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A B S T R A C T

Ovine parasitic gastroenteritis is a complex disease routinely treated using anthelmintics. Although many dif-
ferent strongyle species may contribute to parasitic gastroenteritis, not all are equally pathogenic: in temperate
regions, the primary pathogen is Teladorsagia circumcincta. In this study we investigated benzimidazole and
ivermectin resistance on a commercial sheep farm in southeast Scotland. We assessed the impact of species
diversity on the diagnosis of resistance using the faecal egg count reduction test and in vitro bioassays, and
correlated the results with the frequency of benzimidazole resistance-associated genotypes measured in the T.
circumcincta population by pyrosequencing of the β-tubulin isotype-1 gene.

Faecal egg count reduction test results showed efficacies of 65% for albendazole and 77% for ivermectin,
indicating moderate resistance levels on the farm. However, PCR speciation of the same populations pre- and
post-treatment revealed that removal of susceptible species had masked the presence of a highly resistant po-
pulation of T. circumcincta. Less than 25% of individuals in the pre-treatment populations were T. circumcincta,
the remainder consisting of Cooperia curticei, Chabertia ovina, Oesophagostomum venulosum and Trichostrongylus
spp. In contrast, post-treatment with albendazole or ivermectin, the majority (88% and 100% respectively) of the
populations consisted of T. circumcincta. The egg hatch test for benzimidazole resistance and the larval devel-
opment test for ivermectin resistance were carried out using eggs obtained from the same populations and the
results were broadly consistent with the faecal egg count reduction test. Thirty individual T. circumcincta from
each sampling time point were assessed for benzimidazole resistance by pyrosequencing, revealing a high fre-
quency and diversity of resistance-associated mutations, including within the population sampled post-iver-
mectin treatment.

These results highlight the potential diversity of parasite species present on UK farms, and their importance in
the diagnosis of anthelmintic resistance. On this particular farm, we demonstrate the presence of a highly dual-
resistant population of T. circumcincta, which was strongly selected by treatment with either benzimidazoles or
ivermectin, while other potentially less pathogenic species were removed.

1. Introduction

Parasitic gastroenteritis (PGE) is ubiquitous on UK sheep farms and
is a significant production limiting disease (Sargison, 2011), resulting in
poor weight gain, diarrhoea, dehydration, anaemia and death (Durham
and Elliott, 1975). PGE is a complex disease, influenced by many host
and management factors and caused by a diverse range of strongyle
species (Burgess et al., 2012), of which Teladorsagia circumcincta pre-
dominates during the UK summer. The clinical diagnosis in live animals
is underpinned by faecal egg counts (FECs) to detect and enumerate

strongyle eggs.
Broad-spectrum anthelmintics, including benzimidazoles (BZ) and

ivermectin (IVM), are used to treat PGE but resistance is widespread
(Kaplan and Vidyashankar, 2012). Two recent studies in Wales and
Northern Ireland found between 81 and 94% of farms tested had BZ
resistance and 50–51% had IVM resistance (McMahon et al., 2013;
Hybu Cig Cymru (HCC), 2015). In practice, anthelmintic efficacy is
determined using a faecal egg count reduction test (FECRT). This in-
volves faecal sampling a group of animals pre- and post-treatment
(Coles et al., 2006), or comparison of a post-treatment group with a
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control group (Coles et al., 1992). The reduction in strongyle FEC is
calculated to determine the anthelmintic efficacy. If the reduction is less
than 95%, and the lower 95% confidence interval is less than 90%,
anthelmintic resistance is diagnosed (Coles et al., 1992).

The FECRT is a straightforward and useful test, but it has limita-
tions. FECRTs depend on a reduction in strongyle eggs, but these gen-
erally consist of a mixed population of strongyle species. Importantly,
not all strongyles are considered equally pathogenic in sheep (Crilly and
Sargison, 2015), and not all species on a holding are necessarily drug
resistant (McKenna, 1997; McMahon et al., 2013; Melville et al., 2016).
The FECRT also lacks sensitivity if resistant phenotypes comprise less
than 25% of the population (Martin et al., 1989). This phenomenon has
been noted in the disparity between BZ resistance genotypes detected
by PCR and FECRT results (Kaplan and Vidyashankar, 2012). BZ re-
sistance is associated with non-synonymous single nucleotide poly-
morphisms (SNPs) within the β-tubulin isotype-1 gene, which appear
conserved within and between strongyle species and can be detected by
PCR or pyrosequencing (Kwa et al., 1995; Silvestre and Cabaret, 2002;
Ghisi et al., 2007; Redman et al., 2015). Molecular tests are highly
sensitive and specific, but are only currently available for BZ resistance.
While laboratory bioassays for anthelmintic resistance are a possible
alternative, they are time consuming and can be technically challenging
in mixed species infections.

This study describes a FECRT undertaken on a commercial sheep
farm in southeast Scotland to compare BZ and IVM resistance status
detected in the field, combined with in vitro phenotypic bioassays and
pyrosequencing of the β-tubulin isotype-1 gene. The results highlight
the importance of parasite species composition in the interpretation of
FECRTs and in the design of appropriate and sustainable control stra-
tegies.

2. Materials and methods

2.1. Study Farm

A lowland sheep farm in southeast Scotland was visited in
September 2016, with the agreement of the shepherd and previous
knowledge of the presence of anthelmintic resistance (Wilson et al.,
2008; Sargison et al., 2012). Each year in the autumn, a proportion of
the breeding flock was replaced with bought in ewe lambs. Sheep were
able to graze rented pastures, which were also leased to neighbouring
sheep farms. In addition, cattle occasionally grazed farm pastures,
though had not done so in the last two years. Moxidectin is used rou-
tinely at lambing time, with most twin-bearing ewes treated and some
triplet- or single-bearing ewes also treated. BZs are used to control
Nematodirus battus in the lambs, with three treatments used in the year
of study. Further anthelmintics are used to control summer PGE in the
lambs, and rams are dosed periodically with anthelmintics. Table 1
shows the anthelmintics given during the year of study.

2.2. Faecal egg count reduction test

Thirty-five, five-and-a-half month old lambs were set aside by the
farmer and from these, animals were selected randomly for use in the
FECRT. Faeces were collected per rectum for FECs pre-treatment, with
additional material gathered for further analysis, if voided immediately
following treatment. Ten lambs were allocated to the albendazole (BZ)
treatment group (5mg/kg body weight (BW), Albex™ 2.5% w/v SC oral
suspension (Chanelle UK)) and twelve lambs to the IVM treatment
group (0.2 mg/kg BW, Noromectin® 0.08% w/v Drench Oral Solution
(Norbrook)). Lambs were identified to their group but not individually.
All were weighed individually, using the shepherd’s weigh scales (EID
weigh crate, Shearwell), and dosed per os according to their individual
weights using a syringe. Repeat faecal samples were collected on days 7
and 14 post-treatment and faeces transferred anaerobically to the la-
boratory.

A cuvette method, sensitive to 1 egg per gram (epg) (Christie and
Jackson, 1982) was used for the FECs. Briefly, faeces were weighed and
water was added in a ratio of 10ml to 1 g, following which 10ml was
strained through a coarse sieve (1mm aperture). After centrifugation at
234×g for 2min, the supernatant was aspirated and the egg pellet re-
suspended in saturated sodium chloride solution (specific gravity 1.2)
with a further centrifugation step (as above). The meniscus was isolated
using artery forceps and tipped into a cuvette, which was filled with
saturated NaCl solution for counting. Strongyle egg counts were ana-
lysed using Minitab (Minitab® 17.1.0, Microsoft). Group arithmetic
means were calculated, with 95% confidence intervals (CIs). Differ-
ences between medians of sample groups were assessed for significance
by a Mann-Whitney test. The FECR percentage and Bayesian CIs were
calculated using R Shiny ‘eggCounts’ web interface (Wang and Paul,
2017; Wang et al., 2017).

2.3. Bioassays

Strongyle eggs were harvested for immediate use in bioassays
(within three hours of faecal collection) as described in 2.2, but with
the following modifications; emulsified faeces were strained through a
series of sieves, (215 μm, 125 μm and 63 μm), with eggs collected from
a 38 μm sieve. Centrifugation steps were performed as described above,
and the meniscus was poured back onto a small, 38 μm sieve. Eggs were
washed with tap water to remove salt and collected. A 200 μl aliquot of
egg suspension was counted, using the cuvette method, to determine
the total number of eggs/ml. The egg concentration was adjusted to 1
egg/μl for the egg hatch test (EHT) and 2 eggs/μl for the larval devel-
opment test (LDT).

2.3.1. Egg hatch test
An EHT was set up to measure BZ efficacy, essentially as described

previously (Coles et al., 2006). Stock solutions of TBZ were prepared by
diluting 1mg/ml of TBZ/DMSO solution into DMSO and were stored in
opaque tubes. Briefly, a 24 well plate was set up with a range of final
TBZ concentrations as follows: 0.05 μg/ml, 0.1 μg/ml, 0.2 μg/ml,
0.3 μg/ml, 0.4 μg/ml, 0.5 μg/ml, 1 μg/ml and 0.5% DMSO control
(Sigma Aldrich). To each well was added: 10 μl of TBZ/DMSO solution,
1890 μl deionised water (Acros Organics) and 100 μl of egg suspension,
giving approximately 100 eggs/well.

Four EHTs were performed using pre-treatment samples for each of
the BZ and IVM treated lamb groups. For each of the eight tests, all
concentrations were repeated in triplicate, when sufficient eggs were
available. Plates were incubated in a humid environment at 25 °C for
48 h and the number of unhatched eggs and first stage larvae (L1) re-
corded at 48 h.

On day 14 post-treatment a reduced EHT was performed for the BZ
treated population as follows: all TBZ concentrations were incorporated
but a reduced quantity of eggs restricted replicate numbers. Two re-
plicates were carried out for each of 0.05 μg/ml, 0.1 μg/ml and 0.2 μg/

Table 1
Anthelmintics administered during the year 2016 from lambing until all lambs
were sold.

Date of treatment Anthelmintic Treatment group

1st April onwards – at
lambing

Moxidectin Lambed ewes

23/05/16 Albendazole Lambs
14/06/16 Albendazole Lambs
01/07/16 Ivermectin Rams
06/07/16 Albendazole Lambs
20/09/16 Levamisole Lambs
20/09/16 FECRT – albendazole or

ivermectin
Two groups of lambs
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