Second year 

 Average 98a 58b 55b 72b 

 SD 50 31 29 41 

 Range 41–193 13–107 28–113 34–107 

Nematode
s 

 

Adults 
 

L4 
 

Adults 
 

L4 
 

Adult
s 

 

L4 
 

Adult
s 

 

L4 
 

First year 

 Average 2188a 4483a 1533a 2860a 1974a 8473a 3249a 5195a 

 SD 2020 3660 1243 3741 1174 6705 4186 5045 

 Range 128–7938 0–11,900 95–4592 200–11,400 58–
3598 

0–
23,700 

260–
13,07
5 

508–
17,833 

 

Second year 

 Average 3411a 11,636b 2324a 9747b 1524a 10,464
b 2453a 14,880

b 

 SD 2611 17,522 978 13,376 665 16,558 2108 27,701 
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EPG 
 

Paddock 
1 
(control
) 

 

Paddock 2 
(levamiso
le 
treatment
) 

 

Paddock 3 
(alternati
on of 
treatment) 

 

Paddock 4 
(fenbendazo
le 
treatment) 

 

 Range 1202–
9768 0–53,170 845–3710 0–32,310 634–

2813 
0–
48,035 

60–
6872 

0–
71,570 

 

Estimate
d 
marginal 
average*

* 

2798a 7714b 1928a 6303b 1749a 8863b 2851a 10,037
b 

* Similar letters in a column indicates that no significant difference was shown between 
paddocks and in a line, between years, using GLM. 
** GLM with year and paddock as factors. 
 
 
During summer, an increase of EPG was observed in all paddocks for the two years (Fig. 2). In 
first grazing season, the average egg outputs per permanent lambs in the control paddock 
(paddock 1) was higher than EPG observed in all treated paddocks (Table 1), indicating that 
even when 25% of nematodes are BZ-resistant, BZ treatment is useful to reduce egg outputs and 
pasture contamination. In second grazing season, average egg outputs were twice higher than in 
first year in paddock 4 (benzimidazole treatment) whereas other paddocks presented similar egg 
outputs (Table 1). The control paddock had globally higher egg outputs than other paddocks. 
 
Fig. 2. Evolution of average egg outputs during the two consecutive grazing seasons in 
permanent lambs of the four paddocks (1: control, 2: levamisole, 3: levamisole and 
benzimidazole, 4: benzimidazole). Figures correspond to estimated marginal averages, estimated 
from GLM: R2 = 0.33, p = 0.001; significant covariates: paddock, year, month, and interaction 
between paddock, year and month.  
 
 
Nematode burdens observed in tracer lambs illustrate the infection level of each paddock (Fig. 
3 and Table 2). The strongest increase of nematode burden was observed during the spring of 
first year and the summer of second year, in all paddocks. The number of nematodes in tracer 
lambs was higher in the paddock 1 (control group) reaching an average of 7274 and 8400 
nematodes per lamb in the two consecutive grazing seasons, respectively. No significant 
difference was observed between the paddocks 2–4 (treated groups) in first grazing season. 
Conversely, in second year, the number of nematodes in tracer lambs was influenced by the 
anthelmintic regimen administered to permanent lambs. In the paddocks 2 (levamisole treatment) 
and 3 (alternating treatment), nematode populations were limited to 5000 nematodes in average 
(maximum observed 9739 nematodes); but in paddock 4 (benzimidazole treatment) nematode 
population reached 6800 nematodes in average, reaching a maximum observed around 14,600 
nematodes, in spite of fenbendazole treatment (Fig. 3 and Table 2). 
 
Fig. 3. Evolution of average nematode burden during the two consecutive grazing seasons in 
tracer lambs of the four paddocks (1: control, 2: levamisole, 3: levamisole and benzimidazole, 
4: benzimidazole). Figures correspond to estimated marginal averages, estimated from GLM: 
R2 = 0.72, p = 0.001; significant covariates: paddock, year, month, and interaction between 
paddock, year and month.  
 
 
Table 2.  
Average, standard deviation (SD) adult nematodes per tracer lamb necropsied in the two 
consecutive grazing seasons for the four paddocks. 

 
Paddock 1 
(control) 

 

Paddock 2 
(levamisole 
treatment) 

 

Paddock 3 
(alternative 
treatment) 

 

Paddock 4 
(fenbendazole 
treatment) 

 

First grazing season 

 Average 7274 4122 4065 3493 

 SD 8390 3425 3644 2391 
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Paddock 1 
(control) 

 

Paddock 2 
(levamisole 
treatment) 

 

Paddock 3 
(alternative 
treatment) 

 

Paddock 4 
(fenbendazole 
treatment) 

 

 Range 700–21,438 587–9602 297–9706 457–6296 

 

Second grazing season 

 Average 8400 3972 5473 6798 

 SD 8615 3732 3910 6788 

 Range 386–21,132 309–9739 800–9499 422–14,599 

 

Estimated marginal 
average* 7758a** 4093b 4376b 5068b 

* GLM with year, period and paddock as factors, p = 0.0001 
** Similar letters in a line indicates that no significant difference was shown between 
paddocks using GLM. 
 
 
3.2. Evolution of resistance in relationship to benzimidazole selective pressure 
A phenotypic and a genotypic measure of BZ anthelmintic resistance were achieved with a FECRT 
and a PCR diagnosis, respectively (Table 3). Conversely to genotyping, the FECR data presented 
a less clear evolution of resistance. In paddock 3, the efficacy of BZ drug was unchanged in 
first grazing season (switching from 67% to 69%), although the frequency of BZ-resistant 
genotypes increased moderately from 22.9% to 31.9%. In second grazing season, the efficacy of 
BZ drug switched dramatically from 89% to 19%, although the frequency of BZ-resistant 
genotypes was unchanged (44.8% to 47%). In paddock 4 (benzimidazole treatment), the BZ 
efficacy switched from 69% to 43%, corresponding to the increase of the frequency of BZ-
resistant genotypes from 21.4% to 52.9%. Similarly in second year, BZ efficacy was maintained 
around 65% and 27% and the frequency of BZ-resistant genotypes increased from 60% to 78%. In 
paddock 2 (levamisole treatment), the FECRT indicated an important variability of the 
levamisole efficacy in two consecutive grazing seasons (ranged between 16% and 91%) although 
the T. circumcincta strain is fully levamisole susceptible (Table 3). BZ FECRT evaluated with 
Dash et al. formula was significantly related to the percentage of r allele (rs = −060; 
p = 0.046 on data of paddocks 3 and 4). 
Table 3.  
Benzimidazole resistance evaluation (frequency of BZ r allele, frequency of BZ rr nematodes, 
FECRT) in tracer lambs and in permanent lambs, along the two grazing season experiment. 
Numbers between brackets correspond to standard deviation. ND: not determined. 

  
First grazing season 

 
Second grazing season 

 

  
Tracer lambs 

 

Perm
anen
t 

Tracer lambs 
 

Perm
anen
t 

  
May 

 

Ju
ne 

 

Ju
ly
–
Au
gu
st 

 

Sept
embe
r 

 

Oct
obe
r 

 

Octo
ber 

 

Ju
ne 

 

Ju
ly
–
Au
gu
st 

 

Sept
embe
r 

 

Octobe
r–
Novemb
er 

 

Nove
mber 

 

Paddock 1 
Control 

% rr 
nemato
de 

26.2 
(4.6) 

27
.1 
(3
.9
) 

22
.9 
(5
.1
) 

25.5 
(10.
9) 

33.
6 
(1.
7) 

27.9 
(5.5
) 

32
.8 
(1
2) 

26 
(1
3.
9) 

21.3 
(5.5
) 

16.3 
(3.3) 

22 
(6.4
) 

 EPG 213a ND ND 291 92 ND 99 ND 144 150 ND 
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First grazing season 

 
Second grazing season 

 

  
Tracer lambs 

 

Perm
anen
t 

Tracer lambs 
 

Perm
anen
t 

  
May 

 

Ju
ne 

 

Ju
ly
–
Au
gu
st 

 

Sept
embe
r 

 

Oct
obe
r 

 

Octo
ber 

 

Ju
ne 

 

Ju
ly
–
Au
gu
st 

 

Sept
embe
r 

 

Octobe
r–
Novemb
er 

 

Nove
mber 

 

 

Paddock 2 
Levamisole 

% rr 
nemato
de 

22.4 
(1.5) 

24
.5 
(4
.7
) 

28
.9 
(1
0.
6) 

32.9 
(6.4
) 

36.
6 
(7.
9) 

26 
(9.9
) 

34
.7 
(6
) 

33
.2 
(6
.9
) 

28 
(17.
1) 

28.3 
(8.3) 

20 
(2) 

 FECRT 59%b ND ND 80% 52% ND 84
% ND 91% 16% ND 

 

Paddock 3 
Levamisole
/fenbendaz
ole 

% rr 
nemato
de 

22.9 
(3.4) 

25
.6 
(4
.9
) 

44
.3 
(9
.1
) 

42.7 
(2.2
) 

31.
9 
(5.
8) 

53 
(6.6
) 

44
.8 
(7
.4
) 

31
.3 
(2
.8
) 

45.1 
(9.1
) 

47 
(6.8) 

54.3 
(13.
1) 

 FECRT 67% ND ND 85% 69% ND 89
% ND 64% 19% ND 

 

Paddock 4 
Fenbendazo
le 

% rr 
nemato
de 

21.4 
(6.5) 

34
.9 
(2
.6
) 

51
.8 
(0
.6
) 

41.5 
(8.9
) 

52.
9 
(6.
2) 

60.3 
(19.
6) 

60
.4 
(1
0.
4) 

82
.7 
(5
.4
) 

80.8 
(3.4
) 

78.1 
(3.1) 

89.5 
(4.6
) 

 FECRT 69% ND ND 70% 43% ND 65
%  67% 27% ND 

 

% rr 
significan
ce 

 
1 = 2 
= 3 = 
4c 

        
1 = 2 
< 3 < 
4 

 

 

FECRT 
significan
ce 

 1 > 2, 
3, 4   

1 > 
2, 
3, 4 

1 >
 2, 
3, 
4 

 

1 
> 
2, 
3, 
4 

 
1 < 
2, 
3, 4 

1 = 2 
= 3 = 
4 

 

Full-size table 
a Estimated EPG. 
b FEC reduction using Dash et al. formula. 
c Significance of difference between paddocks (e.g., 1 > 1, 2, 3, 4: control (paddock 1) has 
higher EPG than treated groups). 
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In all four paddocks, BZ resistance was measured monthly (bimonthly in July–August) by the PCR 
diagnosis on adult nematodes, collected after necropsy of tracer lambs. No significant 
evolution of the frequency of BZ-resistant genotypes was observed in the paddocks 1 (control) 
and 2 (after 8 levamisole treatments) during the second grazing season. The frequency of rr 
was well estimated by a GLM (R2 = 0.87, p = 0.001). The significant variables in model were 
paddock, year, month, and interaction between paddock, year and month. The significant 
differences between paddocks were evaluated with Newman–Keuls (see the legend in Table 3). 
Frequency of BZ-resistant nematodes was maintained around 25–30%. In paddock 3 where permanent 
lambs were treated with an alternating anthelmintic regimen (levamisole or fenbendazole), the 
frequency of BZ-resistant genotypes increased from 23% to 47% after 5 BZ and 3 levamisole 
treatments, during the two grazing seasons. The strongest increase of the frequency of BZ-
resistant genotypes was observed in the paddock 4, where only fenbendazole treatments were 
realized: BZ-resistant genotypes increased from 21% to 78% after 8 BZ treatments (Table 3). 
The frequency of BZ-resistant genotypes in permanent lambs, at the end of the grazing season, 
was 28% (paddock 1), 26% (paddock 2), 53% (paddock 3) and 61% (paddock 4) in first year. After 
the second grazing season, this frequency was unchanged in paddock 1 (22%), in paddock 2 (20%) 
and in paddock 3 (54%), but in paddock 4 the frequency of BZ-resistant genotypes reached 89%. 
In paddock 2 (levamisole treated group), levamisole treatment administered in October from 
second grazing year was inefficient: 16% (Table 3). This is consistent with the known 
inefficacy of levamisole against arrested L4 larvae, which represent 93% of the whole nematode 
burden in paddock 2 (Table 2). 
4. Discussion 
Our main objective was to investigate the evolution of BZ resistance when nematodes were 
maintained under different treatment regimens. In our experimental design, the grazing season 
ranged from April–May to November, the stocking rate was 16 lambs/ha, the number of 
anthelmintic treatments ranged from 3 (in first year) to 5 (in second year), we used 
fenbendazole (a benzimidazole) and levamisole (an imidazothiazole) anthelmintics. Although our 
experimental design with one single species was simplified compared to ordinary farm where 
lambs are infected with a community of nematodes, this simplification should not affect the 
qualitative findings on control and resistance reported here. 
Few studies were conducted on drug combination efficiency, and anthelmintic resistance was 
monitored by phenotypic methods (FECRT and in vitro lethal dose on eggs, see [Cooper et al., 
1996], [Maingi et al., 2002], [Wrigley et al., 2006] and [Sutherland et al., 2008]). Drug 
alternation studies were also rare (Uhlinger and Kristula, 1992). In the present study, we 
monitored precisely evolution of BZ-resistant gene frequency by individual genotyping of 
nematodes. We used FECRT to estimate phenotypic efficacy and subsequent impact of treatments 
on pastures contamination. For both BZ and levamisole, FECRT yielded very different estimates 
of efficacy. Although not related to anthelmintic resistance, poor efficacy of both drugs has 
been recorded previously, in part related to the presence of T. circumcincta inhibited larvae 
which are less susceptible to either imidazothiazoles ([Walley, 1966], [McKenna, 1974] and 
[Williams, 1991]) or BZ (Cabaret et al., 1979) to a lesser extent, as observed at the end of 
each grazing season. The irregular efficiency of FECRT to detect resistance has been 
questioned (Humbert et al., 2001) and we concentrated on the frequency of BZ-resistant 
nematodes to express BZ resistance. 
In paddock 1 (control group) and paddock 2 (levamisole group), final frequencies of BZ-
resistant and BZ-susceptible nematodes in permanent lambs were unchanged at the end of the 
study (Table 3). However it seems that autumn period is unfavourable to the survival of rr 
larvae since there is a decrease in percentages of rr in control paddock and absence of 
expected increase of rr in the paddocks 3 and 4 (Table 3). The latter is in accordance with 
the findings of Elard et al. (1998) in laboratory conditions (parameters: prime-infection of 
naive lambs, culture from eggs to larvae at stable temperature 23 °C, storage of infective 
larvae at 4 °C during more than three months). This supports an equivalent “global fitness” 
(e.g., including major life traits) of resistant and susceptible nematodes, but some life 
traits (such as survival of free-living stages to low temperature) may be compensated 
throughout the life cycle of T. circumcincta. This is in accordance with others findings on 
Haemonchus contortus (Melo, 2005), and the better survival of BZ-resistant larvae to dry 
climate and the better survival of BZ-susceptible larvae to hot temperature. The possible 
reversion of the BZ resistance should be studied furthermore, exploring differential success 
in life traits of resistant and susceptible nematodes. 
Our results show that alternation of BZ and levamisole succeeded in delaying the selection of 
BZ resistance at medium term, in comparison with the exclusive BZ treatment regimen: in 
paddock 3 (alternation of BZ and levamisole), frequency of BZ-resistant nematodes reached 45% 
at the end of the experiment, corresponding to 5 BZ treatments (and 3 levamisole treatments). 
In paddock 4, the 5th BZ treatment was done in June from second year, and the frequency of BZ-
resistant nematodes was 78%. So, the same number of BZ treatment (here, 5 treatments) selected 
less rapidly resistant nematodes in paddock 3 than in paddock 4. Nevertheless, the alternating 
treatment regimen has a short lasting effect (Uhlinger and Kristula, 1992). In paddock 4, the 
frequency of BZ-resistant nematodes switched from 45% to 80% with only one supplementary BZ 
treatment (administered in June of second grazing season). So, in all likelihood, the 
alternating treatment regimen would result in such high BZ-resistance frequency during the 
subsequent grazing season. 
In the present study, lambs were set stocked during the entire grazing season, favouring 
effects of refuge of free-living stages present on pastures (Van Wyk, 2001). During the early 
phase of selection, when resistance gene frequency is 0.5%, free-living stages present on 
pastures may favour the loss of resistance gene by genetic drift (Gaba et al., 2006a). 
Conversely, the present study shows that refuge is not efficient anymore to delay selection 
when the frequency of BZ-resistant nematodes reaches high level such as 25% of the population. 
This study demonstrated that when the BZ-resistant nematodes are present at medium level (25% 
in the present study) in natural population, no reversion seems to be possible, even if 
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another anthelmintic molecule without any cross-resistance is used. Refuge is not efficient 
enough at medium resistance level to allow the loss of resistant alleles by genetic drift 
(Gaba et al., 2006a). The alternating treatment with levamisole/fenbendazole seemed efficient 
to control adult nematodes, but it did not allow the control of arrested larvae or the delay 
of BZ-resistance allele selection. As a conclusion, we may recommend to use BZ until BZ 
resistance is fully present, under temperate climate. First, even for medium high BZ-
resistance frequency, BZ treatment allowed a reduction of both nematode burden and pasture 
contamination. Second, BZ are broad-spectrum anthelmintics allowing Dicrocoelium and pulmonary 
strongyles control. Third, BZ are efficient against susceptible arrested larvae, conversely to 
other broad-spectrum anthelmintics ([Andrews, 2000] and [Bartley et al., 2004]). When BZ 
resistance is observed, drug combination may favour a better nematode control than drugs alone 
(Albonico et al., 2003) but further work is required to demonstrate a real synergism between 
drugs (Entrocasso et al., 2008). 
Acknowledgements 
Vincent Leignel was funded by a PhD grant from the French Ministry of Research. Additional 
financial support was provided by “Biotechnocentre” and Hoechst Company (now Intervet). 
References 
Albonico et al., 2003 M. Albonico, Q. Bickle, M. Ramsan, A. Montresor, L. Savioli and M. 
Taylor, Efficacy of mebendazole and lévamisole alone or in combination against intestinal 
nematode infections after repeated targeted mebendazole treatment in Zanzibar, Bull. World 
Health Organ. 81 (2003), pp. 343–352. View Record in Scopus | Cited By in Scopus (79) 
Andrews, 2000 S.J. Andrews, The efficacy of levamisole, and a mixture of oxfendazole and 
levamisole, against the arrested stages of benzimidazole-resistant Haemonchus contortus and 

Ostertagia circumcincta in sheep, Vet. Parasitol. 88 (2000), pp. 139–146. Abstract | PDF 
(50 K) | View Record in Scopus | Cited By in Scopus (5) 
Bartley et al., 2004 D.J. Bartley, F. Jackson, E. Jackson and N. Sargison, Characterisation of 
two triple resistant field isolates of Teladorsagia from Scottish lowland sheep farms, Vet. 

Parasitol. 123 (2004), pp. 189–199. Article | PDF (114 K) | View Record in Scopus | Cited 
By in Scopus (28) 
Brady and Nichols, 2009 H.A. Brady and W.T. Nichols, Drug resistance in equine parasites: an 

emerging global problem, J. Equine Vet. Sci. 29 (2009), pp. 285–295. Article | PDF (170 
K) | View Record in Scopus | 
http://www.sciencedirect.com.gate1.inist.fr/science?_ob=RedirectURL&_method=outwardLink&_partn
erName=656&_originPage=article&_zone=art_page&_targetURL=http%3A%2F%2Fwww.scopus.com%2Finward%
2Fcitedby.url%3Feid%3D2-s2.0-
65549127632%26partnerID%3D10%26rel%3DR3.0.0%26md5%3D74f40452f30e0d0ee63ea940c043365d&_acct=C00
0061186&_version=1&_userid=4046392&md5=f7e316bd68dbe3e2ffd8faff1bd7f5e5Cited By in Scopus (0) 
Cabaret et al., 1979 J. Cabaret, H. Ouhelli and A. Dakkak, Efficacité comparée du fenbendazole 
et du tétramisole sur les helminthes parasites du mouton au Maroc. II. Helminthes du tube 
digestif, Rec. Med. Vet. 155 (1979), pp. 785–793. View Record in Scopus | Cited By in Scopus 
(3) 
Chartier et al., 2001 C. Chartier, F. Soubirac, I. Pors, A. Silvestre, J. Hubert, C. Couquet 
and J. Cabaret, Prevalence of anthelmintic resistance in gastrointestinal nematodes of dairy 
goats under extensive management conditions in southwestern France, J. Helminthol. 75 (2001), 
pp. 325–330. View Record in Scopus | Cited By in Scopus (20) 
Coles, 1994 G.C. Coles, Control of anthelmintic resistant nematodes. In: G.C. Coles, F.H.M. 
Borgsteede and S. Geerts, Editors, Anthelmintic Resistance in Nematodes of Farm Animals Report 
of a Seminar Organised for the European Commission, Brussels, 8–9 November 1993 (1994), pp. 
163–169. 
Cooper et al., 1996 N.A. Cooper, P.F. Rolfe, J.E. Searson and K.L. Dawson, Naphthalophos 
combinations with benzimidazoles or levamisole as effective anthelmintics for sheep, Aust. 
Vet. J. 74 (1996), pp. 221–224. Full Text via CrossRef | View Record in Scopus | Cited By in 
Scopus (2) 
Dash et al., 1988 K. Dash, K. Hall and I.A. Barger, The role of arithmetic and geometric worm 
egg counts in faecal egg count reduction test and in monitoring strategic drenching programs 
in sheep, Aust. Vet. 65 (1988), pp. 66–68. Full Text via CrossRef | View Record in Scopus | 
Cited By in Scopus (59) 
Dobson et al., 1987 R.J. Dobson, D.A. Griffiths, A.D. Donald and P.J. Waller, A genetic model 
describing the evolution of levamisole resistance in Trichostrongylus colubriformis, a 
nematode parasite of sheep, IMA J. Math. Appl. Med. Biol. 4 (1987), pp. 279–293. View Record 
in Scopus | Cited By in Scopus (16) 
Donald et al., 1980 A.D. Donald, P.J. Waller, R.J. Dobson and A. Axelsen, The effect of 
selection with levamisole on benzimidazole resistance in Ostertagia spp. of sheep, Int. J. 

Parasitol. 10 (1980), pp. 381–389. Abstract | PDF (1016 K) | View Record in Scopus | 
Cited By in Scopus (5) 
Elard et al., 1999 L. Elard, J. Cabaret and J.F. Humbert, PCR diagnosis of benzimidazole-
susceptibility or -resistance in natural populations of the small ruminant parasite, 

Teladorsagia circumcincta, Vet. Parasitol. 80 (1999), pp. 231–237. Article | PDF (228 K) 
| View Record in Scopus | Cited By in Scopus (52) 

bi
oe

m
co

-0
05

09
51

2,
 v

er
si

on
 1

 - 
13

 A
ug

 2
01

0



Elard and Humbert, 1999 L. Elard and J.F. Humbert, Importance of the mutation of amino acid 
200 of the isotype 1 beta-tubulin gene in the benzimidazole resistance of the small-ruminant 
parasite Teladorsagia circumcincta, Parasitol. Res. 85 (1999), pp. 452–456. Full Text via 
CrossRef | View Record in Scopus | Cited By in Scopus (51) 
Elard et al., 1998 L. Elard, C. Sauvé and J.F. Humbert, Fitness of benzimidazole-resistant and 
-susceptible worms of Teladorsagia circumcincta, a nematode parasite of small ruminants, 
Parasitology 117 (1998), pp. 571–578. Full Text via CrossRef | View Record in Scopus | Cited 
By in Scopus (27) 
Entrocasso et al., 2008 C. Entrocasso, L. Alvarez, J. Manazza, A. Lifschitz, B. Borda, G. 
Virkel, L. Mottier and C. Lanusse, Clinical efficacy assessment of the albendazole–ivermectin 
combination in lambs parasitized with resistant nematodes, Vet. Parasitol. 155 (2008), pp. 

249–256. Article | PDF (221 K) | View Record in Scopus | Cited By in Scopus (6) 
Fraser et al., 2006 D.E. Fraser, P.J. Hunt, R.J. Skinner and G.C. Coles, Survey of parasite 
control on sheep farms in south-west England, Vet. Rec. 14 (2006), pp. 55–57. View Record in 
Scopus | Cited By in Scopus (3) 
Gaba et al., 2006a S. Gaba, J. Cabaret, V. Ginot and A. Silvestre, The early drug selection of 
nematodes to anthelmintics: stochastic transmission and population in refuge, Parasitology 133 
(2006), pp. 345–356. Full Text via CrossRef | View Record in Scopus | Cited By in Scopus (12) 
Gaba et al., 2006b S. Gaba, J. Chadoeuf, P. Monestiez, C. Sauvé, J. Cortet and J. Cabaret, 
Estimation of abomasum strongyle nematode infections in sheep at necropsy: tentative proposals 

for a simplified technique, Vet. Parasitol. 140 (2006), pp. 105–113. Article | PDF (305 
K) | View Record in Scopus | Cited By in Scopus (5) 
Ghisi et al., 2007 M. Ghisi, R. Kaminsky and P. Mäser, Phenotyping and genotyping of 
Haemonchus contortus isolates reveals a new putative candidate mutation for benzimidazole 

resistance in nematodes, Vet. Parasitol. 144 (2007), pp. 313–320. Article | PDF (353 K) | 
View Record in Scopus | Cited By in Scopus (24) 
Grimshaw et al., 1996 W.T.R. Grimshaw, C. Hong and K.R. Hunt, Potential for misinterpretation 
of the faecal egg count reduction test for levamisole resistance in gastrointestinal nematodes 

of sheep, Vet. Parasitol. 62 (1996), pp. 267–273. Article | PDF (358 K) | View Record in 
Scopus | Cited By in Scopus (21) 
Humbert and Elard, 1997 Humbert, J.F., Elard, L., 1997. A simple PCR method for rapidly 
detecting defined point mutations. Technical Tips Online, T40076, http://tto.trends.com. 
Humbert et al., 2001 J.F. Humbert, J. Cabaret, L. Elard, V. Leignel and A. Silvestre, 
Molecular approaches to studying benzimidazole resistance in trichostrongylid nematodes, 

parasite of small ruminants, Vet. Parasitol. 101 (2001), pp. 405–414. Article | PDF (123 
K) | View Record in Scopus | Cited By in Scopus (24) 
Kaplan, 2004 R.M. Kaplan, Drug resistance in nematodes of veterinary importance: a status 

report, Trends Parasitol. 20 (2004), pp. 477–481. Article | PDF (117 K) | View Record in 
Scopus | Cited By in Scopus (204) 
Kenyon et al., 2009 F. Kenyon, A.W. Greer, G.C. Coles, G. Cringoli, E. Papadopoulos, J. 
Cabaret, B. Berrag, M. Varady, J.A. Van Wyk, E. Thomas, J. Vercruysse and F. Jackson, The role 
of targeted and targeted selective treatments in the development of refugia-based approaches 
to the control of gastrointestinal nematodes of small ruminants, Vet. Parasitol. 164 (2009), 

pp. 3–11. Article | PDF (183 K) | View Record in Scopus | Cited By in Scopus (3) 
Maingi et al., 2002 N. Maingi, W.K. Munuya and M.N. Gichigi, Strategic use of moxidectin or 
closantel in combination with levamisole in the control of nematodes of sheep in the highlands 

of central Kenya, Acta Trop. 84 (2002), pp. 93–100. Article | PDF (270 K) | View Record 
in Scopus | Cited By in Scopus (3) 
Martin et al., 1989 P.J. Martin, N. Anderson and R.G. Jarrett, Detecting benzimidazole 
resistance with faecal egg count reduction tests and in vitro assays, Aust. Vet. J. 66 (1989), 
pp. 236–240. Full Text via CrossRef | View Record in Scopus | Cited By in Scopus (63) 
McKenna, 1974 P.B. McKenna, Anthelmintic efficacy of thiabendazole and levamisole against 
inhibited Haemonchus contortus larvae in sheep, N. Z. Vet. J. 9 (1974), pp. 163–166. View 
Record in Scopus | Cited By in Scopus (5) 
McKenna, 1990 P.B. McKenna, The use of benzimidazole-levamisole mixtures for the control and 
prevention of anthelmintic resistance in sheep nematodes: an assessment of their likely 
effects, N. Z. Vet. J. 38 (1990), pp. 45–49. 
McKenna et al., 1996 P.B. McKenna, C.M. Allan and M.J. Taylor, The effectiveness of 
benzimidazole-levamisole combination drenches in the presence of resistance to both 
benzimidazole and levamisole anthelmintics in New Zealand sheep, N. Z. Vet. J. 44 (1996), pp. 
116–118. View Record in Scopus | Cited By in Scopus (6) 
Melo, 2005 Melo, A.C., 2005. Resistance to benzimidazoles in nematode Haemonchus contortus in 
Ceara State. Thèse Université de Ceara, Fortaleza, Brésil, 170 pp. 

bi
oe

m
co

-0
05

09
51

2,
 v

er
si

on
 1

 - 
13

 A
ug

 2
01

0



Overend et al., 1994 D.J. Overend, M.L. Phillips, A.L. Poulton and C.E.D. Foster, Anthelmintic 
resistance in Australian sheep nematode populations, Aust. Vet. J. 71 (1994), pp. 117–121. 
Full Text via CrossRef | View Record in Scopus | Cited By in Scopus (33) 
Péladeau and Lacouture, 1993 N. Péladeau and Y. Lacouture, Simstat: bootstrap computer 
simulation and statistical programme for IBM personal computers, Behav. Res. Methods Instrum. 
Comput. 25 (1993), pp. 410–413. 
Prichard et al., 1980 R.K. Prichard, C.A. Hall, J.D. Kelly, I.C.A. Martin and A.D. Donald, The 
problem of anthelmintic resistance in nematodes, Aust. Vet. J. 56 (1980), pp. 239–251. View 
Record in Scopus | Cited By in Scopus (56) 
Prichard and Geary, 2008 R. Prichard and T. Geary, Fresh hope to can the worms, Nature 452 
(2008), pp. 157–158. Full Text via CrossRef | View Record in Scopus | Cited By in Scopus (5) 
Sangster, 2001 N.C. Sangster, Managing parasiticide resistance, Vet. Parasitol. 98 (2001), pp. 

89–109. Article | PDF (211 K) | View Record in Scopus | Cited By in Scopus (47) 
Sangster and Gills, 1999 N.C. Sangster and J. Gills, Pharmacology of anthelmintic resistance, 

Parasitology 15 (1999), pp. 141–146. Article | PDF (187 K) | View Record in Scopus | 
Cited By in Scopus (53) 
Silvestre and Cabaret, 2002 A. Silvestre and J. Cabaret, Mutation in position 167 of isotype 1 
β-tubulin gene of Trichostrongylid nematodes: role in benzimidazole resistance?, Mol. Biochem. 

Parasitol. 120 (2002), pp. 297–300. Article | PDF (85 K) | View Record in Scopus | Cited 
By in Scopus (36) 
Sutherland et al., 2008 I.A. Sutherland, A. Damsteegt, C.M. Miller and D.M. Leathwick, 
Multiple species of nematodes resistant to ivermectin and a benzimidazole-levamisole 
combination on a sheep farm in New Zealand, N. Z. Vet. J. 56 (2008), pp. 67–70. View Record in 
Scopus | Cited By in Scopus (12) 
Uhlinger and Kristula, 1992 C. Uhlinger and M. Kristula, Effects of alternation of drug 
classes on the development of oxibendazole resistance in a herd of horses, J. Am. Vet. Med. A 
201 (1992), pp. 51–55. View Record in Scopus | Cited By in Scopus (14) 
Van Wyk, 2001 J.A. Van Wyk, Refugia—overlooked as perhaps the most potent factor concerning 
the development of anthelmintic resistance, Ond. J. Vet. Res. 68 (2001), pp. 55–67. View 
Record in Scopus | Cited By in Scopus (126) 
Von Samson-Himmelstjerna et al., 2005 G. Von Samson-Himmelstjerna, A. Harder, N.C. Sangster 
and G.C. Coles, Efficacy of two cyclooctadepsipeptides, PF1022A and emodepside, against 
anthelmintic-resistant nematodes in sheep and cattle, Parasitology 130 (2005), pp. 343–347. 
Full Text via CrossRef | View Record in Scopus | Cited By in Scopus (11) 
Waller et al., 1989 P.J. Waller, A.D. Donald, R.J. Dobson, E. Lacey, D.R. Hennessy, G.R. 
Allerton and R.K. Prichard, Changes in anthelmintic resistance status of Haemonchus contortus 
and Trichostrongylus colubriformis exposed to different anthelmintic selection pressures in 

grazing sheep, Int. J. Parasitol. 19 (1989), pp. 99–110. Abstract | PDF (1285 K) | View 
Record in Scopus | Cited By in Scopus (8) 
Walley, 1966 J.K. Walley, Tetramisole (dl 2,3,5,6-tetrahydro-6-phenyl-imidazo (2,1-b) thiazole 
hydrochloride-nilverm*) in the treatment of gastro-intestinal worms and lungworms in domestic 
animals, Vet. Rec. 78 (1966), pp. 406–414. View Record in Scopus | Cited By in Scopus (9) 
Waruiru et al., 1996 R.M. Waruiru, E.H. Weda, R.O. Otieno, J.W. Ngotho and H.O. Bogh, 
Comparative efficacies of closantel, ivermectin, oxfendazole, thiophanate and levamisole 
against thiabendazole resistant Haemonchus contortus in sheep, Trop. Anim. Health Prof. 28 
(1996), pp. 216–220. Full Text via CrossRef | View Record in Scopus | Cited By in Scopus (4) 
Williams, 1991 J.C. Williams, Efficacy of albendazole, levamisole and fenbendazole against 
gastrointestinal nematodes of cattle, with emphasis on inhibited early fourth stage Ostertagia 

ostertagi larvae, Vet. Parasitol. 40 (1991), pp. 59–71. Abstract | PDF (689 K) | View 
Record in Scopus | Cited By in Scopus (9) 
Wrigley et al., 2006 J. Wrigley, M. McArthur, P.B. McKenna and B. Mariadass, Resistance to a 
triple combination of broad-spectrum anthelmintics in naturally-acquired Ostertagia 
circumcincta infections in sheep, N. Z. Vet. J. 54 (2006), pp. 47–49. View Record in Scopus | 
Cited By in Scopus (26) 
 

Corresponding author. Tel.: +33 2 43 83 39 04; fax: +33 2 43 83 37 95.  
 

Veterinary Parasitology 
Volume 172, Issues 1-2, 27 August 2010, Pages 80-88  
 

bi
oe

m
co

-0
05

09
51

2,
 v

er
si

on
 1

 - 
13

 A
ug

 2
01

0


