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a b s t r a c t

A growing body of evidence, particularly in humans and rodents, supports the existence of a complex net-
work of interactions occurring between gastrointestinal (GI) helminth parasites and the gut commensal
bacteria, with substantial effects on both host immunity and metabolic potential. However, little is
known of the fundamental biology of such interactions in other animal species; nonetheless, given the
considerable economic losses associated with GI parasites, particularly in livestock and equines, as well
as the global threat of emerging anthelmintic resistance, further explorations of the complexities of host-
helminth-microbiota interactions in these species are needed. This study characterises the composition
of the equine gut commensal flora associated with the presence, in faecal samples, of low (Clow) and high
(Chigh) numbers of eggs of an important group of GI parasites (i.e. the cyathostomins), prior to and fol-
lowing anthelmintic treatment. High-throughput sequencing of bacterial 16S rRNA amplicons and asso-
ciated bioinformatics and statistical analyses of sequence data revealed strong clustering according to
faecal egg counts (P = 0.003). A trend towards increased populations of Methanomicrobia (class) and
Dehalobacterium (genus) was observed in Clow in comparison with Chigh. Anthelmintic treatment in
Chigh was associated with a significant reduction of the bacterial Phylum TM7 14 days post-ivermectin
administration, as well as a transient expansion of Adlercreutzia spp. at 2 days post-treatment. This study
provides a first known insight into the discovery of the intimate mechanisms governing host-parasite-
microbiota interactions in equines, and sets a basis for the development of novel, biology-based interven-
tion strategies against equine GI helminths based on the manipulation of the commensal gut flora.
� 2018 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Cyathostomins are amongst the most important intestinal
nematodes of horses globally (Love et al., 1999; Matthews, 2011;
Stratford et al., 2011) with reported prevalence rates as high as
89–100% in equine herds (Mfitilodze and Hutchinson, 1990;
Collobert-Laugier et al., 2002; Hinney et al., 2011; Morariu et al.,
2016). Clinical signs of cyathostomin infection range from non-
specific weight loss to colic and colitis caused by mass emergence
of larvae from the large intestinal wall (= larval cyathostominosis),
which may prove fatal (Uhlinger, 1991; Murphy and Love, 1997;
Lyons et al., 2000; Peregrine et al., 2006). Young Thoroughbred
(TB) stock kept in herds are at high risk of developing serious com-
plications of infection, and hence the implementation of effective

strategies of parasite control is a top priority for the TB industry.
Control of cyathostomin infections has traditionally relied on the
regular administration of chemotherapeutic drugs (i.e. anthelmin-
tics); however, the frequent and uncontrolled use of these com-
pounds has led to the global emergence of resistant populations
of parasites (Nielsen et al., 2014; Peregrine et al., 2014). In partic-
ular, foci of multi-drug resistance have been recently reported in
TB stud farms in the United Kingdom (Relf et al., 2014). This obser-
vation, coupled with the lack of novel anthelmintic compounds
licenced for use in equids, represents a ‘Damocle’s sword’ for the
UK (and global) equine industry. Therefore, alternative strategies
for parasite control are urgently needed; in order to support the
discovery of such strategies, a deeper understanding of the com-
plex interactions occurring at the host-parasite interface, particu-
larly at the site/s of infection (i.e. the gut), is required.

While a multitude of factors is responsible for the host-parasite
interactions which determine infection outcome, increasing atten-
tion is being paid to the complex interplay between gastrointestinal
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(GI) parasites and the host commensal gut flora (Bancroft et al.,
2012; Glendinning et al., 2014). Indeed, recent studies have
reported significant fluctuations in the composition of the verte-
brate gut microbiota associated with helminth infections, that were
accompanied by shifts in both systemic and local immunity
(Bancroft et al., 2012; Leung and Loke, 2013; Fricke et al., 2015;
Houlden et al., 2015; Cattadori et al., 2016; Gause and Maizels,
2016). However, thus far, knowledge of helminth–microbiota
cross-talk relies heavily on studies conducted in humans and/or
rodent models of infection and disease (Walk et al., 2010; Rausch
et al., 2013; Cantacessi et al., 2014; Lee et al., 2014; Reynolds
et al., 2014a; Fricke et al., 2015; Giacomin et al., 2015, 2016;
Holm et al., 2015; Houlden et al., 2015; Kreisinger et al., 2015;
McKenney et al., 2015; Cattadori et al., 2016). In particular, while
only a handful of studies to date have characterised the composi-
tion of the gut microbiota of veterinary species infected by GI hel-
minths (Li et al., 2011, 2012, 2016; Wu et al., 2012; Slapeta et al.,
2015; Duarte et al., 2016; reviewed by Peachey et al., 2017), no data
is currently available on the effects of infections by GI helminths
such as cyathostomins on the composition of the equine commen-
sal flora. Acquiring this fundamental knowledge will be key to the
development of novel holistic approaches to equid parasite control
aimed at improving host reponses to infections. In this study, we
characterise the gut microbial profiles of a cohort of UK TB brood-
mares with low and high numbers of cyathostomin eggs in faeces
(as determined by faecal egg count (FEC) analysis), and examine
the effects that administration of a commonly used anthelmintic,
i.e. ivermectin, exerts on the overall composition of the gut micro-
biota as well as relative abundances of individual microbial species.

2. Materials and methods

2.1. Ethics statement

This study was approved and carried out in strict accordance
and compliance with the guidelines of the Institutional Ethical
Review Committee, Department of Veterinary Medicine, University
of Cambridge, UK (Research Project No. CR190). Written informed
consent was obtained from the stud farm from which study sam-
ples were collected.

2.2. Sampling and diagnostic procedures

For this study, a cohort of TB broodmares was recruited from a
stud farm in eastern England, UK. The stud hosts approximately
130 pregnant broodmares each year, which are kept at pasture in
groups of 2–8 across 480 hectares. All broodmares are subjected
to targeted anthelmintic treatments (ivermectin and moxidectin),
based on FEC measurements at 3 monthly intervals. In addition,
praziquantel is administered to each broodmare three times a year
for tapeworm control, whilst a single moxidectin treatment is
administered in late November for control of encysted cyathos-
tomin larvae. Samples used in this study were collected in
September-October 2016; all broodmares had received ivermectin
and praziquantel in May and August 2016, respectively. A total of
117 TB pregnant broodmares, between 5 and 8 months of gestation
at the time of sampling, were screened for infection by cyathos-
tomins. Briefly, individual faecal samples were collected on three
consecutive days over a 7 day period; aliquots of each sample were
subjected to (i) FEC analysis using a centrifugal floatation tech-
nique sensitive to one egg per gram (e.p.g.) (Christie and Jackson,
1982), and (ii) screening for infections with the common equine
cestode Anoplocephala perfoliata using a double sugar flotation
technique (Rehbein et al., 2011). Upon observation of strongyle
eggs during FEC analysis, the remaining faecal aliquots were sub-

jected to larval culture to allow for subsequent identification of
infecting nematode species using an established Reverse Line Blot
(RLB) hybridisation method (Traversa et al., 2007; Cwiklinski et al.,
2012). Briefly, genomic DNA was extracted from individual L3s
harvested from each larval culture, and the intergenic spacer
(IGS) region was amplified by nested PCR using conserved biotin
labelled primers (Traversa et al., 2007). The PCR products were
then incubated with biodyne C membrane-bound specific DNA
probes for 21 different cyathostomin species (Cwiklinski et al.,
2012), incubated with extravidin peroxidase and visualised using
x-ray film. Horses were recruited in our study if they satisfied
the following criteria: (i) FEC of �100 e.p.g. (= Chigh) or �10 e.p.
g. (Clow) in three consecutive samples collected over a 7 day per-
iod; (ii) matched by approximate age and paddock; (iii) negative
for co-infections with other GI helminths; (iv) no antibiotic treat-
ment for at least 2 months prior to sampling; and (v) no previous
anthelmintic treatment other than praziquantel for at least 4
months prior to sampling. Horses enrolled were kept at pasture
for the duration of the study and fed 1 kg of custom concentrate
mix daily.

2.3. Anthelmintic treatment

Individual, naturally voided, faecal samples were collected from
the centre of the faecal mass from Chigh and Clow animals, as well
as from three non-pregnant broodmares on day 0 (D0). Then, an
anthelmintic treatment (Eqvalan: ivermectin 0.2 mg/kg) was
immediately administered to each animal. Sampling was repeated
as above at day 2 (D2) and day 14 (D14) post-treatment (p.t.). A
100 g aliquot of each faecal sample was snap frozen, transported
to the laboratory and stored at �20 �C within 2 h of collection,
prior to genomic DNA extraction and high-throughput sequencing
of a hypervariable region of the bacterial 16S rRNA gene (see Sec-
tion 2.4), while the remainder was kept fresh and subjected to FEC
analysis as described above.

2.4. High-throughput 16S rRNA sequencing

Genomic DNA was extracted from individual faecal samples, as
well as from five negative ‘blank’ (= no DNA) controls, using the
PowerSoil� DNA Isolation Kit (Qiagen, Carlsbad, CA, USA), accord-
ing to the manufacturers’ instructions. Microbial communities in
each sample were identified via Illumina high-throughput
sequencing of the V3-V4 hypervariable region of the bacterial
16S rRNA gene. In particular, the V3-V4 region was PCR-
amplified using universal primers (Forward, 50-TCG TCG GCA
GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC
AG-30; Reverse, 50-GTC TCG TGG GCT CGG AGA TGT GTA TAA
GAG ACA GGA CTA CHV GGG TAT CTA ATC C-30) (Klindworth
et al., 2013), that contained Illumina (San Diego, California, USA)
adapter over-hang nucleotide sequences, using the NEBNext�

Q5� Hot Start HiFi DNA polymerase (New England Biolabs� Inc,
Massachusetts, USA). For PCR amplification, the following thermo-
cycling protocol was used: 98 �C/2 min, 20 cycles of 98 �C/15 s, 63
�C/30 s, and 72 �C/30 s, and 72 �C/5 min. Amplicons were purified
using AMPure XP PCR Purification beads (Beckman Coulter, Brea,
California, USA). The index PCR was performed using the NEBNext
hot start high-fidelity DNA polymerase and Nextera XT index pri-
mers (Illumina) according to the following thermocycling protocol:
98 �C/30 s, 8 cycles of 98 �C/10 s, 65 �C/75 s and at 65 �C/5 min. The
indexed samples were purified using AMPure XP beads and quan-
tified using the Qubit Quant-iTTM dsDNA Broad-Range Assay Kit
(Life Technologies, Carlsbad, California, USA). Then, equal quanti-
ties from each sample were pooled and the resulting library was
quantified using the NEBNext� Library Quant Kit for Illumina�

(New England Biolabs� Inc). High-throughput sequencing was per-
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