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Abstract Molecular techniques are of growing importance in the study of anthelmintic resistance in trichostrongylid worm populations. A knowledge of the genetic determinants of benzimidazole (BZ) resistance has made it possible to construct a molecular tool for genotyping individual worms, in respect of mutation of the ␤-tubulin gene responsible for BZ resistance. This tool offers new possibilities in the diagnosis of BZ resistance, and also in the study of anthelmintic use and other breeding management factors that can affect the selection of BZ-resistant alleles in worm populations. New molecular methods have also made it possible to study the origin and diversity of BZ-resistant alleles in trichostrongylid populations. The results demonstrate the value of a multidisciplinary approach to the study of anthelmintic resistance, combining molecular, ecological and epidemiological techniques. © 2001 Elsevier Science B.V. All rights reserved. Keywords: Nematodes; Trichostrongilidae; Benzimidazole; Resistance; Molecular techniques



1. Introduction As with bacteria and antibiotics, or with insects and insecticides, the trichostrongylid nematode parasites of domestic small ruminants (sheep and goats) have acquired resistance to anthelmintics. Although, this development affects all available anthelmintics, the benzimidazoles (BZs) present the most pressing problem. These drugs have been widely used since the 1960s (see review on goats in Cabaret, 2000), mostly in lactating ruminants, because of ∗ Corresponding author. Tel.: +33-450-26-7809; fax: +33-450-26-0760. E-mail address: [email protected] (J.F. Humbert).
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legal constraints on the use of anthelmintics based on residues in milk. A recent investigation showed that BZs represented more than 80% of all treatments against nematodes used in French dairy goats (Hoste et al., 2000). This has prompted many attempts to identify the gene responsible for the BZ resistance. These studies have demonstrated that BZ resistance in trichostrongylid nematodes is principally linked to alterations in the gene that encodes for ␤-tubulin, the target site of the BZs (Roos et al., 1990; Geary et al., 1992; Kwa et al., 1993a; Beech et al., 1994; Lubega et al., 1994; Grant and Mascord, 1996). A mutation causing BZ resistance in the three main gastrointestinal species (Teladorsagia circumcincta, Trichostrongylus colubriformis and Haemonchus contortus) was identified at amino acid 200 of the isotype 1 ␤-tubulin gene (Kwa et al., 1993b, 1994, 1995; Elard et al., 1996; Elard and Humbert, 1999). This knowledge of the molecular basis of the resistance to xenobiotics has allowed the development of PCR-based methods for their detection. With the expanding use of molecular techniques for diagnosis, these methods are becoming increasingly important in bacteriology (Maggs et al., 1998). Our team has developed a PCR-based tool for the diagnosis of BZ resistance in worm populations (Humbert and Elard, 1997; Elard et al., 1999). In addition to its diagnostic value, this tool makes it possible to study resistance traits more generally. The putative cost of the mutation has, for example, implications for the reversibility of resistance, and for breeding management practices in relation to the selection of resistant worms. This paper compares the efficacy of this molecular tool with classical methods for diagnosing BZ resistance, and shows how molecular studies can be a useful means of understanding the acquisition and development of resistance to BZ in a parasite population (a single species of nematodes) or in a community (several species of nematodes).



2. A molecular tool for the diagnosis of BZ resistance The mutation involved in BZ resistance causes the replacement of a phenylalanine by a tyrosine at residue 200 of the isotype 1 ␤-tubulin gene. We have developed, for the first time, an allele-specific PCR which makes it possible to determine the genotype (Phe/Phe, Phe/Tyr and Tyr/Tyr) of adult T. circumcincta worms in relation to the nature of residue 200 (Fig. 1) (Humbert and Elard, 1997; Elard et al., 1999). This method has also been modified for use on the third larval stage (L3) to allow the identification of the three most prevalent trichostrongylid species (T. circumcincta, T. colubriformis and H. contortus) and to diagnose their BZ resistance or susceptibility (Fig. 2) (Silvestre and Humbert, 2000). This molecular tool can be used to estimate the proportion of each genotype (rr: resistant; rS and SS: both susceptible) in a trichostrongylid worm community. The level of BZ resistance in a worm population can be defined as the proportion of homozygous mutant worms (Tyr/Tyr = rr), because these are the only ones which survive a recommended dose of BZ (Elard and Humbert, 1999). Thus, BZ resistance can be described quantitatively ranging from 0 to 100%. The advantages of this method over classical approaches will be discussed in the next section.
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Fig. 1. Principle of allele-specific PCR for the genotyping of worms in respect of residue 200 of their isotype 1 ␤-tubulin gene: (A) detection of BZ-susceptible allele; (B) detection of BZ-resistant allele. This allele-specific PCR contains four primers: a and b are BZ-non-specific primers; c is a BZ-susceptible primer; d is a BZ-resistant primer. Three fragments can thus be amplified: a BZ-non-specific fragment (1); a BZ-susceptible fragment (2); and a BZ-resistant fragment (3). In homozygous TTC/TTC worms only two fragments (1 and 2) are detected in agarose electrophoresis. In homozygous TAC/TAC worms, only two fragments (2 and 3) are detected in agarose electrophoresis. In heterozygous TTC/TAC worms, the three fragments (1–3) are detected in agarose electrophoresis.



Fig. 2. Principle of the technique used for species identification and BZ resistance diagnosis in the third larval stage of the three principal trichostrongylid species: T. circumcincta; T. colubriformis; and H. contortus. (A) Individual third stage larvae were crushed and a first PCR used to amplify a large fragment of the isotype 1 ␤-tubulin gene. (B) Species identification was performed by enzymatic digestion. (C) Nested allele-specific PCR was performed with a set of primers for each species. This reveals the BZ resistance or -susceptibility of each larva.
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3. Comparison of our molecular tool with classical methods used to estimate BZ resistance We compared our molecular tool for diagnosing BZ resistance with three other widely used methods: the fecal egg count reduction test (FECRT), which estimates the fall in egg excretion after a BZ treatment; the egg hatch assay (EHA), which makes it possible to estimate a lethal dose 50 (the killing of 50% of eggs); and the adult reduction test (ART) which estimates the reduction in the adult worm population after treatment (for details of these tests, see Coles et al., 1992; Wood et al., 1995). The first two tests give an estimate of the resistance of the whole worm community, while the ART determines the resistance within each species. The latter method requires a necropsy and has mostly been used in experimental designs rather than in resistance surveys. The first advantage of our approach is that it allows an estimation of BZ resistance for the three most prevalent trichostrongylid species (T. circumcincta, T. colubriformis and H. contortus) using infective larvae, which can be readily obtained from fecal cultures. The second advantage of this molecular method is that it detects the onset of resistance, e.g., when resistant individuals in a worm population first appear. The number of worms that have to be processed to find at least one resistant individual is 100, 50, 35, and 20 for, respectively, 4, 8, 10 and 12% resistant genotypes in the population (Elard et al., 1999). Conversely, FECRT and EHA detected resistance unequivocally only when 50% or more worms (T. colubriformis and T. circumcincta) were resistant; neither method detected resistance below 25% (Martin et al., 1989). In the estimation of resistance to BZ, there was generally a significant correlation between our molecular typing and two classical approaches (EHA and ART), but not with the FECRT (Table 1). The coefficient of determination (the part of the variance explained by the relationship between the results obtained by two techniques) remained modest and was at best lower than 50% (data not shown). The FECRT (from the data we reanalyzed) was not consistently correlated with EHA and ART, possibly because of differences in the worm communities and in the technique used to calculate it (either derived from Coles et al., 1992 or Wood et al., 1995). As we summarized here, the FECRT calculations are very different (using four or two batches of hosts and estimating fecal egg counts from geometric or arithmetic means). Hosts are evaluated on fecal egg counts at the moment of treatment (T1) and/or only 10–14 days afterwards (T2). Untreated controls are checked at the same times (C1 and C2, respectively). We have then the following possibilities in calculating FECRT: Coles et al. (1992): 100 × (1 − T2/C2). Dash et al. (1988): 100 × (T2/T1) × (C1/C2). Presidente (1985): 100 × (1 − (log T2/log T1)(log C1/log C2)). Before/after evaluation, the hosts serving as their own control: 100 × (T2 − T1)/T1. The calculated FECRT yields very different estimates of efficacy and hence, of resistance, as shown by, among others, Kochapakdee et al. (1995) when using treatment with fenbendazole: 18, 30, 59, and 25%, respectively. This might in part explain the inconsistency between FECRT and the other methods of estimating resistance. FECRT is highly integrative of: community structure (in terms of species, Cabaret et al., 1995); intensity of infection (Marriner and Bogan, 1981: efficacy of BZs is highly reduced in heavily infected hosts); timing of dosing (Hennessy et al., 1993: efficacy is increased in fasting lambs); and breeding
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Table 1 Comparison of techniques used to detect BZ resistance (original data reanalyzed) Tests



Worm species



Experimental/ natural



Source



Significance of the Spearman rank correlation



FECRTa /EHAb FECRT/EHA FECRT/EHA FECRT/EHA



H. contortus T. colubriformis T. circumcincta All three species + Cooperia sp. All three species + Cooperia sp. Undetermined



E (fenbendazole) E (albendazole) E (albendazole) N (diverse BZs)



Dorny et al. (1995) Martin et al. (1989) Martin et al. (1989) Hertzberg et al. (2000)



P P P P



N (thiabendazole)



Hubert et al. (1991)



P = 0.16



N (albendazole, fenbendazole, febantel) E (thiabendazole)



Maingi et al. (1998)



Hall and Ritchie (1982)



P = 0.15 sheep, P = 0.15 goats (Fisher exact test) P = 0.01



E (fenbendazole) E (thiabendazole) E (fenbendazole) E (fenbendazole)



Own data Martin et al. (1989) Elard et al. (1999) Own data



P P P P



FECRT/EHA FECRT/EHA



FECRT/ARTc FECRT/MTd EHA/ART EHA/MT ART/MT



T. circumcincta, T. colubriformis T. circumcincta T. circumcincta T. circumcincta T. circumcincta



= 0.20 = 0.01 = 0.11 = 0.01



= 0.28 = 0.12 = 0.01 = 0.01



a



Fecal egg count reduction test. Egg hatch assay. c Adult reduction test. d Molecular typing. b



management (Silvestre et al., 2000). The FECRT information covers resistant genotypes as well as susceptible genotypes (of all species) which escaped from the drug. The information obtained at a given site or farm might be highly misleading if performed on a single occasion and without further in vitro tests such as the EHA or our genotyping procedure.



4. Molecular techniques for studying the origin of the BZ resistance alleles in worm populations One critical question about BZ resistance concerns the origin of the BZ resistance alleles in worm populations. These alleles may arise by spontaneous mutation or by migration but they may also have been present for a long time as a rare allele. Studies with other models of resistance to xenobiotics demonstrated that migration plays a fundamental role in such things as, the dispersion of insecticide resistance genes in mosquitoes (Raymond et al., 1991), and of antibiotic resistance among some species of bacteria (O’Brien, 1997). In such cases, measures can be adopted to limit the spread of the resistance alleles. But, when the resistance allele is present as a rare allele in a population, the spread of resistance is more difficult to prevent because the use of that drug will inevitably constitute a selection pressure in favor of this allele. There have been few studies on the origin of the BZ resistance alleles in worm populations. Using RFLP studies on the isotype 1 ␤-tubulin gene, Kwa et al. (1993b) found various BZ-resistant alleles in different resistant populations of H. contortus. Using the same
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approach on two BZ-resistant populations, Beech et al. (1994) found that the BZ resistance alleles were probably already present in two H. contortus populations before this class of drugs was even developed. An indirect insight into the origin of the BZ resistance alleles in parasite populations has come from Blouin et al. (1995). In a genetic population study on the ND4 gene of the mtDNA, they showed that the worm populations of sheep in the USA were characterized by high genetic flows between them; this can favor the spread of resistant alleles. By sequencing a fragment of the ␤-tubulin gene, we have studied the diversity of BZ resistance alleles in several goat farms located in France. Their breeding management was characterized by a low rate of exchange of animals between the farms and so also of gene flow among their nematodes (Cabaret and Gasnier, 1994). In T. circumcincta and H. contortus, various resistant alleles were observed; in T. colubriformis, the same allele was present in all resistant populations studied (Silvestre, 2000). With regard to the demographic characteristics of these species, and to breeding management practices, we conclude that some resistant alleles have been present as rare alleles, for a long time, in all the three species, but that spontaneous mutations may also have been selected, probably in T. circumcincta and H. contortus populations.



5. Molecular tools for studying the development of BZ resistance in a worm population The selection of a resistant allele in a worm population may occur more or less rapidly, depending on the relative fitness of resistant and susceptible worms and also on breeding management practices (see the model of Barnes et al., 1995). Using our molecular tool, we have experimentally compared some fitness-related traits in BZ-resistant (rr) and susceptible (rS or SS) worms of T. circumcincta. No significant differences were found in the fitness of these three genotypes (Elard et al., 1998). This observation has recently been confirmed in the field during 2 years experiment in which no variation in the proportion of each genotype (rr, rS and SS) was found in an untreated worm population (Leignel, 2000). The consequences are important for the control of BZ resistance because relaxed selection pressures would have been effective only if we had found evidence of a lower fitness in the resistant worms. This means that a long term use of other anthelmintic (classes) treatments in BZ-resistant populations does not restore susceptibility to BZ. Breeding management practices (the use of pasture, and treatment regimen) are important in the establishment of resistance as shown from simulations (Gettinby et al., 1989). Under-dosing has also been identified as a major factor in the establishment of resistance, although no data have been provided to back this statement. We recently tested the role of BZ under-dosing in the development of BZ resistance. With the recommended dose, only homozygous resistant worms (rr) survived the BZ treatment. But, we found that in under-dosing conditions, heterozygous worms (rS) were a little less susceptible to BZ than homozygous worms (SS). Mathematical simulations have demonstrated that this small difference in BZ-susceptibility between heterozygous (rS) and homozygous worms has important consequences for the speed with which BZ-resistant alleles are selected (Silvestre et al., 2001).



J.F. Humbert et al. / Veterinary Parasitology 101 (2001) 405–414



411



We also tested the influence of anthelmintic use on the selection of BZ-resistant worms (Leignel, 2000). Mathematical simulations suggest that alternating or combined use of different drugs can slow the development of resistance in worm populations (Barnes et al., 1995). At the end of the simulation, there was little resistance with the mixing strategy, but in the rotation strategy there was substantial resistance. Smith (1990), using simulation, also suggested that alternating anthelmintics with different modes of action may be a less effective resistance management strategy than administering the same drugs simultaneously. In experimentally infected paddocks (Leignel, 2000), we have found that the alternating use of Levamisole and BZ treatment had a limited effect on the rapidity of the selection of BZ-resistant worms (rr) in a population initially harboring 25% of resistant worms.



6. Discussion and perspectives Molecular techniques have made it possible to develop a tool for the species identification of the free living stages of the parasites (from egg to infective L3 stage) and, at the same time, to diagnose resistance to BZ. In the future, this kind of molecular tool should be further developed, for example within the framework of DNA chip technology. DNA chips are solid supports on which numerous cDNA oligonucleotides can be arrayed. They permit notably the detection of point mutations, and of gene deletions or insertions (see De Benedetti et al., 2000). With a better understanding of the genetic determinant of the imidazothiazole and avermectin drugs, it is reasonable to imagine that DNA chips will allow species identification and the diagnosis of drug resistance in the free living stages of all parasites of economic importance. Molecular techniques will also provide tools for the study of the development of resistance to BZ anthelmintics in worm populations. For the present, numerous questions on those factors promoting the development of BZ resistance still need to be answered. We have focused mostly on the factors that give rise to increasing resistance, and have paid little attention to those factors that hinder its development. In this context, one of the most intriguing questions is why in a few farms, from the same region and with a similar climate and breeding management, BZ-resistant alleles remained present to a limited extent ( 
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