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Chapter

Anthelmintic Resistance in
Livestock

Morutse Mphahlele, Nthatisi Molefe, Ana Tsotetsi-Khambule
and Thekisoe Oriel

Abstract

For decades anthelmintics have been used as the primary control measure for
worm infections in livestock. However, there has been continuous development of
anthelmintic resistance (AR) by the parasitic worms infecting livestock. This chap-
ter reviews AR in livestock with a special focus on treatment and control, modes
of action of different anthelmintic classes, risk factors leading to development of
AR, conventional and molecular tools used to detect AR, FAMACHA® and holistic
control strategy to control anthelmintic resistance.

Keywords: anthelmintic resistance, helminths, livestock, benzimidazoles,
imidazothiazoles, macrocyclic lactones

1. Helminths infecting livestock

Livestock can be infected with a variety of helminths on pastures, through inges-
tion of the larvae of the parasites on the contaminated grass, the most common of
which are gastrointestinal nematodes and flukes [1]. It goes without saying that
helminths have constantly been problematic and without doubt a long-standing
concern that threatens the livestock industry [2] given that these parasites have a
negative impact on animal productivity and welfare, affecting among other things
feed intake, growth rate and milk yield [3]. Parasitic worms include tapeworms,
roundworms, lungworms, liver flukes, ring worms, hook worms and whip worms.
Transmission of GIT parasites is fairly direct in most cases; the infective eggs or
oocyst are passed with the faeces when the animal defecates, the next animal would
be infected if they graze in the contaminated areas, and humans could be infected
through ingestion of contaminated food and water and/or through close interac-
tions of humans with the infected animals [4]. The annual cost associated with
parasitic diseases has been estimated at 1 billion dollars in Australia [5], 711 billion
dollars in Brazil [6], and believed to be tens of billions of dollars worldwide [5].

2. Treatment and control
2.1 Chemotherapy

Worm control in most farms is exclusively based on anthelmintic treatments rather
than on management practices that embraces integrated strategies. The currently
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available anthelmintics belong to different drug classes, i.e. macrocyclic lactones
(MLs), benzimidazoles (BZs), tetrahydropyrimidines-imidazothiazoles, aminoaceto-
nitrile derivatives (AADs) and spiroindoles. The compounds of these drug classes are
potent against a broad range of nematode species, and, furthermore, MLs are effective
against many arthropod parasites, whilst BZs also versus some flat worm species [7].
However, even with correct administration of treatment, figures point that the use of
anthelmintics is still an expensive way of controlling parasitic diseases [5].

2.2 Modes of action of different anthelmintic classes

Each class of anthelmintics has a unique mode of action against parasites [8].
Imidazothiazoles (IM), such as levamisole, are acetylcholine agonists that act on
the nervous system of the parasite [8]. These drugs cause muscle contraction and
paralysis in the helminth, resulting in the eventual expulsion of the parasite from the
body [9]. Macrocyclic lactones, on the other hand, act on glutamate-gated chloride
channels (GluCl) causing paralysis of the parasite neuromusculature, including the
pharynx, thereby preventing the worm from feeding [8]. The target of benzimid-
azoles is, however, the tubulin within the parasite intestinal cells, which forms into
microtubules that are necessary for nutrient acquisition [10]. Benzimidazoles bind
to the f-tubulin component preventing it from forming microtubules within the
intestinal cells of the helminth. This impairs the uptake of nutrients and prevents the
transportation of necessary digestive enzymes resulting in death due to starvation [9].
Additional effects of benzimidazoles on nematodes include depletion of energy
reserves and the inhibition of waste excretion [11]. The only available aminoaceto-
nitrile derivative on the market today is monepantel [11]. It acts as an agonist of the
mptl-1 channel, a channel belonging to a class of nicotinic acetylcholine receptors
in the process causing constant fluctuation in muscle ions leading to muscle depo-
larisation and irreversible nematode paralysis [11]. Benzimidazoles and macrocyclic
lactones are effective against the adult and immature stages of the parasite, whilst
the imidazothiazoles are effective against the adults and the later stages of immature
larvae [8]. In short, these drugs enter the worm and interact with its target receptor
in order to trigger a harmful physiological effect [12]. Figure 1 shows a schematic
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Figure 1.
Schematic rvepresentation of principally known anthelmintic vesistance pathways and their relevance to each of
the curvent anthelmintic drug classes [8].
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representation of principally known anthelmintic resistance (AR) pathways and
their relevance to each of the current anthelmintic drug classes.

The classes of broad-spectrum anthelmintics range from benzimidazoles, imidazo-
thiazoles/tetrahydropyrimidines and macrocyclic lactones, but salicylanilides, phenolic
substitutes and organophosphates are also popular [13]. Broad-spectrum anthelmintics
are more commonly used in ruminants because they are capable of eliminating large
numbers of parasites, besides being of easy administration and safe to the hosts [14].

3. Anthelmintic resistance

For decades anthelmintics have been used as the primary control measure for
nematode parasites in sheep [15]. However, over the years there has been continu-
ous and significant development of AR by the parasitic worms infecting livestock.
Anthelmintic resistance can be defined as the ability of parasites to survive doses of
drugs that would normally kill parasites of the same species and stage. It is inherited
and selected for because the survivors of treatments pass genes for resistance onto
their offspring. These resistant genes are initially rare in the population or arise
as rare mutations, but as selection continues, their proportion in the population
increases as does the proportion of resistant parasites [16].

Earlier work evaluated the knowledge that defined resistance in the year 1980,
and from their study, they predicted the spread and future impact of resistance
and also set goals for future research [17]. The earliest report of AR was in 1964
for H. contortus resistance to benzimidazole in treated sheep and was also the first
for a modern drug in production animals [18]. Within 10 years of the first report
of AR, resistance was found regularly in sheep parasites, followed by reports of
resistance in horse and cattle nematodes [19]. Although anthelmintics have been
efficient and work quickly, nematodes have developed resistance in a number of
sheep-producing countries such as Australia [20], South Africa [21], New Zealand,
[22], Switzerland [23] and Italy [24]. To this end the highest resistance has been
observed with ivermectin (Ivomec®) and albendazole (Valbazen®) or fenbenda-
zole (Safeguard® or Panacur®), and low to moderate resistance has been observed
with levamisole (Levasole®, Tramisol®). Resistance to moxidectin (Cydectin®) is
also prevalent and on the rise on many livestock farms [25]. In Africa, anthelmintic
resistance has been reported in both the commercial and resource-poor farming
sectors in at least 13 countries, and, among the commercial farms in South Africa,
the situation is considered the worst in the world, with high levels of Haemonchus
contortus resistance to all classes of anthelmintics [26].

Resistance to the two newer classes, the aminoacetonitrile derivatives and
paraherquamide derivatives, is expected to follow [27]. There are anthelmintics still
available, but multiple drug-resistant helminth strains have quickly developed, and
producers and animal health professionals must now seek alternative methods of
treatment and prevention [28]. Below are some prominent cases of anthelmintic
resistance reported in the world (Table1).

Sadly, anthelmintic resistance is now considered the status quo in most sheep-
producing countries of the world [45], and repeated cross-sectional studies in Europe
and South America have shown a worsening situation, with both multidrug and
multispecies resistance which are increasingly more common [46, 47]. Although it
is not widespread, resistance has already developed to two new active ingredients,
monepantel and derquantel. This was despite spiroindole—derquantel—being
marketed as a combination product to slow the development of resistance [48]. All of
these highlight the urgent need to identify risk factors associated with AR develop-
ment, to inform future recommendations on sustainable parasite control [49].
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Country Anthelmintic (class) Nematode genera Year AR References
reported
South Africa Levamisole, morantel Trich/Tel spp. 1990 [29]
South Africa Benzimidazole, Haemonchus spp. 1992-1996 [30]
fenbendazole,
rafoxinide, levamisole
(BZ, SCL, IMID)
South Africa Albendazole, closantel, Haemonchus spp., Trich/Tel 2003 and [31, 32]
ivermectin, levamisole spp. and Oesophagostomum 2013
(BZ, SCL, AVM, IMID) Spp.
Zimbabwe Fenbendazole, Haemonchus spp., Cooperia 1997 and [33, 34]
albendazole, spp. 2003
oxfendazole, levamisole
(BZ, IMID)
Zimbabwe Fenbendazole, Haemonchus spp. 1997 [35]
levamisole, rafoxanide
(BZ, IMID, SCL)
Zambia Ivermectin, albendazole Haemonchus spp. 2001 [36]
(AVM, BZ)
Kenya Ivermectin, Haemonchus spp., Trich/Tel 1995 [37]
fenbendazole (AVM, spp. and Oesophagostomum
BZ) spp.
Germany Levamisole, ivermectin Trich/Tel spp. 2012 [38]
(IMID, AVM)
Norway Albendazole (BZ) TrichiTel spp. 2012 [39]
Northern Benzimidazole, Trich/Tel spp., Cooperia spp. 2013 [40]
Ireland moxidectin,
avermectin, levamisole
(BZ, MLB, AVM, IMID)
Switzerland Avermectin (AVM) Haemonchus spp., Trich/Tel 2007 [41]
spp-
Brazil Ivermectin (AVM) Haemonchus spp. 2013 [42]
India Fenbendazole, Haemonchus spp., Trich/Tel 2013, 2011 [43], [44]
benzimidazole, spp.
thiabendazole,

tetramisole (BZ, IMID)

BZ, benzimidazoles; ML, macrocyclic lactones (AVM, avermectines, or MILB, milbemycin); nicotinic agonists (IMID,
imidazothiazoles, or TETR, tetrahydropyrimidines); AAD, aminoacetonitrile devivatives; SCL, salicylanilides; Tel,
Teladorsagia; Trich, Trichostrongylus

Table 1.

Some cases of anthelmintic resistance.

4. Risk factors for development of AR

The control of gastrointestinal parasitism for small ruminants has long been
under threat from the development of anthelmintic resistance by parasite popu-
lations [46]. However, in recent years it has become evident that this is also an
emerging problem for cattle [50]. Resistance against drugs belonging to the same
anthelmintic drug class is called side resistance, whereas cross and multidrug
resistance refer to resistance against two or multiple drugs belonging to different
anthelmintic drug classes [47]. Development of AR can be limited by ensuring that
the parasites are exposed to an effective drug dose and to consider the timing and
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frequency of anthelmintic drug treatments so that only a small proportion of the
population is exposed to the anthelmintic [51]. The main factors for the selection for
anthelmintic resistance are high-treatment frequency, [52] underdosing and the use
of the same anthelmintic class over several years [48]. These factors, individually

or in combination, together with the risk of underdosing and continued use of one
class of anthelmintics, irrespective of efficacy status are frequently encountered
factors enhancing development of anthelmintic resistance [53]. Underestimation

of real weight has a potential to lead to underdosing, which can contribute to

the development of AR [48]. The results of a South African study attributed

AR observed in goats to underdosing caused by visual appraisal of an animal to
estimate its weight as opposed to the actual weighing before dosing to determine
the correct anthelmintic dosage [31]. In consideration of ensuring a correct dose,
livestock farmers have to determine the weight as accurately as possible, preferably
by individually weighing each animal [40]. Alternatively, the use of a heart girth
measurement tape is also recommended as this would certainly provide small-scale
farmers with a practical tool to be used in determining the live weight of their small
stock [54]. The use of faecal egg count reduction tests (FECRT) and egg hatch
assays in combination with morphological identification of third-stage larvae recov-
ered from pre- and post-treatment cultures may provide a solid indication of the
presence of anthelmintic resistance.

5. Anthelmintic resistance monitoring
5.1 Faecal egg count reduction test

The faecal egg count reduction test is the main method of detection of anthel-
mintic resistance in nematodes of veterinary importance [55]. In the FECRT, popu-
lations of gastrointestinal nematodes of sheep are considered susceptible when
drug efficacy exceeds 95% (reduction in FECRT). Conversely, resistance is present
when efficacy is <95%. The equivalent efficiency benchmark for resistance is 90%
for other host species. However, reductions in efficacy require interpretation in
the light of different situations [56], where, for instance, the 95% cutoff is more
complex than it seems because some drugs have very high efficacy (99.9%) against
some parasite species but lower (say, 95%) for others in the same host. FECRT is
an in vivo method that involves the nematodes in the sheep as the experimental
unit [57-59]. An advantage of FECRT is that it can be used with all groups of
anthelmintics that are available today. The disadvantage is that the faecal egg count
(FEC) levels do not always correspond to the number of adult worms inside the
animals. However, FECs in young sheep correlate fairly well to the burden of adult
worms, at least compared to the situation in adult sheep [58, 59]. Furthermore,
the FECRT can only detect AR if there are over 25% of resistant nematodes in a
population and also requires a large number of sheep and is therefore difficult to
be used in small flocks [58, 59]. Whilst FECRT has been used for over 30 years,
more recent work has revealed shortcomings in the diagnosis of resistance based
on proportional reduction. The problem is that diagnosis overestimates resistance
when it is emerging. A study by Lyndal-Murphy [60] reported on the use of statis-
tical simulation studies to consider situations for sheep where resistance is defined
as <95% efficacy. This study has shown that FECRT results too often diagnose
resistance where it does not exist. FECRT has been used successfully to detect AR
in many other countries including Zimbabwe [33], Zambia [36], Brazil [42], Kenya
[37] and Switzerland [41].
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5.2 Egg hatch test

Egg hatch test (EHT) is an in vitro test that can be used to measure AR [61].
EHT can only measure BZ resistance. In practice, fresh eggs are either diluted in
increasing concentrations of thiabendazole (TBZ) or diluted in a predetermined
concentration (discriminating dose) and incubated for 48 hours. The eggs hatched
are then counted under an inverted microscope. Discriminating doses have been
established in nematode species such as H. contortus. A discriminating dose is the
dose required to prevent hatching of 99% of susceptible eggs. The EHT can detect
resistance if there are at least 2-3% resistant eggs [58].

Egg hatch test and other in vitro tests generate dose-response lines [10]. This
allows the calculation of parameters, such as the concentration that kills 95% of
eggs (the EC95), a single parameter used to compare isolates. Resistant worms will
have a higher EC95 because a higher drug concentration is required to kill them.
Such assays are underutilised tools for measuring resistant phenotypes. However,
they have been fundamental tools for studying the results of experimental genetic
crosses [62].

5.3 Larval development assay

Two versions of larval development test are used. The first was described in detail
by Hubert and Kerbouf in 1992 [63]. The counted number of eggsina 0.5 mL of egg
suspension is put into each well in a 96-microtitre plate. The contents of the wells are
then mixed, and the plates placed in an incubator under humidified conditions at
27°C for 48 hours for incubation of the eggs. After 48 hours, thiabendazole is added
to the plates containing the egg suspension. The plates are incubated for 5 days; after
which they will be examined to determine the survival of the larvae at different con-
centrations. All the L;-stage larvae in each well must be counted, and the percentage
inhibition of larval development is calculated using the formula [64]:

_ (Eggs + L1) - L1
E- Ty F 100 (1)

In the second version, the micro-agar larval development test (MALDT) is per-
formed as described by Coles et al. [57]. This test is also performed on 96-microtitre
well plates. Stock solutions of thiabendazole/levamisole are prepared by predissolv-
ing the drugs in dimethyl sulfoxide (DMSO) with subsequent dilution in distilled
water (1:4). Nematode eggs recovered from faecal samples are incubated for 7 days
at 27°C in 96-well microtitre plates with the drug solution. The plates will normally
have a culture medium (yeast extract with Earle’s balanced salt solution and physi-
ologic salt solution) in an aquatic solution of various concentrations of thiabenda-
zole/levamisole and the determined proportion of nematode eggs in each well. After
7 days, the numbers of unhatched eggs and L;—L; larvae in each well are counted
under an inverted microscope. The rate of L; development in the discriminating dose
(0.02 and 0.5 pg/ml for thiabendazole and levamisole, respectively) compared to the
control is then used to determine if resistance is present; thus, the number of larvae
developing from L, to L; stage in the discriminating dose of 0.02 pg/ml thiabenda-
zole and 0.5 pg/ml levamisole is a clear indication of resistance.

5.4 Use of molecular techniques for AR monitoring

Nowadays, the traditional parasitological diagnostic techniques involving
mainly microscopy have been complemented by a variety of new techniques and
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tools, mostly molecular in nature. To date, traditional methods are still routinely
used despite the fact that they can be labour and time intense to perform [25].
PCR-based procedures have been proven to have greater sensitivity and specificity
than ‘conventional’ diagnostic approaches reliant on microscopy and/or immune
detection [65]. Studies with other models of resistance to xenobiotics demon-
strated that migration plays a fundamental role in such things as the dispersion

of insecticide-resistant genes in mosquitoes [66] and of antibiotic resistance
among some species of bacteria [67]. There have been studies on the origin of the
BZ-resistant alleles in worm populations. For instance, using RFLP studies on the
isotype 1-tubulin gene, it was established that there are various BZ-resistant alleles
in different resistant populations of H. contortus [68]. Using the same approach on
two BZ-resistant populations, it was also found that the BZ-resistant alleles were
probably already present in two H. contortus populations before this class of drugs
was even developed [69].

6. FAMACHAG® and targeted selective treatment

With nematode resistance now present to all three of the broad-spectrum
anthelmintic classes (benzimidazoles, levamisole and macrocyclic lactones) used
on ruminants [52], control strategies aiming to sustain effective parasitic control
are of key importance. Methodologies designed to maintain refugia which are the
size of the unselected proportion of the nematode population can help to reduce
the build-up of resistance by preserving susceptible nematode genotypes which
helps to dilute the frequency of resistance alleles and maintain anthelmintic
efficacy [70].

One strategy that aims to achieve this is targeted selective treatment (TST),
which involves the treatment of selected individuals that require treatment as
opposed to treatment of the entire group [71]. Individuals are generally identified as
needing to receive treatment on the basis of their level of parasitism [3]. Although
TST strategies have been developed and applied successfully in sheep, there are
considerably fewer studies on cattle, with the first insights into the application of
TST having occurred relatively recently [72]. As there are important differences
in host-parasite interactions and parasite epidemiology between cattle and sheep,
differences in the methodology and application of TST in cattle can be expected.
Although TST strategies in sheep have been shown to be beneficial in reducing
selection for anthelmintic resistance [72], it is difficult to know which of the various
strategies would be most effective under various scenarios. At present there are no
direct comparisons of TST strategies in cattle, in part due to difficulties arising from
confounding variables [72].

Simulation modelling on the other hand may offer an effective alternative and
be highly beneficial in assessing the feasibility of novel control strategies. In the
FAMACHAG® system, operators assess the severity of parasitism by using a con-
junctival colour chart which correlates to anaemia to choose affected animals for
selective treatment. FAMACHA® was developed by a South African veterinarian,
and it stands for Faffa Malan Chart. The application of FAMACHA® has been a
pivotal example of a practical approach in managing resistance, as targeted treat-
ment provides many potential benefits. One benefit is that it helps in the removal
of worms from the most severely infected and affected animals and so reduces
production losses in the most impacted animals. These animals also shed more eggs
than other animals, so targeted treatment of a small proportion of the flock reduces
a large proportion of pasture contamination. Most importantly, it reduces selection
by reducing chemical use and maintaining refugia.
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7. Holistic control strategy to control anthelmintic resistance

General risk factors for the development of AR in livestock include overuse of
anthelmintics, underdosing, frequent movement and transfer of animals from one
area to another and poor pasture management. Techniques such as body condition
scoring, faecal egg detection, larval detection and FAMACHAQ® are still relatively
underutilised when in combination with the use of anthelmintics. We propose that
countries must develop integrated holistic system that will be a combined effort
between animal health professionals, extension officers, farmer unions and drug
companies where education is one of the most important components for helmin-
thosis control and prevention of AR development (Figure 2). Farmers, both at
large-scale commercial and small-scale communal farming, need to be constantly
conscientised on the proper use of anthelmintics, pasture management and pur-
chase and transportation of livestock from one area to another.

Holistic control strategy to prevent anthelmintic resistance
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Figure 2.
A holistic AR prevention strategy which includes annual education campaigns to all types of farmers and
application of different diagnostic techniques which then dictates necessary anthelmintic treatment.

Direct anthelmintic-like effects have been demonstrated in in vitro assays,
which have shown that incubation in crude condensed tannin extracts reduced
the development, viability, motility and migratory ability of parasite larvae [73].
Whilst there will be continuous development of synthetic compounds which will
be used as anthelmintics, there is a need for increased scientific studies of conver-
sion and adoption of natural compounds extracted from medicinal plants asa
substantial number of them has been reported to contain anthelmintic activity [74].
Future research should also focus on possible treatment of pasture with organic
compounds from medicinal plants in an attempt to control the larval stages of
helminths.

8. Perspective (future control and prevention methods, necessary
research)

Many of the approaches that are available for prevention of AR are still being
researched and evaluated, and most of them are at present not suitable for the
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communal grazing systems of many resource-poor farmers; therefore, further
research must still be conducted to ensure adaptability to both commercial and
resource-poor farming operations. Another challenge facing both the farmers and
researchers alike could be that even though the AR monitoring techniques has

been used for years, correlation between in vivo and in vitro tests for detecting BZ
resistance is not always good [75]. This is probably because in vitro tests are more
sensitive than in vivo tests [20], and those shortcomings concerning sensitivity

and specificity could be subjugated by the use of molecular techniques than are

not reliant on microscopy. In order to win the battle against the emergence of AR,
correct use of anthelmintics and on-farm training about gastrointestinal helminths
infecting livestock must be provided. Such training should be ongoing and provided
by extension officers together with animal health technicians. Training initiatives
should incorporate practical demonstrations and focus on aspects such as the
importance of correct dosage, when to alternate anthelmintic classes and treat-
ment frequency. Furthermore, a sustainable integrated parasite management must
become the new paradigm, where anthelmintics are used much less frequently and
in a more targeted and strategic manner following the principles of smart drenching
and FAMACHA® together with a variety of nondrug-based practices. These strate-
gies can be employed in combination with faecal egg counts.
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