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Abstract

Anthelmintic resistance (AR) is a growing concern for effective parasite control in
farmed ruminants globally. Combatting AR will require intensified and integrated
research efforts in the development of innovative diagnostic tests to detect helminth
infections and AR, sustainable anthelmintic treatment strategies and the development
of complementary control approaches such as vaccination and plant-based control. It
will also require a better understanding of socio-economic drivers of anthelmintic treat-
ment decisions, in order to support a behavioural shift and develop targeted commu-
nication strategies that promote the uptake of evidence-based sustainable solutions.
Here, we review the state-of-the-art in these different fields of research activity related
to AR in helminths of livestock ruminants in Europe and beyond. We conclude that
in the advent of new challenges and solutions emerging from continuing spread of
AR and intensified research efforts, respectively, there is a strong need for transnational
multi-actor initiatives. These should involve all key stakeholders to develop indicators
of infection and sustainable control, set targets and promote good practices to
achieve them.

Abbreviations
AH anthelmintics

AR anthelmintic resistance

GIN gastrointestinal nematodes

RUM ruminants
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1. Concerted action for combatting anthelmintic
resistance in ruminants

Cattle, sheep and goats are parasitized by various helminth species,

including gastrointestinal nematodes (GINs), lungworms and liver flukes.

These pathogens can cause severe disease, affect productivity in all classes

of stock, and are among the most important production-limiting diseases of

grazing ruminants globally (O’ Brien et al., 2017). Essentially, all herds/flocks

in a grass-based production system are affected, and the major economic

impact is due to sub-clinical infections causing reduced growth and meat/

milk/fibre production. A recent comprehensive study investigated the eco-

nomic burden of helminth parasitism on the ruminant livestock industry in

Europe and found a staggering annual loss of € 1.9 billion, of which the largest
share (38%) was caused by GIN infections (Charlier et al., 2020).

A major constraint on the control of helminth infections in livestock is

treatment failure due to anthelmintic resistance (AR). Frequent, indiscrim-

inate and/or inappropriate use of anthelmintic drugs to control these para-

sites has resulted in the selection of drug-resistant helminth populations. AR

is now widespread in all the major GIN of sheep, goats, and cattle and is also

an emerging problem in liver fluke (Fairweather et al., 2020; Rose Vineer

et al., 2020). Anthelmintics make a significant contribution to the mainte-

nance of animal health, welfare and productivity in pasture-based livestock

industries, and the scarce development of anthelmintics with a new mode of

action in the foreseeable future urges for action to make the use of currently

available control options more sustainable (Vercruysse et al., 2018).

In an effort to combat anthelmintic resistance in ruminants, a COST

(European Cooperation in Science and Technology) Action named “CA

16230—COMBAR—COMBatting Anthelmintic Resistance in

Ruminants” was launched (Box 1). It aims to strengthen collaboration in

the development of innovative diagnostic tests to detect helminth infections

and AR, sustainable anthelmintic treatment approaches and the develop-

ment of complementary control approaches such as plant-based control

to reduce the need to use anthelmintics. COMBAR also aims to further

the understanding of socio-economic drivers of anthelmintic treatment

decisions to support a broad behavioural shift by the ruminant health

community and its stakeholders and promote the uptake of novel,
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BOX 1 COST Action COMBAR: coordinating research to combat
anthelmintic resistance in ruminants.
COMBAR (CA16230) (www.combar-ca.eu) is a running COST Action (23 June
2017–18 March 2022) that emerged from activities of the Livestock Helminth
Research Alliance (LiHRA) and aims to advance research on the prevention of
anthelmintic resistance (AR) in helminth parasites of ruminants in Europe and dis-
seminate current knowledge among all relevant stakeholders. Whereas previous
research has arguably developed disparate approaches to tackle AR, COMBAR
aims to promote more holistic approaches considering current developments
in the fields of diagnostics, targeted (selective) treatment (TT/TST) approaches,
vaccines, anti-parasitic forages and decision support as well as economic and
sociologic methodologies to understand economic aspects and barriers to
uptake by end-users. Over 200 participants from 31 COST countries, and 3
COST Near Neighbouring Countries are contributing to the Action.

A COST Action is based on a joint work programme lasting four years and
implemented through a range of networking tools, such as meetings, confer-
ences, workshops, short-term scientific missions (STSMs), training schools, publi-
cations, and dissemination activities. Emphasis is placed on activities involving
early career investigators, and researchers from less-research-intensive countries
(the so-called Inclusiveness Target Countries; ITCs) with a view to increase their
participation and research activities. COST Actions promote the circulation of
researchers within Europe, enhance their career development opportunities
and limit brain drain from peripheral regions to more research intense regions
in Europe (www.cost.eu).

So far, COMBAR organised three conferences in Warsaw (2017), León
(2018) and Ghent (2020), respectively and a fourth online (December 2020)
due to the COVID pandemic. Similarly, specific workshops, dedicated to one or
more working groups (WGs) were organised, two of them physically (Scotland
and Northern Ireland) and one online for the same reasons.

Nineteen STSMs have been funded so far, most were focused on learning or
getting access to different diagnostic techniques (e.g. FLOTAC system, digital
droplet PCR, in vitro screening for AR), and on innovative, sustainable control
methods (e.g. implementation of TST approaches and modelling interactions
between different control approaches). There were no STSMs in the field of
socio-economic research activities and this indicates that this research field
needs further promotion to get traction in the field of veterinary parasitology.

Promotion of the socio-economic research activities was undertaken via a
training school on research methods and practices in this discipline, organised
in Bruges (Belgium). A second training school (Naples, Italy) introduced young
researchers to FEC methods, FECRTs, in vitro tests as well as DNA-based methods
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evidence-based solutions. The aim of this review is to assess the state-of-

the-art in (i) the diagnosis of helminth infections and AR, (ii) sustainable

anthelmintic use, (iii) complementary control approaches and (iv) human

socio-psychological factors that drive anthelmintic use and the application

of new approaches to helminth management to identify sustainable path-

ways to address the current AR problem. We focus on AR in GIN, where

most knowledge is available and draw attention to the areas where

COMBAR is most actively coordinating research efforts.

2. Prevalence and impact of anthelmintic resistance

2.1 Prevalence
Understanding the true occurrence of AR is difficult, with initial reports of

resistance generally only being made when clinical signs of parasitic

gastro-enteritis have been observed by farmers and investigated (Bartley

et al., 2021; Sargison et al., 2001). Initial reports of resistance are generally

restricted to a single anthelmintic class and a single parasite species.

However, multispecies resistance (i.e. involving more than one parasite spe-

cies) is increasingly reported and multi-drug resistance (MDR) (i.e. resis-

tance to multiple classes of compounds) has been identified in various

studies in all of the economically important GINs of livestock ruminants,

in particular Haemonchus contortus, Teladorsagia circumcincta, Cooperia species,

Ostertagia ostertagi, Nematodirus battus and Trichostrongylus colubriformis

BOX 1 COST Action COMBAR: coordinating research to combat
anthelmintic resistance in ruminants.—cont’d
for the diagnosis of helminth infections and AR. This TS also contributed to the
harmonisation of diagnostic methods and the use of composite samples across
laboratories and the development of the COMBAR protocols to conduct FECRTs
for research purposes in sheep, goats (Annex 1 in the online version at https://doi.
org/10.1016/bs.apar.2021.12.002) and cattle (Annex 2 in the online version at
https://doi.org/10.1016/bs.apar.2021.12.002). The third training school was orga-
nised online and introduced the participants in the use of computer models to
explore the epidemiological effects of TST and complementary control
approaches across different farming systems and climates.
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(Conder and Campbell, 1995; Jackson and Coop, 2000; Jabbar et al., 2006).

Systematic reviews and meta-analyses of available prevalence studies were

first undertaken in 2015 and updated in 2020 (Rose et al., 2015, Rose

Vineer et al., 2020) to record the distribution of AR in the major GINs

affecting sheep, goats and cattle across Europe. The latter study revealed

that AR in GIN was widespread in Europe, being reported in five econom-

ically important GIN genera and across 16 European countries. Aggregated

results revealed an average farm level prevalence of AR to benzimidazoles

(BZ) of 48 and 51%, to macrocyclic lactones except moxidectin (MLs) of

29 and 44%, to levamisole (LEV) of 32 and 20%, in sheep and goats,

respectively and to moxidectin (MOX) in sheep of 17% (Rose Vineer

et al., 2020). In cattle, aggregated farm level prevalences of AR across the

European continent were 8% for BZ, 32% for ML, 12% for LEV and 27%

for MOX. In cattle, both Cooperia spp. and O. ostertagi were implicated.

Furthermore, MDRwas confirmed in sheep and goats in 10 European coun-

tries, but is likely to be more widespread than reported (Rose et al., 2015).

To get an un-biased impression of the actual state of play it is necessary to

conduct a correctly powered study with randomly selected, clearly defined

farms from across the geographical area of interest. Such surveys are rare to

be undertaken due to the cost, time, resources, and the need for farmer

consent and participation. As such, non-random convenience sampling is

commonly done, which provides an idea of the situation, but results need

to be viewed with caution, particularly in the early stages of resistance

development (Sangster, 1999).

Furthermore, reports and prevalence studies are only one part of the

story, and can overlook the fact that an efficacy of less than 90%–95%
(WAAVP guidelines definition of resistance; (Coles et al., 1992)) does

not necessarily mean that a product is ineffective on a farm. Resistance iden-

tification at one time of year, in one species, does not preclude the fact that a

compound may have utility at another time of the year against a different

parasite species. However, it is considered an early sign that the AR situation

may worsen if no action is undertaken to slow down its development.

2.2 Impact
AR is multi-faceted in its impact, having an influence on the livestock and

their keepers, as well as the financial viability and sustainability of enterprises

and the environment. Some of the impacts are highlighted in Table 1.

Production losses directly attributed to AR are difficult to accurately assess
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but studies in adult and young sheep (Macchi et al., 2001; Miller et al., 2012;

Sutherland et al., 2010; West et al., 2009) and cattle (Borges et al., 2013;

Candy et al., 2018; Fazzio et al., 2014; Sargison et al., 2010) have reported

losses in productivity, e.g., ill thrift, slower weight gain, decreased carcass

quality/value and reduced milk yields.

Again, additional costs which are often overlooked may include veter-

inary intervention, the purchase and provision of additional feed stuff to

ensure fattening of animals at allotted times, reduced market prices and

potentially additional time spent dagging affected animals to prevent fly

strike (Sutherland et al., 2010). There are many ways of assessing the finan-

cial implications of AR, firstly there are the purely practical losses incurred

with the increased costs of buying and administering treatments, of the € 1.8
billion lost to GIN infections around 19% was attributed to treatment costs

(Charlier et al., 2020). If combination treatments are required, the costs

increase accordingly. Additionally, less easily defined costs include time

spent planning alternative strategies, investigating and sourcing alternative

compounds, purchasing anthelmintics, gathering and returning stock, con-

structing and maintaining handling facilities and treating animals. Finally,

there is the ultimate cost, total failure, or severely reduced efficacy of all

available treatments: fortunately these cases are rare but have been reported

in some sheep producing areas in South Africa (Van Wyk et al., 1997),

northern and southern America (Terrill et al., 2001; Waller et al., 1996)

and the UK (Blake and Coles, 2007; Sargison et al., 2005), leading to some

producers finding it economically unviable to continue farming. Moreover,

once AR is present on a farm it can develop very quickly, such as shown by

El-Abdellati et al. (2010) on a Belgian cattle farm, where faecal egg count

Table 1 Potential impacts associated with anthelmintic resistance in livestock
ruminants
Livestock Profitability People Environment

• Impacts

on

health

• Impacts

on

welfare

• Decreased

productivity

• Reduction in

long-term

sustainability of

food production

• Increased

resource

requirements /

inputs

• Negative impact

on health and

wellbeing of

producers?

• Financial

pressures

• Consumer

concerns about

chemical usage in

agriculture

• Increased greenhouse gas

contributions from poor

producing livestock

• Increase in chemical

administrations when

initial treatments fail

with potential impacts

on dung and aquatic

fauna
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(FEC) reductions following treatment evolved from 73% to 0% over a 3 year

period. Model outputs suggest that ML-resistant parasitic worms alone

cost the European livestock industry more than €38 million, in production

losses and treatment costs annually (Charlier et al., 2020). These total costs

estimated across 18 countries were largest in cattle (€ 26.5 million; milk and

beef ) followed by sheep (€ 10.5 million; milk and meat) and dairy goats

(€ 1.1 million). Losses were greatest in the dairy cattle and meat sheep sec-

tors. If the estimated costs associated with ML resistance in ruminant

livestock sectors in different climatic zones (based on aggregated K€oppen-
Geiger categories) in Europe and near neighbour countries are calculated

it is possible to see that the impact in Atlantic zones (Belgium, France,

the Netherlands, Republic of Ireland and UK) were significantly greater

than in Mediterranean zones (Israel, Italy, Portugal, Spain, Tunisia);

€ 18.0 million and € 7.8 million for cattle and small ruminants compared

to € 4.1 million and € 1.1 million respectively, highlighting the differences

in scales of losses across Europe and near neighbour countries.

The social and psychological impact of exotic/epidemic and endemic

disease incursions on farmers’ and veterinarians’ well-being is an area of

increasing concern. Whilst there appears to be strong evidence that exotic

incursions (Boyce et al., 1984, 2021; Phythian and Glover, 2019), and how

subsequent control strategies are portrayed and executed, impact on farmer’s

health and well-being (Boyce et al., 2021), there is little empirical evidence

with respect to endemic diseases such as GIN infections. A study in dairy

farmers with or without bovine tuberculosis outbreaks in their herds

suggested that there was mixed evidence that animal disease impacted on

farmer well-being and that stressors are complex and multifactorial

(Crimes and Enticott, 2019). The work also suggested that with chronic

endemic diseases in their herds/flocks, farmers may become fatalistic and

learn to live with the disease, bearing ongoing losses; this outcome may

be the case with GIN infection and AR.

Anthelmintic resistance has the capability to impact on the environment

in a number of ways such as poor animal performance (live weight gain), as a

result of poor parasite control, meaning longer finishing times, increased

feed requirements (either concentrates or time on pasture) to fatten up

and/or more chemical interventions. Poor productivity and/or longer

finishing times, associated with livestock diseases, have been correlated with

increased green-house gas emissions intensities (Bartley et al., 2016; Ezenwa

et al., 2020; Fox et al., 2018; Kenyon et al., 2013; Kipling et al., 2021).

Indiscriminate use of anthelmintic products may influence the biodiversity
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of invertebrates on pasture and/or in water courses (Forbes, 2021).

Environmental impacts associated with anthelmintic usage can be mitigated

through the optimisation of anthelmintic administrations in conjunction

with the adoption of sustainable/refugia based control strategies (Cooke

et al., 2017).

3. Gastrointestinal nematodes: current and future
diagnosis

Controlling nematodes efficiently and sustainably requires insights in

the scale of the issue at various levels: regionally, at farm, individual fields or

paddocks, and at herd and individual animal levels. There are numerous ben-

efits of diagnosing and monitoring GIN infections and anthelmintic efficacy,

including a) identifying the potential causative agent of a health issue; b) build-

ing a picture of the parasitological scenario on farm; c) improving livestock

production; d) saving money on wasted or ineffective treatments; e) detecting

anthelmintic inefficacy or resistance issues to take timely action; f ) optimising

treatment timing and informing product choice. Here, we outline available

diagnostic methods and markers for the detection of GINs in ruminant live-

stock, while current methods for the diagnosis of AR diagnosis are covered in

the next section.

3.1 Diagnostic markers of GIN infections
Current diagnostic markers of GIN infections and parasitic gastro-enteritis are

broadly based on parasitological (e.g. FEC, peanut agglutinin egg staining,

coproculture, Baermannisation), immunological (e.g. parasite specific anti-

bodies in serum or milk), pathophysiological (e.g. ocular mucous membrane

colour measured by FAMACHA, packed cell volume, plasma/serum pepsin-

ogen, diarrhoea/dag score) and performance based (e.g. liveweight gain, body

condition score) indicators (Fig. 1; reviewed more fully by Kenyon and

Jackson, 2012).

The usefulness of parasitological diagnostic tests as markers of parasite

burden varies due to the influences of factors such as prior exposure, fecun-

dity of parasite species and variation in egg output associated with individual

host animals (Gasbarre et al., 1996). The correlation between FEC and

worm burden is generally considered poor, particularly in older cattle,

but parasitological indicators can be useful to confirm the presence/absence

of parasitic nematodes, provide information on parasite type present (nem-

atodes, trematodes and cestodes), to assist in targeting anthelmintic
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administrations or to test the efficacy of products (for which, see

Section “Diagnosis of AR” below). Carbohydrate specific binding of the

lectin peanut agglutinin is used commercially for the detection and identi-

fication of H. contortus eggs. Unfortunately, examination of a wide range of

other lectins has failed to identify any other with the required specificity to

characterise additional nematode species (Umair et al., 2016).

Parasite-specific antibody detection can identify and categorise (sub-)

clinical cases of nematode infection but measures mainly previous exposure

rather than current infection. Moreover, test results can be influenced by

non-parasite related factors such as the age of the animal, milk yield or mas-

titis. The existing markers can also lack specificity (Charlier et al., 2014).

Pepsinogen assays show good correlation withO. ostertagi burden in first

season grazing cattle but the correlation wanes in older grazing animals or

post housing (Charlier et al., 2014). Reproducibility and harmonisation

between labs are a further factor that hampers the pepsinogen assay’s reliabil-

ity and routine uptake (Charlier et al., 2011). More recently leptin and

ghrelin have been examined (Forbes et al., 2009), but the profile of leptin

concentration in infected calves requires further validation before being

considered as a potential pathophysiological marker of parasite induced

inappetence. The FAMACHA chart, which uses peri-ocular mucous mem-

brane colour to indicate low packed red blood cell volume, i.e., anaemia, has

been used globally to great success in the detection ofHaemonchus infections

First season grazing 
calves

At grazing
Diagnosis of helminths
•Grazing history
•Management history
•Clinical signs
•Faecal egg counts
•Baermannisa on (Lungworm)
•Copro-an gen (Fluke)

At housing
Evalua on of infec on levels
•Serum pepsinogen
•Copro-an gen (Fluke)

Adult cows

At housing
Detec on of produc on 
losses
•(Bulk tank) milk an bodies
•Copro-an gen (Fluke)

Sheep/goats

During grazing 
Diagnosis of helminths
•Grazing history
•Management history
•Clinical signs
•Faecal egg counts
•Baermannisa on
(Lungworm)

•Benchmarking
•Copro-an gen (Fluke)
•FAMACHA (Haemonchus)
•Lec n staining of eggs 
(Haemonchus)

Fig. 1 Diagnostic markers and their use to assess helminth infection status and associ-
ated impacts in ruminants.
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in sheep and goats (Van Wyk and Bath, 2002) and more recently also for

assessing Fasciola hepatica infections (Olah et al., 2015), while results in cattle

are more equivocal (Dorny et al., 2011; Grace et al., 2007).

The use of diarrhoea/dag score is by its nature useful at highlighting

issues that result in scouring in animals, but do not provide an indication

of the cause, e.g., pathogen versus physiological/nutritional. Additionally,

diarrhoea is not a clinical sign in all GIN infections and may not be apparent

in sub-clinical or early stage infections. The correlation betweenworm burden

and diarrhoea score has been poor in many studies (reviewed byWilliams and

Palmer, 2012). That said the diarrhoea/dag score has been used in conjunction

with other indicators such as FAMACHA, body condition score, sub-

mandibular oedema and nasal discharge as part of a Five Point Check© for

assessing overall general health in sheep (Bath and Van Wyk, 2009).

The benefits and uses of production parameters such as live weight gain

or milk production have been successfully used for targeting anthelmintic

administrations (See section below). As a whole, diagnosis of helminth infec-

tions combined with decision support tools could be considered of critical

importance to counteract the spread of AR by targeting anthelmintic treat-

ments to timings or animal groups at risk and where feasible even supporting

individual-level treatment choices. Merging parasite diagnostics with animal

performance metrics is attracting renewed research focus in order to reduce

the amount of anthelmintics used without jeopardising productive perfor-

mance (H€oglund et al., 2021).

3.2 Species specific identification of GIN
As many anthelmintics have a wide spectrum of efficacy against most prev-

alent GIN species and developmental stages, current anthelmintic treatment

practices often make little consideration of the species involved. A changing

climate and an associated changing epidemiology as well as an increasing

prevalence of AR triggers an increasing need for a better understanding

of the GIN species that are present on farm and are causing the largest health

and economic impact. The prevalence of AR has also increased at different

rates for different species, with large proportions of some species remaining

sensitive to treatment for a significantly longer time than others (for example

N. battus versus H. contortus). The ability to make a diagnosis at the species/

genus level can enable veterinary practitioners and farmers to make better

informed treatment choices. Traditionally, species specific identification

requires the culturing of eggs to infective larvae followed by microscopic
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analysis by a highly trained parasitologist. This takes several days and offers

low benefits in terms of actionable diagnostic needs by veterinary practi-

tioners. Recent advances in molecular technologies have made it possible

to undertake GIN species identification using various different target

sequences (reviewed by Roeber et al., 2013). PCR amplification of the gene

of choice, most commonly the internal transcribed spacer (ITS) 2 region,

followed by sequencing has made species assessment of eggs, larvae and adult

worms possible. ITS is spacer DNA, generally found between the small and

large subunits of the ribosomal RNA genes in the chromosome which has

low intra-, but high inter-species variability. Deep amplicon sequencing

technologies are making it possible to assess both species/genus composition

and BZ allele frequency at the population level for both cattle and sheep

nematodes (Avramenko et al., 2017, 2019). The approach is a powerful tool

in the armoury to help screen large numbers of populations for epidemio-

logical studies (Avramenko et al., 2015) as well as for following the emer-

gence, and/or progression, of AR mutations (Melville et al., 2020).

3.3 Digitalisation, biomarkers and precision livestock tools
Electronic identification (EID) of animals has made it possible for farmers to

collect, collate and analyse individual animal data at a resolution that was

previously difficult to achieve. One area where EID has been extremely use-

ful is in the development of Targeted Selective Treatment (TST) strategies

based on live weight gain predictions that rely on the identification of ani-

mals that are most detrimentally affected by GIN and therefore likely to

respond most positively to treatment (Greer et al., 2009). EID also allows

for the analysis and integration of large amounts of data such as pasture

and animal conditions, treatment frequencies and dates and animal perfor-

mance which can assist in on-farm decision making. As faecal egg counting

becomes more automated (see below), and therefore quicker to undertake

on a large number of animals, FEC data can be more easily used to select

animal lines for resistance/resilience to nematode infections, particularly

in sheep and goats where there are reasonable correlations between FEC

and worm burden for some helminth species (e.g. Cabaret et al., 1998;

Coadwell and Ward, 1982; Rinaldi et al., 2009).

The acceptability and uptake of the currently available phenotypic and

genotypic tools for GIN assessments are all hampered by one or more of

the following issues: time consumption, labour intensity, sensitivity, speci-

ficity, precision, accuracy, necessity of specialist equipment and expertise.
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As such there is need for pen side and real-time monitoring devices to detect

helminth related animal health issues. Previous studies on possible pen-side

tests have generally focussed on a single species rather than populations

or multiple pathogens. Examples include faecal occult blood detection

using dipstick technology (Rodrı́guez et al., 2015), odour detection using

dogs (Richards et al., 2008) or loop-mediated isothermal amplification

(LAMP) (Melville et al., 2014) for diagnosis of H. contortus infections in

sheep. Results from the blood-based marker detection systems (dipstick

and odour) suggest they are most effective when the challenge is high but

are less useful under modest challenge or in mixed field infections.

Table 2 highlights a number of technologies that may have utility for the

detection of parasitic diseases, but their further development may require

the definition of Target Product Profiles to take into account a fit for

purpose application (Entrican et al., 2020).

Table 2 Novel technologies that may have utility for the detection of helminth
infections in livestock ruminants

Technology
Parasitological examples or potential
applications

Individual/animal based

– Lateral flow-devices, micro-arrays,

aptamers based detection systems as

well as LAMP

– Sheep scab (lateral flow),

Haemonchus & liver fluke detection

(LAMP)

– Sweat, serum or saliva sensors – CarLA in saliva

– Invasive sensors, e.g., biosensors,

E-tags, E-pills

– Parasitic gastro-enteritis (PGE)/liver

fluke, abomasal/ruminal damage

– Non-invasive wearable sensors, e.g.,

accelerometers, motion

detectors, GPS

– PGE, fluke, lungworm

– Electronic Identification, automated

body condition score, gateway weigh

platforms

– General health, decision making PGE

– Smell detectors (volatile organic

compounds detection)

– Haematophagous infections (e.g.

Haemonchus spp., fluke)

– Biomarkers in meat juices

– Biomarkers in faeces

– Tissue/cyst dwelling parasites, GIN

infections in beef cattle

– Detecting gut inflammation and/or

parasite presence (copro-antigen/

antibody)

Continued

183Anthelmintic resistance in ruminants



Digitalised diagnostic methods to detect GIN infection include auto-

mated FEC techniques that use artificial intelligence and machine learning

for automated recognition and counting of helminth eggs. Research activ-

ities in this field have undergone a recent explosion of different methods in

development. Described systems, of which some are commercially available,

include FECPACKG2, Parasight, Telenostic, VETSCAN IMAGYST, and

Kubic FLOTAC Microscope, all based on digital analysis of images taken

and computerised counting of parasite eggs (Cain et al., 2020; Cringoli

et al., 2021; Elghryani et al., 2020; Nagamori et al., 2020). Validation studies

are needed because the diagnostic performance of these new methods

have mostly only been published as proof-of-concept results and without

precision estimates (Cringoli et al., 2021; Elghryani et al., 2020; Inácio

et al., 2020; Li et al., 2019; Lu et al., 2018; Nagamori et al., 2020; Sukas

et al., 2019). An exception is the Parasight System that runs on a mobile

phone and follows a faecal centrifugation step, exhibiting significantly

smaller coefficients of variation when compared with theMcMaster method

over a range of FEC categories (Slusarewicz et al., 2021).

Table 2 Novel technologies that may have utility for the detection of helminth
infections in livestock ruminants—cont’d

Technology
Parasitological examples or potential
applications

– Automated FEC methods based on

artificial intelligence/machine

learning

– Automated detection and count of

GIN eggs, cloud platform for remote

diagnosis

Building/infra structure

– Temperature, infra-red

thermography

– General health, oestrus

– Sound monitoring – Coughing housed/grazing cattle;

lungworm infection detection

– Video monitoring – General health at housing/lungworm

Environment

– Drone technology, sensor networks – Risk mapping (liver fluke,

gastro-intestinal nematodes), pasture

assessments

– Modelling/forecasting – PGE, liver fluke, lungworm

Legend. FEC¼Feacal Egg Count; GPS¼Geo-Positioning System; LAMP¼Loop-mediated isothermal
amplification; PGE¼Parasitic gastro-enteritis; CarLA¼Carbohydrate larval antigen.
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4. Diagnosis of anthelmintic resistance

Integrated parasite control programmes in ruminant livestock will

require higher uptake of anthelmintic efficacy and resistance tests.

Nevertheless, diagnosis of AR in farm animals has been neglected for years

and there has been an historical underinvestment in the development and

improvement of diagnostic tools, undermining the secured efficacy of anthel-

mintic control programmes (Charlier et al., 2018). However, a new impetus

by the scientific community and the quickening pace of technological inno-

vations, are promoting a renaissance of interest in developing diagnostic

capacity of AR by various international networks and funding organisations

dedicated to animal health (Entrican et al., 2020; Morgan et al., 2019).

Different approaches have been proposed and used for the assessment of

anthelmintic efficacy and hence for the diagnosis of AR in ruminants,

including in vivo (faecal egg count reduction test [FECRT] and controlled effi-

cacy test), in vitro tests and DNA-based molecular methods (Coles et al., 2006;

Taylor et al., 2002). According to a recent stakeholder consultation by the

COST Action COMBAR, a combination of in vivo (FECRT), in vitro and

molecular tests was considered needed for assessing the efficacy of anthelmin-

tics and detecting AR (H€oglund et al., 2021). The following sections will

describe the main characteristics of these different test approaches.

4.1 Faecal egg count reduction test
The FECRT is considered the mainstay for the assessment of anthelmintic

drug efficacy and hence AR because it is relatively simple and easy-to-

perform and has the ability to provide a measure of the performance of a

number of different anthelmintics at a time (Kaplan, 2020; Kaplan and

Vidyashankar, 2012; McKenna, 2002, 2013). The FECRT is an in vivo

(or rather ex vivo) test based on a simple rationale: the efficacy of an anthel-

mintic drug is assessed by quantifying the reduction (%) of helminth egg

output in a group of animals tested before treatment (Day 0) and between

7 and 21 days after treatment, depending on the drugs used. However, the

interpretation of any FECRT is far from simple due to a variety of factors

that may affect the outcome. These sources of variation are related to under-

lying biological processes and the experimental design (pre-analytical phase;

e.g., GIN species composition, proportional presence of dose-limiting

species, differences in the fecundity among those species, temporary sup-

pression of egg production, physiological status of the animals), the FEC
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method (analytical phase), and the statistical analysis used for interpretation

of the FECRT results (post analytical phase).

The choice of the FEC method (e.g. McMaster, Cornell-Wisconsin,

FLOTAC, Mini-FLOTAC, FECPAK) has always represented a trade-off

between the costs and ease of use on the one hand and the detection limit

and performance parameters (sensitivity, specificity, accuracy and precision)

on the other hand (reviewed by Levecke et al., 2012; Nielsen, 2021). Efforts

have also been made to more easily interpret the FECRT results and for this

purpose specifically designed software packages are freely available, for

example the R package “eggCounts” that uses a Bayesian hierarchical model

to calculate FECR% and 95% confidence (uncertainty) intervals (Torgerson

et al., 2014; Wang et al., 2018). A vision promoted within COMBAR has

been that a rapid FECRT based on easy-to-perform, low-cost and reliable

tools may increase the user-friendliness and uptake of FECRT by veterinar-

ians, advisors and farmers. Therefore, the following COMBAR criteria have

been proposed as a benchmark for an “ideal” FECRT method: Convenient

(cheap and easy to use), On-farm use (pen-side and portable), Minimal animal

handling and lab requirements (simple and rapid), Biodegradable (eco-

friendly), Affordable (for end-users) andReliable (standardised and repeatable).

There is a widely recognised need for international harmonisation of

diagnostic testing for livestock diseases (Holm et al., 2019) and given the

multiple sources of variation in the FECRT, this is certainly true for the

FECRT to ensure consistent results on anthelmintic efficacy and AR in

different settings. The first guidelines for performing a FECRT date back

to the early nineties (Coles et al., 1992) by the World Association for the

Advancement of Veterinary Parasitology (WAAVP). Over the past 30 years

these guidelines have been thoroughly reviewed (Coles et al., 2006) and sev-

eral studies have provided novel insights regarding the optimal experimental

design for the FECRT and the analysis and interpretation of FECRT data

(reviewed by Levecke et al., 2018). The latest comprehensive recommen-

dations for performing a FECRT in ruminant livestock have been detailed

in Kaplan (2020) and are likely to be consistent with the new WAAVP

guidelines which are under development. An important harmonisation

effort was also undertaken by the COMBAR consortium, where after a

thorough comparison and discussion of experiences and expectations, the

participants agreed on simplified FECRT protocols for GIN in cattle, sheep

and goats (Annex 1 and 2 in the online version at https://doi.org/10.1016/

bs.apar.2021.12.002). These protocols aim to harmonise the procedures

from the farm to the lab and the interpretation of the FECRT. They will
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underpin future field surveys on AR across Europe and allow for better

comparison of obtained results between studies and regions.

When applying the FECRT in practice, it should be borne in mind that a

multitude of confounders other than AR can cause sub-par FECR%. These

include inaccurate anthelmintic administration; variable drug bioavailability

including through breed and age differences (e.g. Vercruysse et al., 2008)

and diet (e.g. Gaudin et al., 2016); physiological factors including the con-

sequences of GIN infection (e.g. Debackere et al., 1993); and underlying

variation in GIN species composition (e.g. McIntyre et al., 2018). Results

should be treated with caution when declaring AR on a farm, attention paid

to the level of FECR and not just the 95% threshold for classification of

efficacy, and the test repeated at intervals to monitor changes in FECR%.

4.2 In vitro tests
In vitro phenotypic tests measure the sensitivity of helminth eggs, larvae or

occasionally adult parasites, to drug exposure in laboratory-based tests by

detecting the phenotypic effects of anthelmintics on various aspects of

helminth-stage development, activity, or viability (reviewed in Demeler

et al., 2012b). A list with the in vitro tests used for the detection of AR in

ruminant GIN field populations is provided in Table 3. The most frequently

used tests are: (i) the egg-hatch-inhibition test (EHT) for the evaluation of

the effect of BZs on the hatching of ruminant GIN eggs; (ii) the larval devel-

opment test (LDT) for the evaluation of the susceptibility of sheep GIN to

BZs, tetrahydropyrimidines and imidazothiazoles, monepantel and MLs, it

was also successfully used to test the effect of MLs and LEV against GINs of

cattle (Demeler et al., 2010; Raza et al., 2016) and (iii) the larval migration

inhibition test (LMIT) that is used to evaluate GIN susceptibility to MLs

(Demeler et al., 2012b).

Compared to the FECRT, these tests all have the advantage of requiring

less effort in the field: they require only one faecal sampling and no anthel-

mintic treatment (Charlier et al., 2018; Kotze et al., 2020). However, among

the disadvantages and logistical challenges of the in vitro phenotyping tests, is

the need to use very fresh faecal material that often must be transported and

stored under very specific conditions (for example, to prevent the hatching

of GIN eggs prior to the test) and the time (up to 1 week) required for the

completion of larval development and thus to obtain the results (Kotze et al.,

2020). Furthermore, some in vitro tests are limited to a single drug class or for

others there appears to be a lack of association between test results and drug
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susceptibility phenotype. The EHT, for example, only works for BZs (von

Samson-Himmelstjerna et al., 2009) and the LMIT has been found to show

no differences in ML dose response curves between phenothypically suscep-

tible and resistant populations ofH. contortus andCooperia spp. (George et al.,

2018; Lacey et al., 1995; Ruffell et al., 2018). A recent study indicated that

both in vitro (EHT and LDT) and molecular testing enabled the detection of

low level (approximately 25% resistant alleles) of BZ resistance inH. contortus

infecting sheep and goats, when the FECRT still showed a FEC reduction of

>99% (K€onigová et al., 2021).

Table 3 In vitro tests for the detection of anthelmintic resistance in livestock ruminants.
In vitro Test Anthelmintic Action References

Egg Hatch

Test (EHT)

Benzimidazoles Inhibition of egg

hatching

von

Samson-Himmelstjerna

et al. (2009); Demeler

et al. (2012a)

Larval

Paralysis and

Motility Test

(LPAMT)/

Larval

Migration

Inhibition

Test (LMIT)

Macrocyclic

lactones

Levamisole

Morantel

Paralysis of third larval

stage

Demeler et al. (2012a)

George et al. (2018)

Haftu et al. (2020)

Larval

Development

Test (LDT)

Benzimidazoles

Levamisole

Combinations

(benzimidazole/

levamisole)

Avermectin

Milbemycin

Inhibition of

development of third

larval stage

Taylor et al. (2002)

Raza et al. (2016)

Larval Feeding

Inhibition

Test (LFIT)

Macrocyclic

lactones

Levamisole

Paralysis of pharyngeal

muscles (prevents

feeding) of first larval

stage

Alvarez-Sánchez et al.

(2005a)

Adult

Development

Test (ADT)

Benzimidazoles Inhibition of

development of adult

nematode

Small and Coles, 1993;

Haftu et al. (2020)

Tubulin

Binding Test

(TBT)

Benzimidazoles Differential binding of

benzimidazoles to

tubulin

Taylor et al. (2002)
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Standard operating procedures of the EHT for the detection of BZ resis-

tance in parasitic nematodes have been successfully developed as a result of a

coordinated ring testing in different European countries (von Samson-

Himmelstjerna et al., 2009). Other in vitro tests (LDT and LMIT) are avail-

able to monitor the efficacy of MLs (Demeler et al., 2012a). However,

despite their availability, in vitro tests are not yet implemented in routine

diagnostic laboratory procedures. This may be due to requirements for spe-

cific laboratory equipment and technical expertise, the time required to get

the results and lack of demand from farmers still not fully convinced of the

necessity to test for AR (Charlier et al., 2018). On the other hand, in vitro

tests are prone to be automated and recently an automated LMIT based on

spectrofluorimetric monitoring of the motility of GIN larval stages has

been proposed as a decision-making tool to inform anthelmintic treatment

decisions in the near future (Charvet et al., 2018).

4.3 Molecular tests for AR
Given the limitations of the above-described tests, molecular tests for AR

would be a serious advancement to guide appropriate use of anthelmintic

drugs. Another advantage of the molecular diagnosis of AR is its superior

sensitivity when compared to phenotypic testing (von Samson-

Himmelstjerna et al., 2009). To date however, only the molecular detection

of BZ resistance provides enough certainty to ensure that the results corre-

spond with the phenotypic status of the examined parasites.

The development of molecular diagnostics for AR is one focus of the

Consortium for Anthelmintic Resistance and Susceptibility (CARS), which

repeatedly provided overviews on the current status and recent progress of

molecular AR testing (Kotze et al., 2014, 2020).

A broad range of drug-target gene associated genetic polymorphisms

have been described (for review see von Samson-Himmelstjerna, 2006;

Whittaker et al., 2017) with those in tubulin-genes as the BZ target having

obtained the largest scientific and experimental attention. Significant associ-

ations between drug susceptibility phenotype and resistance-associated allele

frequencies were established already decades ago for the beta-tubulin isotype

1 codon 200 TTC/TAC single nucleotide polymorphism (SNP) (von

Samson-Himmelstjerna, 2006). However, also other polymorphisms in the

beta-tubulin isotype 1 gene, e.g., including SNPs at codons 167 and 198,

as well as other genetic changes were demonstrated to contribute to the

BZ resistance phenotype in parasitic nematode field isolates. This was partic-

ularly shown for H. contortus (for review see Kotze and Prichard, 2016)
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but also demonstrated in other species such asT. colubriformis orT. circumcincta

(Ram€unke et al., 2016; Chaudhry et al., 2014, 2015). Accordingly, there are
grounds to propose that the testing of ruminant faecal samples can provide

meaningful information on the BZ efficacy status. Several methods have been

developed to this end (Table 4) including those based on pyrosequencing

(von Samson-Himmelstjerna et al., 2009) or more recently on digital droplet

PCR-technologies (Baltrušis et al., 2020a) and LAMP (Tuersong et al.,

2020). However, the polymorphic genetic nature of BZ-resistant (and likely

other drug class resistant) ruminant GIN is a major constraint in the use of

methods which are based on the analysis of pre-defined genetic polymor-

phisms such as those described above. This is demonstrated by the continuing

elucidation of additional resistance-associated polymorphisms as for example

found inH. contortus or T. circumcincta field samples at the beta-tubulin codon

198 (Choi et al., 2017; Martı́nez-Valladares et al., 2020; Mohammedsalih

et al., 2020, 2021). Accordingly, it appears to be necessary to always take into

consideration that additional/new genetic changes occur in the field and thus

any molecular assessment indicating lack of resistance-associated changes

must be evaluated with caution.

4.4 Omics based approaches for the analysis of AR
With respect to the above outlined limitations associated with the molecular

detection of defined resistance-associated genetic changes, the un-directed

generation of drug-target or even whole genome sequence information

would provide an unbiased insight into the genetic polymorphisms present

within the examined pool of DNA-sequences. Recently, next-generation

sequencing (NGS) technology based protocols, employing namely the

Illumina Miseq platform, have been established for the reliable, accurate

and highly sensitive quantitative assessment of BZ resistance associated

beta-tubulin alleles in a broad range of ruminant GIN species (Avramenko

et al., 2019; Melville et al., 2020; Sargison et al., 2019). Based on the de-novo

sequencing of approximately 300bp long beta-tubulin isotype 1 DNA frag-

ments including the three BZ-resistance associated codons this not only allows

to assign the obtained sequences to its respective parasite species but also to

detect without bias any occurring polymorphism by further sequence com-

parison. Accordingly, such NGS based approaches provide a considerably

more detailed and accurate insight into the BZ resistance situation in the

examined worm population as compared to both phenotypic as well as other

molecular approaches. NGS based whole genome sequencing has recently
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Table 4 Exemplary list of molecular assays for the assessment of anthelmintic resistance associated genetic polymorphisms in gastrointestinal nematode
species of ruminants
Anthelmintic
class Parasite species Gene Allele Type of method DNA References

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 F200Y PCR Single worm Roos et al. (1990)

Benzimidazole Teladorsagia circumcincta Beta-tubulin isotype 1 F200Y PCR Single worm Elard et al. (1999)

Benzimidazole Haemonchus contortus,

Teladorsagia circumcincta

Beta-tubulin isotype 1 F167Y PCR Single worm Silvestre and Cabaret,

2002

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 F200Y PCR-RFLP Single worm Tiwari et al. (2006)

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 F167Y PCR Single worm Ghisi et al. (2007)

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 F200Y Real-time

PCR

Single worm,

pools of larvae

Walsh et al. (2007)

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 F167Y,

E198A,

F200Y

Real-time

PCR,

pyrosequencing

Pools of larvae von

Samson-Himmelstjerna

et al. (2009)

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 F200Y Digital droplet

PCR

Pools of larvae Baltrušis et al. (2020b)

Macrocyclic

lactones

Haemonchus contortus Dye-filling protein A141G and

G153T

Digital droplet

PCR

Pools of larvae Elmahalawy et al. (2018)

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 E198A LAMP Pools of larvae Tuersong et al. (2020)

Benzimidazole Numerous trichostrongyles Beta-tubulin isotype 1 all Illumina MiSeq Pools of larvae Avramenko et al. (2019)

Continued



Table 4 Exemplary list of molecular assays for the assessment of anthelmintic resistance associated genetic polymorphisms in gastrointestinal nematode
species of ruminants—cont’d
Anthelmintic
class Parasite species Gene Allele Type of method DNA References

Levamisole Haemonchus contortus Levamisole sensitive

acetylcholine receptor

(L-AChR1)

Hco-acr-8b

exon 3b

deletion

qPCR Pools of eggs Santos et al. (2019)

Benzimidazole Haemonchus placei Beta-tubulin isotype 1 F200Y,

F167Y

PCR Single worm Chaudhry et al. (2014)

Benzimidazole Cooperia oncophora Beta-tubulin isotype 1 F200 PCR Single worm Njue and Prichard, 2003

Benzimidazole Haemonchus contortus Beta-tubulin isotype 1 E198A,

F200Y

PCR Pools of larvae Ghisi et al. (2007)

Benzimidazole Haemonchus contortus,

Teladorsagia circumcincta,

Trichostrongylus vitrinus

Beta-tubulin isotype 1 F200Y qPCR Single worm,

pools of larvae

Alvarez-Sánchez et al.

(2005b)

Benzimidazole Trichostrongylus axei Beta-tubulin isotype 1 F200Y PCR Single worm Palcy et al. (2010)



been employed to study ML resistance associated genomic changes in

H. contortus (Doyle et al., 2019; Khan et al., 2020). However, both the

sequence generation as well as the subsequent bioinformatics analysis require

specific instrumentation and expertise which so far are only available in

few laboratories.

5. Towards a sustainable use of anthelmintics

5.1 Refugia-based approaches in principle
AR is a heritable trait, and is defined as occurring “when a greater frequency

of individuals in a parasite population, usually affected by a dose or concen-

tration of compound, are no longer affected, or a greater concentration of

drug is required to reach a certain level of efficacy” (Prichard et al., 1980;

Wolstenholme et al., 2004).

The development of AR is an inevitable consequence of the repeated

use of anthelmintic drugs, which impose selection pressure on parasite

populations and favour the emergence and eventually the dominance of

resistant genotypes. Efforts to reduce this selection pressure rely on the pres-

ervation of a sub-population of helminths (the so called refugia) that are not

exposed to anthelmintics (Van Wyk, 2001), and therefore contribute sus-

ceptible alleles to the gene pool. The implementation of refugia-based strat-

egies depends on numerous factors, including the tolerable parasite burden,

mode of inheritance of genes conferring resistance, and degree of mixing of

parasite populations (Hodgkinson et al., 2019). There is consequently no

universal template for success, and solutions are highly system specific

(Greer et al., 2020). Likewise, it is not possible to accurately and objectively

estimate the size of refugia needed to slow resistance: this will vary according

to contextual factors as well as the trade-offs between reduction in anthel-

mintic coverage and risk of production loss. While models aiming to predict

trade-offs between refugia generation and production loss exist for livestock

systems (e.g. Berk et al., 2016), they operate against a background of uncer-

tainty around the genetic mechanisms of resistance in helminths, and the

production impacts of parasites left in refugia.

Refugia can be generated by avoiding anthelmintic use in animals that are

carrying some parasites but performing adequately. This can be at group

level, by intervening only when required to support production (targeted

treatment; TT), or within a group by identifying individuals that do not

require treatment (targeted selective treatment; TST) (Charlier et al.,

2014). Delaying treatment at group level can generate a standing crop of
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susceptible infective larvae to be used continuously, or strategically when

needed, to dilute a helminth population that has been more highly selected

for resistance. Research attention on how large a population in refugia is

needed to meaningfully slow AR has so far focused mainly on trade-offs

at the animal level, and rarely considers the consequences of livestock move-

ment within farms, and its interactions with climate andweather (Rose et al.,

2015), for the fate of eggs released from untreated animals, which generate

unevenly distributed refugia on pasture. It is rare in modern production sys-

tems that livestock mix freely across grazing platforms for the entire grazing

season. Some form of grazingmanagement is the norm, and while difficult to

incorporate into general models that are transferable across farms, its conse-

quences for the generation and effective utilisation of refugia could be

profound.

At individual level, refugia can be effectively generated by random treat-

ment of individuals (Gaba et al., 2012), but approaches that accurately iden-

tify the need for treatment might be more efficient and carry less risk of

unintended production loss. As discussed above, indicators for treatment

can be broadly divided into parasitological, pathophysiological, or production

based parameters (Fig. 1) (Charlier et al., 2014). Individual animal FEC are

often impractical or not cost-effective, especially in large herds/flocks, and

so indirect indicators are most often considered. The correlations between

such indicators and FECs, and hence the refugia generated by TST based

on them, however, vary widely: for example, weight gain of cattle and sheep

in the first grazing season is often quite unrelated to FEC at individual level

(e.g. Stafford et al., 2009). The imperfection of indicator-parasite load corre-

lations is actually useful for TST, because a perfect correlation would imply

that efficient treatment of ill or underperforming animals tends to generate

very limited refugia (Fig. 2). Searching for efficient indicators for treatment that

reflect parasite burden, therefore, misses the point that inefficient indicators

might perform better in slowing AR development, provided health and pro-

duction are adequately protected.

5.2 Refugia-based approaches in practice
The fairest answer to the question of “how many animals should be left

untreated to generate effective refugia”, from a theoretical perspective, is

therefore “it depends”. By the same token, from a practical perspective

the answer might be “as many as you can safely get away with”. Adverse

consequences could arise, however, when applying TT/TST approaches,

especially if parasite infection levels are allowed to increase to cause poor
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health or production between monitoring points. Confidence in TT and

TST is likely to be highest when monitoring of health and production is pos-

sible and efficient, at intervals frequent enough to allow timely identification

of parasite impacts, and other infections are not facilitated. In cattle, for exam-

ple, TT/TST can be safely applied in growing animals because impacts of

GIN on growth can be quickly detected, as can increases in FEC at group level

and diarrhoea; however, lungworm infections can strike with little warning

and with costly results (Holzhauer et al., 2011). Many producers in areas

afflicted by lungworm (Dictyocaulus viviparus) are consequently reluctant to

withhold anthelmintic treatment from young cattle in summer, regardless

of strong risk mitigation measures for GIN. Even without concurrent loss

of production in groups subjected toTT/TST, untreated animals contaminate

pastures: while this is necessary to refugia generation, it can lead to production

losses in animals grazing them later in the season (e.g. Leathwick and Besier,

2014; H€oglund et al., 2013).

The availability of equipment for handling and weighing livestock, the

time and effort required for monitoring, and the availability of informed

professional advice to guide implementation, are also limitations to practical

application. Gradually, however, technology is helping to provide solutions,

as for example is the form of automated weighing systems, which can be

Q1 Q4

Q3Q2

Q1 Q4

Q3Q2

log (parasite burden or challenge)
low      →      high

rotacidninoitcudorprolacigoloisyhpohtap(gol
)

esro
w

→
retteb

A. Strong correla on B. Weak or no correla on

Fig. 2 Illustration of the relationship between parasite burden (or challenge or faecal
egg count) and the detected consequences of infection in terms of ill health or poor
performance. In scenario A, the correlation is strong, such that treating under-
performing individuals also removes most of the parasites (Q3¼Quadrant 3), and
few are left in refugia (Q1). In scenario B, the correlation is weak, and treating on the
basis of a performance or health threshold leaves some highly infected, but healthy
and performing individuals (Q4), which are the largest contributors to refugia.
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applied to support TST on commercial farms (Stafford et al., 2009) and

extended to incorporate growth expectations based on forage availability

(Greer et al., 2009). To alleviate the handling and labour requirements of

monitoring, sub-groups of lambs can be tracked as sentinels to trigger

whole-group interventions or more detailed inspection of individuals for

TST (Melville et al., 2021).

Partial automation of TT/TST also has the advantage of alleviating the

obligation on farmers to keep sustainable parasite management constantly in

mind despite its complexity and the many other demands on their time,

thought and energy. Capital investment, however, is often a serious barrier

to adoption of equipment such as automated weighing systems. Although

the number of studies demonstrating the benefits of TT/TST as refugia-based

strategies for sustainable parasite control is growing and extending into

diverse sectors, there remains uncertainty over how well these will translate

to commercial farming systems, and how much they will actually slow AR

in them. This must be surmounted before investments in sustainable control

are forthcoming from livestock farmers, who often operate on small profit

margins. Indicators for TST also exist that do not require such investments,

including the FAMACHA system for small ruminants in areas dominated by

H. contortus (Sargison et al., 2021; Van Wyk and Bath, 2002; Walker et al.,

2015). Behavioural monitoring (Hogberg et al., 2021), and novel diagnostic

indicators such as those listed in Table 2, also show potential as indicators for

treatment in TT/TST systems.

Indicator-led TT/TST can be applied in mature as well as growing live-

stock, for example on the basis of milk yield and anti-parasite antibody levels.

In dairy cows, anti-O. ostertagi antibodies inmilk are useful to evaluate parasite

exposure and potential production losses and to inform control plans and

treatment decisions (Charlier et al., 2009, 2010a; Ravinet et al., 2017).

Unless accompanied by revised health plans to encourage the build-up of

immunity to GIN in replacement stock, however, repeated treatment is likely

to be required in many herds, increasing overall anthelmintic use. A holistic

approach is needed across the whole production cycle, to increase resilience

and reduce reliance on chemical intervention (Charlier et al., 2009; Ravinet

et al., 2014).

5.3 Global sustainability and parasite control
Societal concerns around chemical use and misuse in food-producing ani-

mals, and the environmental impact of farming both locally and in terms
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of the global greenhouse gas account, are growing and increasingly influenc-

ing agricultural policy. It is known that anthelmintics can negatively impact

dung-breeding invertebrates such as dung beetles and earthworms (Forbes,

2021), and that these dung fauna are important for incorporation of carbon

into grassland soils (Evans et al., 2019). At the same time, greenhouse gas

emissions from livestock are likely to be exacerbated if parasite control fails

or is voluntarily withdrawn (Fox et al., 2018). Approaches to parasite control

that are sustainable in the broadest sense will account for an optimised

trade-off not only between production and long-term anthelmintic efficacy,

but also between production and environmental outcomes. Maintaining

refugia for farm biodiversity as well as anthelmintic susceptible helminths will

become increasingly important, and can be achieved using targeted

worming strategies (Cooke et al., 2017). These strategies are increasingly

likely to become required to justify anthelmintic use at all, and in Europe

at least occur against a backdrop of advancing regulation of antimicrobial

and other veterinary medicines. Chemical treatment is increasingly consid-

ered a last resort, and if this is to be realistic for parasite control in livestock,

a revolution is needed not only in targeted use of anthelmintics, but also in

the effective development and application of non-chemical alternatives to

complement them (Vercruysse et al., 2018).

6. Prospects of new anthelmintics

Few new anthelmintics are reaching the market. Over the last two

decades two new actives have been licensed and launched onto the sheep

market in some countries: the amino-acetonitrile derivatives (AAD), i.e.,

monepantel (Kaminsky et al., 2008), and the spiroindoles (SI), of which

derquantel is used in a dual-active product with abamectin (Little et al.,

2010). Resistance to these new drugs has been described a few years after

their introduction in different GIN species (Bartley et al., 2019; H€oglund
et al., 2020; Sales and Love, 2016). According to Zajı́�cková et al. (2020)

there are four approaches in the development of new anthelmintics:

(i) target-based or high-throughput screening of compound libraries;

(ii) the synthesis of new derivatives or new combinations of existing anthel-

mintics; (iii) the repurposing of currently approved drugs for other therapeu-

tic indications; and (iv) the identification of active plant products, as covered

in more detail below. Aside from the option of combination anthelmintics

to slow down resistance (Charlier et al., 2018), new anthelmintics should

be based on novel modes of action that are well characterised beforehand
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so that ideally, the anthelmintic use can be combined with a specific test for

resistance detection.

Besides the traditional approaches for anthelmintic discovery, several

new approaches may be emerging due to blue sky research on novel thera-

peutics based on, for instance, phage therapy, functional peptides, nanobodies

and gene editing approaches. For instance, the 50Helminth Genomes Project

of the Wellcome Sanger Institute may lead to the identification of essential

helminth enzymes as novel drug targets. Therefore, understanding the funda-

mental biology, biochemistry and physiology of parasites can reasonably lead

to more effective drug discovery efforts (Vercruysse et al., 2018). However,

the development of a completely novel compound is generally very slow and

costly, so increasingly efforts are dependent on public-private partnerships

between the academic and business sectors. With respect to the strategy called

“drug repurposing”, its advantage is the availability of preclinical and clinical

data that could potentially accelerate the drug development process due to

lower costs. Repurposing also offers a great tool for a One Health approach

where insights on anthelmintic discovery and efficacy are shared between the

human and animal domains in order to advance therapeutic options in both

domains (Panic et al., 2014).

7. Complementary control approaches

The overall challenge to control GINs in ruminants is to find solutions

for the wide variation of situations created by the diversity in host and GIN

species, production systems and local epidemiological factors affecting GIN

biology. The advent of AR means that we can no longer rely on the use of

anthelmintics only as the single option for helminth control. Several other

control options (including pasture management, medicinal plants,

nematophagous fungi, genetic selection) have long been described and used,

but received relatively little attention as the need for their use was low as long

as effective chemoprophylactic options were widely available and affordable.

Complementary control approaches can reduce the need for anthelmintic

use by (i) directly disturbing the worm populations in the gastrointestinal

tract, but also by (ii) improving the host response for better resistance or

resilience against GINs and (iii) limiting the contact between the host and

the infective stages (Torres-Acosta and Hoste, 2008). From a more practical

perspective, complementary approaches can also be classified according to

the expected time scale to availability. Below we will cover the options

that are already available or are expected to be available on the short term
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(i.e. grazing management, nematophagous fungi and the use of natural

bio-active compounds). We do not cover in detail breeding for resistance

or control through vaccination, which may be considered as solutions in

the long term and for which the reader is referred to reviews by

Sutherland and Scott (2010) and Sweeney et al. (2016), and Claerebout

and Geldhof (2020), respectively.

7.1 Grazing management
Apart from many descriptive studies, describing putative risk factors for

increased helminth infection levels related to grazing management (e.g.

Springer et al., 2021), few experimental studies have been conducted to

underpin effectiveness or feasibility of grazing management options in the

last 20 years (Ruiz-Huidobro et al., 2019). This means that current mech-

anistic insights are still largely based on early work (reviewed by Morley and

Donald, 1980 and Stromberg and Averbeck, 1999) or more recently on

modelling approaches (Fox et al., 2013; Laurenson et al., 2012).

The general objective of measures of grazing management for GIN con-

trol is to reduce the contact between the infective larvae (L3) and the sus-

ceptible hosts. This can be achieved by diluting the parasitic risk either in

space (e.g. by reducing the stocking rate) or in time (e.g. by exploiting

the natural death rate of eggs and larvae on the pastures). However, to act

on the pasture systems for parasite control can be very difficult as the primary

objective is to provide nutritional resources either by a direct exploitation

during the grazing season or by ensuring stored resources (hay, silages).

Indeed, when considering specific grazing management practices for parasite

control, the economic advantages provided will often not outweigh the dis-

advantages in terms of labour and resource use (e.g. provision of alternative

feeds) (van der Voort et al., 2017). However, it is good veterinary practice to

evaluate the applied grazing system on farm and adapt the anthelmintic con-

trol strategy accordingly. Correct analysis can identify herds at low risk for

excessive helminth infection levels and thus avoid “overprotective” control

measures, which seem still common practice on a considerable proportion of

herds (Charlier et al., 2010b).

One of the earliest grazing management recommendations for nematode

control was the «Dose and Move» concept (Michel, 1969). However, with

the increasing emphasis on the refugia-based control approaches to tackle

AR, this recommendation has currently been widely abandoned. In con-

trast, other factors such as alternate or simultaneous co-grazing between
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different hosts, which exploits host specificity by most GIN species to dilute

L3 pasture infection levels, move to low-contaminated pasture, rotational

grazing, mowing of pastures and reducing grass exposure are still considered

applicable elements of an integrated control strategy, which must necessarily

be farm-specific.

7.2 Nematophagous fungi
Using of nematode-destroying (or nematophagous) microfungi is a preven-

tive approach to control GINs, as it aims at reducing the development of the

free-living larval stages and thereby limiting the contact between host and L3.

Consequently, reinfection is reduced while no effects are observed on L3

already present in the herbage nor on established infections within the hosts.

This is important to keep in mind when these options are implemented.

The concept has been developed over the last 35 years, and recently

commercial products were launched. A strain of Duddingtonia flagrans

(s. Arthrobotrys flagrans) (Ascomycetes (Family Orbiliaceae)) was marketed

in 2018 as a commercial granulated feed additive “to reduce infective

nematode larvae within the manure of grazing animals” in Australia and

New Zealand (Bioworma®) (Healey et al., 2018a, 2018b), and a year later

D. flagrans was included in a similar Brazilian product (Bioverm®) (Braga

et al., 2020). Bioworma® is currently also approved in the USA and an appli-

cation is pending for the EU. Because it is based on the use of one living

micro-organism introduced into the environment to obtain control, or

reduce effects of a pathogenic target micro-organism, it is defined as biolog-

ical control. In fact, other micro-organisms could be used for biological

control of GINs such as earthworms, dung beetles or mites (Szewc et al.,

2021). However, to date nematophagous fungi is the only realistic option

in the short term. These microfungi are introduced to the pastures and feed

on soil nematodes as well as L1-L3 of GINs, but can also be saprophytic for

periods.

In most cases, the application is by feeding resting spores, so-called chla-

mydospores, to the grazing animals. The spores pass through the gastroin-

testinal tract and once excreted with faeces, they germinate and proceed

with development of hyphae, which form adhesive trapping organs that

destroy (or paralyse) larvae within the dung (Grønvold et al., 1993). Oral

dosing is currently a necessity to ensure synchronous development of spores

to hyphae with that of parasitic eggs to larvae within the dung.
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Biocontrol by microfungi offers some advantages to GIN control by

commercial drugs. Firstly, it is likely that most GIN species with a direct life

cycle and free-living L1-L3 are affected, as clearly evidenced in recent

reviews (Canhão-Dias et al., 2020; Szewc et al., 2021).D. flagrans has shown

reductions in larval counts of 37–98% against the major GIN of sheep, goats

and cattle, depending on dose and experimental set-up. If such reductions

can be achieved under practical farming conditions, this would be expected

to have solid impact on transmission levels. Secondly, it is also most likely

that biocontrol is efficacious against drug-resistant GIN strains (Healey

et al., 2018b). Further, the approach is non-chemical and therefore without

withdrawal period in livestock. There is, however, a caveat as one cannot

exclude unwanted substances from the fermentation process remaining in

the product (EFSA, 2020). Environmental impact has for years been a

much-debated issue in biocontrol in general, e.g., by suppressing indigenous

species, but based on existing studies, this has not yet been proven to be a

problem for D. flagrans (e.g. Faedo et al., 2002; Knox et al., 2002; Paraud

et al., 2007a). A limitation to the use of biocontrol, as outlined above, is

the need of regular dosing on a daily (or every second/third day) basis lasting

in many cases for several weeks or months, which is needed to avoid a

build-up of pasture contamination (e.g. Githigia et al., 1997; Nansen

et al., 1995). Usually, an even distribution within a group of ruminants

can be achieved by combining fungi culture or fungi in sodium alginate

pellets with concentrate and ensuring enough trough space per animal to eat.

Worldwide studies within the last two decades, including temperate,

subtropical and tropical climates have demonstrated significantly lower pas-

ture larval counts and, in some cases, also reduced FECs after administration

ofD. flagrans, although products and dosing regimes varied greatly (e.g. Assis

et al., 2013; de Oliveira et al., 2021; Gómez-Rincón et al., 2006, 2007;

Paraud et al., 2007b; Silva et al., 2014; Voinot et al., 2020). However, there

still remains a number of field studies, predominantly from temperate

regions, showing lack of or insufficient effect of biocontrol in one or more

years of trials (e.g. in cattle: Dimander et al., 2003; in sheep: Epe et al., 2009;

Eysker et al., 2006; Faessler et al., 2007; in goats: Maingi et al., 2006; Paraud

et al., 2007b). The reasons behind the variable effects of biocontrol may

relate to the product itself, climate, animals or the composition of pastures

and thus diet. Dry conditions are likely to delay the development of

both fungi and larvae but may not be the major problem, as long as spores

survive. In contrast, heavy rains may result in rapid break-down of dung
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pats and dispersal of spores away from eggs/larvae and thus, much reduced

trapping efficacy. This was the most likely reason for the breakdown of bio-

control in heifers in a Swedish trial (Dimander et al., 2003). Also, the inclu-

sion of (highly) infected animals or pasture with high levels of contamination

may result in build-up of pathogenic levels of infections before the biocontrol

can be expected to have any diminishing effect (e.g. Eysker et al., 2006;

Githigia et al., 1997; Maingi et al., 2006). Interactions with specific types

of feed that may result in reduced trapping efficacy cannot be ruled out, e.g.,

when feeding periparturient ewes on lush spring pastures (Eysker et al., 2006).

Briefly, biocontrol can be a promising and useful alternative to GIN con-

trol in several farming systems, e.g., in organic farming systems where there

is often plenty of pastures with low levels of contamination available because

more grasslands are needed to ensure a proper nitrogen balance. However,

the limitations inherent to this principle need to be evaluated. The applica-

tion requires careful consideration of (1) local climatic conditions, (2) levels

of infection in hosts and pasture contamination at the beginning, (3) compo-

sition of herd and not least, (4) farmer compliance (frequent dosing). One

should prioritise uniform groups at the start, e.g., first season calves or weaned

lambs, also to ensure even uptake in all individuals. The use of biocontrol

may also preferably be integrated in existing deworming programmes, e.g.,

in order to remove existing GIN burdens when embarking on biocontrol.

In perspective, more fully integrated long-term studies need to be performed

while research is in progress to reveal mechanisms behind and to enhance the

trapping capacity of nematophagous fungi.

7.3 Plant based control
The use of plants to control parasitic helminth infections goes back in history

for centuries. It is however with the increasing importance of AR and increas-

ing societal demands to reduce use of chemicals in agriculture that their use

has attracted a renewed interest, especially in organic farming. In a modern

context, plant based control has been reframed as “nutraceuticals” pointing

out that they constitute forages combining nutritional and sanitary properties

(Hoste et al., 2015). Whatever the mode of exploitation of plants (i.e. phyto-

therapeutics versus nutraceuticals), the anthelmintic properties have been

related to the presence of specific natural compounds described as plant

secondary metabolites (PSMs). Herein, we will focus on two models: tannin

containing legumes (Fabaceae) and chicory (Astareaceae) containing sesqui-

terpene lactones.
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7.3.1 Tannin containing legumes
The early empirical results which suggested that the consumption of bioactive

plants might help in GIN control were obtained with a few legume species

(sulla, birdfoot and big trefoils) whose peculiarity was to contain condensed

tannins (CT) (Niezen et al., 1995, 1998). Since then, further studies in the

EU and USA have focused on other CT containing legume fodders, namely

sainfoin (Onobrychis viciifoliae) and sericea lespedeza (Lespedeza cuneata).

The main antiparasitic effects of CT containing legumes have been

shown not to be an elimination of the worms in the host, but a combination

of effects disturbing biological traits of three key stages of the helminth life

cycle: (i) the hatching and development of eggs; (ii) the establishment of L3

in the host and (iii) the adult worms, in particular the fecundity of female

worms (Hoste et al., 2015). They have been shown to have significant anti-

parasitic effects on MDR GINs, thus are an option to consider when AR

limits available control options (Gaudin et al., 2016). The anthelmintic

properties of these legumes are related to the presence of polyphenols and

flavonoids. Two main hypotheses have been evoked to explain the effects

of polyphenols on the different GIN stages: (i) a « pharmacological like »

(direct) mode of action has been supported in relation with the ability of

tannins to bind proteins (Hoste et al., 2012; Williams et al., 2014) and

(ii) interactions with the local gut immunity (Andersen-Civil et al.,

2021). In addition, a few studies have begun to examine the interactions

between the host, the nematode, the presence of tannins and the digestive

microbiota (Corrêa et al., 2020).

This basic knowledge, has led to suggest some recommendations for a

pertinent use of CT containing plants on farms. Based on the «pharmacolog-

ical like» hypothesis, it has been proposed that, to be efficient, there is a need

to expose GIN in the different digestive organs to a sufficient level of CT and

for a sufficient time. In practical terms, this has led to recommend the pro-

vision of CT containing resources in feed over a requested threshold of CT

in feed for at least 2 weeks (Gaudin et al., 2016).

However, anthelmintic properties of these forages can be highly variable

and depend among others on their molecular structure as well as factors affect-

ing their local growth (e.g. climate, stressors and cultivars) (Mueller-Harvey

et al., 2018). This severely limits the development of simple recommendations

for their use on farms. On the other hand, in support of agroecological

approaches, other advantages include their contribution to fix nitrogen in soils

and thus, reducing the need for use of fertilisers as well as their potential to

reduce greenhouse gas emissions from livestock (Mueller-Harvey et al., 2018).
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Thus, a range of modalities to implement CT containing legumes for

GIN control have been explored. They include direct grazing as well as

the use of conserved forms such as hay (e.g. Shaik et al., 2006), silage or even

dehydrated pellets (e.g. Gaudin et al., 2016). Obviously, the conserved

forms have the advantages to enable (1) production methods with a high

yield of biomass; (2) standardisation, storage and export of the CT resources

and (3) measurement of the CT contents supporting their use as nutra-

ceuticals. On the other hand, the exploitation of parcels seeded with CT rich

legumes has advantages in terms of autonomous production on farm, and

lower economic and environmental (CO2) costs. Whatever the mode of

application, their use early in the grazing season seems a priority to delay

the dynamics of helminth infections. This timing usually corresponds to

the periparturient period in small ruminants and the season when infection

pressures are building up. Recently, the use of CT containing agro-industrial

waste products is being explored as a newway ofGIN control, contributing to

the circular economy.

7.3.2 Chicory and sesquiterpene lactones
Most of the abovementioned CT-rich plants with a nutraceutical potential

are native to warm climates in Europe. In colder temperate zones a more

viable option is chicory (Cichorium intybus), a common wild plant used for

medicinal purpose for centuries, for human consumption as salad, and

35 years ago developed as a forage crop in New Zealand (Rumball et al.,

2003). Chicory is rich in bioactive PSMs, particularly guaianolide sesquiter-

pene lactones (SL) which are polyphenolic compounds closely related to the

former anthelmintic santonin and more distantly related to the anti-malarial

drug, artemisinin. SL are most likely implicated in chicory’s anthelmintic

effect (Foster et al., 2011; Peña-Espinoza et al., 2015), and these studies have

confirmed a substantial variation between cultivars with distinct chemical

profiles. A recent study has, based on activity guided fractionation and molec-

ular networking, identified 8-deoxylactucin (8-DOL) as one of the main

compounds responsible for the in vitro anti-parasitic activity (Valente et al.,

2021). The study clearly demonstrated that although 8-DOL showed high

bioactivity, there was a strong synergy with other isolated compounds show-

ing relatively limited activity on their own. This finding emphasises the con-

cept of nutraceuticals that the beneficial effects most likely stem from the

application of thewhole or selected parts of plant and not isolated compounds,

as compared to pharmaceuticals. However, identification and measurements

of responsible compounds will still facilitate the future selection and possibly

breeding of the most suitable crops.
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Chicory extracts have shown dose-dependent anti-parasitic effect in dif-

ferent in vitro tests against a range of important GIN, includingT. circumcincta,

H. contortus, O. ostertagi, C. oncophora and from other clades, Ascaris suum

(Foster et al., 2011; Peña-Espinoza et al., 2015, 2017; Valente et al.,

2021; Williams et al., 2016). A remarkable observation from some of these

studies is that larvae exposed to SL-rich extracts become immotile or die

without showing signs of structural damage, as often seen after CT exposure.

This may imply an anti-parasitic activity related to metabolism, or neuro-

muscular function of nematodes, as suggested by Peña Espinoza et al. (2018).

Since the original observations of lower FECs and lower T. circumcincta

burdens in infected lambs grazing pastures with 80% chicory in New

Zealand (Scales et al., 1995), several studies with sheep or cattle in New

Zealand and Europe, showed marked (up to 65%) reductions in FECs

and/or worm counts (recently reviewed by Peña Espinoza et al., 2018).

The data suggest that in studies with beneficial effects, the proportion of

chicory in the pasture sward or diet has generally been above 60–70%
DM of the daily diet while so far, no firm conclusions on critical levels of

SL can be drawn. Further, the reductions were mainly in abomasal worm

counts while the effect on small intestinal nematode species was low or

nil (Peña-Espinoza et al., 2016, 2017). This apparent lack of activity against

small intestinal worms in livestock represents a drawback, or at least a lim-

itation for the practical application of chicory depending on prevailing GIN.

Similar to CT plants, more knowledge is needed on the fate of SL in the

gastrointestinal tract to explain such a lack of efficacy.

In practice, many farmers are reluctant to grow a pure sward of chicory,

despite several beneficial agronomical properties, such as a deep taproot and

drought resistance. As a high level of intake of chicory and the right timing

during the grazing period are needed for optimal effect, the use of preserved

feed or industrial by-product becomes an advantage. As an example, extracts

from the pulp leftover after extraction of inulin from chicory roots have

shown promising anti-parasitic activity (Peña Espinoza et al., 2020), and this

approach or other types of bio-refinery deserve further investigation. In

brief, at present chicory offers a promising nutraceutical approach to GIN

prevention in temperate areas where abomasal parasites prevail.

7.3.3 Phytotherapeutics and essential oils
Besides bioactive plants used as nutraceuticals, there is also a renewed interest

in the use and commercialisation of phytotherapeutic drugs and essential

oils. Their suspected anthelmintic effects are also associated with the pres-

ence of bioactive secondary metabolites. The expansion of these treatments
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is partly explained by the development of organic farming where plant-based

control methods may be favoured over the use of synthetic medicines.

However, besides the demonstration of efficacy against the main GIN based

on in vivo studies (e.g., Mrav�cáková et al., 2019), one of the main issues is the

need to harmonise the status and regulation of phytotherapeutics to address

the questions of consumer and environmental safety.

7.4 Genetic selection
The selection of livestock to cope with parasite challenge has a long history,

especially in sheep, and is not reviewed in detail here. It should be noted,

however, that different strategies are possible. Thus, breeding selectively

from animals with low FEC is a solid strategy, with moderate heritability

and epidemiological benefits through reduced pasture contamination

(Sweeney et al., 2016). Sheep bred for parasite resistance can, however, show

exacerbated inflammatory responses to GIN infection and reduced individual

performance in the face of challenge (Bisset and Morris, 1996). Breeding

for good performance under infection pressure, on the other hand—often

called resilience—can achieve impressive gains in performance, but potentially

at the expense of herd infection levels if this involves immunological tolerance

of infection (Morris et al., 2010). In this regard, studies in free-ranging

ruminants can be instructive, and show evidence of natural selection for both

resistance and tolerance (Hayward et al., 2014). Simultaneously achieving

both resistance and resilience through selective breeding in livestock might

similarly be possible (Haehling et al., 2021). As reliance on alternatives to

anthelmintics increases, the genotypes in which complementary control

works best should also arguably be favoured, for example breeds with good

vaccine responsiveness (Gonzalez et al., 2019).

8. Facilitating behavioural change

8.1 Limited adoption of sustainable worm control
practices by farmers

Sustainable worm control practices are not routinely applied by sheep

farmers (Claerebout et al., 2020; Leathwick and Besier, 2014; McMahon

et al., 2013; Moore et al., 2016; Morgan et al., 2012; Morgan and Coles,

2010; Ploeger et al., 2016; Woodgate and Love, 2012), despite the fact that

management practices aimed to slow the development of resistance have

been advised for some years now (e.g. SCOPS in the UK, www.scops.

org.uk). However, the acceptance and implementation of sustainable
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management practices is better when the recommended practices meet the

farmer’s criteria for practicality (Leathwick and Besier, 2014). For example,

farmers are willing to leave a proportion of the ewes untreated, in order to

leave more worms in refugia (Leathwick and Besier, 2014; McMahon et al.,

2013). Less practical or more labour-intensive practices, such as treating

based on FEC, weighing the animals before treatment or testing for AR,

are less frequently implemented (Claerebout et al., 2020; Leathwick and

Besier, 2014; McMahon et al., 2013; Ploeger et al., 2016). Among cattle

farmers, convenience seems even more important for uptake than for sheep

or mixed farmers (Easton et al., 2018). In general, cattle farmers seem to be

less compelled to adopt sustainable worm control practices (Leathwick and

Besier, 2014; McArthur and Reinemeyer, 2014; USDA, 2010), although

most organic cattle farmers in Europe express willingness to invest labour

and cost in alternative practices (Takeuchi-Storm et al., 2021).

Improving uptake of sustainable worm management practices will

require an uncomplicated and understandable message about resistance,

and recommendations that are practical as well as effective. Collaboration

among stakeholders will be essential, but to influence farmers and their advi-

sors, we need to be conscious of how individuals and groups change their

minds (McArthur and Reinemeyer, 2014).

8.2 Barriers and incentives for farmers to adopt sustainable
worm control practices

Although practicality and cost-effectiveness of parasite control measures are

important to farmers, their decisions are not based on rational arguments

alone, but are influenced by their personal traits and social environment.

Therefore, socio-psychological theories, e.g., the Theory of Planned

Behaviour (Ajzen, 1991) and the Health Belief Model (Rosenstock et al.,

1988) and related methodologies have been used to explore farmers’ intention

to adopt sustainable worm control practices.

Knowledge and awareness of ARwere identified as important factors for

the uptake of sustainable control practices by UK sheep farmers ( Jack et al.,

2017). This is in agreement with an earlier survey that identified low aware-

ness of both the risk of AR and concomitant information campaigns as

barriers for the adoption of sustainable practices (Morgan et al., 2012).

Low infection awareness and low priority of the disease were also identified

as important barriers for dairy farmers’ positive intentions towards sustain-

able GIN control (Vande Velde et al., 2018a). However, AR was not per-

ceived as a risk, and had no effect on the adoption intentions of diagnostic
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methods for worm control in dairy farmers (Vande Velde et al., 2015),

which may be explained by the slower development of AR in cattle com-

pared to sheep (Coles, 2002). A positive attitude towards (their current use

of ) anthelmintics is a barrier for possible uptake of sustainable practices

in both sheep and dairy cattle farmers (Morgan et al., 2012; Vande Velde

et al., 2015), while a positive attitude towards diagnostics and the perceived

pressure of the subjective norms were the main drivers of this intention in

dairy farmers (Vande Velde et al., 2015). These subjective norms were

identified as the opinion of the veterinarian and of their fellow farmers

(Vande Velde et al., 2018a). However, farmers hold a contrasting

relationship with both norms throughout the different stages of behaviour:

although they do not value other farmers’ opinions as a positive reference in

the behaviour intention phase, they do follow and mimic their peers’

behaviour as a group in the action phase, illustrating a gap between

behaviour intention and actual behaviour. Similarly, the veterinarian was

identified as the most important positive reference for the farmers’ adoption

intention, but also as the responsible actor for the actual application of

worm control. As such, the farmers did not hold themselves responsible

for implementing sustainable worm control strategies (Vande Velde

et al., 2018a). Finally, planning was suggested as an important factor to per-

form and maintain adopted sustainable practices, which could help to

surmount other suggested barriers for actual adoption, i.e., habits and

responsibility (Vande Velde et al., 2018a).

8.3 The role of the veterinarian
Other studies also indicate an important role for the veterinarian to improve

uptake of sustainable worm control practices by farmers. The awareness of

the TST approach in sheep farmers was greatest where professional advisers

were consulted regarding worm control (Cornelius et al., 2015) and UK

farmers who bought anthelmintics from veterinarians were more likely to

be informed about diagnostic-led control advice (Easton et al., 2018).

(Cattle) veterinarians recognise their influence and the need to be proactive

advisors, but struggle with acting upon this awareness to inspire farmer

behaviour change (Bard et al., 2019). To improve farmers’ adherence with

veterinary advice, a farmer-centred approach is recommended, based on

trust and focusing on the farmer’s needs and priorities (Bard et al., 2019;

Svensson et al., 2019). Farmers’ satisfaction following farm visits by the vet-

erinarian increased with their perception of farmer-centeredness score
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(DeGroot et al., 2021) and farmers’ preparedness to adopt veterinary advice

is positively associated with their satisfaction (Ritter et al., 2019). According

to Svensson et al. (2019), the most commonly stated reasons for adherence to

the veterinarian’s advice related to trust (in the veterinarian, in the advisory

process, or in individual preventive measures). The most common reasons

not to follow the recommended advice were related to feasibility.

Obviously, a requirement for veterinarians to advise sustainable worm

control practices to their clients, is their ability and willingness to promote

sustainable worm control. Historically, the management advice of practi-

tioners has not relied strongly on parasite epidemiology, and practitioners

may not have the knowledge to implement evidence-based recommenda-

tions (McArthur and Reinemeyer, 2014). However, a more recent study

investigating UK anthelmintic prescribers indicated a good knowledge of

basic helminthology and best practice guidelines among livestock veterinar-

ians (Easton et al., 2016). Surprisingly, despite a central role of veterinarians

in communicating sustainable worm control practices, no data are available

on factors influencing the veterinarian’s adoption (intention) of sustainable

worm control. A study on antibiotic prescription practices among veterinar-

ians in the USA indicated that the odds of compliance with prescription pol-

icies were 4-times higher among veterinarians working at facilities that had

prescription policies compared to those at facilities that didn’t. The authors

recommended that more veterinary practices should be encouraged to adopt

prescription policies to help improve compliance and reduce antimicrobial

resistance (Odoi et al., 2021). Similarly, sustainable worm control guidelines

may help to avoid that contradictory advice is given to livestock owners by

veterinarians (Kenyon et al., 2017).

8.4 Further research towards practical application
Clearly, more research is needed to identify potential incentives and barriers

for farmers and veterinarians to adopt sustainable worm control practices.

Data obtained from descriptive assessments or socio-psychological behav-

iour models should be validated experimentally (e.g. Vande Velde et al.,

2017) before they are used in communication strategies. Moreover, there

are often other factors influencing farmers’ decisions that are not (or less)

internally driven, such as the farmer’s socio-economic and regulatory envi-

ronment (Charlier et al., 2016) and, since farmers’ and veterinarians’ behav-

iour is just regular human behaviour, themajority of their decisions are based

on intuition and unconscious paths. These additional drivers should be taken
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into consideration to obtain a profound view of the farmers’ and veterinar-

ians’ behaviour (Vande Velde et al., 2018b).

Historically, information transfer has occurred in a unidirectional fash-

ion, rather than as an exchange of views by all interested parties (Kenyon

et al., 2017). Instead of this top-down approach, Wilson et al. (2015)

suggested a systems approach where knowledge is built and shared through

equal involvement of different stakeholders, which would meet the farmers’

expectations of a more farmer-centred communication style. Considering

behaviour is not always consciously driven, other methods, focusing on

unconscious paths (or heuristics) can also be promising tools for future

campaigns. A mixture of both unconscious (e.g. nudging) and conscious

methods (e.g. processing and generating information) may eventually have

the best effect on changing farmers’ behaviour in the long run (Garza et al.,

2020; Vande Velde et al., 2018b).

9. Conclusions

By way of their inherent genetic diversity, GIN parasites infecting

ruminant livestock have consistently found ways to circumvent human

imposed control measures. On top of an altering epidemiology due to cli-

mate change and associated farm husbandry practices, we are faced with an

escalating spread of AR. Although the overall economic impact of AR on a

population level is still limited, it is already negatively impacting on the prof-

itability of individual farms and is becoming a serious hurdle to maintain and

promote pasture-based ruminant production systems. To equip the veteri-

nary toolbox and keep pace with the genetically evolving parasites, research

pipelines for improved diagnostics, vaccines, new therapeutics & improved

therapeutics responses as well as complementary control approaches should

be expanded. This will take time, thus, on the short term there is need for

learning to use the current tools sustainably, preserve the efficacy of current

anthelmintics and minimise bystander effects of toxic residues in the envi-

ronment. This should contribute to reduce the important burden which

nematodes continue to cause in terms of animal health, welfare, economic

and environmental impact while, in the meantime, tackling AR. In order to

support these activities, COMBAR needs to evolve from a science coordi-

nation network into a transnational, multi-actor initiative that develops

indicators of infection and sustainable control, sets targets and promotes

good practices to achieve them. Recommendations should be developed

at various levels (world, region, country, production system, farm) to
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provide a rational guidance on the use of anthelmintics, thus requiring local

solutions for the global challenge of AR. Such approaches have already

shown success in other fields of the antimicrobial resistance conundrum

(i.e. antibiotics), but will require a new intensity and more structural collab-

oration in the anthelmintic field than what exists today. If both researchers,

animal medicines industry, veterinarians, advisors and farmers contribute

within their merits and responsibility, supported through international

funding mechanism, AR can become a problem of the past.

Acknowledgements
This article is based upon work from the COST Action COMBARCA16230, supported by

COST (European Cooperation in Science and Technology). SMT received funding by The

Danish Council for Independent Research (Grant DFF–6111-00394). DJB received funding

from the Scottish Government: Rural & Environment Science & Analytical Services. ERM

received funding from UK Research and Innovation through grant BB/R010250/1.

References
Ajzen, I., 1991. The theory of planned behavior. Organ. Behav. Hum. Decis. Process. 50,

179–211.
Alvarez-Sánchez, M.A., P�erez Garcı́a, J., Bartley, D., Jackson, F., Rojo-Vázquez, F.A.,

2005a. The larval feeding inhibition assay for the diagnosis of nematode anthelmintic
resistance. Exp. Parasitol. 110, 56–61.

Alvarez-Sánchez, M.A., P�erez-Garcı́a, J., Cruz-Rojo, M.A., Rojo-Vázquez, F.A., 2005b.
Real time PCR for the diagnosis of benzimidazole resistance in trichostrongylids of
sheep. Vet. Parasitol. 129, 291–298.

Andersen-Civil, A.L.S., Pankaj, A., Williams, A.R., 2021. Regulation of enteric infection
and immunity by dietary proanthocyanidins. Front. Immunol. 12, 637603.

Assis, R.C.L., Luns, F.D., Araújo, J.V., Braga, F.R., Assis, R.L., Marcelino, J.L.,
Freitas, P.C., Andrade, M.A.S., 2013. Comparison between the action of nematode
predatory fungi Duddingtonia flagrans and Monacrosporium thaumasium in the biological
control of bovine gastrointestinal nematodiasis in tropical southeastern Brazil. Vet.
Parasitol. 193, 134–140.

Avramenko, R.W., Redman, E.M., Lewis, R., Yazwinski, T.A., Wasmuth, J.D.,
Gilleard, J.S., 2015. Exploring the gastrointestinal “nemabiome”: deep amplicon
sequencing to quantify the species composition of parasitic nematode communities.
PLoS One 10, e0143559.

Avramenko, R.W., Redman, E.M., Lewis, R., Bichuette, M.A., Palmeira, B.M.,
Yazwinski, T.A., Gilleard, J.S., 2017. The use of nemabiome metabarcoding to explore
gastro-intestinal nematode species diversity and anthelmintic treatment effectiveness in
beef calves. Int. J. Parasitol. 47, 893–902.

Avramenko, R.W., Redman, E.M., Melville, L., Bartley, Y., Wit, J., Queiroz, C.,
Bartley, D.J., Gilleard, J.S., 2019. Deep amplicon sequencing as a powerful new tool
to screen for sequence polymorphisms associated with anthelmintic resistance in parasitic
nematode populations. Int. J. Parasitol. 49, 13–26.
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