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Summary: 

In this paper, we concentrate on a comparison of plant and 
animal-parasitic nematodes, to gain insight into the factors that 
influence the acquisition of the drug resistance by nematodes. 
Comparing nematode parasite of domestic animals and cultivated 
plants, it appears that drug resistance threatens only domestic 
animal production. Does the paucity of report on nematicide field 
resistance reflect reality or, is nematicide resistance bypassed by 
other management practices, specific to cultivated plants 
(i.e. agricultural control) ? First, it seems that selection pressure by 
treatments in plants is not as efficient as selection pressure in 
ruminants. Agronomic practices (i.e. sanitation, early planting, 
usage of nematodes resistant cultivar and crop rotation) are 
frequently used to control parasitic-plant nematodes. Although the 
efficiency of such measures is generally moderate to high, 
integrated approaches are developing successfully in parasitic-
plant nematode models. Secondly, the majority of anthelmintic 
resistance cases recorded in animal-parasitic nematodes concern 
drug families that are not used in plant-parasitic nematodes control 
(i.e. benzimidazoles, avermectines and levamisole). Thirdly, 
particular life traits of parasitic-plant nematodes (low to moderate 
fecundity and reproductive strategy) are expected to reduce 
probability of appearance and transmission of drug resistance 
genes. It has been demonstrated that, for a large number of 
nematodes such as Meloidogyne spp., the mode of reproduction 
by mitotic parthenogenesis reduced genetic diversity of 
populations which may prevent a rapid drug resistance 
development. In conclusion, anthelmintic resistance develops in 
nematode parasite of animals as a consequence of an efficient 
selection pressure. Early detection of anthelmintic resistance is then 
crucial: it is not possible to avoid it, but only to delay its 
development in farm animal industry. 
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Résumé : LES NÉMATODES PARASITES D'ANIMAUX SONT PLUS ENCLINS À 
DÉVELOPPER UNE RÉSISTANCE AIN TRAITEMENTS OIT LES NÉMATODES 
PHYTOPARASITES 

! Un comparatif entre les nématodes phytoparasites et les nématodes 
parasites d'animaux de rente est réalisé afin de connaître les 
facteurs influençant l'acquisition de la résistance aux traitements. La 
résistance anthelminthique ne pose de problème que chez les 
animaux d'élevage. Est-ce que l'absence de résistance au champ 
est due au peu de cas connus de résistance aux nématicides, ou 
bien, est-ce que la résistance aux nématicides est contournée par 
les pratiques culturales, telles que l'assolement, par exemple? D'une 
part, il semble que la pression de sélection par les traitements chez 
les plantes n'est pas aussi forte que la pression de sélection 
exercée chez les animaux de rente. En agronomie, le labour, le 
semis précoce, l'utilisation de variétés résistantes aux nématodes et 
la rotation culturale sont souvent utilisés pour contrôler les 
infestations. Bien que modérément efficaces individuellement, ces 
mesures utilisées dans le cadre de la lutte intégrée réduisent 
efficacement les populations de nématodes. D'autre part, la 
résistance aux anthelminthiques, chez les nématodes parasites 
d'animaux, est essentiellement dirigée contre des familles de 
molécules qui ne sont pas utilisées dans le contrôle des nématodes 
phytoparasites (benzimidazoles, avermectines et lévamisole). Enfin, 
certains traits d'histoire de vie des nématodes phytoparasites 
(fécondité et mode de reproduction) sont susceptibles de réduire la 
probabilité d'apparition et de transmission des gènes de résistance. 
Il a été démontré que pour un grand nombre de nématodes, tel 
que Meloidogyne spp., le mode de reproduction par 
parthénogenèse mitotique réduisait la diversité génétique des 
populations, ce qui peut ralentir le développement de la résistance 
aux traitements. En conclusion, c'est la forte pression de sélection 
exercée par les traitements qui est responsable du développement 
de la résistance anthelminthique chez les nématodes parasites 
d'animaux. Puisque le développement de la résistance 
anthelminthique est inévitable, il est déterminant de pouvoir la 
détecter précocement de manière à ralentir son développement 
chez les nématodes parasites d'animaux de rente. 

INTRODUCTION 

Nematodes are very important parasites: plant-

parasitic nematode infections result in losses of 

more than $100 billion per year (Opperman & 

Bird. 1998) . In the farm animal industry, economic-

losses are difficult to estimate but the sole anthelmintic 

treatments represented $1963 million dollars in 1999 

(Coles, 2001) . Apparent selection pressure exerted by 

chemical treatments seems high in parasitic nema

todes. Specialised literature refers to “nematicides” to 

designate drugs used against plant-parasitic nematodes 

and "anthelmintics" against nematode parasites of ani

mals. For this paper, the same terms will be used. 

The free living nematode Caenorbabditis elegans may 

be a good model for drug resistance mechanism stu-
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dies (identification of target gene) but differences bet
ween life history and habitat in comparison with para
sitic nematodes may limit its usefulness for studying 
ecological factors (i.e. migration (Roush & McKenzie, 
1987)) or functional factors (i.e. fitness and population 
in refuge (Raymond et al., 1991)) implicated in drug 
resistance acquisition. 
Many factors may influence the rate at which drug 
resistance spreads in a population, and the effect of a 
given factor may vary widely in different contexts (Sil-
vestre et al. 2001) . W o o d & Mani (1981) classified fac
tors into four groups: 
- genetic factors: mutation rate, dominance of the trait; 
- reproductive factors: number of generations per year, 
fluctuations in population size; 
- ecological factors: migration of parasite and ability 
to avoid the drug; 
- operational factors : proportion of the population 
submitted to selection pressure and persistence of the 
drug. 

Parasite of domestic animals and cultivated plants share 
the same characteristics concerning ecological factors, 
population size and intensity of the apparent selection 
pressure. Parasitic nematodes in plants or animals are 
characterised by an extremely high prevalence world
wide, with huge population size. An average hectare 
of soil in temperate area contains more than 10 billion 
pathogenic nematodes, and the majority of ruminants 
in grazing conditions are infected by parasitic nema
todes. An average herd of 100 beef calves may harbour 
as much as five millions of strongyles nematodes. Avai
lable data on genetic diversity of nematode populations 
emphasise structured populations in plant and in animal 
parasitic nematodes, which is consistent with isolated 
populations in fields or in herds at the regional scale, 
with limited gene flow on large geographic scale in 
most cases (Hugall et al. 1994; Leignel & Humbert, 
2001) (see Blouin et al. 1992 for an exception) and 
hence limited diffusion of resistance genes. Nematode 
parasite of domestic animals and cultivated plants pre
sent adaptations to environmental conditions (climatic 
conditions, hosts specificity) which may alter response 
to selective pressure to antiparasitic drugs. Both groups 
may avoid the drug, either by dormancy of plant para
sitic nematodes or by inhibition of fourth stage larvae 
in mucosa of animal host. Those specific states cor
respond to arrested development which may reduce 
efficiency of metabolised drugs. The eggs of cyst nema
todes such as Globodera and Heterodera spp. are 
encased in the body of the female, forming a cyst. This 
state does not avoid exposure as nematicides pass 
through the cysts wall (Anonymous, 2001) . 

Management strategies aim at reducing nematode 
populations be low damage thresholds because eradi

cation is neither possible nor ecologically conceivable 
in field situations. In ruminant farming, anthelmintics 
remain the most frequent control strategy. Although 
diverse, the most "classical" anthelmintic treatment fre
quency observed in small ruminants corresponds to 
two to three treatments a year (Kelly et al., 1981; 
Cabaret et al., 1986; Drudge et al, 1988). In plant para
sitic nematodes , treatment protocols are also very 
diverse: from one application at planting for carbamates 
and organophosphates used in fruits and vegetables 
cultures (Jardine & Todd, 1992), to repeated treatments 
during the season for Vydate R , a carbamate used on 
the same cultures (Jardine & Todd, 1992) . For banana 
culture in tropical areas, it is recommended to apply 
treatments two to three times a year based on calendar 
dates, regardless of the chemical, to maintain nema
tode populations at low levels throughout the year 
(Sarah et al., 1996), which is similar to the situation des
cribed for nematode parasites of animals. 

Selection by chemicals has existed for a long time: in 
control of animal-parasitic nematodes, first classes of 
drugs (organophophates and piperazines) were used 
since the 1950s . Due to toxicity to the host, these fami
lies were less frequently used when anthelmintics with 
higher therapeutic index became available. Three main 
anthelmintic families appeared commercially in 1 9 6 0 s , 
1970's and 1980's, for benzimidazoles (BZ) , imidazo-
thiazoles, tetrahydropyrimidines (LEV) and macrocyclic 
lactones (AVM), respectively. In plant-parasitic nema
tode control, fumigants have been largely used since 
early 1940's, and first organophosphates ( fenamiphos 
and ethoprop) and carbamates (carbofuran) were intro
duced commercially in 1960's. A second wave of pro
ducts appeared in early 1970's (aldicarb, cadusafos) 
reducing the use of the formers (carbofuran, fenami
phos) . 

Although chemicals are commonly used in the control 
of both plant and animal nematodes, it seems that drug 
resistance is a problem only for domestic animal bree
ding. What may be the role of nematode specific life 
traits or the role of environmental factors in the acqui
sition of drug resistance ? These questions can be 
addressed by comparing the development of drug 
resistance in nematode parasites of domestic animals 
and cultivated plants. 

In the first part of the paper, we examine the state of 
play of anthelmintic resistance in animal-parasit ic 
nematodes. After a review of cases and arguments in 
favour of the development of nematicide resistance in 
plant-parasitic nematodes, w e discuss the possible rea
sons why reported cases are so few and the conse
quences for anthelmintic resistance control in farm 
animal industry. 
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STATE OF PLAY OF ANTHELMINTIC RESISTANCE 
IN NEMATODE PARASITES OF ANIMALS 
AND HUMAN 

N ematode parasites infections affect all grazing 
ruminants world-wide. Available anthelmintics 
are discriminated on the basis of their mode 

of action. BZ bind selectively to beta-tubulin, LEV is 
agonist at nicotinic acetylcholine receptors, and AVM 
bind to receptors directing chloride channels (Martin, 
1997). W e can distinguish very distinct situations of the 
prevalence of anthelmintic resistance depending on 
host, parasite species and also drug families. In a 
general view, anthelmintic resistance is more frequent 
in goats, to a lesser extend in sheep and horses and 
it appears to be much less common in cattle (Cabaret. 
2000) (Table I). 

Goat 
A recent survey indicated that anthelmintic resistance 
is present on almost all dairy goat farms in western 
France (Chartier et al., 1998). Anthelmintic resistance 
is mostly directed against BZ, and secondarily against 
LEV and AVM (Cabaret, 2000) . Anthelmintic resistant 
nematode genus are Trichostrongyles: mainly Hae-
monchus sp., Thchostrongylus sp. and Teladorsagia sp. 
and, in a lesser extent Oesopbagostomum sp., Coope-
ria sp. and Nematodirus sp. 

Sheep 
In sheep farms, the same anthelmintic resistant species 
are found as in goat farms but the problem of resis
tance is mostly restricted to BZ and LEV families. 
Anthelmintic resistance is less frequent than in goats 

H o s t LEV-
s p e c i e s P a r a s i t e g e n u s B Z M O R / P Y R AVM 

G o a t Haemonchus R S a R 
Teladorsagia R R R 
Trichostrongylus R R R 

S h e e p Haemonchus R S R 
Teladorsagia R R R 
Trichostrongylus R R R 

Horse Cyathostoma R R S 

Cattle Cooperia R S R 
Ostertagia S R S 
Haemonchus S R S 

H u m a n Necator R S s 
Ancylostoma S R s 

a Parasite are cons idered suscept ib le w h e n n o anthelmint ic resistance 
record is avai lable on the C o m m o n w e a l t h Agricultural B u r e a u ( C A B ) 
abstracts d a t a b a s e . 

T a b l e I. - Anthelmint ic res is tance r e c o r d e d in farm animals and 
h u m a n . 

farms: between 50 and 80 % of sheep farms in wes
tern France showed BZ or LEV resistant nematodes 
(Chartier et al., 1998). Despite their limited use in the 
field, a few cases of organophosphates resistance have 
been recorded in nematode populations of sheep from 
Australia and USA (Trichostrongylidea, Kaufman et al. 
1980; Green et al., 1981; Keys et al, 1993). 

Horses 
In horses, small strongyles (cyathostomes) have been 
found to be resistant to organophosphates in Poland 
(Betle jewska. 2000) , to BZ all over the world (for 
review, Lyons el al, 1999) and resistance to pyrantel 
is becoming increasingly prevalent (for review, Kaplan. 
2002) . It is not known why AVM are still efficient 
although they have been used for more than 20 years. 
The main anthelmintic resistant genera are: Cyatho
stoma sp., Cylicostephanus sp. and Cylicocyclus sp. 
(Lyons et al, 1999). 

Cattle 
Until recently, cattle had been seen as the only gra
zing farm animal free of problems of anthelmintic 
resistance. However, in a recent review (Coles, 2002) , 
Coles demonstrated that anthelmintic resistance in cattle 
is not as rare as thought: resistance in parasitic nema
tode is becoming a serious problem in intensive bee f 
production in South America (Coles, 2002) . The main 
parasitic genus are Ostertagia sp. and Cooperia sp. 
Anthelmintic resistance is directed against LEV (Dorny 
& Vercruysse, 1994) and AVM families. Resistance to 
BZ is less frequent but a multispecific resistance to BZ 
was recorded recently (Mejia et al, 2003) . 

Human 
Up today, there is no unequivocal evidence that resis
tance to anthelmintics in human nematode infections 
is an emerging problem. Recent reports mentioned fai
lures of anthelmintic treatments of human hookworm 
infections (Geerts & Gryseels, 2000) : cases concern a 
BZ-resistant Necator americanus strain and a pyrantel-
resistant Ancylostoma duodenale strain. Taking into 
account the dramatic anthelmintic resistance situation 
observed in ruminant industry and the fact that main 
human parasite species are controlled only by one par
ticular drug family (albendazole for hookworms and 
ivermectine for onchocerciasis) , it is likely that resis
tant strains do exist and will develop sooner or latter, 
as a consequence of treatment selection (Geerts & Gry
seels, 2000) . At first sight, the filariae Onchocerca vol
vulus appears as a good candidate to acquire anthel
mintic resistance because disease control relies only on 
AVM and that o n c h o c e r c i a s i s control programme 
consists in mass therapy. To the authors knowledge, 
there is no conclusive evidence for the emerging of 
AVM resistance in O. volvulus strains. Nevertheless, sen
sitivity of in vitro methods of drug resistance detec-
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tion is not well known: in contrast to veterinary para
sitology, where methods and critical values that define 
anthelmintic resistance were established (Coles et al., 
1992) , there is no such guidelines in human parasito
logy. In contrast to strongyles, O. volvulus presents an 
indirect life cycle: anthelmintic resistant microfilariae 
must be transmitted to the insect vector and then 
return to the human to mate, multiply and maintain 
drug resistance gene in the parasite population. These 
critical points may explain the lack of anthelmintic 
resistance reports about human nematodes. 

The Nematoda phylum consists of five clades ( Blaxter, 
1998) and resistance could be more easily acquired in 
one clade of the phylum. Animal-parasitic nematodes 
are present among four clades, with one group (Stron-
gylida) being phylogenetically close to the free-living 
nematode C. elegans. Plant-parasitic nematodes repre
sent three other independent groups (Fig. 1). Anthel
mintic resistance appeared in several phylogenetic 
groups among the order of Strongylida. O n e may 
conclude that particular life traits found in this order 
may b e responsible for facilitating the acquisition of 
drug resistance. Nevertheless, the order of Strongylida 
comprises nematode genus that parasite small rumi
nants as well as cattle, a host species for which very 
few cases of anthelmintic resistance exist. When far
ming management of small ruminant was applied to 
cattle farming, then anthelmintic resistance increased 
(Mejia et al, 2003) . Anthelmintic resistance prevalence 
is largely dependant of factors such as the host spe
cies, the anthelmintic family and environmental factors 

such as farming management (Cabaret, 2000; Silvestre 
et al., 2002) . Cases of AVM resistance recorded for Coo-
peria spp. in intensive bee f production in New Zea
land and the efficiency of this anthelmintic family 
against the same parasitic species in b e e f sucker herds 
from Europe (Coles, 2002) illustrates the importance 
of environmental factors in the acquisition of anthel
mintic resistance. 

The main contributing factors for the selection of anthel
mintic resistance in parasites of domestic animals that 
have been identified in literature so far are: 
i) the continuous use of a single drug family (drugs 
sharing the same mode of action) for years, even at 
as low frequency as one treatment a year selects for 
resistance (Albonico et al., 1999; Berrag et al., 2002) ; 
it) an efficient selection pressure by anthelmintics that 
relies on the treatment of the whole parasite popula
tion (no refugia to escape selection pressure), gives a 
large contribution of resistant worms to the subsequent 
generation (Wyk, 2001) ; 
iii) under-dosing of drugs: based on mathematical 
models and animal experimentat ion, the speed of 
anthelmintic resistance development is increased by 
under-dosing, in particular conditions, implying initial 
resistant gene frequency, intensity of under-dosing 
and the size of the parasite population under-dosed 
(Barnes et al., 1995; Silvestre et al. 2001) ; 
iv) migration of infected hosts introduces an important 
flow o f anthelmintic resistant gene in populations that 
are not submitted to selection pressure by treatments. 
This problem was evidenced for BZ resistance in 

Fig. 1. - P h y l o g e n e t i c organisat ion o f the phylum N e m a t o d a , b a s e d o n r i b o s o m a l subunit RNA g e n e s ( a n d o t h e r g e n e s ) a d a p t e d from 
(Blaxter . 1 9 9 8 ) . A m o n g e a c h c lade (1 to 5) orders a n d s p e c i e s c i ted in the p a p e r are m e n t i o n e d . 
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sheep and goat farms (Varady el al, 1993; Himonas & 
Papadopoulos, 1994; Requejo-Fernandez et al. 1997). 
On the basis of this short review of the prevalence of 
anthelmintic resistance in animal-parasitic nematodes 
and the description of factors selecting for drug resis
tance, what may be the situation in plant-parasitic 
nematodes? What are the arguments in favour of the 
prevalence of nematicide resistance ? 

STATE OF PLAY OF NEMATICIDE RESISTANCE 
IN FIELD CONDITIONS 

Three arguments support the fact that nematicide 
resistance should be prevalent in field strains of 
plant-parasitic nematodes. 

1. On the basis of their mode of action, organophos
phates and carbamates are likely to induce nematicide 
resistance. Those compounds are highly persistent in 
comparison with anthelmintics: several months for 
phenamiphos, for instance (Paternelle & Lhoutellier. 
2001) . It has been demonstrated that resistance is more 
prone to b e selected with persistent compounds than 
with short-lived molecules (Dobson et al., 1996): nema
todes that survive treatment have an enormous repro
ductive advantage during persistency period. These 
treatments should logically generate a highly efficient 
selection pressure on nematode populations. 

2. For studies of xenobiotic resistance, a large collec
tion of mutant strains of the free-living nematode. 
Caenorhabditis elegans, were obtained. Hodgkin et al. 
(1988) presented more than 20 genes that were iden
tified in carbamates and organophosphates resistance 
(Table II). All ric mutants were recessive (Miller et al., 
1996) and some other mutations also (unc-64 (Swin-

Drug family 
Generic 

drug name Gene 

Acetylcholine-esterase 
inhibitor (organophosphates 
and carbamates) 

Aldicarb unc-10 
unc-64 
ric-8 
cha-1 
ric-3 
ric-4 
snb-1 

unc-10 
unc-64 
ric-8 
cha-1 
ric-3 
ric-4 
snb-1 

Trichlorphon unc-63 
cha-1 

Nicotinic acetylcholine 
receptor agonist 
( imidazothiazoles) 

Levamisole Lev-1, 7. 8. 9. 10, 11. 
unc-22, 29. 38. 39. 
50, 63. 74 

Tubulin polymerisation 
inhibitor ( benzimidazoles ) 

Benomyl Ben-1 

Table II. - Caenorhabditis elegans drug resistant mutants. 

deren et al.. 1999)) . But. it is worthy to note that some 
mutants exhibit partial embryonic or larval lethality (ric-
8, (Miller & Rand. 2000) , cha-1 (Rand & Russell, 1984; 
Alfonso et al., 1994) , unc-17, (Brenner, 1974; Alfonso 
et al . , 1993) . unc-104. (Otsuka et al.. 1991: Nguyen 
et al., 1995) and in some strains, growth rate was signi
ficantly less than in wild type, even in the absence of 
the drug (unc-17. 18. 41, 75 and 104 for instance, in 
Nguyen et al., 1995). Even if this fitness cost may 
reduce the viability of homozygous mutants in field 
conditions, it is clear that plant-parasitic nematodes 
may use several genetic combinations to resist nema
ticide treatment (i.e. complementation of several muta
ted loci, or homozygosity of one major locus). 

3. A lot of experimental studies demonstrated the 
adaptability of plant-parasitic nematodes to nematicide 
treatments. Main studies concerned organophosphates 
and carbamates. Rbabditis oxycerca populations expo
sed long-term to aldicarb and oxamyl (carbamates) 
developed a high resistance level to these compounds 
(Be low el al., 1987) . The biochemical mechanism of 
resistance relied on an increased activity of acetylcho
line esterase, the target enzyme of carbamates. Non 
specific mechanisms of carbamates detoxification were 
also demonstrated (Be low et al., 1987). This last point 
can explain the cross-resistance phenomenon observed 
for several nemat ic ide c o m p o u n d s (Yamashita & 
Viglierchio. 1987; Yamashita et al. , 1988; Viglierchio & 
Brown, 1989). Several experimental approaches were 
conducted to evaluate nematode adaptability to nema
ticide treatments. Results indicated that Criconemella 
xenoplax, Xiphinema index, Meloidogyne incognita 
and Pratylenchus vulnus displayed enhanced resis
tance against organophosphates and carbamates (car
bofuran, phenamiphos, oxamyl and aldicarb) after a 
three-year-history of continuous monthly sub-lethal 
treatment. Selection resulted in a 10 to 70-fold increase 
in nematicide resistance (Glazer et al., 1997). The heri-
tability estimate h 2 for phenamiphos and oxamyl resis
tance was high (between 0.31 and 0.71) in inbred lines 
of Heterorhabidis bacteriophora. The enhanced resis
tance was stable and continued after selection was 
relaxed (Glazer et al.. 1997). 

In contrast to these arguments, only one report is avai
lable about nematicide resistance sensu stricto in field 
strains of plant-parasitic nematodes (Table III). Carbofu
ran resistant strain of Pratylenchus scribneri was recor
ded in corn fields after four to five year-treatment with 
this nematicide (Smolik, 1978): carbofuran resistance 
was confirmed by laboratory studies of the P. scrib
neri strain. 
Concurrently to this particular study, a large amount 
of literature mention a "lack of efficiency" of nematode 
infection control by nematicide in field conditions after 
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D r u g f a m i l y G e n e r i c d r u g n a m e 
R e s i s t a n t n e m a t o d e 

g r o u p 

A c e t y l c h o l i n e - e s t e r a s e inhibitor 
( o r g a n o p h o s p h a t e s and c a r b a m a t e s ) 

Nematicide 
Anthelmint ic 

Carbofuran 
Dich lorvos 
N e g u v o n 
T r i c h l o r p h o n 
N a p h t a l o p h o s 

Paratylenchus 
C y a t h o s t o m i n a e 
Tr ichos t rongyl idae 
Tr ichos t rongyl idae 
Haemonchus contortus 

Nicot inic a c e t y l c h o l i n e r e c e p t o r agonist 
( te t rahydropyr imidines and imidazoth iazo les ) a 

Anthelmint ic Levamisole 
Pyrantel -Morantel 

C y a t h o s t o m i n a e . 
Tr ichos t rongyl idae 
C y a t h o s t o m i n a e 

Tubul in po lymer isa t ion inhibitor 
( b e n z i m i d a z o l e s ) a . b 

Anthelmint ic All b e n z i m i d a z o l e s Tr i chos t rongyl idae 

G a m m a - a m i n o - b u t y r i c acid receptor agonist a Anthelmint ic P iperaz ine Tr i chos t rongyl idae 

P h e n o l s c Nemat ic ide Xy leno ls NR d 

F u m i g a n f Nematic ide Methyl b r o m i d e NR 

a No n e m a t i c i d e product is avai lable in this drug family. 
b Used as fungic ide o n fruits a n d v e g e t a b l e s after harvest ing. 
c N o anthe lmint i c product is avai lable in this drug family. 
d Not r e c o r d e d . 

T a b l e III. – R e p o r t e d c a s e s o f drug resistant s p e c i e s in plant and animal parasit ic n e m a t o d e . 

a history of chemical control (for review, Karpouzas 
& Walker, 1998) without the demonstration of nema
ticide resistance by in vitro experiments or strain cha
racterisation. The microbial origin of the phenomenon 
of reduced efficiency was confirmed by the isolation 
of carbamates-degrading bacteria populations from 
soils after nematicide treatments (Rajagopal et al. 1986; 
Suett, 1986; Pussemier, 1990; Singh et ai, 1990; Davis 
et al, 1994) . Genes involved in carbamates degrada
tion are encoded on plasmid and were cloned from 
several bacterial strains ( S p h h i g o m o n a s sp., Rhizobium 
sp., and Achromobacter sp.) (Dessaint et al, 2000; 
Ogram et ai. 2000; Hashimoto et ai, 2002) . 

As a conclusion, only one field nematicide resistance 
report can be confirmed for plant-parasitic nematode 
(Smolik, 1978), which is quite anecdotal in regards to 
the 1.330 reports on anthelmintic resistance of nema
todes parasite of domestic animals recorded from 1973 
to 2002, by the Commonwealth Agricultural Bureau 
(CAB) (Cabaret, 2000) . It appears that nematicide resis
tance is not a major problem in plant production. 
Taking into account reasons presented above, this 
conclusion seems counter to intuition. 

DISCUSSION 

S tudies conducted on parasitic nematodes of small 
ruminants identified above all the role of an effi
cient selection pressure in the building up of 

resistance (Silvestre et al, 2002) : it depends on the size 
of the population submitted to selection pressure and 

to their contribution to the next generation. The major 
reason for nematicide resistance being so rare has to 
do with the reduced selection pressure by nematicicles. 

1. Regulations are becoming more and more restric
tive in regards to the usage of nematicide in agricul
ture. As a consequence, alternatives to chemical control 
are largely used in integrated control schemes (Fogain 
et al, 1996) . Sanitation may prevent the spread of 
nematodes to uninfected fields: the usage of planting 
material certified free of nematode, the cleaning of 
machinery and equipment with water before moving 
between fields, and a proper irrigation and nutrition 
(addition of organic matter by manure or compost ) 
reduce stress and may reduce n e m a t o d e d a m a g e 
(Sharma & Inderjit, 2001) . Cultural practices are also 
effective methods. For instance, fields that are left 
fallow and kept weed-free, allow an important reduc
tion of the nematode population (Smiley el al. 2000; 
Chabrier & Queneherve, 2003) . W h e n feasible, plan
ting in the autumn is preferable to the spring because 
plants can b e c o m e established while soil tempera
tures are low, and nematode activity is minimal. When 
soil temperature rise in spring, plants are vigorous and 
can withstand the damages of nematode infections. 
Naturally nematode resistant plant varieties are quite 
abundant (Sarah et al, 1997) and some have been 
selected for bananas, beans , soybeans, cotton, tomato 
(Mollers et al, 1991) . Plant-parasitic nematode resis
tance was easily selected in plant thanks to the identifi
cation of several nematode-resistance genes (Williamson, 
1999) . two of which have been cloned, Hs1 pro-1 from 
sugarcane, giving resistance to Heterodera scbacbtii. 
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and Mi from tomato, giving resistance to Meloidogyne 
incognita (Vos et al., 1998; Jung & Wyss, 1999 ), trans-
genesis technology is also well established in plants 
and in vitro culture allows the efficient multiplication 
of the selected genotype. Conversely, in domestic ani
mals, some evidence for a major gene conferring resis
tance to nematode infection was described once (Whit-
lock & Madsen, 1958) but never confirmed then, 
reinforcing the hypothesis of a polygenic control. It is 
clear that progress obtained by selection for a major 
resistance gene is large compared with that for poly-
genically regulated traits with moderate heritability 
such as nematode resistance in ruminants (Albers et al., 
1987) . Crop rotation with non-host crops for two to 
three years seems to be another effective practice for 
species of plant-parasitic nematode that has a limited 
host range like cyst nematodes (Globodera spp. and 
Heterodera spp.) (Devine et al., 1999). Radopbolus 
similis was efficiently controlled by rotation between 
banana and sweet potato or manioc (Sarah et a l . , 
1993). The cultural method of "trap cropping" (Cadet, 
1985) can be compared to the "diluting strategy" pre
sented by Barger for ruminants (Barger, 1997). T w o 
species of ruminants (cattle and sheep, for instance), 
that do not share the same spectrum of nematode para
sites, graze the same pastures: decoy hosts (uptake of 
parasite without further development) contribute to 
reduce pasture contamination. This should be reflected 
in reduced nematode burden of ruminants at the end of 
the grazing season. For instance, Cadet (1985) proposed 
to exploit the specificity of Meloidogyne and Pratylen-
chus for sugarcane and peanuts, respectively. Preceding 
the cane with a crop of peanuts allows both nematodes 
control : peanuts act as a trap crop for Meloidogyne, while 
sugarcane eliminates Pratylenchus. Even if this method 
of control is not fully efficient, it may constitute an addi
tional weapon in order to reduce selection pressure by 
nematicides. In many cases, nematode infections in a 
region are limited to one or two nematode species, and 
quarantine can be extremely efficient to manage nema
todes control in the region (Hodda, 2003) . 

2. Comparing prevalence of resistance in relation to 
drug family (Table III) it appears that animal-parasitic 
nematodes acquired anthelmintic resistance essentially 
against BZ, LEV and in a lesser extent AVM, drugs that 
are not in use in agriculture. In plant-parasitic nema
tode control, nematicides are mainly fumigants and 
organophosphates/carbamates. The mode of action of 
nematicides may alter the selection pressure exerted on 
nematode populations. The effects of carbamates and 
organophosphates are readily reversible if nematicide 
exposure is reduced or eliminated (Opperman, 1992). 
Even if these compounds are persistent molecules, in 
the soil, run-off, leaching and biodegradation by micro
organisms are well documented (Pussemier. 1990; Pus-

semier, 1992; Davis et al., 1994; Dessaint et al, 2000) 
and may contribute to reduce exposure. These condi
tions may alter intensity of selection pressure by nema
ticides: susceptible nematodes can survive treatment 
and then, contribute efficiently to the subsequent gene
ration. This point is particularly important because 
several genera of plant-parasitic nematodes exhibit 
modified reproductive strategies (i.e. mitotic or meiotic 
parthenogenesis in Meloidogyne spp.) . facilitating the 
amplification of susceptible genotypes that escaped 
the selection pressure, maintaining susceptible genes in 
plant nematode populations (Jaffe et al., 1997). 
However, intensity of selection pressure by nematicide 
treatments is not always low. In fact, banana produc
tion in Africa is well maintained by the use of non 
infected plant material, and the rotation with non-host 
crops for one year reduce R. similis population under 
detection levels (Sarah et al., 1996). However, in French 
West Indies, banana cultures are maintained only with 
nematicide treatments (carbamates or organophospha
tes) (Sarah et al., 1996). In some cases, one treatment 
a month is administered to control nematode popula
tions (Mauléon, 2002, personal communication). Even 
with such an intense selection pressure, nematicides 
remain effective (Fogain et al. 1996). 
Another explanation concerns genet ic diversity of 
plant-parasitic nematodes: the mode of reproduction 
of several genera may reduce dramatically genetic 
diversity of populations (Blouin, 1998). Is this point suf
ficient to prevent the development of drug resistance? 
In ruminants, Trichostrongylid nematode populations 
are characterised by a large genetic diversity (Blouin 
et al. 1992; Grant, 1994), which probably favoured 
their adaptation to anthelmintics. Nevertheless, genetic-
diversity of Radopholus similis is much more impor
tant than in Meloidogyne spp. that is mitotic parthe-
nogenetic (Elbadri et al, 2002) and, neither species has 
been recorded for the development of nematicide 
resistance in field populations. 

WHAT MAY BE THE POSSIBLE EXPLANATIONS 
FOR THE PAUCITY OF NEMATICIDE RESISTANCE 
DEVELOPMENT? 

1. There is no nematicide resistance in field populations, 
and infections are efficiently controlled by treatments. 
This situation is unlikely taking into account intensity 
of selection pressure presented above. Nevertheless, fer
tility of parasitic-plant nematode seems to be reduced 
compared to animal-parasitic nematodes, which may 
slow down the appearance of drug-resistance genes 
(Silvestre & Humbert, 2002) . For instance, the female 
Heterodera sp. lays between 200 and 400 eggs in cyst, 
and may complete three generations a year. This repre
sents approximately 1,000 eggs/female/year. Trichos-
trongyles fertility may vary from several hundred to 
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several thousands of eggs female/day during weeks 
(Cabaret & Ouhelli, 1984) and in general, these nema
todes complete three generations a year. 

2. There is nematicide resistance in field populations, 
and production level is maintained by others approa
ches than chemical control. The case o f organic pro
duction of banana illustrates adequate levels o f produc
tion in the absence of nematicide treatment. Growth 
yield of organically grown bananas is not significantly 
different from conventionally grown bananas (Nyan-
jage et ai, 2000) . Use of resistant varieties for leaf spot, 
wilt and nematodes, organic fertilisers and biological 
pesticides (Mustaffa & Sathiamoorthy, 2001) in organic 
production is sufficient for controlling nematodes and 
other diseases. 

It seems then that even if nematodes populations do 
acquire nematicide resistance in field conditions, it does 
not threaten production thanks to alternative methods 
of agricultural control. 

CONCLUSION 

O ur first aim was to compare drug resistance 
acquisition between nematodes that parasite 
plants and domestic animals to identify the 

role o f particular nematodes life trait history or the 
importance of ecological factors in drug resistance 
acquisition. This short review of plant-parasitic nema
tode control shows that alternatives to chemotherapy 
are abundant and much more efficient than the control 
of animal-parasitic nematodes, reducing intensity o f the 
selection pressure. Moreover, nematicide exposure o f 
plant-parasitic nematode is reduced by biodegradation 
of nematicide by soil bacteria. Both phenome no n are 
responsible for a non efficient selection pressure, over 
the long term. Life traits o f plant-parasitic nematodes 
such as fertility and reproductive strategy may also 
reduce the probability o f resistant genes appearing and 
their transmission to the subsequent generation. Conver
sely, in animal farming, alternative control of parasitic 
nematodes are much less efficient. For instance, the 
concept o f rotation tends to reduce infectivity o f pas
tures, but for practical constraints, a farmer can not 
change his flock of sheep for a herd of cattle. This 
study illustrates the importance of an "efficient selec
tion pressure" in the development o f drug resistance. 
Selection exerted by anthelmintic treatment of farm ani
mals is much more efficient than nematicide treatment 
in plant culture. This is the reason why anthelmintic 
resistance may be delayed but probably not avoided. 
This last point reinforces the importance of the early 
diagnosis of anthelmintic resistance in order to modify 
farming conditions to slow down resistance develop
ment. 
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